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PREDICTING DEPOSITION PATTERNS IN SMALL BASINS
By D. Michael Gee, Research Hydraulic Engineer, Hydrologic Engineering Center, Davis, CA.
ABSTRACT

A technique for estimating sediment depositional patterns based upon flow patterns is described.
Flow patterns are computed using a finite element model for two-dimensional, vertically averaged
flow. Once the velocity and depth fields are computed, the bed shear stress distribution can be found.
If the annual volume and approximate particle size of the inflowing load is known, anticipated
depositional locations and quantities can then be estimated. Use of this technique to forecast the
temporal development of the deposits by computing the velocity fields for several steady flow
conditions is described. The resulting graphical displays of velocity fields and shear stress contours
are very useful to the design engineer, This procedure avoids the complexity associated with use of a
two-dimensional sediment transport and dispersion model. Application of the technique to the design
of a basin 180 ft. (55 m.} wide by 610 ff, (186 m.) long is described.

INTRODUCTION

Conventional sediment basin design procedures rely on volumetric relationships to determine flow
through times, estimated trap efficiency, and average annual deposition rates. Design guidance has
been prepared by USACE (1989). 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 been approached using one-dimensional
numerical modeling of flow and sediment such as HEC-6 (USACE-HEC, 1990). Some concerns with
these approaches are that complex velocity patterns such as recirculation and short circuiting may not
be properly described. These flow patterns may result in uneven distributions of sediment
concentration and, therefore, an uneven distribution of sediment deposits (Montgomery, et al. 1983).
The use of a fully two-dimensional model for both flow and sediment distribution such as TABS-2
(McAnally et al. 1984) is an attractive approach to improve the prediction of the distribution of
sediment deposits. The use of such a model, however, may involve more effort and data acquisition
than can be justified for small basin design. The technique described herein represents a midway
approach that includes the velocity and shear stress fields in detail, from which the sediment
deposition distribution and rates can be inferred. A brief description of this approach was presented
by Deering and Larock (1989).

MODEL SELECTION

1t is assumed that the salient flow features of small basins can be described in the two horizontal
directions and that the variance of velocity in the vertical is the traditional logarithmic velocity
distribution for turbulent flow in open channels (French 1985). A widely used model that is suitahle
for this condition is RMA-2 (King & Norton 1978). RMA-2 has been applied to a wide variety of
problems including floodplain analysis (Gee et al. 1990), marsh flooding (MacArthur et al. 1990},
sediment basin design (Deering & Larock 1989}, has been adapted for bridge design (FHWA 1989),
and serves as the hydrodynamic module of the TABS-2 system (McAnally et al. 1984). This model
solves the depth integrated Reynolds equations for two-dimensional free-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 resolution 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 relieves the
engineer from having to construct cross sections that are perpendicular 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 elements are 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
calculated from these variables if one assumes that the relation for average shear in a cross section
can be applied locally as follows.

T = YRS 1

Where T 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 friction slope. Now, rewriting Manning’s equation in terms of
S, we have:

n2u2 (2)

" 2.22R¥

Where u is the resultant of the calculated x and y nodal velocity components, as shown in equation
(3) and n is Manning's roughness coefficient.

u? = ul +u 3)
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Combining, we can solve for the shear stress:

n2y?

T o=y ¥ (4)
1’2.2212"3

One must now relate the n-values, which are associated with elements, with the computed values for
ut and R (depth) which are located at nodes. For this study, the n-value associated 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. Right-of-way considerations and
environmental concerns dictated the bent alignment shown in Fig. 1 (flow is from right to left).

Based on cross section average velocity and settling lengths computed from 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 Wildeat Creek sediment basin was designed to have a maximum width of 180 ft. (55 m.} and
length of 610 ft. (186 m.). The bottom slope is 0.0005 and the side slopes 1V:3H. The maximum
depth is about 12 ft. (3.7 m.).

Hydraulics

As Wildeat 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
simplification 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, as 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 cms). The drainage area is about 7.8 mi® (2000 hectares).

Scenario

The situation presented herein represents the condition of the basin after several years’ average
annual deposition (not removed). The flow evaluated is that of the design (1% chance exceedance)
event. The distribution of the deposits shown in Fig. 2 was created based on simulation of the shear
stress distribution in the empty basin and observation of other ficod control projects having similar
flow and sediment transport conditions. The bar deposits 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 results 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 deposits for the
time period selected. The nodal elevations of the finite element mesh that was developed for the
design (empty) basin were modified to reflect this hypothetical deposition pattern.

Modeling parameters

The Manning’s n-values were set to 0.03 for most of the basin based on it being maintained as
smooth earth. The values for one portion of the left bank were set to 0.06 based on maintaining the
native heavy vegetation there. The sensitivity of the resuits to 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/m?) 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.

Boundary conditions

This is a simple 2-D problem in that it is analogous to 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 boundary 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 boundaries, the flow direction is parallel to the boundary.

Modeling results

The flow field for the design event is depicted on Figure 3. The flow enters the basin as a plume of
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. XS = 100.00 FT/IN
VELOCITY £ Ys = 100,00 FT/IN
VECTOR MODEL TIME = .00 HRS
SCALE 8

=

4.00 FPS

relatively high velocity. Recirculation zones are seen on each side of the inflow plume. This is
obviously not a one-dimensional situation. The hypothetical bar formations do not appear to force the
higher veloeity 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 correspond to the recirculation cells near the left
and right banks. The clustering of contours near the banks is an artifact of the contouring process.

CONCLUSIONS

The technique presented herein represents a midway approach to the prediction of spatially complex
sediment transport processes. Much can be inferred from viewing the velocity and shear stress
distributions. Once the velocity 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 dispersion 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 (lb/sq ft).
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BEDLOAD SHOALS IN A DEEP-DRAFT NAVIGATION CHANNEL

By Karl W. Eriksen and Fong J. Grey, Hydraulic Engineers, U. 5. 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 sheoaling rates. The

continual reoccurrence of shoals is reflected in the annual volume of dredging
the Corps of Engineers must do to maintain the navigation channel. Both the
histeric and recent maintenance dredging averages are approximately six
millicn cubic yards per vear.

The shoaling patterns indicate two distinct types of shoals in the Columbia
River: 1) small, isclated sand waves shoals across the navigation channel; and
2) large cutline shoals parallel to the channel. The smaller shoals result
from bedload transport causing sand waves to form and move along the river
bed. Repeated bathymetric surveys have shown sand wave movement of several
hundred feet per year and wave heights of up to 12 feet. The largest shoals
in the Columbia River cccur alecng the navigation channel cutlines. Cutline
shoals grow from the outside edge of a dredge cut, toward the center cof the
channel and can be over a mile long. It appears that bedioad transport on the
river bed cutside the channel is deflected towards the cutline to form these
shoals. It appears that gravity and the transverse bed-slope combine to cause
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
alignment, hydraulic control structure locations, advance maintenance dredging
depths and disposal methods are all influenced by the causes of shoaling. As
part of the Corps of Engineers efforts to reduce operation and maintenance
(0&M) dredging in the Columbia River deep-draft navigation channel, recent
studies have examined sediment mevement, sediment supply, and shoal formation
in the navigation channel. A sediment budget was developed o determine the
source and availability of shoal material. Bathymetric surveys 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 miles
wide and extends upstream to arcund RM 25. Upstream ¢f RM 25, the main river
channel varies from 1700 ft te 3000 ft wide, with minor bifurcations. The
river bends tend to have very long radii, typically over 15,000 f£t. Sharper
bends only occur where basalt cliffs control the river's alignment. The bed



of the main channel is composed of deep deposits of mostly 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 depcsits. 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
(USACE, 1986).

Ocean

Pocific

10 (0] 10 20
banal i i
MILES

PORTLAND
Willamette River

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 1%40 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 during the 40-ft deepening te further constrict flow and reduce
arosion at dredged material disposal sites. The annual dredging reguired to
construct and maintain the navigation channel are shown in Figure Z. The Q&M
dredging varies from year to year, but has averaged around 6-7 million cubic

yvards {(mcy) per year since the 1920's, despite the increases in depth and
construction ¢f 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 were 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 1s 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.

Hydrelogy.

Concurrent with the navigation channel development, upstream reservoir storage
was 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., was 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 hydro-electric power generation.

The instantaneous discharge in the study reach changes constantly due to the
effects of ocean tides. The instantaneocus 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
flows.

4-10



SEDIMENT RUDGET

A sediment budget was developed to identify the source of shoaling material.
Annual transport quantities were estimated for both suspended sediment and
bedload. Pre- and post-regulation sediment budgets were developed and
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 are quite low,
Measurements taken during the spring freshet in 1922, before any large dams
were built, found an average suspended sediment 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 cbserved concentrations and appropriate flow-
durations curves, the Corps estimated that the .average annual suspended
sediment yield at Vancouver, Washington, has been reduced from 12 mcy/yr pre-

regulation to only 2 mcy/yr pdst-regulation (USACE Po#tland, 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 area is between 0.2 and
0.6 mey/yr.

Bedload.

No attempt has been made to directly measure the bedload transport of the
Columbia River. Bedload estimates were made using two independent methods.
An empirical eguation 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, 198¢6). Applying this equation to the pre- and post-
regulation flow-duration curves resulted in bedload estimates of 1.5 mcy/yr
pre-regulaticon and 0.2 mcy/yr post-regulation.

The second estimate was made by equating bedlecad transport to the movement of
the sand waves present on the bed. Sequential surveys were made of two sets

of sand waves, one during high flow conditions and the second during average
" discharge conditions. The analyses of those surveys and flow conditions
resulted in bedload estimates ranging from 0.1 mcy/yr to 0.4 mcy/vyr.

Shoal Material Source.

Operation and maintenance dredging have been relatively constant despite a
reduction in total bed material transport from 5.1 mey/yr pre-regulation to
1.0 mecy/yr post-regulation. Comparing the average 0&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 must be
within the study area. Bathymetric surveys (USACE Portland, 1800's-13930)
indicate that there has been significant bed degradation in areas adlacent to

the meost commonly dredged reaches. The wolume of bed degradation i1s 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 shecal material are riverbed
degradation and erosion from dredge material disposal sites. Material from
these sources is transported as bedload intc the navigation channel.

SHOAL FORMATION

The vast majority of the Columbia River navigation channel shoaling is the
direct result of bedload transpcrt. 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 crests rise above -40
ft Columbia River Datum ({(CRD). Cutline shoals are much larger and run

parallel tc the channel. Cutline shoals develop at the same lccations year
after vyear.

Sand Wave Shoals.

Sand waves have long been recognized as a shoaling problem in the Columbia
River. Hickson (1930} noted 8- to 10-ft sand waves forming ridges across the
30-ft deep channel. Sand waves create similar shoals in today's 40-ft
channel. Figure 3 shows the variation in size and shape that is typical of
this type of shecaling. The. vclume of an individual sand wave shoal is small,
generally less than 30,000 cy, but they are numercus encugh to represent a
significant amcunt of the annual 0&M dredging.

Y

(NG

-

-

"

- Scale in Feet
g 500

Figure 3. Sand Wave Shoal Pattern

Sand wave 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 8-
to 10-ft high before they become shoals. The main scurce of material for sand
waves 1s 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 forming the

4-12



wave crest. 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 as
clear. The rate of migration was near 18 ft/day when the discharge was over
370,000 cfs, but averaged only 3 ft/day for discharges of 310,000 c¢fs or less.
Wave crest elevations decreased during the high discharge period, but rose and
fell during the lower discharges. Other observations of Columbia River sand
wave behavior suggest that crest elevations increase during lower discharges.
The crest elevations 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
range. The fact that sand wave shoals develop somewhere in the Columbia River
every vyear also suggests that height increases may occur during low
discharges.

TABLE 1. SUMMARY OF SAND WAVE MOVEMENT AND CREST ELEVATION
CHANGES IN THE VICINITY OF RIVER MILE 66

AVERAGE AVERAGE AVERAGE

DAILY DOWNSTREAM CHANGE IN

TIME FPERIQD DISCHARGE MOVEMENT HEIGHT

DURING 1986 {CFS) (FT/DAY) {FT)
Feb. 27 - Mar. 10 410,000 18 -2
Mar. 10 - Mar. 17 370,000 17 -1
Mar. 17 - Mar. 25 290,000 6 0
Mar. 25 - Apr. 07 310,000 ¢ -0.5
Apr. 07 - Apr. 16 280,000 3 +1
Apr. 16 - Jun. 04 300,000 4 0

Cutline Shoals.

Cutline shoals form along the navigaticn channel dredging cutline, parallel to
flow, and can extend several thousand feet along the channel. The primary
cause of cutline shoals is gravity pulling bedload down the side-slopes and
into the navigation channel. As river currents move bedload over a bed with a
transverse slope, gravity will give the sediment & transverse velocity
component independent of the water (Fredsoe, 1978). The steeper the
transverse slope, the greater the deflective force on the bedlcad. Bedload on
or near the 1V:3H cutline would therefore be deflected sharply toward the
navigation channel. The bedload within the dredged channel would have a very
slight, or no, transverse velocity component because cof the flat surface of
the cut. Along the cutline there wculd be a convergence of bedlcad moving
downstream in the navigation channel and transversely on the side-slope,
resulting in the formation of a shoal. Figure 4 shows the theoretical bedleoad
movement caused by a combination of hydraulic and gravitational forces. This
process would cause the side-slopes to ercde until an egquilibrium transverse
slope is reached for the deeper channel. 1In 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 priocr
to construction of the existing channel. Cutline shoals are much larger than
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sand wave sheoals, the 12 largest of these shoals account for nearly half of
the annual 6.5 moy of 0&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 mechandics of cutline shoals have only recently been examined in the
Columbia River. Beeman (1985b) noted that in the river entrance and at some
estuary lecations, the side-slopes adjusted to channel deepening by
maintaining the pre-deepening transverse slope and degrading to a lower
elevation. It was concluded that the side-slopes were supplying sediment to
the shoals. The Corps (1988) fcund the same side-slope response adjacent to
cutline shoals in riverine portions ©f the navigation channel. The Corps
further concluded that the sediment removed from the side-sleopes was being
transported directly into the navigaticn channel as bedlecad. Prior to those
studies, the cutline shoal areas were generally treated as low sediment
transport reaches and low river velocities were considered to be the main

cause of shoaling (Hickson, 1961; Dodge, 19%76; and Beeman, 1985a). 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 near the top of degrading side-slopes and have aggravated
the shoaling. With the new insight 4into the cutline shoaling process,
dredging and disposal practices will be modified to better maintain these
large shoals.

