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ESTIMATING BED-LOAD DISCHARGE IN A COBBLE BED RIVER

By Brad R. Hall, Research Hydraulic Engineer, Hydraulics Laboratory, US Army
Engineer Waterways Experiment Station, Vicksburg, Mississippi.

ABSTRACT

The Hydraulics Laboratory, US Army Engineer Waterways Experiment Station, is
quantifying the existing condition sedimentation regime of the Truckee River
at Reno, Nevada, in support of chamnel design modifications for flood control.
The sedimentation analysis was complicated by the cobble-sized bed materiais
found in the channel, several existing bridges in the study area that signifi-
cantly affect the channel hydraulics at flood discharge, and water diversion
drop structures which provide local storage zones for bed-load transport.
Bed-load measurements on the Truckee River at the upstream end of the study
reach were not available. The sediment inflow load was determined by calcu-
lating the equilibrium sediment transport rate for a range of flow rates for a
reach of the Truckee River within the study area featuring similar hydraulic
characteristics of the river channel immediately upstream of the study area.
This reach of river, called the equilibrium reach, is geomorphically stable
and exhibits similar characteristics in channel planform, bed material, and
channel bank characteristics as that portion of the Truckee River immediately
upstream of the study area. The one-dimensional sediment transport model
"Sedimentation in Stream Networks" was used to guantify sedimentation proces-
ses in the study reach. Sedimentation model adjustment was completed by
comparing observed rating curve changes due to channel aggradation with
computed shifts in the rating curve. Average annual and design flood sediment
inflow and sedimentation in the study area were quantified with the TABS-1
model .

INTRCDUGTLION

Study Area

The Truckee River study reach is located near Reno, Nevada, and extends from
the Vista gage at approximately River Mile (RM) 43.9 to just upstream of the
Booth Street bridge at RM 53.0. A map of the study area is shown in Figure 1.
The Truckee River is a perennial stream characterized by pool and riffle
channel morphology. Several bridge crossings and water diversion structures
are found in the study reach. Man-made channel modifications have limited the
amount of channel migration in the upper 3 miles of the study reach. Bed
material size decreases through the reach, and the channel bed is armored at
base flow discharge.

Appreoach

The US Army Engineer Waterways Experiment Station computer program
"Sedimentation in Stream Networks," TABS-1, was used to investigate the
channel conditions and quantify channel response to discharge variations. A
detailed description of the assumptions, limitations, and data requirements
for the TABS-1 model is provided in Appendix A of Copeland and Thomas (1989).
The study combined a theoretical treatment of the sediment transport processes
with observed charmel morphology to quantify channel bed dynamics associated
with gravel and boulder fluvial processes. In addition to quantifying

8-1



instantaneous sediment transport rates, the analysis allowed evaluation of
channel response to long term hydrologic sequences.

FIELD DATA

Hydrologic and Geometric Data

Three United States Geological Survey (USGS) stream gages are operated on the
Truckee River study reach. The gage locations are shown in Figure 1.
Geometry was developed from channel and overbank surveys completed in 1975.
Bridge geometry was surveyed in 1989 including low and high chord proflles
bridge pier location, and channel bed elevations.

Suspended Sediment

Suspended sediment concentration has been sampled on a sporadic basis in the
Reno, Nevada, area. Suspended sediment concentration and discharge have been
sampled on the Truckee River at Reno and points downstream as part of water
guality and water supply studies. Provisional records indicate that the
maximum concentration sampled for the Truckee River in the study reach is 1340
mg/l at a discharge of approximately 14,000 cfs. Sampled suspended sediment
concentration versus flow rate and a power regression of the data are plotted
in Figure 2.

Bed Materigl Samples and Gradation

Bed material samples were collected from the channel bed, bars, and bank at 15
locations along the 9-mile study reach in June 1989. In addition, Wolman
count (Wolman, 1954} bed surface material gradations were collected (Water
Engineering and Technology, Inc., 1989). The Wolman count provides an
estimate of the surficial coverage of the channel bed by coarse grain sedi-
ments {i.e., cobbles) which are generally omitted in bulk material samples.
Bed material grain diameters ranged from 512 mm to (¢.0625 mm.

SEDIMENTATION ANAIYSIS

Bed-load Assessment

Gecmorphic analysis of the Truckee River indicates that sediment storage is
progressing between RM 50.6 and RM 46.7 (Water Engineering and Technology,
Inc., 1989). The sediments depositing in this reach of the river are
characterized as cobble-gravel mixture, with minor amounts of interstitial -
sand. The mode of transport of these large sized sediments is bed-locad
transport. To assess the rate of bed-load deposition, an analysis of measured
hydraulic changes and a numerical assessment of the bed-load transport rate
through the study area were performed.

Stability of the Truckee River at Reno Stage-Discharpe Curve

The stage-discharge rating curve developed by the USGS for the Truckee River
at Reno, Nevada, was reviewed for any significant changes in the rating. The
gage is located near the Highway 395 bridge at approximately RM 50.6., The
measurements indicate a very stable stage-discharge relationship through 1977.
After 1977, a slight increase in stage over time for low discharges can be
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detected. The rating curves indicate that for discharges less than 1,000 efs,
the stage has increased approximately 0.5 ft at the gage. The increase in
stage for a given discharge rapidly diminishes for discharges greater than
1,000 cfs.

Sedimentation Assessment

Two modifications to the TABS-1 model were developed for this study. The
first modification accounts for the presence of bridge piers and spans in the
geometric calculations for additional wetted perimeter and reduced flow area
at bridge cross sections. The calculations are similar te the "normal bridge"
method in the HEG-2 Water Surface Profile model (US Army Engineer Hydrologic
Engineering Center, 1982). The second modification allows for increasing the
maximum transportable grain size in the computations. The maximum
transportable grain size in previous versions of TABS-1 was 64 mm. A
significant amount of the bed material in the study area is of a nominal
diameter much greater than 64 mm. Thirteen grain size classes between

0.0625 mm and 512 mm were used in this study.

Hydraulic Roughness

Estimates of the sediment transport potential are dependent upon the proper
designation of the hydraulic roughness. The roughness coefficients used for
the channel portion of the hydraulic calculations were estimated with the
analytical roughness predictors contained in the "Hydraulic Design Package for
Flood Control Channels (SAM)," wversion 2.3, dated 25 October 1989. The SAM
algorithm computes a Manning’s n value based on bed material grain size
distribution, and the relative roughness of the bed material to the channel
hydraulic conditions. The Mamning’s n 1is calculated using the roughness
predictor developed by either Brownlie (1983) or Limerinos (1970). The
Limerinos relationship is better suited to roughness prediction for coarse
grained channels with no significant bed forms. The computed values of
Manning's n are 0.029 for the river reach from Vista gage (RM 43.9) to the
Steamboat Creek confluence (RM 45.2), 0.035 from Steamboat Creek to the Lake
Street Bridge (RM 51.9), 0.030 from Lake Street Bridge to Arlington Street
Bridge (RM 52.3), and 0.035 upstream of Arlington Street Bridge.

Determination of Inflow Sediment Load

Since bed-load measurements on the Truckee River at the upstream end of the
study reach were not available, the sediment inflow load to the study area was
determined by calculating the equilibrium sediment transport rate for a range
of flow rates for a reach of the Truckee River within the study area that has
similar hydraulic characteristics to the river channel immediately upstream of
the study area. This reach of river is termed the "equilibrium reach" and the
portion of the Truckee River from approximately RM 50.5 to 51.5 exhibits
similar characteristics in channel planform, bed material, and chamnmel bank
characteristics to that portion of the Truckee River immediately upstream of
the study area.

Determining the equilibrium bed-load quantity requires an iterative
application of TABS-1 to the equilibrium reach until the estimated inflowing
load for all size classes to the equilibrium reach is nearly equal to the
transport capacity (by size class) at each cross section in the reach after
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bed elevation changes have stabilized. Excessive scour should not be computed
in equilibrium reach calculations since excessive scour indicates that the
coarse bed materials are being removed from the bed and the chamnel is not
armoring. The Wolman count bed material gradations indicate that the bed is
well armored by cobble size sediments. The bed gradation at the end of the
equilibrium reach calculations should be similar to the bed material gradation
at the beginning of the simulation. If this condition is met, then the bed
material gradation is in equilibrium with the computed transport rate. The
equilibrium sediment load for discharges of 1,000, 10,000, and 30,000 cfs for
a simulated duration of 30 days at 0.l-day time steps for several sediment
transport relationships was computed. The bed-load transpert rates predicted
by the Meyer-Peter and Muller equation provided uniform bed-load transport
throughout the equilibrium reach.