TR FLOW
—> BEDLOAD

Figure 4. Bedload transport paths under a gravitational 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 0&M practices are yet to be
developed. Both these processes are significant in the deep-draft channel
because of the close proximity of the channel design depth and the riverbed.
The insights gained from this investigatieon highlight the value of
periodically reviewing theories about expected river behavior and comparing
them to actual river behavior.
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RESPONSE OF LOWER MISSISSIPPI RIVER LOW-FLOW STAGES

by Charles M. Elliott, Supervisory Hydraulic Engineer; Robert E. Rentschler,
Potamologist; and John H. 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 flow between the mouth of the Ohio
River and 0ld 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 facteors are believed to influence the changes:
Cutoffs, channel training dikes, revetments, dredging, levees, changes in flow
and sediment load due to basin development, tectonic activity (i.e. New Madrid
earthgquake of 1812), and other natural longterm geomorphic adjustments.

INTRODUCTION

Great distress accompanied the Drought of 1988. Withered cropsg 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 CHANGES IN LOW-FLOW STAGE/DISCHARGE RELATION

The Lower Mississippi River extends from the confluence of the Ohio and
Migsissippi Rivers to the Gulf of Mexico, a distance of about 960 river miles.
This paper focuses on that portion of the river between the Chio confluence and
the 0ld 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 clasgic 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
gsome reaches. The most change is between miles 780 and 580. Transitions to
relative stability are made upstream and downstream from this reach. Local
anocmalies 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
cublic feet per gecond 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. Gecod data since about 1930 is available. However, earlier
data is too limited to reliably define trends. Figure & 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,



shows equilibrium since 1950, while the downstream station, Natchez, shows an
increase in stage since 1945. The stations in between show a wide range in
magnitude, direction, timing, and rate of change. However, the dominant process
is a lowering of low-flow stages. Figure 8 compares daily minimum, maximum, and
1988 flows at Memphis. Although the record for daily low flows was 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.

CAUSES OF CHANGES IN LOW-FLOW STAGE/DISCHARGE RELATION

The probable causes of these changes (or longterm trends), as distinguished from
causes of variationg (or short term fluctuations), are:

Cutoffs

Channel training dikes

Revetments

Dredging

Levees

Changes in flow and sediment load due to basin development
Tectonic activity (i.e. New Madrid earthquake of 1812)
Continuing longterm natural geomorphic adjustments

A factor which does not cause changes, but may be a stabilizing influence, is
erogion 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 training dikes, revetments, channel maintenance dredging, and
levees 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 flowlinee 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 oversimplified, but conceptually
helpful representation of Lane's model for the Lower Missigsippi is shown by
Figure 11, which treats the aggregate of cutoffs as one long cutoff. This
"model” resembles the classic case of lower flowlines upstream and higher
flowlines downstream with time, but in our case upstream lowering is the dominant
process. A hypothesis for thie imbalance is presented below.

This hypothesis is that channel training dikes, in conjunction with revetments,
may transpose the "hinge point" of cutoffs downstream, thus accenting the
upstream lowering effect while dampening the downstream raising effect. Channel
training changes the geometry of crossings, increasing low flow conveyance, which
infers a flattening of energy slope 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 a deeper and narrower
crogsg section at low flow in bends. Conveyance at low flow is likely to
increase, thus having an effect similar to that of dikes. There is only one dike
downstream of the study reach, but revetments and cohesive bank material maintain
an even narrower and deeper 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 same time
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periods over each crossing between Miles 750 and 650. A lowering of the
elevations of the crossings was accompanied by a lowering of the low flow
profiles. Crossing elevations are of course influenced by the flow at time of
survey, and the channel surveys are not precisely synoptic with the low water
profiles, but the changes shown are verified by numercus surveys made over that
time period at various flows.

Channel maintenance dredging for navigation is performed during the low water
seagon 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 materjal transported by the river. However, since the dredging is done
at the shallowest locations, the effect on flowlines is to make the broad-crested
weir effect of shallow crossinge 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 Simona, 1980). In our case, if it
reduces armcoring of the bed of the main channel, the tendency might be to allow
more 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, ag described by Simons and Senturk (1976), make any general hypothesis
tenuous.

A debate raged among early river engineers about the effects 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 was completed. However, the complex
combinations of changes in other wvariables and their interaction make it
impossible for us to confidently asseass 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 residual effect of a more efficient channel
at low flows., In fact, the same hypothesis was 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 some reaches, thus frustrating firm conclusions. Also, it is
difficult to separate stage increases at high flows due to less floodplain
conveyance and storage from stage increasee 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 Missigsippi River into
the Atchafalaya Basin through ©0ld River were increasing rapidly prior to
completion of the Control Structure 30 years ago, but Figure 6 does not reveal
any cbvious effect on low flowlines upstream at Natchez. Neither has there been
any significant change since the flow diversion was stabilized. Watson (1982)
discusses this complex situation in detail.

The suspended sediment input to the study reach has declined (Keown, 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 of
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 earthquake potential has recently become a
concern of the general public in the Lower Mississippi Valley . Geomorphologiste
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are aware that more subtle activity may also have effects on the river (Watson
1984). However, in the absence of a dramatic event such as the New Madrid
Earthquake, it is difficult to prove that a particular aspect of river behavior
is being affected by tectonics. Since the river bed at low flow is usually
recently deposited 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 no tendency to aggrade or degrade since its diversion through
Thebes Gap near Cairc, 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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EXAMTNATION OF RED RIVER DYNAMIC IOOP RATING (URVE

By Phil G. Combs, Hydraulic Engineer, U.S. Army Corps of Engineers,
Vicksburg District, Vicksburg, Mississippi

INTRODUCTION

The relationship between stage and discharge is one of the most important
hydraulic characteristics which is used by engineers, plamners, designers,
farmers, ard the general public. The conceptual rating curve presented in
Figure 1 represents the idealized relationship between stage and discharge;
a single valued unique curve. The rating curve may be viewed as a snapshot
of the channel reach, hopefully a representative snapshot. It reflects the
required stage to pass a particular flow through the chamnel which
implicitly reflects the channel conveyance of the channel reach. However,
in alluvial channels the curve depicted in Figure 1 is generally not
representative. More common to the alluvial channels is the loop or
hysteresis curve, which is the subject of the this paper. The locp rating
curve depicted in Figure 2 represents the more cammon type rating curve
experienced in alluvial channels. No camplete analysis has been conducted
to determine the causative factors and influences which generate the locp
rating curve.

STAGE
STAG

Fare 1 Typicd wnge vaued roting curve Figre 2. Typsod loop rating curve

LITERATURE REVIEW

In evaluating the causative factors of the loop rating curve in alluvial
chamnels it becomes readily apparent that there are at least four principal
factors which nust be addressed; (1) dynamic effects, (2) bedform changes
and Manning’s n changes, (3) temperature effects, and (4) aggradation and
degradation of the channel. Even though temperature is known to affect the
stage discharge relationship by changing the kinematic viscosity, it will
not be specifically addressed in the paper.

Henderson (6), Jansen (7), Curge (4), and cthers have attrilkuted the loop
rating curve to be the result of the dynamic effects of a flood

hydrograph. However, none of these writers has included flume or field
data to evaluate the completeness of the assumptions for the dynamic
control of the rating curve. These three writers utilize the dynamic terms
within the St. Venant equation to explain the loop effect. *An order of
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magnitude analysis of the terms of the St. Venant equation reveals that the
flatter the bed slope, the more impact the dynamic terms will have on the
friction slope and correspondingly the more influence it will have on the
loop rating curve. This paper is addressing the Red and Mississippi Rivers
which have bed slopes flat enough to allow the dynamic terms to be
dominant. By considering only the dynamic terms in a rigid bourdary
channel, there are three different depths which can occur in a channel for
a given flow: rising limb depth, falling limb depth, ard uniform flow
depth. fThis is demonstrated in Figure 2 by points A, B, and C.

Figure 3 represents cbserved rating curves for the Mississippi River at
Vicksburg, Miss. These cbhserved curves clearly show that the conceptual
curve considered by Henderson, Jansen, and Cunge is much more simplistic
than the rating amxrves which occur in nature. The cbserved curves imply
that there are more factors to be considered than just the dynamic effects.

Combs and Flowers conducted extensive studies in 1975-1977 evaluating the
loop rating curve on the Mississippi River with a fully dynamic wave
mmerical model (3,11). These studies were conducted to determine whether
the loop effect could be simulated mmerically. These studies found that
the Manning’s n value decreased as the stage increased, decreasing from
.028 to .016. As the 1973 hydrograph was routed through the numerical
model, it computed a rating curve at vicksburg which reproduced the
dbserved rating curve on the rising limb of the hydrograph but fell below
the cbserved rating curve on the recession of the hydrograph, as
demonstrated on Figure 4. In order to reproduce the rising and falling
limbs of the hydrograph two sets of n values had to be used, Figures 5-6.
It should be noted that the loop rating curve produced by using the rising
limb n values was generally about one half the size of the cbserved loop
(computed loop was about 1.0-1.2 ft. and the cbserved loop was about
2.0-2.5 ft.). Thus in addition to the dynamic effects which were fully
reproduced, there were other factors influencing the loocp effect. The
higher n values on the recession limb of the hydrograph implied that the
greater roughness was due to a combination of increased roughness due to
bed forms and/or chamnel geometry changes. Conbs and Flowers did not
attempt to identify the causative factors influencing the loop rating curve
besides the dynamic effects. '

The effect which the resistance to flow has on the loop rating curve in
alluvial channels will not be considered. Several writers (1,8,9,13) have
investigated the grain and form roughness of alluvial channels and the
relationship of velocity, depth, and slope to the form of roughness., We
will turn our attention to the findings of Simons and Richardson (8,9),
Simons, Richardson, and Haushild (10), Colby (2), and Dawdy (5). These
works are representative of the state-of-the-knowledge of the relationship
of the stage-dicharge curve to resistance to flow.

The bed form roughness in alluvial channels is a function of the sediment
characteristics and the flow characteristics. The bed configuration can be

charged by altering either the discharge (which affects the depth), slope,
temperature, or the bed material size distribution (9).

In considering the case of a hysteresis effect reflected in the
stage—discharge curve, Simons and Richardson (8) stated that "... the



magnitude of resistance to flow lags the actual discharge, that is, the
change of bed roughness lags the change of discharge. This results in a
smaller resistance to flow and smaller depth than would normally occur for
equilibrium flow. The reverse occurs on the falling stage."

It has been shown for gentle bed sloped alluvial channels that the loop
rating curve is significantly influenced by the dynamic terms in the St.
Venant equation and by the bed forms and channel roughness. Unfortunately
the only known dynamic studies on a natural channel is the work of Combs
and Flowers. Similarly there is not an extensive amcunt of information or
published literature on alluvial channel bed forms and channel roughness.

Another important factor influencing the loop rating curve is the change in
channel geametry throughout a hydrograph. There is no known literature
which addresses specifically the aggradation and degradation which occurs

a channel reach within a hydrograph. However, it is known that
generally the bends scour. in high flow and the crossings aggrade, while in
low flow this trend is reversed. The data which follows from the Red River
provides definitive evidence that the aggradation/degradation processes are
more camplex than this broad generalization.

DATA OOLLECTTION AND ANALYSIS

Analysis of stream gaging data collected on the Red River was conducted to
aid in evaluating the causative factors of the loop rating curve. The
study reach of the Red River is located in central Iouisiana in the
vicinity of Alexandria, realigned miles 43-90. Discharge amd suspended
sediment samples are collected on a regular basis at Alexandria, la

Discharge and Channel Profile Data Collection

The 1989 flow on the Red River was high which was reason to intensify the
stream gaging data collection. During the high flow periods, discharge was
measured on a daily basis in order to accurately determine the flow rate.
Additionally, during 1989 longitudinal thalweg profiles were cbtained for
reaches along the Red River from Alexandria downstream to Lock and Dam 1,
approximately 47 miles. These profiles were conducted from a moving boat
profiling the thalweg contimously along the reach. The profiles reflect
depth of flow and by inspection and interpretation the type and magnitude
ofbedfontsprmentthrcugiwutthereachmaybedetermued The boat
profiles are uncontrolled surveys, but location can be determined
relatively accurately by markings made on the profile scrolls by the
technicians indicating land markings or river mile markers.

Rating Curve Analysis

The 1989 flow hydrograph, Figure 7, was quite urusual in that there were
three highwater events experienced at Alexandria, IA, all of which closely
approximated the 10 year frecquency flow of 145,000 cfs. Note that the
first event occurred in February, while the second event occurred at the -
end of May and the third event occurred at the begimning of July. The
second event was clearly independent of the first while the third event
occurred before the river had returned to base flow from the second event.
Figure 8 represents the rating curve reflecting the 1989 flow conditions.
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The lower loop represents the first flood event, while the second and third
flood events are represented by the two higher loops, respectively. The
first rise had a loop of approximately 1.5 feet while the second and third
flood events had locps of 1.6 and 3.0 feet, respectively. Each of the
successive flood events is shifted higher than the previous loop rating
curve. As seen from analysis of Figure 8, the second flood event peaked
3.5 feet above the first peak and the third peak occurred 4.0 feet above
the second peak or a total of 7.5 feet above the first peak. None of the
literature has ever addressed this phenamenon of rating curve shifting
during a hydrograph. An analysis of the stream gaging data will be
conducted in order to gain insight into the channel processes.