To properly quantify bed-load transport, the appropriate value of
dimensionless critical shear stress, T. , for coarse grained sediments must
be used. Published research on T. values for gravel transport indicates
that there is a wide variability in the appropriate value. A practical
application of the Meyer-Peter and Muller bed-load transport egquation in a
steep gravel-bed river is given in Carson and Griffiths (1989)., They deter-
mined that raising T. in the Meyer-Peter and Muller bed-load transport
equation from 0.047 to 0.059 gave the best agreement for observed gravel
transport on a braided gravel-bed river of channel slope 0.0048. Wiberg and
Smith (1987) developed an analytical method of computing T. for coarse,
mixed grain size bed sediments. Their results indicate that T, for sedi-
ments with the characteristics of Truckee River riffles is in the range of
0.03 to 0.06, Boulder transport due to a dambreak flood surge on the Rubicon
River in California was analyzed by Scott and Gravlee (1968). They determined
the maximum tractive force at several locations by measuring the water surface
slope, the depth of flow, and the diameter of the maximum size boulder that
was moved by the flood surge. The T. wvalues for boulder transport deter-
mined by Scott and Gravlee are plotted in Figure 3. Due to the variability of
computed and measured values of T. on gravel and boulder bed rivers, no
reason for decreasing the recommended value of T, of 0.047 in the Meyer-
Peter and Muller bed-load transport equation for computing sediment transport
could be justified for this study. The equilibrium reach bed-load transport
rating curve is given in Figure 4.

Estimate of the Average Annual Bed Load

A hydrograph that approximates the average annual hydrograph for the Truckee
River at Reno was simulated. The average annual hydrograph was simulated for
a 9-year period to compare computed with measured shifts in the stage-dis-
charge rating curve for the Truckee River at Reno gage. The results indicate
that extensive deposition occurs at the downstream portion of the study area.
The computed rating curve shift for the 9-year simulation period for the
Truckee River at Reno Gage also indicates aggradation at the gage location in
excess of the measured gage shift.

The 9-year simulation results using the equilibrium reach bed load indicate
that the computed bed-load transport into the study area is excessive. The
total bed-load transport rating curve was adjusted until a better match was
obtained between computed and observed sediment deposition quantities and
zZones, as measured by bed elevation changes through the study area after the
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9-year simulation period and reasonable changes in both magnitude and trend in
the observed rating curve shift at the Truckee River at Remo gage. The
sediment inflow rating curve was adjusted downward to 33 percent of the bed-
load transport rate computed from the equilibrium reach.

The computed rating curve shift for the Truckee River at Reno gage using the
adjusted bed-load inflow rating curve is given as follows.

Flow rate, cfs Computed Shift, ft Observed Shift, ft
707. 1.4 0.5
1410. 0.8 0.3
2450. 0.1 0.2
5480. 0.0 0.1

The 9-year sedimentation analysis of the study reach provides a means for
estimating the average annual bed-load transport at several locations. The
TABS-1 results indicate sedimentation storage between RM 47.3 and RM 44.4.
The average annual bed load at the upstream study limit, RM 47.3, RM 44.4, and
the downstream study limit are tabulated below. The computed average annual
bed-locad inflow to the study reach is approximately 51,000 tons per year.
Sampled suspended sediment concentration in the study reach indicated an
average annual suspended sediment discharge of 250,000 tons per year. The
computed bed-load discharge is approximately 17 percent of the total sediment
discharge. The computed average annual trap efficiency for bed load of the
study reach is /1 percent.

Bed Load, tons per year

Location Sand Gravel Cobble Total

RM 53.1 28,960 22,040 17 51,000
BM 47.3 24,420 20,130 0 44,550
RM 44 .4 14,150 2,690 0 16, 840
RM 43.9 - 12,820 1,940 0 14,760

SUMMARY AND CONCLUSIONS

Assessment of channel stability on instantaneous hydraulic conditions (e.g.,
shear stress, depth-averaged velocity, and stream power) does mot consider
long term sediment transport conditions, and does not address the effects of
sediment inflow to the study area on channel stability. Channel changes
result from the balance of sediment transport into a reach, the sediment
transport capacity of the reach, and the sediment availability in the reach.
Simulation of the sediment transport through the project reach is required to
address the sediment balance and subsequent channel stability.

Sediment transport theory was combined with evidence developed from field
reconnaissance to quantify the bed-load inflow rating curve for the Truckee
River at Reno, Nevada. The technique used is called the equilibrium reach
method, and develops the sediment load based on sediment transport theory,
channel thalweg stability, and bed material gradation stability. The bed-load
inflow rating curve was adjusted downward to 33 percent of the equilibrium
reach sediment inflow. TABS-1 simulation using the adjusted sediment load
inflow rating curve resulted in reasonable agreement between observed and
computed rating curve shifts for the time period of 1977 and 1986 for the USGS
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Truckee River at Reno gage. The Meyer-Peter and Muller bed-load transport
equation is a reasonable estimator of bed-load transport for the study reach.
Incorporation of cobble-sized bed material in the sediment transport computa-
tions simulates the armoring and reduction of bed material availability for
transport.
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COMPARISON OF SEDIMENT TRANSPORT FUNCTIONS

By Ronald R. Copeland, Research Hydraulic Engineer, Waterways Experiment
Station, Vicksburg, Mississippi.

ABSTRACT

A numerical model study of the Waimea River was conducted to evaluate
aggradation problems adjacent to a Gorps of Engineers levee, and to determine
if the flood control capability was reduced. The TABS-1 one-dimensional
numerical model was used, Sediment inflow data were not available and
therefore were used as an adjustment parameter in the numerical model. Model
adjustments were made in an attempt to reproduce measured historical periods
of both aggradation and degradation. Comparisons of multiple and single grain
size sediment transport functions were made. Significantly different sediment
inflow adjustments were required for the different transport functions.
Longitudinal distribution of sediment deposition was also different for the
different functions. Using a single grain size function, the numerical model
could not be adjusted to simulate both the aggradation and degradation
periods. However, the model was successfully adjusted to both historical
surveys using a multiple grain size function.

INTRODUCTICN

The Waimea River drains an area of approximately 85 square miles on the island
of Kauai, Hawaii. Rainfall over the basin is highly variable, between 460 and
22 inches per year, and runoff in the river is flashy, with flood durations of
only a few hours. The largest tributary is the Makaweli River, which joins
the Waimea about 1.1 miles from its mouth and has a drainage area of about 26
square miles. The town of Waimea is located on the Waimea River'’s floodplain.

Flood control improvements, constructed in the early 1950's, included channel
excavation and widening and construction of a levee with a grouted riprap
lining along the right descending bank. In 1984, the Corps of Engineers
completed an extension of the levee from the existing downstream terminus to
the ocean. The project was designed to provide flood protection from the
100-year flood of 64,000 cfs.

Between channel surveys conducted in January 1979 and November 1987, about
83,500 cu yd of sediment deposited in the Waimea River. This raised concerns
about the ability of the flood control project to convey the design flood.
The numerical model study was performed to evaluate long-term deposition
patterns in the leveed reach of the Waimea River and to predict deposition
patterns during a major flood event.

The TABS-1 one-dimensional sedimentation program, developed by William A.
Thomas (Thomas 1980, 1982), was used to develop the numerical model for this
study. The program produces a one-dimensional model that simulates the
response of the riverbed profile to sediment inflow, bed material gradation,
and hydraulic parameters. The model simulates a series of steady-state
discharge events and their effects on the sediment transport capacity at cross
sections and the resulting degradation or aggradation.
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NUMERICAL MODEL

The numerical model is constructed using geometric, hydrologic, bed material,
and sediment inflow data. The study reach extended from sta 0+00 at the mouth
of the Waimea River to sta 90+00. The initial chammel geometry for the model
was based on c¢ross sections surveyed in January 1979. Historical hydrographs
were based on data from US Geological Survey gages on the Waimea and Makawelil
Rivers. Bed material gradations were developed from 22 samples collected in
February 1989. Due to inadequate sampling equipment, no samples were cobtained
from areas where the water was more than 3 ft deep. This included the entire
study reach downstream from sta 33450, except for exposed bars at sta 0+00 and
4+70. The average of all samples was used to develop an initial bed material
gradation with a median grain size of 0.65 mm and a standard deviation of 2.
Sediment inflow data were not avallable and therefore were determined
indirectly during the model adjustment phase of the study.

Adjustwent Data

Surveys taken in November 1987 and March 1989 were used to determine prototype
aggradation and degradation. The surveys included 12 cross sections between
stations 4+70 and 60+30. Volumes were accumulated starting at station 4+70
and moving upstream. Cumulative aggradation was 83,500 cu yds between January
1979 and November 1987; 58,500 cu yd were degraded between November 1987 and
March 1989.

Transport Functions

Five transport functions were considered. Single grain size functions
included the Yang (1973, 1984) and Ackers-White (1973) functions. A grain
size of 0.65 mm was initially used with the single grain size functions.
Multiple grain size functions included Laursen-Madden (US Army Corps of
Engineers Hydrologic Engineering Center 1977), a combination of the Toffaleti
(1966) and Meyer-Peter-Muller (1948) functions, herein referred to as TMPM,
and a modification of the Laursen (1958} equation. The modified Laursen
equation, hereafter referred to as the Laursen-Copeland function, incorporates
data for transport of gravels in addition to the sand data used to develop the
original Laursen function (Copeland and Thomas 1989).

Adiustment to November 1987 Survey

Initial model adjustment was accomplished by varying sediment inflow at the
upstream boundary until aggradation measured in November 1987 was simulated.
The initial estimate for sediment inflow was determined using average
hydraulic parameters at four cross sections on the Waimea River upstream from
its confluence with the Makaweli River. There were no data to indicate a
difference in sediment inflow contributions from the Waimea and Makaweli
basins; therefore, inflow concentrations were initially assumed to be equal.
The initial sediment inflow rating curves were adjusted by a constant
percentage.

Adjusted sediment inflow rating curves were different for the different
sediment transport functions. The Laursen-Copeland, Yang, and Ackers-White
functions successfully reproduced the distribution of deposited sediment in
the study reach. The TMPM and Laursen-Madden functions calculated more
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sediment deposition in the upstream end of the study reach than in the
prototype.

Adjustment to March 1989 Survey

The March 1989 survey indicated that 58,500 cu yd of degradation had occurred
since the November 1987 survey. This left about 25,000 cu yd deposited in the
channel since the 1979 survey. The majority of this deposited sediment was
located upstream from sta 33450,

The numerical model, adjusted to the January 1979-November 1987 aggradatiom,
was tested by lengthening the historical simulation to March 1989. The
predicted cumulative aggradation using the initial adjusted sediment inflow
curves was significantly greater than the measured data. With the Ackers-
White and Laursen-Madden functions, a slight increase in sediment deposition
was calculated instead of a decrease. Using the TMPM function, some
degradation in the downstream portion of the study reach was calculated, but
aggradation was calculated in the upstream portion of the reach, so that there
was no net change in calculated cumulative aggradation. The other functions
predicted degradation that was considerably less than measured. The March
1989 survey data demonstrated that further adjustment of the numerical model
was required. The Yang and Laursen-Copeland sediment transport functions were
chosen for further consideration, because these functions produced results
with some degradation and at least some trend toward the measured data.

A significant decrease in sediment inflow between November 1987 and March 1989
would be one possible explanation for the degradation that occurred during
this period. A decrease in sediment inflow from the Makaweli River basin
could be attributed to stabilization of a major landslide that occurred in
1981. The Yang single-grain-size transport function was used to test the
effect of temporal change in sediment inflow. Degradation of 9000 cu yd
between November 1987 and March 1989 had been calculated using the sediment
inflow curves adjusted to the November 1987 survey. Sediment inflow after
November 1987 was reduced in the numerical model by a constant percentage in
three tests. In the first test, inflow from the Makaweli River was reduced by
50 percent, This resulted in a total of 18,000 cu yd of degradation between
November 1987 and March 1989. 1In the second test, sediment inflow was also
reduced by 50 percent on the Waimea River., This resulted in a total of

49,000 cu yd of degradation. Finally, sediment inflow was reduced 67 percent
on both rivers. This resulted in a calculated degradation of 55,000 cu yd,
which is fairly close to the measured 58,500 cu yd.

These tests did not prove or disprove the hypothesis that the degradation in
the Waimea River between November 1987 and March 1989 was caused by a
significant reduction in sediment inflow. It was determined, however, that
reduction in sediment inflow, due to recovery from the landslide in the
Makaweli alone, would be insufficient to cause the measured quantity of
degradation. More than a 67 percent sediment inflow reduction in both
drainage basins would be required, according to numerical model results, to
account for the removal of 55,000 cu yd. It is improbable that such a
reduction could cccur on a long-term basis without some obvious changes in the
basin. No data indicating sediment supply decreases in the Waimea basin have
been reported. It was therefore concluded that long-term adjustments to the
sediment inflow would be more appropriate.



The numerical model was initially adjusted to the November 1987 measured
aggradation using a sediment inflow rating curve based on the assumption of
equilibrium transport. That is, the sediment inflow was assumed to be
determined by the channel capacity. However, sediment inflow can also be
supply limited, especially at high flows. This condition was tested in the
numerical model by further adjustments to the sediment inflow curves. 1In
general, the numerical simulation using the single grain size transport
function was significantly improved by increasing inflow at lower discharges
and decreasing inflow at higher discharges. However, both aggradation and
degradation could not be simulated with a single sediment inflow rating curve.
The best result for the caleculated degradation between November 1987 and March
1989 was 49,000 cu yd, which compares to the measured degradation of 58,500
(Figure 1).
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Figure 1. Comparison of meaéured and calculated cumulative aggradations
with single grain size function

The sediment inflow curves for the Laursen-Copeland transport function were
adjusted by increasing sediment inflow at low discharges and decreasing
sediment inflow at high discharges. Most of the adjustment was to sand size
classes. Trial and error adjustments produced a calculated degradation
between November 1987 and March 1989 of 24,500 cu yd. This was an improvement
over the 13,500 cu yd calculated using the original adjusted sediment inflow.
The effect of adding fine sand to the sediment inflow, but not the bed
material gradation, was tested. Additional adjustment to sediment inflow
curves for all size classes was required. The inclusion of fine sand in the
sediment inflow resulted in a significant improvement in the simulation.
Calculated degradation between November 1987 and March 1989 was 68,500 cu yd.
Degradation was underestimated by about 10,000 cu yd between sta 12450 and
33+50, and aggradation was underestimated by about 20,000 cu yd between

sta 33+50 and 60+30. Both the volume and distribution of sediment deposits
was better with the multiple grain size transport function. A comparison of
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measured and computed cumulative aggradations is shown in Figure 2.
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Figure 2. Comparison of measured and calculated cumulative aggradations
with final adjustment of numerical model

Calculated average bed material gradations between sta 33450 and 60+30 at
different times during the historical simulation were compared. This river
reach was chosen because calculated data could be compared to measured data
representative of the entire channel width. The initial bed material in the
numerical model had a median grain diameter of 0.65 mm based on the average
from samples collected in February 1989. This average, and the envelope of
sampled data, are compared with calculated bed gradations at three times
during the 10-year simulation in Figure 3. On 30 October 1982, the highest
flow of record during the simulation period occurred and the calculated
gradation was considerably coarser with a median grain size of about §.90 mm.
On 4 November 1987, the period of highest calculated aggradation occurred and
had a finer average bed gradation with a median grain diameter of 0.48 mm.
Finally, the calculated and measured median grain size on 9 February 1989 was
about 0,65 mm. The coarsest grain sizes were slightly underrepresented in the
February 1989 calculated gradation; the sampled bed had about 13 percent
gravel compared to a calculated bed that had about 10 percent gravel. The
calculated bed also was composed of about 15 percent fine sand, which was not
included in the initial bed material. In general, the numerical model
performed very well in the reproduction of bed material gradation.

With the addition of fine sand to the inflow, there was a significant
longitudinal variation in calculated bed gradation. Calculated median grain
size in November 1987, which was the period of greatest sediment accumulation,
varied between 0.60 mm at sta 60+30 to 0.19 mm at sta 4+70. This indicates
that during periods of extended low flow, fine materials accumulate in the
downstream portion of the channel. When calculated bed material gradations
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Figure 3. Calculated change in bed material between
sta 65+00 and 33+50

from periods with high antecedent flow are compared, it can be concluded that
finer sediments are washed out at high flows contributing to the degradation
that occurs during higher flow periods. 1In the numerical model this result is
attained independent of the initial bed material gradation assumptions.

Other Adjustments

During the course of the study several other adjustments to the numerical
model were tested. Compared to the adjustment of sediment inflow, these were
all found to be insignificant. Adjustments tested included reducing overbank
conveyance, varying chamnel roughness with discharge, using a smaller grain
size with the single grain size transport function, and varying the initial
bed material gradation longitudinally.

CONCLUSIONS

Historical aggradation and degradation in the Waimea River were simulated with
the numerical model. The model incorporated multiple grain sizes from fine
sand to coarse gravel. The Laursen-Copeland multiple grain size transport
function was used. An average initial bed material gradation was used for the
entire study reach. A constant roughness coefficient was used. Sediment
inflow rating curves were not varied with time.

The adjustment phase of the numerical model study indicated that sediment
supply limitations of finer sediments at high flows were the principal cause
of degradation at high flow. The historical simulation indicated that the
Waimea River bed is dynamic and can be expected to fluctuate with changes in
discharge. Long periods of low flow will result in more aggradation. Major
storm events will tend to wash material out of the flood control channel.
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MODELING SEDIMENT DEPOSITION NEAR LOCKS AND DAMS

By Bradley M. Comes, Research Hydraulic Engineer, US Army Engineer Wéterways
Experiment Station, Vicksburg, Mississippi.

ABSTRACT

The Red River Waterway Project will provide a navigation route from the Mis-
sissippi River and its junction with O0ld River via the 0ld and Red Rivers to
Shreveport, Louisiana. The project will provide a minimum 200-ft-wide by
9-ft-deep channel with a system of five locks and dams. Lock and Dam No. 1,
opened in the fall of 1984, experienced deposition of fine sediments in the
upstream and downstream lock approach channels. The US Army Engineer Water-
ways Experiment Station (WES) used the TABS-2 two-dimensional numerical
modeling system to address the sediment deposition problem at this lock, as
well as to identify potential sedimentation problems at the planned Lock and
Dam Nos. 2 (John B. Overton Lock and Dam), 3, 4, and 5. The report outlines
the numerical modeling studies that were performed in the upstream pools at
Lock and Dam Nos. 2 and 3. The two designs were very similar but the
investigation revealed that significantly different deposition patterns would"
oceur.