It has been shown that the dynamic effects and the bed form roughness
changes influence the magnitude of the loop rating curve. It would require
development of a dynamic routing model to clearly identify the portion of
the loop effects experienced at Alexandria, Ia in 1989 and to make
Judgements on the change in the bed form roughness. However, considerable
insight will be gained by analysis of the stream gaging as well as the
sediment and longitudinal profile data gathered throughout the highwater
period on the Red River.

Area vs. Discharge

Evaluation of the discharge and the corresponding cross sectional area for
each measurement provides evidence whether there is a constant or variable
relationship between the two variables. Figure 9 gives a clear indication
that the Q vs. Area relationship remains virtually constant throughout the
hydrograph, while the Q vs. Stage (Figure 8) varies as much as 7.5 feet.
This data implies that if the Q vs. Area is constant and the Q vs. Stage is
rising then the channel must be aggrading to compensate for the rise in
stage.

Bed Flevation vs. ©

An analysis was then conducted to determine how the bed elevation varied
with discharge. The analysis consisted of evaluating the bed elevation
derived from the gaging station at Alexardria and evaluation of the
longitudinal profiles. Both data sets indicated a similar relationship.
There is a clear indication that the bed is higher for each successive
flood event,

The longitudinal profiles were begun on 26 May 1989 and continued
throughout the remainder of 1989. The typical reach selected is located at
river miles 55-59.5, realigned mileage. This reach was selected since it
hasagagelocatedonthemlaBndgeattheupperetﬂofthereach thus
water surface elevation and slope could be easily determined.

Additionally, the reach is considered to be a typical reach of the lower
Red River. Figures 10-13 are copies of the longitudinal profiles in the
general vicinity of the typical reach. From review of the profiles for the
sample dates, it becames cbvious that the boat traversed the reach at
different speeds. This was due primarily to the channel velocity.
Examination of the profiles indicates the following:



Date of Representative Bed

Survey Elevation, NGVD
26 May 1989 18
7 Jul 1989 29
22 Jul 1989 27
10 Oct 1989 21

The representative bed elevation was determined by visually recognizing an
elevation which represents the reach. BAs is clearly cbvious, these
profiles reflect the same aggradation trends as indicated in Fiqures 8-9.
The bed aggrades approximately 11 feet from the second flood event to the
third event and thereafter degrades back to an elevation of about 20 feet,
NGVD. Therefore, the data derived from the cross sections at the gaging
station were representative of the channel reach. This conclusion verifies
one of the assumptions in the introduction that the rating curve is
representative of the channel reach.

Bed Forms

These profiles may also be used to study the channel bed forms. Review of
Figure 10, which is the longitudinal profile for 26 May, reveals that the
bed is camposed of small dunes in the range of 2-4 feet in height.

whereas, Figure 11, representing 7 July, indicates dunes ranging in height
from 5-8 feet and similarly for 22 July, Figure 12, indicated dunes varying
in height from 3-10 feet. The vast majority of the latter dunes are more
than 5 feet in height. Finally, Figure 13 for 10 October shows ripples or
dunes being about 2-2.5 feet in height. It is difficult to discern whether
the latter profile indicate ripples, dunes or a carbination. It is ,
noteworthy that the bed forms do not diminish in magnitude with increasing
flow, as found by Simons and Richardson in flumes and some channels which
have steeper slopes than the Red River. At this time it is difficult to
determine what influence the bed forms had on the rating curve. Additional
study would be necessary with a mumerical model to differentiate the
effects caused by the bed form changes.

SUMMARY

It has been shown that the loop rating curve for the alluvial channels
considered in this paper is sensitive to the dynamic effects of the
hydrograph, the bed form and grain roughness changes, and also to the
aggradation/degradation changes in the channel bed. As a result it is more
appropriate to refer to the loop rating curve as the dynamic loop rating
curve. This more closely identifies that it is dynamic in nature. There
is no known literature that has identified the aggradational processes
which have been shown to occur on the Red River.
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DELTAIC DEPOSITION IN THE ATCHAFALAYA BASIN

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

ABSTRACT

By the mid 1800’s, the Atchafalaya River was 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 £low 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
iakes rapidly filled with alluvial deposits, the tidal interchanges decreased
and then ceased; the Lower Atchafalaya River began to decrease in size. By
the mid 1800'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 Lower Atchafalaya River. Subaerial deltas for the Lower Atchafalaya
River and Wax Lake Outlet appeared after the 1373 flood.

The deposition in the lakes area north of Morgan City, the subsequent
reduction of the outlet capacity of the Lower Atchafalaya Riwver, 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 program. 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 not a river but a distributary o¢f the Red and
Mississippl 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
well 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 Wax Lake OQutlet and the Lower
Atchafalava 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 as 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 Atchafalava
River. The upper end of the channel soon filled with debris, forming an
impenetrable raft of logs which continued to grow until, in 1831, Henry
Shreve isolated the Atchafalaya from the Mississippi by means of a cutocff at
the narrow neck of the 0ld River loop. The raft, cut off from its major
source of debris, ceased to grow. Various groups made unsuccessful attempts
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 1328. Under
this act, and subsequent 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
0ld River is 3,000,000 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,
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Flood control features of the Atchafalaya Basin, shown on Figure 2, consist
of the following: :

1. 0l1d River Control Structures (Low Sill, Auxiliary, Overbank)
These structures regulate the amount of Mississippi River flow
entering the Atchafalaya River.

2. East and West Atchafalaya Basin Protection levees

3. Levees along the upper 55 miles of the Atchafalaya River
4, West Atchafalaya Floodway

5. Morganza Flocdway

6. Center channel/Training works

7. Wax Lake Qutlet

8. Wax Lake Cutlet Control Structure

9. BAvoca Island levee

10. Levees West of Berwick
11. Floecdgates, locks, and pumping stations

DELTAIC DEPOSITION

Deposition in the Atchafalaya Basin commences below the lower 1limit of
influence of the Atchafalaya River levees. The construction of the levees,
along with the removal of the raft in the Atchafalaya River, resulted in
rapid enlargement of the channel and marked increase in the velocity and
discharge. The efficiency of the river as a sediment carrier has increased
also, contributing not only material carried 1in suspension from the Red,
Migsissippi and 01d Rivers but providing Atchafalaya River material which is
carried down inte 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, te the original
configuration 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. Beginning 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 cther distributaries
were effectively cut off, Delta growth was subsequently confined to the
distal end of the main channel. The main channel discharged directly into
Grand Lake and, because there was no longer a gradual decrease in current
velocity through a network of distributaries, sediment was transported .’
farther out into the lake and deposited over a larger area of the-lake
bottom. The main channel extended itself into Grand Lake by the growth of
its mnatural banks. The natural banks were emergent during low flow periods
and quickly became vegetated so the subsequent high flow eroded them only
with difficulty, except by local crevassing. These natural banks had the
effect of restricting the flow through the main channel even during 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 emergent bar. This bar enlarged until, by 1950, it had formed a
large body of land almost completely filling 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 areas are still expected to receive 5 to 2 feet
of deposition over the next 50 years without man’s intervention.

GRAND AND SIX MILE LAKES
1930

IR ACCRETION

FIGURE 3

The natural outlet for the Atchafalaya River system is below Morgan City.
Dredging of a £floed 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 square 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 4in flood
elevaticns.

Pericdic sampling of suspended sediment in the outlets, beginning in Januvary
1965, indicated a yearly rate of 16 million cubic yards per year entering Wax
Lake Outlet and 42 million cubic yards per vyear entering the Lower
Atchafalaya River. Since 1978, the bulk of the sediments have been moving
past Morgan City into the Atchafalaya Bay. The Atchafalaya Bay is receiving
an 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
Fer Reef.
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IMPACT AND SOLUTIONS

So, what are the conseguences 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 concern to the Corps Mississippi
River and Tributaries Project (MR&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 tc sedimentation, Table
1 shows the design flood elevation at 3 points; Morgan City, LA, Myette Point
and Bayou Sorrel Lock.

TABLE 1
Design Flood Elevations
Bavou Sorrel Lock

Morgan City Myette Point

1957 1963 1373

Stage 13.0 14.1 17.4 19.4 22.4 25.5

ft. NGVD

|
; i
Year 1957 1963 1973 | 1957 1963 1973
|
| 23.0 25.2 27.7
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 government costs to provide flood
protection, sedimentation also results in the normal flow stages to be
higher, particularly in the lower floodway basin and Morgan City area. As
Figure 5 shows, the stages at Morgan City have risen several feet over time



for a £low of 240,000 cfs. This, in recent.-time, 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.
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The Aincrease 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 recommended the following solutiens:

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 average 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 commenced in 1990. '

2. <Construct 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
prevent the increase in the capacity of Wax Lake Outlet at the expense of
floed 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 backswamps via these
channels. Construction should commence 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 1is 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 some
but not all of the increase in project fleood stage.

4. Levees and floodwalls will need continual maintenance and improvement
to 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. QOver 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 vyears, 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 aliow 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 1586), 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 {Simon 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 1n 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 largely unchannelized Hatchie River near State Route 54 and the
channelized Big Sandy River near gState 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 Stahle, 1989), spe-
cies distribution in relation to hydroperiod (Bedinger 1971), nutrient cycling (Mitsch et al.
1979), or tree-growth models (Phipps 1979). Several studies have related tree growth (basal area
increment) to nutrient enrichment (Brown 1981, Marois and Ewel 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 {1950) 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 parailel 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. Sampling 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 1). 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 poitt. 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 Stahle, 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, 1984; 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 example, excavation to original roots
measures 10 cm of net deposition since germmatlon and tree-ring countmg indicates tree is 20
years old. Therefore, estimated sedimentation rate in 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 1) were nearest the channe! 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 ponding (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 and 278 at the Hatchie and Big Sandy sites, respectively.
Tennessee Department of Transportation records indicate that a bridge was in place at the Big
Sandy River site in 1922. However, the bed of a substantially older road c¢rossing 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
agnc)ultural increases in the basin ot 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 subsequent sedi-
mentation rates (Figure 3). Rates are relatively constant until about 1960 but increase thereaf-
ter, which coincides with the channelization of many Hatchie River tributaries and increased
agriculture in the basin, This sharp increase in sedimentation rate (Figure 3) at both sites since
about 1965)965) likewise seen in several other streams in West Tennessee and Arkansas (Hupp and
Morris, |1 .

The long-term dendrogeomorphic results and short-term clay-pad results (Figure 4) indicate
that sedimentation rates are higher along the Hatchie River than along channelized reaches of
the Big Sandy River. If there has been minor hydrologic alteration through dendrogeomorphic
time, it is expected that these two techniques will vield roughly similar results, and this is the
case for the Hatchie River site (Figure 4b). However, because the Big Sandy River site (Figure
4a) has experienced channelization, flood-plain ditching, 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, 1978; Delaune and others, 1978,
Mitsch and others, 1979; Johnson and others, 1984; Cooper and others, 1987). Studies con-
ducted in Arkansas (Kleiss and others, 1989; Hupp and Morris, 1990) compared dendrogeo-
morphic techniques to artificial-marker techniques 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 dendrogeomorphic techniques may still need testing and
calibration, they provide a valuable, time-saving method for interpretation of relative differ-
ences in long-term sedimentation processes.
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Figure 3. Sedimentation rates in centimeters per year by age group at the Hatchie and Big
Sandy Rivers. H.R. 54 and B.S. refer to the Hatchie and Big Sandy Rivers respectively.
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BOTTOMLAND SEDIMENTATION NEAR HIGHWAY CROSSINGS

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 {ine-grained dep031t10n 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 deposmon rates
were not significantly different from downstream rates, and downstream rates were higher at
the remaining four study sites. Silt and clay deposxtmn rates were correlated with surface ele-
vation at four sites and with flood-plain ponding 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
charingls 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 downstreamn. 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. 1). 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 forests, cypress-.
tupelo swamps, and marshes. Three of the study sites are on the Hatchie River (Fig. 1), 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 with 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, 1983; 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 bottomiand 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
others (1984) reporteil qatural levee deposition rates of 2.62 centimeters per year for a stream in
Wisconsin, based on Cs dating, but did not g%txmate deposition rates over a broad extent of
the wetland. Cooper and others (1987) used 137Cs dating techniques to estimate deposition
rates of less than (.26 centimeters per vear 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 1. 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 fail 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 site, and channelization. These
factors were assumed to be constant among sampling stations at a given study site. However,
surface elevations and ponding 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 (Hg =
there is no difference between upstream and downstream sedimentation rates) in the following
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 ponding 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 ine-grained
material upstream from highway crossings (Fig. 2). "Four of the 11 study sites have significantly
higher downstream rates (alpha = 0.05). This comparison does not take into account variation in
deposition rates that may be associated with variation in £ lood-plain elevation above the stream
channel or with flood-plain ponding. The lack of evidence for higher deposition rates upstream
of highway crossings snggest 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.
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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 ponding 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.
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Figure 4. Rates of sediment deposition upstream and downstream from highway crossings by
localized ponding category; p-values indicate significance levels.
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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

(B).
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Highway crossings may have opposite or variable effects on the upstream and downstream flood
plains 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 channelized
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 11 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.
Sand splays downstream from bridge openings at most sites may be related to flow constrictions
ixix1 tum] 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, William W. Emmett, and J. Dungan Smith, Hydrologists, U.S. Geological Survey,
Water Resources Division, Lakewood, Colorado

ABSTRACT

A theoretical method for relating stage and 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 two elements. First, a stage-discharge relation 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 scdiment sizes in conjunction with a simple model for the extraction of momentum
associated with flow around and over sediment particles on the bed. The technique is developed herein for the
case where grain roughness is the dominant part of the total channel drag, although the approach may be com-
bined with other roughness models for channels where other sources of drag are important. The computed vari-
ation in the velocity profile with stage is used with a steady, uniform flow 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 channcl geometry and sediment size information from a reach of Little Granite
Creek, a small stream located in the Bridger-Teton Forest about 40 km southeast 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 availability 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 100 m long, 7 m wide, and
has a bed slope of 0.0175. The median bed sediment size, D, is about 10 cm and Dy, 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 particles on the bed are a large fraction of the flow depth in size. Computed
flow and sediment transport rating curves show good agreement with measured data. Although further
verification is necessary, the approach appears promising, especially considering that all the information neces-
sary 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 channels often have beds consisting of particle sizes that are a significant fraction of the flow
depth, particularly in steep, mountainous 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 regions of the flow where momentum fluxes and pressure 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 between bottom stress and velocity are 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 characterized.