INTRODUCTION

Purpose and Scope

This report describes the results of two numerical modeling studies conducted
to predict the locations and magnitudes of fine sediment deposition near Lock
and Dam Nos. 2 and 3 on the Red River, Louisiana. Lock and Dam No. 1 on the
Red River was opened in the fall of 1984, Deposition of fine sediment in the
upstream and downstream lock approach channels was much greater than antici-
pated. Dredging was required at the entrance to the upstream approach channel
and throughout the downstream approach channel. Sediment deposition at the
downstream miter gate was severe enough to prevent operations. The lock
chamber eventually had to be dewatered and the deposited sediment cleaned out,
Two-dimensional numerical model studies were employed by the US Army Engineer
District (USAED), Vicksburg, and WES to address the fine sediment problem at
Lock and Dam No. 1 (Little 1985, Copeland and Thomas 1988), As a result of
these studies, design modifications were recommended and constructed at Lock
and Dam No. 1. After 2 years of operations these modifications appeared to
have significantly reduced the fine sediment problems in the lock approach
channels. Prior to the construction of Lock and Dam Nos. 2 and 3, the same
two-dimensional numerical approach was employed to identify potential '
sedimentation problems at these sites.

The Models

The numerical modeling of these sites was divided into four models, a model
upstream and downstream of each dam (Gomes, Copeland, and Thomas 1989). In
addition to these numerical model studies, three physical model studies of the
sites were conducted at WES: a fixed-bed navigation study (Wooley, in prepa-
ration); a movable-bed sedimentation study (0'Neal, in preparation); and a
hydraulie structures model study (Maynord and Markussen, in preparation).

This report presents results from the two upstream numerical models only. The
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numerical studies were conducted using the TABS-2 modeling system (Thomas and
McAnally 1985). This system provides two-dimensional solutions to open-
channel sand sediment problems using finite element techniques. A two-
dimensional depth-averaged hydrodynamic numerical model, RMA-2V, was used to
generate the current patterns. The current patterns were then coupled with
the sediment properties of the river and used as input to a two-dimensional
fine-grained sedimentation model, STUDH. Although TABS-2 may be used to model
unsteady flow, only steady-state conditions were simulated in this study.
Sediment is represented by a single grain size, and a transport potential is
calculated using the Ackers-White equation (Ackers and White 1973). The
numerical investigations addressed only the portion of the suspended sediment
that would deposit in areas with very little to no hydraulic conveyance. The
movement of bed-load particles and the larger suspended load materials were
investigated with other models.

INITIAL CONDITIONS

Lock and Dam No. 2 is located in a river cutoff at 1967 river mile 87.4, which
is about 44 river miles upstream from Lock and Dam No. 1. It consists of a
single lock on the left descending side of the cutoff, a 348-ft-long dam with
five 60-ft-wide gates and a 250-ft-long overflow weir on the right descending
side with crest at elevation (el) 66.0 ft National Geodetic Vertical Datum
(NGVD). The lock chamber has a usable length of 685 ft and is 84 ft wide with
upstream and downstream miter gate sill elevations of 40.5 and 25.0 ft NGVD,
respectively. The lock chamber floor is at el 23.0 ft NGVD. The river
channel upstream from the lock and dam is about 600 ft wide and has a design
invert elevation of 34.0 ft NGVD. The upstream lock approach channel is
separated from the spillway entrance channel by a 700-ft-long ported guard
wall. The ported guard wall was numerically modeled as a submerged weir with
the overflow area equal to the area of the submerged ports. Hydraulic
roughness was adjusted until the flow distribution along the wall (weir)
matched distributions from measurements taken from the 1:50-scale physical
model. The intake manifolds for the filling system are located in a
170-ft-long lock approach section between the downstream end of the ported
guard wall and the miter gates. Figure 1 shows the plan view of the Lock and
Dam No. 2 site from approximately 1,000 ft upstream of the axis of the dam to
approximately 1,700 ft downstream of the axis of the dam. The upstream
numerical model of Lock and Dam No. 2 extended approximately 2 miles upstream
from the dam. Uniform lateral velocity distributions were specified at the
upstream boundary of the model, and water-surface elevations from the design
rating curve were specified at the spillway gates. The uniform lateral
velocity distribution became fully developed upstream of the area of interest.
This was verified using normalized velocity measurements from the 1:80V,
1:120H movable-bed physical model. Outflow distributions through the spillway
gates were verified using measurements from the 1:50 structures model.

Lock and Dam No. 3 is located in a river cutoff at 1967 river mile 141.0,
which is about 54 river miles upstream from Lock and Dam No. 2. The design of
the lock, spillway gates, and overflow weir is functionally the same as the
Lock and Dam No. 2 design with two exceptions; the upstream ported guard wall
at Lock and Dam No. 3 is 100 ft longer, and the lock is separated from the
first spillway gate by an additional 116 ft. The upstream numerical model of
Lock and Dam No. 3 extended approximately 0.5 mile upstream from the dam.

The lateral velocity distributions at the upstream end of the model were
specified based on measurements taken from the 1:100-scale navigation physical

8-15



AXIS OF DAM” {~—~mver wis
ar.4
, £L -

— i
— EL
£L|4 ~
e 1 ON @ 1
1
56k £ 230 . ~ Y
=7
£L 34 B 405 —oct— 84 %685 LOCK R
- -t —~ & 26
hle w8l g =
= a 4 __J
iy - £ AT £l 4
JON 4
b’ e
N R —
(1 1" Trma
500 bl So0 FT

PROTOTYPE G SN WA ——

Figure 1. Plan of Lock and Dam No. 2

model, and water-surface elevations from the design rating curve were
specified at the spillway gates.

The system of five dams on the Red River is designed to be operated as run-of-
the-river dams. The spillway gates hold minimum pool elevations (64.0 ft NGVD
for Lock and Dam No, 2) passing the daily discharge until the flows reach a
magnitude that requires all gates to be removed from the water (90,000 cfs for
Lock and Dam No. 2). At this point, the dams are operated as if open river
existed until the flow subsides and the gates are lowered back into the water
to hold the specified minimum pool. Lock and Dam No. 3 is the only exception
to this mode of operation, It utilizes a "hinged-pool" concept. Lock and Dam
3 holds a normal pool elevation of 95.0 ft NGVD until a high flow rate is
anticipated on the river. In anticipation of the high flow rate, the spillway
gates are raised until the normal pool is drawn down to a minimum elevation of
88.0 ft NGVD. The discharge is 80,000 cfs when the minimum pool elevation is
reached. As the high flow rate arrives, water is stored in the dam until the
pool reaches el 89.0 ft NGVD. At this point, the dam is operated as an open
river case until the flow subsides and the gates are lowered back into the
water to hold the normal pool elevation.

Two steady-state discharges were chosen to investigate each site. For the
Lock and Dam No. 2 investigation, 90,000 and 145,000 cfs were selected., These
two discharges were selected because they both had the potential to move
sediment into the slack-water areas and being used in the navigation physical
model tests. The former discharge is the maximum discharge with normal pool
elevation (64.0 ft NGVD) and the latter is the maximum discharge at which
navigation is allowed to operate on the river. At Lock and Dam No. 3, 80,000
and 145,000 cfs were selected. The discharge of 80,000 cfs is the discharge
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at which the maximum drawdown (minimum pool elevation) cccurs. Many designs
were tested for both sites at both discharges until an acceptable desipgn was
formulated. The final design was tested with an average annual hydrograph
constructed by linking many stepwise steady-state discharges together. For
the purposes of this paper, comparisons of test results from Lock and Dam
Nos. 2 and 3 will be presented using the steady-state discharge of 90,000 cfs
at Lock and Dam No. 2 and 80,000 cfs at Lock and Dam No. 3., A representative
grain size of 0.07 mm, taken from samples of the fine-grained deposits in the
lock approach of Lock and Dam No. 1, and sediment concentrations of 850 and
780 mg/l, respectively, were used.

TEST RESULTS

Lock and Dam No. 2

The Lock and Dam No. 2 investigation was performed prior to the Lock and Dam
No. 3 investigation. As part of the Lock and Dam No. 2 investigation, cross-
checking between the three physical models and the numerical models, the
evaluation of field data, and monitoring the performance of the Lock and Dam
No. 1 site were exercises that played a role in the selection of the numerical
coefficients. Figure 2 shows velocity vectors generated from the hydrodynamic
numerical model for the downstream one-half mile of the upstream pool. Each
vector originates from a location where a node existed in the finite element
grid. Notice that the ported guard wall has little effect on reducing the
flow rate into the lock approach channel. Using these velocity patterns, the
numerical sedimentation model was used to simulate a 10-day period. The
results indicated that approximately 4 ft of the fine-grained sediments would
deposit at the lock miter gates. The deposit was small in volume extending
from the miter gates upstream to the most downstream port in the ported guard
wall (170 ft)}. Figure 3 shows velocity vectors for the same condition except
the guard wall was modeled as a solid wall. Notice the large outdraft near
the upstream end of the guard wall. The 10-day sedimentation tests indicated
that a larger deposit would cccur extending from the lock miter gates
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upstream approximately 1,500 ft., The peak of the deposit (4 ft) occurred near
the upstream end of the guard wall and tapered to approximately 1 ft deep at
the lock miter gates. The solid guard wall moved the deposit to a more
desirable location but produced an excessive outdraft for navigation at the
upstream end of the guard wall as well as increased the volume of the deposit.
The ported guard wall was kept in the design, and a jet pump system was
installed to resuspend the material that deposited in front of the miter
gates.

Lock and Dam No. 3

The numerical coefficients ‘and hydraulic roughness parameters that were se-
lected for the Lock and Dam No. 2 investigation were also used for the Lock
and Dam No. 3 investigation. A new finite element grid was generated to
account for differences in the approach channel geometry, the longer ported
guard wall, and the additional spacing between the lock and the first spillway
gate. Figure 4 shows velocity vectors for the reach extending 1,000 ft
upstream from the dam. The descending right-hand overflow weir, not shown in
this figure, is a nonovertopping weir at this flow rate. This design had
slightly smaller velocities in the lock approach charmel, and flow was not as
nearly parallel to the guard wall as in the Lock and Dam No. 2 investigation.
Notice the direction of the flow vectors near the upstream portion of the
ported guard wall as compared to Figure 2. The flow patterns at Lock and Dam
No. 3 produced a sediment deposit near the lock miter gates similar to the one
predicted at Lock and Dam No. 2 but about one-half as deep; however, the Lock
and Dam No. 3 deposit extended approximately 1,500 ft upstream and filled the
left descending one-half of the lock approach channel. A detailed investiga-
tion of the differences between the Lock and Dam No. 2 design and the Lock and
Dam No. 3 design was initiated since the extensive left bank deposit did not
occur in the Lock and Dam No, 2 tests. Both models indicated that approxi-
mately 16 percent of the total discharge would flow behind each respective
ported guard wall through a cross section located at the upstream end of the
wall but that only 8 percent would flow through a cross section located near .
the downstream end of the wall at Lock and Dam No. 3 as compared to 14.0 percent
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Figure 4. Lock and Dam No. .3, Lock and Spillway Separated

at Lock and Dam No. 2. Investigations of velocity and bed shear stress
distributions indicated that the flow was migrating toward the spillway gates
farther upstream in the Lock and Dam No. 3 design due to the tapered
descending left bank line and the additional separation between the lock and
the first spillway gate. A comparison of the left descending bank line in
Figures 2 (Lock and Dam No. 2, ported guard wall) and 4 {(Lock and Dam No. 3,
lock and spillway separated) indicates that the Lock and Dam No. 2 left
descending bank line is parallel to the ported guard wall and that the Lock
and Dam No. 3 bank line is tapered toward the guard wall. A test was
conducted modeling the upstream one-half of the guard wall as a solid wall and
the downstream ome-half as ported, but this design change had little effect on
reducing sediment deposition behind the guard wall. Another test was conduct-
ed changing the boundary specification on the wall separating the lock and the
spillway from a slip type boundary to a water-surface elevation allowing water
to flow out of this portion of the boundary. Figure 5 shows the resulting
velocity vectors. Notice that compared to Figure 4, the flow vectors in
Figure 5 are parallel to the guard wall for almost its entire length. This
test indicated a reduction in the sediment deposit along the left bank line
but increased the depth of the deposit near the miter gates (similar to the
Lock and Dam No. 2 test results).

SUMMARY

A two-dimensional numerical modeling system was utilized to predict locations
and magnitudes of fine sediment deposition near Lock and Dam Nos. 2 and 3 on
the Red River, Louisiana. Three physical models and two numerical models of
each site were constructed and utilized throughout the design process. This
report details only the numerical model investigations upstream of each lock
and dam. The numerical models were used to investigate the deposition of fine
sediments in areas with very little hydraulic conveyance.
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The Lock and Dam No. 2 design has very good navigation entrance conditions
(little outdraft at the upstream end of the guard wall) but produces approxi-
mately 4 ft of deposition near the lock miter gates in 10 days at an in-
termediate discharge. The ported guard wall brings large quantities of sedi-
ment-laden flow close to the lock gates. Study results indicate that sediment
deposition at the lock gates would be essentially eliminated by constructing a
solid guard wall; however, this design produces undesirable navigation condi-
tions near the upstream end of the guard wall. The existing design with the
ported guard wall presently utilizes a jet pump system to resuspend the mate-
rial that is deposited in front of the miter gates.

The Lock and Dam No. 3 design had slightly lower velocities in the lock ap-
proach channel. More flow exited the upper end of the ported guard wall than
in the Lock and Dam No. 2 design. An additional 116 ft of separation between
the lock and the first spillway gate, coupled with a tapering bank line in the
lock approach channel, directed the flow away from the left descending bank
line. The resulting flow distribution caused a large band of sediment to
deposit on the left descending bank of the lock approach channel. Also,
approximately 2 ft of material deposited near the lock miter gates for a
10-day simulation at an intermediate discharge. Additional tests were
conducted simulating a guard wall with the upper one-half solid and the lower
one-half ported, but this did not reduce the deposition in the lock approach
channel. Finally, a simulation representing the addition of a spillway gate
between the lock and the tested spillway was conducted. This test reduced the
deposition along the left descending bank line but increased deposition near
the miter gates.
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MASS-WASTING ALGORITHMS IN AN ALLUVIAL CHANNEL MODEL

By Andrew Simon, U.S. Geological Survey, Cascades Volcano Observatory, Vancouver, Washington; William J.
Wolfe, U.S. Geological Survey, Nashville, Tennessee; and Albert Molinas, Colorado State University, Ft.
Collins, Colorado

ABSTRACT

Channel widening by mass-wasting processes is an important mechanism of channel adjustment in alluvial streams.
At present (1990), computerized alluvial channel model generally ignore bank failure mechanisms. A general frame-
work for several mass wasting algorithms is described here. The algorithms are directly incorporated into the
BRI-STARS zlluvial channel model. The modified model evaluates several possible failure mechanisms and selects
the mass-wasting process with the minimum factor of safety. If this value is less than 1.0, the algorithm simulates
bank failure and updates the channel cross section according to the properties of the failed material and the
hydraulics during the given time step. Modifications to the analysis of wedge-type failures of stream banks are also
discussed. The modifications include: (1) the destabilizing effect of excess pore pressures, (2) the stabilizing effect
of confining pressures at the bank toe, and (3) relaxation of the assumption that a failure must intersect the bank
toe. Continuity of failed bank material is achieved by conceptually transforming it to bed material, bed material
load, or wash load during the time step following failure. In total, these modifications offer a stronger physical
basis for the analysis of mass bank failures and permit a numerical solution for an important process in adjusting
alluvial channels.

- INTRODUCTION AND PURPOSE

Existing alluvial-channel models typically assume that channel banks are rigid, or adjust their geometry to minimize
stream energy dissipation (Fan, 1988). These approaches do not account for an important process that may domi-
nate alluvial channel adjustment: mass wasting, Many studies have shown that major channel widening occurs by
mass bank failures, rather than by particle-by-particle erosion of the channel banks (Dantels, 1960; Thorne and
others, 1981, Simon and Hupp, 1986; Simon, 1989a). Commonly, mass wasting and particle-by-particle erosion
act in concert; fluvial erosion scours the toe of the bank, and mass failure follows. This process is particularly
important on the outside of meander bends.

Channel-bed processes are often modeled by numerically solving deterministic equations of hydraulics and sediment
transport. A similar approach, based on rigorous physical principles, has rarely been applied to modeling bank pro-
cesses in alluvial channels. Notable exceptions include studies of riverbank stability by Alonso and Combs (1986),
Osman and Thome (1988), and Thorne and Osman (1988). Given the lack of bank-failure algorithms in process-
oriented alluvial channel models, the U.S. Geological Survey designed a study to: (1) develop a set of physically
based mass-wasting algorithms to model channel-widening processes in alluvial channels under a variety of channel
geometries and material strengths, and (2) incorporate the algorithms into an existing alluvial channel model. This
paper reports results of this study to date.

BACKGROUND AND SCOPE

To estimate rates of bank retreat by mass-wasting processes, Pizzuto (1989) proposed a model using simple planar
grain flow of coarse, non-cohesive bank sediments at the angle of repose. Alonso and Combs (1986), and Osman
and Thorne (1988) modeled wedge-type failure of cohesive channel banks. Both these studies assume failure
through the bank toe, and neither considers the stabilizing effects of confining pressure provided by the water in
the channel or the destabilizing effect of excess pore pressures during rapid drawdown (on the recessional limb of
storm hydrographs). The study by Osman and Thorne (1988) represents an important contribution because it is one
of the first detailed treatments that combine the effects of fluvial erosion and bank stability in the context of
analyzing bank retreat,
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Several studies have provided a general framework for analyzing the relative role of mass-wasting processes over
the course of a major fluvial-adjustment cycle. In studies of streams greatly destabilized by channelization, Simon
(1989a, 1989b) related factors of safety (FS), probability of failure, and specific bank-failure mechanisms (planar
or rotational) to six-stage models of bank-slope development and channel evolution. Work by Thome and others
{1981) in channelized streams of northern Mississippi gave detailed accounts of the magnitude and spatial scale of

mass wasting, Combined with standard slope-stability equations,these earlier studies offer a starting point for
incorporating mass-wasting algorithms into a deterministic alluvial channel model.

The focus of this paper is on the general operating framework for mass wasting algorithms within an existing allu-
vial channel model. The mass-wasting algorithms reported here consider only planar failures of homogeneous
channel banks with relatively simple geometries. The framework developed here can be extended to more complex
channel geometry and stratigraphy, as well as rotational failure mechanisms. Extending the approach to more
complex situations will permit its application over a wide range of temporal and spatial scales.