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
empirically, 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, one beween stage and
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flow discharge and the other between flow discharge and sediment discharge. The stage-discharge relation is
determined for a given channel geometry and bed particle-size distribution. For channels with beds composed
of sediment with sizes that are a significant fraction of the flow depth (more than about 5%), the vertical struc-

“ture of the flow must be calculated in a manner that includes the extraction of momentum associated with flow

around and over sediment particles on the bed. Because the relative protrusion of the particles into the flow
varies significantly with flow depth, the computed vertical structure also will vary with flow depth. As the flow
becomes very deep, the vertical structure over most of the flow depth will asymptotically approach a quasi-
fogarithmic profile. At shallower depths, the flow structure will vary in a relatively complicated manner as a
function of the grain geometry on the bed. This means that approaches using constant friction or Manning

- coefficients cannot yield valid predictions of the stage-discharge relation, In addition, even for situations where

the roughness variation is relatively small over the range of discharges observed, it is typically difficult to make
visual estimates of Manning coefficients, as discussed by Jarrett [1989]. Using the method described below, the
variation in velocity structure is computed and a relation between the velocity profile and the depth is found
using information that is relatively easy to measure, This, in turn, is used along with the stream geometry to
obtain a stage-discharge relation. The computation also provides a link between discharge and the boundary
shear stress distribution on the channel bed. That relation is used to fulfill the second objective, which is to
compute the bedload flux for each flow discharge. This is accomplished using existing equations for bedload
fluxes and critical shear stresses on poorly sorted gravel beds. Preliminary testing of this technique is carried
out using a comprehensive data set from Little Granite Creek, Wyoming,

DEVELOPMENT OF THE MODEL
The Flow Model

The local momentum balance in flows over rough beds is typically dominated by large convective accelerations
and complex turbulence fields. As a result, there is at present no computational flow model capable of making
accurate predictions of local flow characteristics (e.g., velocity or Reynolds stress at a point) in channels with
beds made up of particles that are large relative to flow depth. However, for practical purposes, local flow
characteristics usually 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 balance is between the stress divergence and the pressure gradient. This leads to the following
expression for the vertical distribution of the spatially averaged stress [Tennekes and Lumley, 1972, p. 150, and
Middleton and Southard, 1984, pp. 97-118):

z
worenfi] 1
Wy ey
where r_ is the stress on a horizontal plane acting to transfer momeatum in the vertical, z is the vertical coordi-
nate, and H is the flow depth. The boundary shear stress (r,.(0) ), is given by
7, = pgHS &
where p is fluid density, g is gravitational acceleration, and S is the magnitude of the water-surface slope.

Following the technique developed by Wiberg and Smith [1987a, 1990], the total stress is divided into two com-
ponents: the actual fuid 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 r,, the fact that the water surface is unstressed can be used to
rewrite 7 as follows:

@) =7G) + (ra@) - [ra) ) )

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 following expression:

: 1 2
1) = X —pC U~ 4)
;2 A,
where the reference velocity U, is given by
T, ! dA
aly Ju@)aa . )

(3
A
In the above equations, A; is the cross-sectional area of a particle perpendicular to the flow, 4, is the area of
the bed occupied by the particle, and the sum is over all particles comprising the bed. The spatially averaged
vertical profile of streamwise velocity is given by u(z), and the drag coefficient, C,, is determined as a function
of Reynolds number for spheres [Schlicting, 1979; Flammer et al., 1970]. While the approximation that sedi-
ment particles have drag coefficients of spheres may not be ideal, drag coefficient in the Reynolds similarity
range vary from 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 values.

To close the set of equations above, the shear is related to the stress profile by using an eddy viscosity X, :
ou
72(2) = PK, P (6)

The eddy viscosity is composed of a velocity scale U, and a length scale L, for the turbulence acting to exchange
momentum in the vertical direction:

K, = UL, M

In boundary-layer flows with roughness elements very small compared to the flow depth, Rattray and Mitsuda
[1974] found that the best-fit eddy viscosity was given by

ku.z[l -z/H] z<02H
o

@
ke H /624  z >02H

where u. = (r, /,c')”2 and k is von Karman’s constant (=0.40). In their original development of this approach
for rough beds, Wiberg and Smith [1987a] hypothesized that the velocity scale for the turbulence should be

given by a local fluid shear velocity:
1

weld
P

At depths well above the sediment particles on the bed, 7; = 0 and the eddy viscosity of equation (8) is valid.
Near the bed, U, can be calculated by solving equation (3) for the fluid stress and using equation (9). Determin-
ing the length scale of the turbulence near the particles requires a separate assumption, Wiberg and Smith
[1987a, 1990] used a concentration-weighted average of the length scale 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 different levels in the flow, the result of that
approach is that the turbulent length scale returns to the smooth bed profile at the top of the grains on the bed.
Because 7, also goes to zero above the bed particles, the eddy viscosity will follow the Rattray-Mitsuda profile
from the top of the particles to the water surface, and the vertical velocity profile in this region will be
unaffected by the particles. Flume measurements made by J. Nelson and P. Whiting [pers. comm.] indicate that
the spatially averaged vertical velocity profiles are altered by the bed roughness to a height of 2 to 4 grain diam-
eters above the largest particles on the bed surface. In view of this observation, the results presented herein use
a modified turbulent length scale from the average zero-level of the bed up to a height of 3 D,,. In this region,
the turbulence is primarily associated with the wakes of particles, so the length scale can be set using results
from wake theory and measurement, Schlicting [1979, p. 739-743] demonstrated that the turbulent length scale
in a wake is proportional to the wake height, b:
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L =018b . (10)

Relating the wake height to the characteristic particle diameter precisely in a complex situation with interacting
wakes is beyond our present understanding of these flows. Ultimately, the relation between near-bed turbulent
length scales and particle-size distributions must be determined with careful experiments, and work of this
nature is ongomg [3. Nelson and P. Whiting, pers. comm.}. The wake heights, however, must scale roughly with
particle size, and this assumption is used herein, Because larger particles are more effective at producing tur-
bulence, one can expect the momentum-defect weighted average of length 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 turbulent length scale near the bed is given by .

L =018D, z<3Dy . - (11)

This assumption is used herein to set the turbulent length scale below 2D, Above 4D, the length scale asso-
ciated with equation (8) is used. The length scales are matched smoothly between 2D g, and 4Dg,. In channels
with low roughness, where equation (8) is valid, a logarithmic profile can be expected to occur only up to about
20% of the flow depth. Thus, if the influence of bed particles is felt to a height of 3Dg, (or 4Dg, for the
smoothly matched lcngth scale), loganthmlc segments of velocity profiles can be expected to occur only in flows
deeper than about 15D,

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 begins by estimating some initial vertical velocity
profile. This profile is used in equations (4) and (5) with measured grain size information to compute 7. This
profile is used in equation (3) with (1) and (2) to calculate a profile of r;. The 7, profile is used in equation (8)
to obtain the turbulent velocity scale, and equations (9) and (11} are used to compute the turbulent length scale
[note that equation (9) provides a turbulent length scale when divided by the square root of equation (1),
because 7; is zero in the region above the particles]. These quantities provide an eddy viscosity profile using
equation (7), and then (6) is integrated to determine a new velocity profile. This process is continued iteratively
until convergence of the velocity profile is obtained. In practice, the use of relaxation greatly improves the con-
vergence characteristics, especially if the initial guess for the velocity profile is poor. To compute the discharge
for a glvcn stage, the computed veiocxty profiles for various depths are integrated vertically and across the chan-
nel using the surveyed cross section at the gage.

The Sediment-Transport 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 using mean grain size by applying a similarity
argument for the flaxes in various grain-size classes.

Using the following definitions,
. Ty
rh = ——— (12)
(o, - P)D
. 9p
8 =""" a2
[P 3 ) (]3)
gD
P
. qp
T W ' (14)

&
where gy, is the bedload flux per unit width, p and p, are water and sediment density, respectively, and D is the

mean grain size of the surface layer, the Parker equation for total bedload flux over a poorly sorted gravel bed is
given by



0.0025 (~.xp[14.2(4r:50 - 1) - 9.28(¢y, - 1)2] 0.95 < dgo < 1.65

0822 % > 1.65 (15)
11.2[1 - —"']
50

In equation (15), ¢y, is defined in terms of the boundary shear stress and the critical shear stress. Using the
nondimensionalization defined in equation (12), ¢y, is given by

Tp
1.18r,

The value of r was set using the model for critical shear stress developed by Wiberg and Smith [1987b] with a
pocket angle, ¢, of 30°. This yields the critical stress for first motion rather than significant motion (sce Wiberg
and Smith [1987b] for a more detailed discussion), as required for use in the Parker equation if surface particle
sizes are used. The Wiberg-Smith model yields a value of about 0,028 for 7,, in good agreement with the value
of 0,0299 reported by Parker [1982].

(16)

The volumetric bedload fluxes per unit width calculated from the Parker equation are multiplied by sediment
density and integrated across the channel width for each discharge using the surveyed channel cross section.
This yields the total mass of bedload 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 Little Granite Creek, a small stream located in the Bridger-Teton Forest about 40 km southeast of Jackson,
Wyoming, Little Granite Creek is a tributary to Granite Creck, which flows into the Hoback River, a tributary
to the Snake River. The study reach is located at U.S. Geological Survey gaging station 13019438 and is about
100 m long, 7 m wide, and has a slope of 0.0175. The D of the bed particles is about 10 cm and D, is about 20
cm. The depth at bankfull discharge is about one meter, so even at the highest flows, many of the scdlment par-
ticles 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 spatially 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 [Nelson
and Smith, 1989] and the vertical structure computed from the model can be used in a quasi-three-dimensional
flow mode! to compute the variation of stage, stress, and bedload sediment flux with flow discharge.

The availability of extensive flow and sediment-transport measurements in Little Granite Creek provides an
excellent opportunity to test the described technique. Flow and bedload discharge were measured at this site
during regular visits from water year 1982 through 1989. Flow discharge was measured at each visit using a
Price current meter and procedures described by Buchanan and Somers [1965]. Through water year 1989, 141
discharge 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 period from water years 1982 through 1989 was measured
with a Helley-Smith bedload sampler [Helley and Smith, 1971]. Bedload was sampled at about 20 equally-
spaced cross-channel locations as suggested by Emmett [1980]. A total of 113 traverses of the stream constitutes
the bedload data used in the comparison between measured and predicted bedload fluxes discussed below.

Particle-size distributions were found using a modified version of the Wolman [1954] sampling technique. Parti-
cles were measured every 0.15 m along the channel centerline for 100 m, Downstream, cross-stream, and verti-
cal axes were measured and the vertical protrusion of the particle into the flow was also determined [as
required for the computation of 4; and 4, in equation (4); sce Wiberg and Smith, 1990]. The particles were
divided into size classes by vertical protrusion, and the average 4; and A, for each size class were used to calcu-
late the value of 7; for each size class. The vertical extent of 7, for each size class is simply the vertical
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Figure 2. Measured and predicted stage-discharge relation for Little Granite Creek, Wyoming,
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protrusion associated with that size class, The total r; profile used in the computations is obtained by summing
1, over all size classes. Channel cross-section geometry was determined by doing a level survey.

RESULTS AND DISCUSSION

In Figure 1, calculated vertical-velocity profiles for Little Granite Creek are shown in linear and log-linear form
for several flow depths, In reality, stream depths above about 1 m would result in overbank flows and the depths
greater than about 1.5 m shown in the figure probably would not be attained; but the purpose here is to show
the variation in velocity profile shape for various ratios of particle size to flow depth typical for mountain rivers.
For the greatest depth at which the velocity profile was calculated, the depth is about 50 times Dg,, and the
profile is esseatially logarithmic, except very near the bed. At the shallowest depths, the flow is dominated by
the form drag on the bed particles and the velocity profile is nearly linear. For a channel like Little Granite
Creek, the velocity profile at physically realizable depths is approximated much more accurately by a lincar
profile than by a logarithmic one. This agrees with the velocity profile measurements made by Jarrett [1989] in
rough channels. The curvature in the upper 80% of the flow depth in the log-linear plot of velocity at the larg-
est flow depth is associated with the structure of the Rattray-Mitsuda [1974] eddy viscosity. Even in this case, a

truly logarithmic profile only occurs between about z /H = 4D, /H = 0.085andz /H = 0.2.
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Figure 1. Linear and semi-logarithmic plots of velocity profiles for the grain-size distribution in Little Granite
Creek. Depths vary from 0.5 to 9.5 meters by 1 meter increments.

In Figure 2, the computed stage-discharge curve is shown 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 insensitive to the drag coefficient and the eddy viscosity weil above the bed (the
Rattray-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 modification for the prediction shown in Figure 2, but varying the magnitude of the length scale near
the bed by a factor of only 2 results in a poorer fit to the data. Further experimental verification of the length
scale is needed to increase confidence in the generality of the approach. Nevertheless, considering this and
other types of uncertainty, both 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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a survey of channel slope).