THE FPROCESSES AND THE MODEL
Mass-Wasting Processes on Alluvial-Channel Banks

Bank failures that occur along alluvial channels include the following:
(1) wedge or slab failure with a steep to vertical planar failure surface, often caused by fluvial erosion or
pop-out failure at the bank toe;
(2) shallow (relative to length of failure plane) planar failure parallel to ground surface, generally in
materials of limited cohesion (infinite-slope model);
(3) rotational failure, occurring typically in high, low-angle banks of cohesive materials; and
(4) pop-out failure, caused by seepage forces where the pressure gradient is steep, generally near the bank
toe.
Only wedge and shallow planar failures are given detailed treatment in this paper.

The stability of riverbanks can be analyzed in a number of ways depending on the assumed shape of the failure
surface, the composition and stratigraphy of the channels banks, and the form of the desired solution. In a dynamic
computer model, two types of solutions are computed: critical conditions and factor of safety (FS). Critical
conditions of the channel bank (bank height and angle} are used to initiate iterative mass-wasting subroutines. FS
is used to determine whether a given bank fails or remains stable. The preferred mode of failure is a function of
(1) the components of shear strength that combine to offer resistance to failure and (2) the fluvial processes (such
as scour and degradation) that influence channel geometry during a given time step. Banks of equal total strength
may not fail in similar ways owing to differences in cohesive and frictional strengths, bank profiles, and pore
pressure distributions.

Selection of an Alluvial Channel Model

Selection of an alluvial channel model was based on applicability to a wide range of alluvial conditions and the detail
and accuracy of model results relative to data input and calibration requirements. After reviewing several models,
the *Bridge Stream Tube Model for Alluvial River Simulation’ (BRI-STARS) was selected (Molinas, 1989). This
model provides essentially two-dimensional (2-D) results without the excessive data requirements of true 2-D
models. BRI-STARS is a stream tube computer model used to simulate the routing of water and sediment through
alluvial channels. The model is composed of three major components: (1) backwater computations, (2) stream tube
computations, and (3) sediment routing computations (fig. 1). Stream tubes serve to divide the channel into a
preselected number of flow regions. The bed elevation is permitted to move vertically in each tube as a function
of the sediment transport conditions in that tube, During a given time step, one stream tube may simulate erosion,
and another may simulate deposition.
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GENERAL DESCRIPTION OF THE MODIFIED MODEL

Addition of Mass-Wasting Subroutine--General

In its simplest form, modification of the existing BRI-STARS model to accommodate mass-wasting algorithms
entails: (1) modifying the data inpnt modules to accept data on physical properties of the channel banks, notably
stratigraphy, shear strength, and particle-size distribution; (2) the addition of a fourth major component or subroutine
that contains the bank-failure algorithms and rule sets; and (3) the establishment of a 2-D, soil-data matrix to track
soil data and levels of the phreatic surface (or pore pressure ratio) in the channel banks. This sub-routine, which
includes the computational procedures to simulate bank failures, is added to the end of the existing flow chart shown

in figure 1.

]
BACKWATER|
COMPUTATIONS,

Figure 1. Flow chart for the existing
BRI-STARS model showing operation
during timestep t = j. (Modified from
Molinas, 1989, used with permission}.

For each time step, the model will accept input data, run all
hydraulic and sediment transport computations, adjust the geometry
of the cross sections, and then loop to the mass-wasting subroutine
to test for the stability of the channel banks. If no failure is
indicated by the algorithms, the model advances to the next time step
and hydraulic computations begin again. If bank failure of some
type is indicated, the model simulates the bank failure and either
deposits the material downslope according to its physical properties
and the geometry of the bank, or treats the failed material as a lateral
inflow of sediment during the next time step (fig. 2). Both channel
geometry and the soil-data matrix are then adjusted accordingly.

Continuity of the failed material is a paramount consideration in the
development of this model. The flowchart in figure 2a shows the
disposition of failed material relative to its physical properties and
the hydraulic characteristics during time steps °’j’ and ’j + 1’. By
allowing a given volume of sediment to become bank material, bed
material, or bed-material load during a specific time step, the model
can transfer this material between the mass-wasting algorithms and
the sediment-transport equations by simply updating the 2-D soil-data
matrix. Thus, sediment that is bank material during time step ’j* and
is involved in mass failure at the end of time step ’j’, may become
bank material, bed material, wash load, or bed-material load during.
time step ’j + 1’ (fig. 2b).

In most instances, a potential user will not have information
concerning the dynamic nature of the phreatic surface and must use
a pore pressure ratio (Skempton, 1954) to account for excess pore
pressures. The most critical condition for channel banks is bank
saturation with extremely low flows in the channel, resulting in a
maximum pore-pressure ratio of 0.5 (Huang, 1983). Use of a pore
pressure ratio of 0.5 will assure the user that the most critical case
is considered (Simon, 1989b). However, values less than 0.5 can be
used as well as empirical measurements of the height of the phreatic

surface. Values of the pore pressure ratio for other than the most critical conditions are obtained from stability charts
that account for the relation between the elevation of the water surface, and the elevation of the assumed phreatic

surface (Morgenstern, 1963).



t=jt+ LATERAL INFLOW
OoF

LATERAL |INFLOW vtot-\;l + \Q’ +

S‘I‘OR?

OR
L 1

F
+

UPDATE GEQMETRY
AND SOIL—DATA |«
MATRIX

t=j+1

HYDRAULIC
SUBROUTINE

h 4

Figure 2. (A} Flow chart showing disposition of failed material during timestep t = j; Material is
distributed according to its cohesion (c'), size distribution, and the shear stress (tau) on the channel
bed. Tau_ is the critical shear stress needed to move material greater than 0.062 mm in equivalent
diameter.  (B) Conceptual representation of a given volume of sediment (V) undergoing

transformation during timestep t = j from bank material to either bed deposition {V,), wash load (V,)
or bed-material load (V,, ) in the next timestep.

RULE SETS AND DETAILS OF MASS-WASTING ALGORITHMS

Rule Sets

As a preface to the individual computational algorithms, the model calculates possible instabilities with worst-case
conditions of: (1) minrimum values of cohesion (¢') and friction angle (¢"); and (2) maximum values of bank angle
(i), saturated unit weight (U), and bank height (H) to solve for the critical (maximum-stable) height of the channel
banks (H,). Confining pressure afforded by flow in the channel is assumed to be zero (extremely low flow) to
simulate the loss of support at the toe of the bank. A dimensionless stability number (N,) equation is used to ascertain
'the most critical bank condition in the study reach (Carson and Kirkby, 1972):

UH,
—* = N, = function ¢, 9 (7
where U = saturated unit weight,
Ns = dimensionless stability number obtained from published stability charts (Chen, 1975), and

c’, @', and i are as previously defined.
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For a planar failure surface equation 1 becomes (Lohnes and Handy, 1968):

UH,
/

[

__4sinicos ¢/ (2)
[1 - cos (i - 9]

A lower N, value (indicating lower stability) is obtained if a curved failure surface is used instead of a planar one.
The plane-slip analysis can, therefore, lead to overestimates of slope stability with errors increasing as slope angle
decreases (Taylor, 1948). Dimensionless stability charts for log-spiral (curved) failures through the toe (Chen,
1975), are a reliable means for assessing general bank stability and critical conditions (Thorne and others, 1981;
Simon, 1989b). If the bank configuration for a given time step exceeds the critical conditions for the specified
material strength (H > H.), the mass-wasting algorithms are initiated for that time step.

The initial test for stability of the stream banks, described above, represents the beginning of the mass-wasting
subroutine. Individual algorithms that drive the different failure mechanisms in the subroutine are shown in
figure 3. The model evaluates different possible failure mechanisms, and then selects the process with the minimum
FS8. Wedge failure is initially investigated before rotational failure (fig. 3).  Planar failures tend to be more

READ
ROTATIONAL
umg;uu FAILURE
READ
| MINMUM FS MINIMUM
Fs
FAL ARD
UPDATE Yoo hec
SECTION
tm 41
TISFOSITION v
OF MATERIAL
HYDRAJLIC
SUBROUTINE SUBROUTINE

Figure 3., Flow chart showing sequence of
algorithms in the mass-wasting subroutine during

timestep t = . ¢’ is cohesion, H_ is critical bank

height, and FS is the factor of safety.

critical early in the degradation process (Skimpton,
-1953), while rotational failures become more critical
in cohesive materials after maximum amounts of
degradation have occurred (Simon 1989b). Ulti-
mately, the mass-wasting subroutine will adjust the
channel bank following a wedge failure and then,
using the updated bank profile, test for the stability of
the bank for rotational failures. In this way, the effect
of removing the load represented by the wedge
failure, will be incorporated into the analysis (fig. 3).

Wedge Fuailures

Wedge-type failures have been used to simulate bank
erosion in alluvial channels by Alonso and Combs
(1986), and Thome and Osman (1988). Both use
similar approaches and predict failure of an unstable
channel bank at an angle B = (i + @')/2. Standard
wedge-type failure analysis is also used in this study,
but with three important changes:

(1) incorporating the effects of pore-water
pressures in the analysis, using either a
phreatic surface or a pore-pressure ratio,

{2) using a search procedure to identify the
lowest FS, a failure can intersect the bank
surface at any location; and

(3} accounting for confining pressures exerted
on the bank toe by the water in the
channel.

These modifications represent a departure from the
conventional analysis of wedge-type failures along
stream banks. In particular, the approach used here
relaxes the assumption that the failure plane must pass
through the toe of the bank. This approach is justified
theoretically by the stabilizing effect of confining
pressures on the bank toe, and empirically by
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widespread observations of planar slips following the recession of storm hydrographs (Simon, 1989b). Ample
empirical evidence indicates that mass failures can occur well above the bank toe, and above the water surface
(Thorne and others, 1981; Simon and Hupp, 1986).