The comparison between measured and computed bedload discharges is shown in Figure 3. Although the
scatter in the measured values is considerable due to the actual variability of bedload transport rates and to the
inherent difficulty in making bedload flux measurements in a channel like Little Granite Creek, it appears that
the predictions of the Parker equation, when combined with channel geometry and a model relating flow
discharge to boundary shear stress, canprovndegoodpred:ctmns of total bedload discharge in gravel-bod chan-
nels. In some sense, the success of the Parker equation is associated with some general similarities in particle-
size distributions in gravel-bedded channels in that it allows prediction of the total flux of sediment in the chan-
nelbascdonmformananaboutasmglegramsxzemthebedsmfaw!aycr The actual flux of material of the
size used in the equation is often negligible. In the case at hand, the D, of the surface layer cannot even enter
the nozzle of a Helley-Smlth sampler, but when the actual flux of this class is computed, one finds that the pro-
bability of a particle of that size encountering the sampler is small, :

The approach described herein is a reasonable way to predict stage-discharge and bedload discharge to flow
discharge relations in situations where measurements are not available as a result of logistical or economic con-
straints. Developing more confidence in the technique will require a more complete understanding of the near-
bed turbulence ficld and verification of the general approach at other sites where field data are available.
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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 beach-stability 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 ft3/s in the Colorado River
above National Canyon, near Supai, Arizona, October 7-12, 1989. During steady flows, 75
percent of the mean totalsediment discharge of 138 t/d was in suspension and about half the
totai-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 steady-flow bedload transport varied from the
mean by about 45 percent, suspended-sediment discharge remained constant within sampling error,
Statistical analyses indicate that mean and median rates measured concurrently using the
Helley-Smith and BL-86-3 bedload samplers were not significantly different. At larger
transport rates, however, the rates measured by the Helley-Smith exceeded those measured by the
BL-86-3. Transport rates from bedload samples collected with Helley-Smith 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 suspended-sediment load through Grand Canyon National Park. Most of the
sediment from the drainage area above the dam is now deposited in Lake Powell.
Suspended-sediment 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 Canyvon (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 one-quarter 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 stage-discharge 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 ft3/s.  Near 12,000 ft3/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 ft3/s to
about 5,800 ft3/s and are hereafter referred to as steady flow of 5,880 ft3/s.

This site was selected for sediment-transport research for three reasons. First, the
stage-discharge relation is well defined and stable, permitting accurate estimates of discharge
from the stage-discharge 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 pressure-difference-type bedload samplers (Graf and others,
1986, p. 5-61 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

Suspended-sediment 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-size
distributions, Fifteen analyses of grain-size distributions were determined from bed-material
samples collected during the October Studies.

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

The Helley-Smith 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 nozzle-flare dimensions tentatively
adapted as a standard for bedload samplers by the Federal Interagency Sedimentation Project.
Collection bags of 250-micron 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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the measuring section were made on above National Canyon, near Supai, Arizona, October
three separate days. Samples were 7-12. 1989

collected simultaneously with the ' )

BL-86-3 sampler about 8§ ft to the right of the Helley-Smith 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 bedioad sampling (Harvey Jobson, hydrologist, U.S. Geological Survey, written
commun., 1990). An analysis of results from samples collected concurrently during trangits and
fixed-vertical sampling with the Helley-Smith 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 suspended-sediment discharge measurements were made with a D-74 depth-integrating sampler
at flows ranging from 5,880 ft3/s to 11,200 ft3/s. The equal-discharge-increment method
(Edwards and Glysson, 1988, p. 54-61) with five verticals per transit was used.
Suspended-sediment 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 Helley-Smith
and BL-86-3 bedload samplers. Ninety-five pairs were obtained by repetitive sampling from
fixed verticals (table 1), and 60 were collected during all or parts of transit numbers 1-10
(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 1.—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

Mean
dis-
charge, Stand-
Time in cubic Number ard
feet per Flow Sampler of devia- Maxi- Mini—
Date Start End second regime type Station samples Mean Median tion mum mum
10-09-89 1045 1544 5,880 Steady Helley-Smith Lygs 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 0.6t
BL-84-3 138 30 0,46 0.41% 0.31  1.19 0.03
10-12-8¢ 1606 1710 7,950 . Falling Helley-Smith 130 15 0.85 0.72 0.68 2.1 0.07
BL-86-3 138 15 0.59 0.46 0.46 1.87 0.09

lthe first four samples were coliected several feet left of these stations.

Table 2.--Summary of bedload-transit data and associated characteristics at Colorade River
above National Canyon, near Supai, Arizona

summary of individual verticatsl!

Mean
dis- sum?, Maximum,  Standard
charge, in in tons deviation,
Time in cwic Number  tons per day in tons
Transit feet per Flow Sampler of per per per day
number bate Start End second regime type samples  day foot per foot
1 10-08-89 0806 1008 5,880  Steady BL-86-3 14 39.5 1.02 0.35
2 10-08-8% 1014 1133 5,880  Steady BL-86-3 13 33.5 1.34 0.43
3 10-10-89 0741 1049 5,880  Steady Hel Ley-Smith 37 31 M.m
4 10-10-89 0741 1049 5,880  Steady BL-86-3 4 21,0 f0.97
5  10-10-89 1054 1206 5,880  Steady Helley-Smith 12 33.3 1.86 0.54
6  10-10-89 1054 1206 5,880  Steady BL-86-3 12 34.4 0.98 0.35
7 10-11-8% 1626 1755 5,880  Steady BL-86-3 14 42.9 1.18 0.42
8  10-11-89 1635 1755 5,880  Steady Hel ley-Smith 13 50.9 1.04 0.41
9  10-11-89 1801 1829 5,880  Steady BL-B&-3 5
10 10-11-89 1801 1829 5,880  Steady Hel ley-smith 5
1 10-12-89 0912 1028 11,700  Receding BL-B4-3 19 4.3 1.61 0.40
12 10-12-89 1033 1147 10,900  Receding BL-86-3 19 33.1 1.35 0.31

17ero bedload transport was measured in at least ane vertical of each trangit.
2summed bedload from individual verticals is weighted for subsection width.
3rive consecutive samples were collected in each of the left six verticals. A single sample was collected
at the seventh vertical.
aximum value is for a single measurement within a vertical.
ross-sectional transits were not completed due to darkness.

4-66



in diameter (medium to coarse sand). Table 3.—Combined results from fixed-vertical and

Although a mean of about 4 percent cross-sectional bedload measurements during stready
of bedload collected was finer than flow from 155 paired samples at Colorado River above
0.25 mm in diameter, this value National Canyon, near Supai, Arizona, October 8-11,
should represent a minimum because 1989
the 250-micron mesh collection bag
is designed to pass material finer _Bedlosd teansport, in tons per day per foot
than 0.25 mm in diameter. Median

. . . . Standard
bed-material grain-size diameter was Sampler Mean  Median deviation Maximum_Minimum
0.40 mm. Grain-size data and the .
fact that flow was subcritical Helley snith 0.5 o3 0.7 220 3

indicate that sand dunes or ripples
formed the bed of the river.

Sampler Comparison 25 ———— T T T
o TRANSIT PAIRED SAMPLE
20 o SINGLE VERTICAL PAIRED ° 7
The relative efficiency of the SAMPLE =

Helley-Smith and BL-86-3 samplers
was compared using the 155 paired
bedload-transport rates. Mean and
median bedload-transport rates
measured by the BL-86-3 were 88 and
126 percent, respectively, of those
measured by the Helley-Smithsampler
(table 3).

IN TONS PER DAY PER FOOT

A t-test accepted the null hypo-
thesis that the mean of the differ-
ences was equal to zero, and the

DIFFERENCE BETWEEN BEDLOAD-TRANSPORT
RATES AS HELLEY-SMITH MINUS BL-86-3,

Wilcoxon test found no significant '2'00 ' ofs ' 1?0 ' 115 ' g,lo ' 2.5
differences in median  values BEDLOAD-TRANSPORT RATE MEASURED BY THE
(T<0.05). However, a review of HELLEY-SMITH SAMPLER, IN TONS PER DAY PER FOOT
differences determined from

concurrent bedload measurements Figure 3.—Relation of differences in bedload-
plotted  against  Helley-Smith transport rates consecutively measured with the
transport rates in figure 3 shows Helley-Smith and BL-86-3 samplers to those measured
that the Helley-Smith sampler tended with the Helley-Smith 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 = 0.24HS + 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 Helley-Smith 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 Helley-Smith 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
ensueing analyses.

Transport

Bedload-transport rates generally vary considerably with time in a cyclic 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-1 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 OCTOBER 11, 1889 OCTOBER 12, 1988
1
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Figure 4.—Temporal variability in bedload-transport rates between the Helley-Smith and BL-86-3
samplers at Colorado River above National Canyon, near Supai, Arizona.
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Lag-1 autocorrelation values for the 50 and 30 fixed-vertical steady-flow sample sets collected
using the Helley-Smith 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-1 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 Helley-Smith. These results indicate an inconsistent lag-i
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 1-10 (table 2) made during steady flow are available to define
temporal variability in steady-flow 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 Helley-Smith 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 bedioad 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 ft3/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 steady-flow bedload samples were combined in even 10-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 10-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. Ninety-five
percent of transport occurred in an 80-foot section between stations 100 and 180. Mean and
median transport in these eight 10-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
10£foot sections show lag-1 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 5.—Box and whisker plots 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

Suspended sediment

Mean
dis~ Mean
charge, concentration, Instantanaous Grain size
in cubic in discharge, finer than
feet per Flow milligrams in tons 0.062 mm,
Date Time second regime : per liter per day in percent
10-07-89 1215 11,200 Receding 39 1,180 54
10-08-89 1100 5,880 Steady 7 110 77
10-09-89 0300 5,880 Steady 7 110 75
10-10-89 1800 5,880 Steady 7 110 65
10-11-89 0930 5,880 Steady - 79 58
i0-12-89 1140 10,4600 Receding 363 10,400 92

SUSPENDED SEDIMENT

Mean cross-sectional values for suspended-sediment concentration, suspended-sediment 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 suspended-sediment discharges
ranged from 79 to 10,400 t/d. Median particle-size values ranged from 54 to 92 percent
material finer than 0.062 mm. Largest mean concentration, instantaneous suspended-sediment
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 steady-flow measurements corresponds to a mean suspended-sediment
discharge of 103 t/d. Suspended-sediment concentrations remained essentially constant during
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the low-flow period, with a standard deviation of | 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 suspended-sediment discharge and bedload discharge,
atthough 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 suspended-sediment discharge was 103 t/d, and mean
bedload-transport rate was 35 t/d. Addition of these values yields a mean total-sediment
discharge of 138 t/d based on measurements during the low-flow period. Suspended-sediment
discharge composed 75 percent of total-sediment discharge. Seventy percent of suspended
sediments transported were finer than 0.062 mm. Therefore, about half the total-sediment
discharge during the low-flow period was finer than sand-size material.

CONCLUSIONS

Bedload and suspended sediment were measured during a steady flow of 5,880 ft3/s and receding
flows from 12,100 and 5,660 f13/s in the Colorado River above National Canyon near Supai,
Arizona, October 7-12, 1989. Relative efficiencies of the Helley-Smith and BL-86-3 bedioad
samplers were not consistent over the range of transport rates during the steady-flow period
and likely introduced some bias in the resuits. 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 Helley-Smith and BL-86-3
samplers in sections 8 ft apart showed no consistent lag-1 autocorrelation or cross
correlation. Cross-sectional 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
temmporal variability. The distribution of median values of bedload-transport rates in 10-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 TWO 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, the main urban center of Puerto Rico, is proceeding rapidly. It is estimated
that in the year 2000 the basin will be 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 te 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 Ric Grande de Loiza. During the event,
suspended-sediment concentrations were much higher downstream of the construction
site than upstream, and about a ton of zediment was delivered to the stream from
the construction site.

The Ric Grande de Loiza basin, which borders the Ric Piedras basin, contains San
Juan's major water-supply reservoir, Lago 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
regervoir.

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,
which grew more slowly. For example, in the suburban area of Cupey, the population
increased 44 percent between 1970 and 1980 (U.S. Department of Commerce, 1982).
As a result of this population shift, developers are building in remaining areas
that are largely rural. The Rfo Piedras basin (fig. 1), which drains an area
of 26 square miles intc 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 basgin, which has a drainage area of 209 mi {(sguare
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 yvears. 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 19890,
a 292 percent increase. The Caguas urban area nearly doubled in size between
1964 and 1982. Construction of housing developments ig 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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Figure 1. Map showing locations of sediment stations in the Rio Piedras and Rfo Grande de Lolza
basins.

the basin that are needed to supply developers with construction materials (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 Guzmén-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 sericus problems.
One of the most critical problems being reserveoir sedimentatien.

The major water-supply reservoir for San Juan, Lago Leiza (fig. 1), has lost 70
percent of its capacity in the last 36 years and may be rendered useless as early
as 2000 (Quifiones and others, 1989; Collar and Guzman-Rios, 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
(Quificnes and others, 198%), the problem has become a major concern for the
Puerto Rico Aqueduct and Sewer Authority, which has recently initiated several
sediment mitigation strategies.



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 Grande de Loiza (station 51180 in fig. 1). These =zamples
were collected using depth-integrated bridge samplers, hand-held samplers, and
automatic suspended-sediment sampling devices.

Rio Pledras

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
Sefiorial (station 48770 in fig. 1), is located adjacent to a housing development
that increased in size from 400 to 700 acres during 1986 to 1988. Comparison
of the suspended-gediment rating curves (fig. 2) for El Sefiorial and Rio Piedras
at Ric Piedras (station 498000 in fig. 1), may be made using an equal runoff
value, referred to as a normalized discharge. At a normalized discharge of 100
ft3/s/mi2, the suspended-zediment concentraticn at El Sefiorial is 28,000 mg/L
{milligrams per liter} (fig. 2). At this same normalized discharge the
suspended-sediment concentration at Rio Piedras at Ric Piedras is 12,000 mg/L.
At higher flows the suspended-sediment concentration at El Sefiorial has been as
high as 80,000 mg/L (fig. 2).

For purposes of comparison to the Rio Piedras basin, a suspended-szediment curwve
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 Pledras basin, (100 £t3/s/mi2), the suspended-
sediment concentration is much lower, 3,200 mg/L (fig. 2). The highest
concentration recorded at Rio Cavaguas 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 periocd in 1988-89 the total sediment lcad at Rio Piedras at El
Seficrial was 372,600 tons or 33,200 t/mi/yr {tons per square mile per year). At
Rio Piedrag at Rio Piedras for a two vear period, 1988-89, the total load was
540,000 tens 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 vields between Rio
Piedras at Rio Piedras and Rio Cayaguas for these two periods iz 26,280 t/mi/yr.
Assuming that the two periods are hydrologically equivalent in repect to sediment
production and there were no substantial upstream sediment sources at El Sefiorial,
and that the sediment yield from Ric 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 c¢leared
area on suspended-sediment concentrations 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 leocalized
CONSTRUCTION SITE rainstorm onh 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 constructicen site.
Suspended-sediment samples
were collected at two loca-
ticns, 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
Figure 3. Suspended-sediment sampling sites during a runcff fig. 2).
event at Quebrada Salvatierra, April 19, 1990.

A plot cof suspended-sediment
concentrations with time at sites A and B is shown in figure 4. The rain ceased
at 11:4% a.m. Suspended-sediment concentrations in samples collected between
11:15 and 11:30 am, when considerable runoff was still cccurring, 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 12:00
noon, after which the upstream and downstream suspended-sediment concentrations
were both about 600 mg/L. The total contribution of sediment from the
construction site during this event was approximately a ton.

One runcff sample collected at each
site was analyzed for particle size
(takle 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
mm (millimeters) and was mostly
very fine clay and colleid par-
ticles. 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 <oncentrations
downstream from the construction
site were much higher than those
upstream of the construction site
and suspended-sediment particles Figure 4. Suspended-sediment concentrations and dis-
generally were much larger, in the charge in a stream receiving runoff from a

K . construction site at Quebrada Salvatierra,
silt and clay ranges. The size of April 19, 1990.
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Talble 1. --Particle-size analysis of suspended-sediment in runoff at sites A, B, and C

Percent finer than indicated, size in millimeters Suspended-sediment
concentration
Site Sand Fines {milligrams per liter)
1.0 0.5 0.25 0.125 0.062 0.031 0.016 0.008 0.004 0.002
A 100 99 93 99 98 96 92 91 80 70 582
Upstream from
construction site
B 100 1900 100 100 99 97 83 S6 34 19 16,770
Downstream from
construction site
100 190 108 99 96 13 64 1% 22 il 24,700

C
From road runcff

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 LAGO LOIZA

Lage Loiza, which provides about 50 percent of the public.water supply for San
Juan, has lost 70 percent of its storage capacity (21,700 acre-feet) since
completion in 1953 (Quifiones and others, 1989; Collar and Guzmdn-Rios, 1991).
An evaluation of past bathymetric surveys by Collar and Guzmén-Rics (1991} has
shown that the reservoir is filling at an exponential rate and will prcbably 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. 2an
increases in the sedimentation rate from 3.68 to 10.42 acre-feet per year 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 Rioc Piedras at El
Sefiorial, 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 could have reduced the capacity of Lago Loiza by 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 Lago 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 probabkly not even in 1 year,
it can be seen that the contribution from this area to sediment of the reservoilr
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 farmed or grazed, and when vegetation is burned for clearing.



CONCLUSION

Puerte Rico’s largest city, San Juan, has experienced major urban growth in

recent years. Two stations affected by this development, Rio Piedras at El

.Sefiorial and Rioc Piedras at Rio Piedras, had sediment vields 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, Ric 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 concentrations 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 which has increased
in the last 25 years in the basin. Construction sites in Puerto Ricec have been
shown to produce much larger concentrations of suspended-sediment in runcff than
non-construction areas. The need for documenting the effect of construction and
other land use practices on reserveoir sedimentation has prompted the Puerto Rico
Aqueduct and Sewer Authority to fund additional research.
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SEDIMENT TRANSPORT IN THE LOWER MISSISSIPPI RIVER, 1983-85

By C.R. Demas and D.K. Demcheck, U.S. Geological Survey, Baton Rouge,
‘Louisiana; and Philip B. Curwick, Ecotech, Baton Rouge, Louisiana

ABSTRACT

An intensive suspended-sediment study was conducted from November 1983 to
February 1985 along a 475.6 kilameter reach of the lower Mississippi River from
near the mouth at Venice, Louisiana, to Tarbert Landing, Mississippi. Samples
were collected during steady-flow conditions of the river to describe steady-
state suspended-sediment transport characteristics. '

In a downstream direction, total suspended-sediment concentrations decreased by
as much as B85 percent at flows less than 14,200 m3/s (cubic meters per second)
and increased as much as 44 percent at flows greater than 19,800 m3/s. Total
suspended-sediment concentrations decreased at flows less than 14,200 m®/s with
as much as 84,000 Mg/d (megagrams per day) of sediment being deposited in the
river, but increased at flows greater than 19,800 m3/s with as much as 168,000
Mg/d of sediment being resuspended from the riverbed. Generally, deposition
and resuspension were caused by the fines fraction (<0.063 mm, millimeter) of
the total suspended sediment.

Suspended sand (>0.063 mm), in contrast, indicated no increase in a downstream
direction during any of the flow conditions measured. Dowmnstream changes in
total suspended-sediment concentrations indicate that the bed of the lower
Mississippi River serves as a sink for sediments during flows less than 14,200
m3/s and a socurce during flows greater than 14,200 mé/s,

INTRODUCTION

Interest in the use of Mississippi River water and sediment to mitigate coastal
erosion and minimize the effects of sedimentation on navigation prampted the
study of suspended-sediment transport (SST) characteristics of the lower
Miggigssippi River in Louisiana. Studies by Everett [1971] and Wells [1980]
indicated that concentrations of total suspended-sediment (TSS) decreased in a
downstream direction in the lower Mississippi River at flows less than 17,000
m3/s and increased in a downstream direction at flows greater than 17,000 m3/s.
However, Wells [1980] had no information on SST at flows greater than 17,000
m3/s, and both studies were based on a small number of samples.

In an attempt to verify Everett's [1971] original findings, an intensive sus-
pended-sediment (SS) study to define steady-flow SST characteristics of the
lower Mississippi River was conducted from November 1983 to February 1985.
This report verifies Everett's [1971] findings and describes SST characteris-~
tics during steady-flow conditions. Previous investigations have only consid-
ered transport characteristics of total SS. However, this report addresses
total suspended sediment (TSS), suspended sand, (SSD) and suspended fines (SF)
which consist primarily of silt and clay.

STUDY REACH

The study area of the lower Mississippi River extends from Tarbert Landing,
Miss., to near the mouth at Venice, La., (fig. 1) encompassing a total of 475.6
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Figure 1.-- Location of study reach.

river kilometers (km). This reach of the river is bordered with levees for
almost the entire length. Also, no tributaries or distributaries of any
significance enter or leave the river in this reach. River chamnel depths are
maintained at 3.7 m (meters) from Tarbert Landing to Baton Rouge and 12.9 m
from Baton Rouge to Venice for navigation. Depths exceeding 30 m are commn
along many of the bends throughout the entire study reach. Stream velocities
range from less than 0.6 m/s (meter per second) to greater than 2.4 /s,
depending on stage and location; average velocity is approximately 0.7 m/s.

The lower Mississippi River generally rises in late fall or early winter and in
early spring. The spring rise generally has a higher peak discharge, and the
high water may last until midsummer. A period of low water then follows until
late fall, and the cycle is repeated. Steady flow occurs many times during the
year because the river channel acts as a reservoir and can store significant
amounts of water that buffer stage changes. Steady flow is indicated by the
following data that were recorded at Red River Landing, La.:
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Date of Mississippi River stage (meters) Percent

sampling trip Initial Final change
November 14-18, 1983 6.22 6.37 2.4
October 15-19, 1984 5.67 5.73 1.1
November 5-9, 1984 10.79 11,49 6.5
Decamber 3-7, 1984 . 12,04 12.01 .2
May 1-5, 1984 15.85 15.58 1.7
Janmary 7-10, 1985 13.75 14.36 4.4

MATERTALS AND METHODS

Samples for the analysis of SS were collected at eight long-term monitoring
sites and numerous miscellaneous sites along the study reach. Long-term
monitoring sites were the lower Mississippi River at or near Tarbert Landing,
St. Francisville, Plaguemine, Union, Luling, Belle Chasse, West Pointe a 1la
Hache, and Venice (fig. 1l). Five equal-width increment depth-integrated SS
samples were ocollected in the cross section at each site and analyzed
individually for sand and fines concentrations and particle-size distribution.

Samples from miscellanecus sites also were collected as frequently as every 8
km and analyzed for only sarnd and fines concentrations. Three depth-integrated
SS samples were collected in the centroid of flow, bracketing the thalweg of
the charnnel. No SS samples were collected in areas of saltwater because this
indicated the upstream flow of seawater.

All SS samples were collected with an 8-liter collapsible-bag sampler similar
to the one used by Stevens and others [1980], Nordin and others [1983], ard
Richey and others [1986]. In the field, saples were separated into sand
(>0.063 mm) and fines (<0.063 mm) fractions by wet sieving through a 20-
centimeter brass U.S. Standard No. 230 sieve. Samples were analyzed at a U.S.
Geological Survey sediment laboratory according to methods described by Guy
[1969] and the U.S. Army Corps of Engineers [1970].

Stream discharge was measured using the moving-boat technigue [Smoot and Novak,
1969] at the beginming of every sampling trip at Tarbert Landing and at the end
of the trip at Belle Chasse and West Pointe a la Hache to determine average
“trip flow conditions for the study reach. Measurements also were made at
intermediate sites, depending upon time available ard river stage. The dis-
charge data presented are the arithmetic averages of measured discharges for
the sampling trip. Detailed discussions of data collection are presented by
Demas and Curwick [1987].

RESULTS

The downstream variations in the concentration of TSS, suspended fines (SF),
and suspended sand (SSD) for three ranges in flow conditions of the lower
Mississippi River are shown in figures 2-4. Flows were divided into low
(<14,200 m3/g), medium (14,200-19,800 m3/s), and high (>19,800 m3/s} flow con-
ditions on the basis of the discharge-duration curve presented by Wells [1980,
p- 71.

Concentrations of TSS decreased significantly in a downstream direction at
flows less than 14,200 m3/s (fig. 2). For example, concentrations decreased in
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a downstream directionm by 79 and 85 percent at flows of 7,600 and 7,400 m3/s.
This cowerts to 58,000 and 84,000 Mg/d of SS being deposited between Tarbert
Landing and West Pointe a 1aHached.1r:’.ngt'ne‘setm low flow conditions.

Concentrations of TSS increased slightly in a downstream direction during
medium flow conditions (fig. 2). Increases of about 9 percent were observed
during flows of 15,100 and 19,200 m3/s. Sediment was resuspended at a rate of
40,000 and 29,000 Mg/d between Tarbert Landing and Venice during these two
medium flow conditions.

At high flows, concentrations of TSS increased significantly in a downstream
direction (fig. 2). Concentrations of TSS increased between Tarbert Landing
and Venice by 17 and 44 percent at flows of 25,500 and 28,100 m?®/s. Sediment

was resuspended at a rate of 124000and168000Mg/d du.rmgthese two high
flow conditions.

Table 1 lists the net downstream change in suspended-sediment concentrations
cbgserved during the six steady-flow conditions (fig. 2-4). Variations in
concentrations of suspended fines (SF)caus_edthemajorchangesobservedin
concentrations of TSS that occurred in the entire study reach. At high flows,
net differences in concentrations of SF were responsible for 98 percent (25, 500
m3/s) and 96 percent (28,100 m3/s) of the net downstream change
concentrations of TSS observed. Changes in concentrations of SF accounted for
60 percent (19,200 m3/s) and 62 percent (15,100 m23/s) of net downstream change
in TSS concentrations observed during medium flow, and 88 percent (7,400 m3/s)
and 64 percent (7,600 m3/s) of the net downstream change in TSS concentrations
observed during low flow.

Table 1.--Net dmms‘l:ream change in suspended-sediment concentrations
observed during six steady-flow conditions of the lower Miggissippi
River, Louisiana

[Mirus sign (-) indicates a net loss in suspended sediment;
plus sign (+) indicates a net gain in suspended sediment]

Net charge (milligrams per liter)

Discharge Number ' Total
(cubic meters Date of Sand Fines sediment
per secand) samples
Low flow
7,600 November 1983 50 -32 -58 -90
7,400 October 1984 30 -16 - -116 -132
" Medium flow
15,100 November 1984 22 - =47 +78 +31
19,200 December 1984 14 -40 +58 +18
High flow
28,100 May 1984 42 -3 +72 +69
25,500 January 1985 15 -1 +58 +57
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Concentrations of SF decreased in a downstream direction during low flows and
increased during medium and high flows (fig. 3). For example, the
concentration of SF decreased with flows of 7,600 m3/s from 91 mg/I: (milligrams
per liter) at km 451.3 to 24 mg/L at West Pointe a la Hache. Net decrease was
58 mg/L in SF concentrations for the study reach (table 1).

Concentrations of SF increased in a downstream direction during medium flow
(15,100 m3/s) fram 165 mg/L at Tarbert Landing to 233 mg/L at Venice. This
also was observed at high flow (25,500 m3/3s) when SF concentrations increased
from 182 mg/L at Tarbert Landing to 240 mg/L at Venice. Net increases of 78
and 58 mg/L in the concentration of SF were observed during these medium and
high flows.

Median particle size, d;,, of SF decreased in a downstream direction during low
flows and remained relatively constant during medium and high flows. The dse
of SF ranged from 0.004 mm at St. Francisville to 0.001 mm at West Pointe a la
Hache with an average of 0.002 and 0.003 mm during flows of 7,600 and 7,400
m3/s. The Dsy of SF during medium flows ranged from 0.007 mm at Union to 0.003
mn at Luling with averages of 0.006 and 0.004 mm during flows of 15,100 and
19,200 m3/s. During high flows ds, of SF ranged from 0.007 mm at Plaquemine to
0.001 mm at Tarbert Landing with an average of 0.002 and 0.005 mm during flows
of 28,100 and 25,500 m*/s. The SF data from the sites at low, medium, and high
flows show that there is very little downstream variation in median particle-
size of SF transported by the lower Mississippi River in Louisiana.