The three modifications are incorporated into the standard wedge failure analysis given by Huang (1983):

¢/ Hese (B) + W, [T - 7 ] cos {B)} tan ¢/

F =
y W,y 8in (B)

r3)

where W, weight of the failure block,
B angle of the failure plane, and
I, = pore pressure ratio (if saturated, r, = 0.5).

Tension cracks will be accounted for by using standard approaches (Lohnes and Handy, 1968; Thorne and others,
1981).

If the location of the phreatic surface is known, pore pressure can be incorporated directly into the analysis (Huang,
1983). Otherwise, estimation of a pore-pressure ratio (r,) is based on the degree of bank saturation and the level
of surface-water stage. High surface-water stages can result in values for r, greater then 0.5 for fully saturated,
partly submerged failure blocks (fig. 4).

Assuming Unit Thickness,

Volume of Failure Block (Vq):
Vo =% @&, -y) fcor B - coti)

Volume of Surface Water (V,.):
V,, =%, -y Feori

For Fully Saturated Banks,

Weight of Failure Block (Wg):
Figure 4. Representation of analysis of wedge-type Ve = Vs U
failure showing search for potential failure plane, Pore Pressure Ratio (r.):
and the incorporation of surface-water confining

pressure. Failure geometry is showin in terms of Wt VU, YtV

r =
bank angle (i}, failure plane angle (B), and the ‘ Va Uwe 2V,
elevations of the top of bank (Y), the water

surface (y, ), the intersection of the failure surface Resultant of Confining Pressure (E,):
with the toe (y), and the bank toe {y,). U, is F,=%0,-yFec@U,

saturated soil unit weight, and U, is the unit
weight of water.

The search procedure takes 10 equal increments of bank height (H), projects them to the bank surface, and from
each point, projects a potential failure plane (at angle B) through the flood-plain surface. After locating a minimum
FS, the search procedure then divides the original increment of H (0.1 H), by 10 again, and makes five incremental
searches above, and five incremental searches below the initial minimum FS.

Surface water exerts a confining pressure force (F,,) on a partially submerged failure block (fig. 4). Incorporating
F,, into equation 3 yields:
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5 = c’L¢[£re(1-r_)cosB+-F,cos(:‘-n)]un¢’

4
Wy 8in B - F,, sin (i - B)

where L. = the length of the failure plane.

The effects of confining pressure are to (1) increase the normal, resisting force, and (2) to decrease the driving
force parallel to the failure plane. Clearly, these adjustments will tend to decrease the frequency of modeled
failures during moderste channel flows (fig. 4).

Shallow (Infinite Slope) Failures

The infinite slope method is generally used to perform stability analyses on materials of low cohesion where the
failure is depth is small relative to its length, and where seepage parallel to the slope can be assumed.
This is often true in accreted bank sediments. If ¢'= 0.0, the FS for a sliding mass is given by:

Fs=[1-ﬂ]ﬂ 5
Ul tani

where U, = unit weight of water, and U,/ U = r, (Skempton and Delory, 1957).

For FS < 1.0, imminent failure is predicted at ahgle B (substituted for 'i’ in equation 5) as a function of the degree
of saturation (r,) of the slope. The amount of bank retreat from such a failure is calculated from where the failure
plane intersects the flood-plain surface.

SUMMARY AND CONCLUSIONS

Algorithms that describe mass-wasting processes can be logically assimilated into the framework of an existing
alluvial channel model. The mass-wasting algorithms are placed after the sediment transport subroutine and a
dimensionless stability equation is used to initiate the bank failure computations. With data about the characteristics
of the bank material, channel geometry, and the ongoing fluvial processes, the model determines the most probable
mode of failure based on comparison of two or more factors of safety. This paper focuses on planar failures in
banks of homogeneous material and simple geometry. However, the framework developed here can be expanded
to incorporate more complex stratigraphy, geometry, and failure mechanisms.

Proposed modifications to modeling planar failures offer a stronger physical basis for analysis of these types of
failures. These modifications include incorporation of pore and surface-water pressures and relaxation of
assumptions regarding the location of the failure plane. The flowchart and idealized representation showing the
disposition of failed bank material (figs, 2a and 2b) identifies the method for maintaining continuity of the failed
material from one time step to the next. ’
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NUMERICAL MODELING OF UNSTEADY SEDIMENT-LADEN FLOW

By Chintu Lai, Research Hydrologist, U.S. Geological Survey, Reston, Virginia. -

ABSTRACT

As continuing work in numerical modeling of unsteady alluvial-channel flow, three advanced mul-
timode method-of-characteristics (MMOC) models are studied as to their mathematical develop-
ment, algorithm formulation, and other numerical and modeling aspects. A dimensionless model,
ND3CMB, is useful in systematic analysis of model characteristics and parameters, serves for gen-
eral and unified comparison of flows, and frees variables in the model from numerical dependence
upon some dimensional system. An extended model, XEUFMB, relaxes some of the restrictive as-
sumptions and incorporates additional nonhomogeneous terms, such as lateral inflows and nonpris-
matic channel sections. A comprehensive model, XSUFMB, which includes all the above features
of XEUFMB, is designed to handle flow reversal. The added features in those advanced models are

expected to enhance the model capability and applicability in simulating unsteady, sediment-laden
flow.

INTRODUCTION

Numerical modeling of unsteady, sediment-laden flow in rivers and estuaries is an important and
practical branch of general computational open-channel hydraulics. Comprehensive and exten-
sive studies on numerical modeling of unsteady flows in fixed-bed open channels have been made
since the beginning of the computer era (Baltzer and Lai, 1968; Lai,1986; 1988). However, simi-
lar studies in movable-bed open channels did not start until much later. Recently, a new series of
alluvial-channel flow models based on the multimode method of characteristics (MMOQC) have been
developed. These models (collectively called ONED3X) were outlined in a previous report (Lai,
1989), among which the basic model, called X3UFMB, was described in some detail, accompanied
by a prototype example.

As research continues in this field, advanced numerical models are being implemented and sim-
ulation techniques are being investigated. In this paper a few such models are discussed as to their
mathematical development, algorithmic formulation, applications of model features, and model as-
sesment. A dimensionless model, ND3CMB, is useful in systematic analyses of model parameters
and characteristics, and serves suitably for general and unified comparison of flows. An extended
model, XEUFMB, relaxes some of the restrictive assumptions made in the basic model, X3UFMB,
and incorporates such terms as lateral inflows and nonprismatic channels. The model XSUFMB,
in addition to possessing the aforementioned features, has the capability to handle fiow reversal. It
is hoped that these added attributes enhance the model capability and applicabiiity in simulating
unsteady, sediment-laden flow.

REVIEW OF MODEL DEVELOPMENT

With the basic assumptions of 1-D flow, unsteady open-channel flow with a movable bed was
represented by three partial differential equations {PDE), the equations of continuity for sediment-
laden flow and for sediment discharge, and the equation of motion for sediment-laden flow. The
sediment concentration, c,, or the sediment carrying capacity of streamflow, was assumed to depend



on the flow velocity, u (where u > 0), and the flow depth, h, i.e., ¢, = e5{u,h) = ¢,[u{z,1), h(z, 1)}
In all the previous model developments by Laife.g., 1986; 1989; 1991), a simple power formula,
¢y = K{u™h™, was used, where K is a constant and m and n are exponents. With the substitution
of this expression in the equation of continuity for sediment discharge, the following three governing
equaions, applicable to flow in a wide rectangular channel of uniform width, can be written:

Ji= he + ukg + hu, + G =0 (1)
Jo= Uh, + Yuh, + why, + Qhu, + P _ =0 (2)
J3 = ghx + U + UUg + ng + g(_Sf - So) =0, (3)

in which z = longitudinal distance; ¢t = time; { = thickness of sediment layer; o’ = volume of sedi-
ment in a unit volume of sediment layer; g = acceleration of gravity; S; = friction slope; and S, =
fixed-bed slope. Some coeflicients appearing here are defined as: ¥ = ¢, +v¢h, ¢ = 3¢,/Bh = nc,/h;
1= ¢, + wu, w = d¢,/Ou = me,fu. It is to be noted that the concept of one dimensional analysis
requires that, for the basic model as well as the following three, the sediment deposition and scour

take place uniformly across the width. This will be less restrictive to deposition than to scour,
which tends to be more local.