Concentrations of suspended sand (SSD) (table 1) indicated no net increase in
the downstream dirvection during any of the steady-flow conditions.
Concentrations of SSD decreased abocut 100 percent between Tarbert Landing and
West Pointe a la Hache during flows of 7,400 and 7,600 m3/s (fig. 4); net
losses of 16 and 32 mg/L of S8D from the water colum were coserved. Initial
concentrations of SSD were 16 andd 33 mg/L during these two flow conditions.
Significantly, 64 percent of the sand in suspension at Tarbert Landing had
settled out in the reach between Tarbert Landing and St. Francisville (a
distance of 65.8 km) and an additional 24 percent in the reach between St.
Francisville and Plaguemine (a distance of 92.4 km). This converts to 14,000
and 15,000 Mg/d of SSD being deposited between Tarbert Landing and St.
Francisville, and St. Francisville and Plaquemine. Concentrations of SSD never
exceeded 2.0 mg/L in samples oollected downstream from km 282.2 (initial
concentration of SSD was 33 mg/L at Tarbert lLanding) and averaged 1.1 mg/L
downstream fram this location. Similar percent reductions in SSD also were
observed between Tarbert Landing and St. Francisville, and Tarbert Landing and
Plagquemine during flows of 7,400 m3/s.

T™e ds of the SSD decreased in the downstream direction during these two low-
flow corditions, The dg, of SSD decreased from 0.160 mm at Tarbert Landing to
0.103 mm at West Pointe a la Hache during the flow of 7,400 m3/g., Similar
decreases in dgy of SSD were chserved during the flow of 7,600 m3/s. Average
dse of SSD was 0.137 and 0.122 mm for flows of 7,400 and 7,600 m3/s.

Concentrations of SSD decreased by 72 and 56 percent between Tarbert Landing
ard Venice during flows of 15,100 and 19,200 m3/s. Sand remained in suspension
much longer with these flows. During flows of 15,100 m3/s, there was no
significant change in SSD concentration at long-term sites until km 194.0,
where a decrease of 54 percent was measured. During a flow of 19,200 m3/s, a
similar decrease in concentrations of SSD was not ocbserved until km 48.3. In
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both instances, no decrease in SSD concentrations was observed at either St.
Francisville or Plaquemine. Concentrations of SSD ranged fraom 78 mg/L at km
486.6 to 13 mg/L at km 78.4 during a flow of 15,100 m3/s and fram 88 mg/L at km
447.9 to 31 mg/L at km 48.3 at a flow of 19,200 m3/s.

The d;, of SSD decreased in a downstream direction during two measurements at
medium flows: however, major differences in the 4, were not cbserved until km
122.3. The d;, for SSD ranged from (0.138 mm at Tarbert Landing to 0.102 mm at
Venice at a flow of 15,100 m¥*/s and from 0.157 mm at St. Francisville to 0.120
mm at West Pointe a la Hache at a flow of 15,200 m3/s. Average d,, for SSD
were 0.124 and 0.140 mm for flows of 15,100 and 19,200 m3/s.

Concentrations of SSD also decreased in a downstream direction during high
flows of 25,500 and 28,100 m3/s. For example, SSD concentrations ranged fram
161 mg/L at Tarbert Landing to 105 mg/L at km 78.4 &wing a flow of 25,500 m3/s
and from 137 mg/L at km 308.1 to 65 mg/L at km 209.2 during a flow of 28,100
m3/s.

The dg, of SSD decreased steadily over the study reach at both high flow con-
ditions. The d;, of SSD ranged from 0.144 mm at St. Francisville to 0.103 mm
at Venice during a flow of 25,500 m3/s and from 0.177 mm at Tarbert Landing to
0.105 nm at West Pointe a la Hache during a flow of 28,100 m3/s. Average d.,
for SSD were 0.118 and 0.135 mm flows of 25,500 and 28,100 m3/s.

No relation was observed between average particle-size distributions of TSS and
different flow conditions. The djs, of both SSD and SF were often cbserved to
be larger during low flow than high flow. For example, the average ds, of SSD
samples collected during low-flow of 7,400 m?/s (0.137 mm) was greater than the
average d 5, of SSD samples collected during a medium flow of 15,100 m3®/s (0.124
mm) and a high flow of 25,500 m3/s (0.118 mm). The reason for this apparent
lack of relation between increasing discharge and average particle size is
probably related to antecedent hydrologic conditions which determine the source
and, therefore, the size of the material transported.

Downstream changes in concentrations of TSS indicate that the bed of the lower
Mississippi River serves as a sink for sediments during low flows and a source
of sediment during medium and high flows. For example, in a downstream
direction TSS concentration decreases during low flow with as much as 84,000
Mg/d of sediment being deposited in the study reach, but TSS concentration
increases during high flows with as much as 168,000 Mg/d of sediment being
resusperxied fram the riverbed. Resuspension of sediment from the riverbed is
the only possible source of this material because: (1) the river is bordered
by levees along the entire study reach, thereby excluding sediment
cantributions by overland runoff, and (2) no significant tributaries enter the
river in the study reach to contribute additional sediment loads from other
watersheds.

CONCLUSIONS

Analysis of S5 data verified the initial findings by Ewverett [1971] on the
movement of SS in the lower Mississippi River during steady-flow conditions.
Concentrations of TSS decreased as much as 85 percent in a downstream direction
at flows less than 14,200 m®/s and increased as much as 44 percent at flows
greater than 19,800 m?/s. The variation in concentration of TSS was caused
primarily by changes in concentrations of SF. Concentrations of SSD, in
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contrast, never increased during any of the steady-flow conditions. Particle-
size distributions of both the sand and the fines fractions showed no apparent
relation to discharge and are probably determined by antecedent hydrologlc
conditions which determine the source of the material available. Data indicate
that the bed of the lower Mississippi River serves as a sink for S8 during
flows less than about 14,200 m3/s and a source during flows greater than 14,200
m3/s.
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SEDIMENT 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.

INTRODUCTION

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 undesgirable
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 locse-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 channel. Publighed 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 FREVIOUS 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

4-87



without sediment deposition. For chamnels with a circular cross section,
they found that this condition can be defined by

 5/4gL74

-5
------------- - 0.017 + 0. 1075 (-5 1

574,172,172 0.017 89 = (-=-573) (1)
Tg v

where G_ = total bed load in N/s;

= gravitational acceleration, = 9.81 m/sz;
diameter of sediment particles in m;

= specific weight of sedi?ent in N/m”;

= bed shear stress in N/m“; and

kinematic viscosity in mz/s.

=k arne
I

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

Pullaiah (1978) used very fine sediments, ranging from C.006 - 0.027 mm
in size, to investigate the threshold walue for suspended sediment
deposition In a smooth rectangular chammel. He found that the limiting
concentration is a function of ¢u*b/w , where ¥ is a correction factox
which depends on the flow Reynolds Number; u¥, = mean bed shear velocity
and w, = fall velocity of sediment.

Itakura and Kishi (1980) investigated the eritical 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 te a flux Richardson Number and stated
that this condition occurred when the critical flux Richardson Number,
Re, = 0.02, where

YO y0 -1
Rpo = -- (I + a--) = 0,02 (2)
L L
1 =g(S55-1)wye :
and - ™ emesecoe=a- (3)
L u*b3

where & = 0.4 = von Karman constant;

S, = specific gravity of sediment;

¢ = average volumetric sediment concentration;
o — fall velocity;
¥, = average depth of flow;
7.0 = Monin-Obukhov constant; and
Monin-Obukhov length.

H RO
i

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, C; to a rather complicated function
which included the sediment, flow and channel effects. For a given flow
condition, Gy 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

Cp = memzemmeeeans (&)
L vy 2 (wydfv)0-8

where €, = limiting volumetric concentration in ppm;

S, = bed slope/(SS-l);
f;, = bed friction factor; and
g = 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/yo)2, where D = hydraulic depth of flow and y, =
flow depth, 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.
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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 mm 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 depositlon 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 1input 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, l,,, before settlement onto the channel bed was
measured and the sediment input rate was plotted as a function of 1.
Fig. 2 contains one of these curve (for u*y = 0.06 m/s). The critical or
limiting rate of sediment input is taken as the rate when 1y = =
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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 inecipient 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 that the wvolumetric concentration (in terms of m~ of
sediment per m~ 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 sedimeng. The weigh& 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 (G; in eqn. 1) is the maximum possible

Table 2. Limiting Sediment Input Rate

Computed Rate, N/s

Test d50 Measured Novak Itakura Arora et al.

No. (um) | Rate, N/s & &

Nalluri Kishi

1 0.23 | 0.0451 © 0.1426 0.1041 5.76 x 10°%
2 0.33 | 0.0185 0.1190 0.0707 3.68 x 10°%
3 0.50 | 0.0122 0.0967 0.0459 2.91 x 1074
4 0.80 | ©0.0098 0.0764 0.0283 1.25 x 1072
5 0.33 | 0.0065 0.0227 0.0064 1.51 x 1072
6 0.50 | 0.0049 0.0184 0.0042 9.06 x 10°°
7 0.80 | 0.0039 0.0145 0.0026 5.11 x 10°°
8 0.23 | 0.0046 0.0068 0.0013 1.46 x 1076
9 0.33 | 0.0028 0.0056 0.0009 9.36 x 10°/
10 0.50 | 0.0019 0.0045 0.0006 5.62 x 107/
11 0.80 | 0.0018 0.0035 0.0003 3.17 x 107/
12 0.33 | 0.0025 0.0038 0.0005 6.32 x 107/
13 0.50 | 0.0017 0.0031 0.0003 3.80 x 107/
14 0.80 | 0.0016 0.0024 0.0002 2.14 x 1077

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.

For u*, = 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 1-4) whereas the former are lower than the latter for u¥y = 0.018
and 0.015 m/s (test 8-14). For u%* = 0.031 m/s, the computed and
experimental results compare very we?l 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



"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. Mahmood, Professor and Director and M.H. Mehrdad, Research Assoclate,
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 wvalidation 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 wused 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.

INTRODUCTION

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 hed 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 funetions, e.g., Colby
(1964), however, imply that bedload is a part of the hed material 1load
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. '

Sequenfial (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 BEDLOAD THROUGH SEQUENTIAL PROFILES

Theoretical Considerations

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

gy,
dz
ax a8t ! 0

where the variation of suspended load along the bedform has been ignored, 8=

bedlecad 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 =% - G-t , ' Oy
and using the chain rule Eq. (1) can be written as

3 1 3 az! az'

o L 0, 0 s o

ax’ c at ax' at

If the bedform shape 1is invariant during downstream migration, i.e.,
dz'/dt = 0, and the sediment discharge is in a state of equilibrium, i.e.,
agb/at = 0, Eq. (3) can be integrated as

g (x) = C [ z(x) -z ] (4)

where g, = zero at z = z_, (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 = z,- 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 commonly, in a region upstream of the
reattachment point, A in Figure 1, the bedload is actually moving upstream so
that zZ 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,
bedload can not be computed from the measurement of bedforms. Integration of

Eq. (4) along a bedform train gives

L

- 1
gy = 1 | © [z(x)-zo] dx , (3)

0

where Eb is the spatially averaged bedlead in units of velume 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 = x = L, celerity of
the bedform C and evaluation of z,

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 Mahmood (1980) to bhe 0.2 and the spatially
averaged bedload has been estimated by

L
Eb=°i6Jc[z(x)-zt]dx, (6)
0

where z, 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 Mahmood (1980). These
are the Downcrossing and Cross Spectral methods. Experience with Missouri
River (Mahmood, 1985) and Pakistan Canals (Mehrdad, 198%) data shows that the
two methods yield comsistent 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 g, 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 e¢ritical. ‘
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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 (Mahmood, 1985), ACOP Canals (Mehrdad, 1989),
flume data of Crickmore (1967), Willis and Kennedy (1977), and Engel and Lam
Lau (1980). 1In each case the theoretical bedload by the selected function has
been calculated by a computer program similar to ODSET package of USACE Omaha
Distriet (Mahmood, 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 suitable for this purpose.

SPACE-TIME VARIATION OF BEDLOAD

Sequential profiles have heen 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 a mildly curved left handed channel bend
and show an Interesting result. The channel cross-section in the upstream
Segment 3 1is 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, 1is 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.

CONCLUSTIONS
Presently, there is no practical method available to directly measure bedload

in large sandbed channels. 1In 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 5 Spatio-temporal Variation of Bedload in Missouri River.
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DEPOSITION ON REVETMENTS ALONG THE SACRAMENTO RIVER, CA
By K.J. Fischer', M.D. Harvey” and D.B. Pridal®
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. Within this reach of the river, bank revetments include river cobble
riprap (RCRR) that was emplaced at a bank angle of 3H:1V and quarry rock riprap (RXRR) that was
emplaced at a bank angle of 2H:1V. 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 1886 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:1V to 2H:1V. 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 correlated with a discharge of 29,600 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 cfs (84 percent duration). Deposition has
reduced cross section area by about 3 percent and appears o reduce channel conveyance at low flows.
At higher flows, reduced channel roughness appears to compensate for the reduced cross section area.

1’32Water Engineering and Technology inc., 419 Canyon, Suite 225, Fort Collins, Colorado 80521
U.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 overflow weirs, pumping plants and bypass channels along the
Sacramento River from RM 0 near Collinsville to RM 134 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).

Aithough the process of lateral accretion within stream channels and its effect on channel morphology have
been studied by numerous workers (Tayior and Miall, 1978; Harvey and Watson, 1988; Schumm, 1960),
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, 1890). 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 continucusly on revetted banks from Verona to Colusa.
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 refiects different revetment histories.
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Figure 1. Location map of study reach showing subreach delineations.
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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 1966; Cross Section 5 was revetted on the right bank with rock in 1986 and on the left bank with
river cobble in 1970 (Figs. 2 and 3). The exposure of river 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:1V (Fig. 4). Subsequent deposition has steepened
that angle on the right bank to 1.7H:1V (Fig. 4). The maximum vertical thickness of sediment is 7 feet on
the true right bank and B feet on the true left bank. At Cross Section 5, a similar berm is present on the true
left bank (Fig. 5). On the right bank, rock riprap was emplaced at a bank angle of 2H:1V in 1986;
subsequent deposition onto the bank has been minimal (Fig. 3). The true right bank at both cross sections
reflects a bank angle that is slightly steeper than 2H:1V: in fact, looking down the bank, no distinct bank
angle change is observable at the contact between the river 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:1V contain
consistently more deposition than younger revetment that was constructed at a 2H:1V 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:1V. Consequently, riprap emplaced at an original bank angle
of 2H:1V 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:1V.

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 ot 3H:1V-
emplaced river cobble riprap along the channel bank. Over 25 years, this equates to 4,600 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

CROSS SECNON 4 RIGHT BANK RC R/R
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Figure 4.  Plotted right bank of Figure 5.  Plotted left bank of

Cross Section 4, RM 117.7.
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HYDRAULIC EVALUATION

As the two cross sections were tied into true elevations at the USGS Wilkens 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.
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Figure 6.  Rating curve for Cross Figure 7.  Relationship between top,
Section #4, showing crest and base of deposition
elevations of primary to flow duration.

geomorphic features

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 resuit of other compensatory changes in cross section variables. The specific 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 (8,000 cfs) do not appear to affect conveyance at higher discharges (20,000 cfs).
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Figure 8.  Specific gage and specific Figure 8.  Specific gage and specific
velocity at Witkens Slough at velocity at Wilkens Slough at
8,000 cfs. 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, 1990; 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:1V. 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 habitat 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 the vegetation 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 riparian habitat lost by bank shaping
can be regained on the revetted bank itself. In other words, the revetted site can provide a measure of self-
mitigation. If the banks are laid back at an angle of 2H:1V, approximately 87 percent of the acreage
removed from top bank is available on the revetment (Fig. 10). On banks this steep, however, sediment
deposition appears minimal and vegetative colonization may be limited. On banks of 3H:1V, approximately
81 percent of the topbank area lost will be regained as riparian habitat on the bank. At this angle, sediment
deposition is extensive and habitat quality, therefore, may be greater than on a 2H:1V bank. If the
generation of quality riparian habitat in conjunction with effective bank stabilization is desired, an
intermediate bank angle (approximately 2.5H:1V) is suggested, although further detailed study is highly
recommended.
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Figure 10. Surface area loss due to bank shaping at angles
of 2H:1V and 3H:1V 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
(Witkens 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 geoctechnical 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; if growth of riparian vegetation is enhanced by the presence of
accreted sediment, a bank angle less than 2H:1V and somewhat greater than 3H:1V would optimize the
recovery of habitat lost due to bank shaping.
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SIZE DISTRIBUTION QF NONUNIFQORM 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 transpert 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
al, 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,
Laursen, Toffaleti, and Einstein.

INTRODUCTION

The size distribution of sediment particles in transport is important to ocur
understanding of movement of pollutants attached to sediment particles, reserveir
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 (1968), 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 (1968), and Yang {1973, 1979, 1984) were published in the
literature and will not be elaborated here. The formulas by Einstein, Laursen,
and Toffaleti can be used to compute total bed material load or concentratiocn 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 ppm by weight, and gravel transport, respectively.
Yang (1988) suggested that these formulas can also be used in conjuction with the
following equation to predict total bed-material concentration of nonuniform
materials:

3
C = z P Ci (1)

where C, 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
p: 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 ¥, as the ratio between median particle size d. in transport computed by
a formula and actually measured median particle size d  in transport; that is,

(2)

T

¥ =

Let us also define the discrepancy ratic Y, as the ratio between the median
particle size d_ in transport computed by a formula and the median particle size
dg, of the original bed materials on the alluvial bed; that is,

- | (3)
2 d50

Y, should give us an indication of the average accuracy of a formula in
predicting the size distribution of bed materials in transport. ¥, 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 tramsport. The
results shown in table 1 indicate that Yang’s 1973 fraction formula has the best
overall discrepancy ratio of 0.%5. 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. QOur
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,
bed materials in transport computed by Laursen (1958), Yang (1973}, and Toffaleti
{(1968) are finer than the criginal 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., The measured Y, value of 0.77 shown
in table 2 is the average value for all data. This value 1s very close to the
average value of 0.75 computed by Yang's 1973 formula by size fraction. The ¥
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. 1In order to reflect the influence of nonuniform bed material size
distribution and 1ift force, Einstein introduced the hiding factor § and lifting
factor Y. The values of & and Y vary from 1 to 100 and from 0.25 to 0.85,
respectively. The combined effect of &Y 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 Y;, and ¥, in tables 1 and 2
decrease with increasing value of Froude number F_.

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, Laursen, 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. OQur study results suggest that Binstein’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

Discrepancy ratio, Y,

Number
Author Percent of data in the range Standard of
of deviation data
formula Mean 0.75-1.25 0.5-1.5 0.25-1.75 sets
F_=0.20-~0.30
Laursen 0.886 79 100 100 0.15 19
Yang 1.09 79 100 100 0.18 19
Einstein 2.64 0 0 0 0.84 19
Toffaleti 6.77 42 100 100 0.19 19
F_= 0.30-0.50
Laursen 0.82 60 97 100 0.19 117
Yang 1.03 85 93 100 0.21 117
Einstein 1.94 22 43 50 0.86 117
Toffaleti 0.61 32 59 85 0.28 117
F_=0.50-1.00
Laursen 0.78 60 88 95 0.23 86
Yang 0.91 80 92 99 0.25 86
Einstein 1.41 55 17 84 0.64 86
Toffaleti 0.55 22 51 83 0.27 86
| F_=1.00-2.00
Laursen ¢.73 48 89 100 Q.16 83
Yang 0.85 66 99 100 0.18 83
Einstein 0.99 86 99 100 0.18 83
Toffaleti 0.53 22 47 94 0.23 83
All data
Laursen 0.79 58 92 99 0.19 305
Yang .95 78 85 100 0.21 305
Einstein 1.58 47 &5 70 0.61 305
"Toffaleti 0.58 27 65 87 0.26 305
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Table 2. - Comparison between computed bed material size in
transport and measured original bed material size

Discrepancy ratio, Y,

Number
Author Percent of data in the range Standard of
of deviation data
formula Mean 0.75-1.25 0.5-1.5 0.25-1.75 sets
F_=0.20-0.30
Laursen 0.66 26 84 100 0.14 19
Yang 0.81 89 100 100 0.08 19
Einstein 1.98 0 26 37 0.54 19
Toffaleti 0.59 26 74 100 0.16 i9
Measured value 0.77 58 95 100 0.10 19
F_ = 0.30-0.50
Laursen 0.61 17 87 91 0.16 117
Yang 0.76 80 91 91 0.18 117
Einstein 1.34 51 70 87 0.39 117
Toffaleti 0.43 8 40 79 0.20 117
Measured value 0,77 56 91 96 0.17 117
F_=0.50-1.00
Laursen 0.63 37 79 91 0.19 86
Yang 0.73 70 88 93 0.20 86
Einstein 1.06 80 97 100 0.17 86
Toffaleti 0.43 13 40 78 0.21 86
Measured value 0.77 79 gl 99 0.17 86
F = 1.00~2.00
Laursen 0.65 17 93 100 0.10 83
Yang 0.76 61 100 100 0.08 83
Einstein 0.9¢ 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
All data
Laursen 0.63 23 86 94 0.15 305
Yang 0.75 73 93 95 0.15 305
Binstein 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
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Figure 1. - Comparison between computed and measured particle size of bed
material in transport.
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CASE HISTORY:CHANNEL AGGRADATION ABOVE A RESERVOIR

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

and Drew C. Baird, Chief, River Assessment Branch,
Bureau of Reclamation, Albuguerque, 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 floocdway 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 wvalley, 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 Marcial, 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/1l) 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 Puerco make up a substantial portion of the total

sediment load.
Table 1.

Rio Grande at San Marcial, New Mexico
Peak Discharge Frequency

Return (years) Peak Discharge (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 Marcial 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
pocl 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 Marcial 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 1951 the 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, contrecl, or
otherwise improve the earthwork or foundation.

PROBLEM DEVELOPMENT AND MANAGEMENT RESPONSE

Figure 2 is a hydrograph showing the 10 year moving average of Rio
Grande flow at San Marcial 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
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Figure 2. Hydrograph, 10 year moving average, Rio Grande at San
Marcial, 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 Marcial 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.
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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.[1]. 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 denerally 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 1-1/2
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 pericd 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, forcing the river west
within 50 feet of the levee, Steel Kellner Jjack 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, near the right abutment of the railway
bridge, the river breached the bank of a pilot channel that had
been built in 1984. Scour holes around the bridge piers may have
undermined the bank. 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 flowing along the
levee began scouring channels along 1ts toe. 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, gravel groins were built out
from the levee in critical areas. Originally the gr01ns 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 preventlng complete
drainage of the channel at low flow and causing deposition of
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sediment. In some places Kellner 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. S8pring runoff (March through July) in 1990
was only 33 percent of normal at San Marcial. By November, 1990
the reservoir had dropped another 17 feet and receded another
2-1/2 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
[1] U.S. Department of the Interior, Bureau of Reclamation,
Definite Plan Report, Initial Stage Channel Rectification, Middle
Rio Grande Project, New Mexico. 1952.

4-122



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 bottem 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 Settling 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 2:1. 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 10-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 7-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

SOCORRO MAIN CANAL SETTLING BASIR
(Units in Feet)

Original Depths of Sediment Deposit
STARS Model

Se ghilgga SETSIZE Vel.-Xi Y s?gi‘/’g%

ti el. -

PLAN VIEW (nof to scale) ction  3/1/ ang
£3+00 4660.0 0 0 0 1.3
(Canal)
66+00 4652.0 6.05 7.4 108 5.8

o FLOW cow 71400 4653.0 6.05 7.0 10.¢ 6.5

e - =™ 76400 "4653.0 65.05 5.3 9.3 5.4
81400 4653.0 .05 5.7 3.5 5.1
86+00 4653.0 6.05 3.2 0 5.0
83+00 4658.2 0 0 o -0.3
{Canal)

83+00 89+00

86+00 71400 76400 81400 86+00 Volume {acre-feet) 34.04% 31.0%% 35 Q%% 36.45

Inflow = 82 (acre-feet)

* - Density = > 062 om 8 97 pounds/cubie foot
Figure 1. SOCORRO SETTLING BASIN 7 7062 mm to 004 mn @ 73 Bownds/cubic foot
<_004 mm 8 60 pounds/cubic foot

#* - Density = 97 pounds/cubic foot
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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 Settling Basin

The settling basin 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 2:1. 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 immediately 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 monthiy 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
193? survey are compared to the STARS and SETSIZE model computations in

table 2.

TABLE 2
RED BLUFF SETTLING BASIN
(Units in Feet)

PLAN VIEW (not lo scale)

Carai Original Depths of Sediment De{osit
/ Thalweg STARS Mode Survey
/‘ Section 4/14/81 SETSIZE Vel.-Xi Yang L/B/83
Lo 4+10 231.0 0 0 0 -
Divarsion \ {above)
Gates 5+64 229.3 3.2 4.0 3.8 5.5
FLOW A 10464 2282 3.2 46 38 53
15+64 228.7 3.2 5.5 4.5 k.1
Canal  20+64 228.7 3.2 4.9 6.8 3.3
25+E64 228.2 3.2 i} 0 2.5

25464 Volume (acre-fest) 41.1w 55, 0% 55.0% 51.5

Inflow = 115 (acre-feet)
4+10 20+64
5+64 10+64 15+64 * - Dansity = > 062 8 $7 pounds/cubic foot
062 to .004 @ 73 pounds/cubic foot
<,004 mm 8 60 pounds/cubic foot

Figure 2. RED BLUFF SETTUNG BASIN

** - Density = 397 pounds/cubic foot

4-125



Pha

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
equatuons 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. Llarge 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 2:1 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:

TABLE 3 TABLE & .
CHATRA MAIN CANAL SETTLIRG BASIN CHATRA MAIN CANAL SETTLING BASIN
INPUT DATA {Units in Fest)
Diversions - 5 months, @ = 1,589 ft’/s (45 m’/s) Depths of Sediment Deposit
6 wmonths, Q = 2,119 ft¥/s (50 w'/s) Original STARS Model
Sediment Concent.rar.ion Conc, = 800 Mg/L . Sectiom Thalweg SETSIZE Vel.-Xi
Sediment Size Analysis -
0+00 352.8 0 0
Percent Finer Than {above)
Size Suspended Bed Material 2+66 347.8 17.1 18.2
5+04 347.8 17.1 18.8
0.03% mm 0 0 25+06 347.8 17.1 15.7
0.062 mm 3.0 [} §5400 347.8 17.1 12.9
0.125 mm 36.0 0.1 685+00 347.8 17.1 10.4
G.25 mm 6&.0 1.2 67400 353.2 Q 3.7
0.50 mm 82.0 19.0 (canal}
1.00 88.5 48.0
2.00 mm 100.0 62.0 Volume (acre-feet) 658> 506%%
4.00 mm 100.0 72.0 Inflow = 643 (acre-feet)
8.00 mm 100.0 82.0
16,00 mm 1000 91.0 * - Density = >.062 mm 8 97 pounds/cubic foot
32.00 pm 100.0 100.0 .062 mm to ,004 B8 73 pounds/cubic foot
< 004 mm 8 50 pounds/cubic foot

** - Donsity = 97 poundsScubic foot

A total of 11 monthly time steps were used in the analysis to compare the
SETSIZE and STARS models for the propesed Chatra Main Canal settling basin.
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.

Summary 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 mode! 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. By 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 Settling Basin - Flushing

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
89+00 to a sluice gate with flow at critical discharge. The bed at section
89+00 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 vg]ume of sediment
removed for a 28-day period with a discharge of 200 ft°/s and incoming
sediment concentration of zero.

A1l 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