The three PDE’s, equations 1 to 3, were then transformed into the following set of characteris-
tic equations: i.e., three compatibility equations (Lai, 1986; 1991)

Dh _ Du D .
funiidd N et L=, =1,2, 4
Sip +Tp; + P # F=0 i=1,2,3 | (4)

in three distinct characteristic directions specified by

DY (Y _2 (dzy 2 0,0 ._
(ﬁ)g=(a>g—a+(:{?){5§_at+’\'33’ 1=1,2,3 (5)

(M+E), At

fat

i;.nl:

Figure 1. Multimode method of characteristics for three characteristics.
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in which, S; = (¥ -pYifu, T;=5;(;—u)/g+wh,
Pi=S5—TU+7, and Fi = Si(Ai - u)(Ss = So). (6)

Numerical integrations of equations 4 along three families of characteristic curves (egs. 5) with
some specific boundary conditions lead to a numerical modeling of the corresponding movable-bed
channel flow. In general, such unsteady flows are characterized by two fast propagating shallow-
water waves (Characteristics C and Cs, having dz/dt = A; and A;) and one slowly moving bed-
deformation wave (Characteristics C5 or Cy, having dz/dt = A3 or Ay) (see fig. 1). The MMOC
provides an effective and efficient numerical solution mode commensurate with the special nature
of each constituent characteristic. A typical layout of the MMOC approach that includes four
numerical-solution modes is illustrated in figure 1, for which the following definitions are given:
Az, At = distance and time increments; M = depth of unit computational domain in number
of At steps (M = 4 in the illustration); x,£ = spatial and temporal interpolation factors; and
Cr = |Al/r = I%ll 82 Courant number; and 7 = reachback number, the number of integral
At’s a characteristic C; (e.g., C3) passes through between point P and point 7 (e.g., pt. 3). Four
numerical-solution modes may be categorized as:

Implicit mode 1h =0, M>1, Cr>1
Classical mode - =1, M=1, Cr<1
Temporal reachback mode m>1, M > 1, Cr<1
Spatial reachback mode m=M, M>1, Cr <1

DIMENSIONLESS MODEL: ND3CMB

Use of dimensionless equations has many advantages in flow analysis, computation, and comparison.
Although the selection of base or normalizing quantities and the combination of dimensionless
numbers lead to a variety of dimensionless forms and equations, the following set is considered to
be practical and advantageous from programming and implementation viewpoints:

ve=ufc,=F, s.=z/L, te=t/T,  ho=hlh, = (c/c,)* = ¢t
(5o)u = So/Ses  (Sy), = S7/Se, C=([hoy  PL=1/C; (7)
(Cs)* = c's/C.g = ﬁlﬂfﬁ = 2mu1nh: = I\"uf}h? .

Only two base quantities are to be selected in this set: h, = the flow depth for a typical normal
flow or average flow depth; T = base time interval, such as At, data collection interval, and the
like. Other base quantities are to be derived from the above two: ¢, = /gh, = base speed (where
¢ = +/gh is critical speed); L = ¢,T = base length; 5, = critical siope; Cs = base concentration, is
the sediment concentration of the flow at F = 0.5, depth = A,.

From the above definitions, the following set of dimensionless equations corresponding to equa-
tions 1, 2, and 3 can be obtained (the asterisks are dropped for simplicity):

Ji=  hy +  uhg +  hu, + G =0 (8)
Jr= Why + Wuhy + whu, + Qhu, + PG =0 (9)
J3 = h:c + Ut + Uly + C:r; + SE(S]' - 50} =0. (10)

Except the slope term, the last term in equation 10, in which 5/ = LS§,/k,, the above equation
set is identical with equations 1 to 3, if g is set to unity in the iatter. However, the slope term in
equation 10, with Sy in particular, requires a special care in its treatment.
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A few previous dimensionless forms presented by Lai(1989) or Lyn{1987) had some scale factors in
the equation sets involved, such as @, 3, and 7, and thus, are particularly useful in theoretical dis-
cussions. The above form, on the other hand, has a special advantage in implementation, because
the computer programs developed for the basic model (X3UFMB) can be used almost directly.
With this feature, most of the assumptions, qualifications and characteristics attendant with the
basic model are also directly transferable. The model scaling can be handled adequately through
adjustment of Az, At, and M, as o, and 4 are also functions of these parameters. However,
careful I/O treatments and variable/parameter normalizations are still needed.

As a model test, a series of numerical experiments were conducted using a 20 cm wide, 22 m
long laboratory flume. The channel bottom was covered by a 1 cm thick layer of uniform sand
grain, having porosity p = 0.4 (i.e., p’ = 0.6). The parameter values used for the concentration
formula ¢, = Ku™h™ were K = 0.00145,m = 4, and n = —1. A series of “experimental runs”
was made on the computer model ND3CMB. For each run, the simulation was started with the
initial uniform flow 5 cm deep, to which a sediment concentration of four times the carrying ca-

pacity of the initial flow was introduced at the upstream end. The two base quantities used for
variable/parameter normalization were: h, = 0.05m, T = 30s.

These simulations were generally of the form of steady water flow with unsteady sediment discharge.
A few parameters such as S,, Az, and M, as well as the boundary conditions, were systematically
changed for the model studies. Some model characteristics observed were: (a) The model performed
satisfactorily in the low S, range, but began deteriorating as S, increased, indicating perhaps a
more stringent mass conservation is needed for a steep channe} (Sikonia, 1989); (b) the choice of
boundary conditions also significantly affect the model behavior {Lai et al., 1989); and (c) sediment
transport toward downstream, when the sediment was introduced from upstream, was extremely

slow (Chang and Wang, 1972; Lyn, 1987). Figure 2 illustrates some simulation results. Details of
the modeling studies will be documented separately.
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Figure 2. Time variation of bed profile for a small rectangular flume depicted using
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EXTENDED MODEL: XEUFMB

By relaxing some basic assumptions, and by modifying or adding terms in the basic equation set
(equations 1 to 3), extended models can be developed. A few such equation sets have been presented
by Lai(1989). Among these, the following form seems to be advantageous for madel building, again
from implementation viewpoint, because of its proximity to the form of equations used in the basic
model {cf. egs. 1 to 3). The equation set is now valid for an arbitrary cross section, and allows
lateral inflow of sediment-laden water. In particular, the form is valid for a rectangular channel,
whose width can be variable and need not be wide.

Jlt . ht + R uh::: + Hu:r: + Ct - % + ';-Ag =0 (11)
Jo= VUhy + Vuh, + wHu, + QHu, + ¢ -4 4 e,k AR =0 (12)
Jz = ghr + U + Uty +9C + g;;‘)' + g(sf - So) =0, (13)

in which A = A(z,h) and B = B(z,h) are the cross-sectional area and the top width of channel,
respectively, ¢,q, = lateral inflow of sediment-laden water and sediment, # = A/B = hydraulic
(or average) depth, A2 = %| 5 is the change of cross-sectional area in the z direction with depth
h held constant (A} = 0 for a prismatic channel), and v = u — /, where u’ is the lateral inflow
velocity component in the z-direction. ¥, slightly different from ¥, is defined as V=9H+ec,. -

The above set, equations 11 to 13, differs from the set of equations 1 to 3, primarily in nonho-
mogeneous terms, which are due to the introduction of lateral-inflow and nonprismatic-channel
effects. Equations 11 to 13 can likewise be transformed to characteristic equations in the same
form as equations 4 and 5, with a much expanded F; term,

Fi= Sa-u)(S =S+ (Si- T re)pat 4 {S|u-wg -1] 4 -a} L,

where ¢; = ¢,/q, and é = /gH.

An equation set using @) {discharge) and Z (stage) as dependent variables is said to be in a
conservation form, and may be preferred by some users for better mass conservation. Other mass
conservation measures (e.g., Sikonia, 1989), if properly considered, might also improve the model
accordingly. Because this model XEUFMB is largely superseded by the following model XSUFMB,
further discussion will not be given here. It is documented here as one of the significant interme-
diate steps in the model advancement,

COMPREHENSIVE MODEL: XSUFMB

In addition to having all the features and facilities that are available with the XEUFMB model,
the present model, XSUFMB, also has the capability of treating flow reversal. The case of reverse
flow in a channel with a movable bed is not so simple as with a fixed bed. To begin with, it is
appropriate to revisit the concentration formula ¢, = ¢,(u,h) = Ku™h", which is valid only when
u > 0. As a matter of fact, concentration is a scalar quantity depending only on flow speed and
not velocity—flow direction is immaterial, Thus, in an alternate-direction flow (u > 0, v < 0), the
simple power formula will make sense only if it is rewritter as ¢; = KV™h™ where V = ju|. The
partial derivatives of ¢, with x and t, then give

| oy ek, B=vB o,
in which Y = 0¢;/0h = neyfh, & = 3¢, /OV = me,[V.
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By using these relations in the equation of continuity for sediment discharge, first for v > 0, in
which case V = u, then for u < 0, in which case V = —u, three partial differential equations
identical to equations 11 to 13 can be derived.

Secondly, for treatment of the §; term, the identical step used in the fixed-bed case is valid.
That is, replace u? by uju| in the expression for S;. Thirdly, a special computer algorithm has to
be formulated for treating the unsymmetrical arrangement of boundary conditions. At the moment
of flow reversal, the boundary conditions at the upstream end and at the downstream end must
be interchanged. This means that one boundary condition at the upstream end and two at the
dowastream end must be used for the reverse flow, as against two upstream and one downstream
for the normal-direction flow. The computer algorithm to implement the above concept is, in fact,
much more involved than described. Worse yet, the flow does not reverse simultaneously over the
entire reach; for some reaches the flow reverses only at the lower part of the reach.

The algorithm to treat reverse flow as described above was incorporated in the system, equa-
tions 11 to 13, which constitute the model XSUFMB. Because the algorithm to examine a proper
alignment of the three characteristics meeting at point P on the advanced time level (i.e., two
characteristics on the left side and one on the right, or vice versa) is applied grid point by grid
point, including the boundary points, the concern as to nonsimultaneous or partial flow reversal
may not be relevant. However, there still remains complexity associated with other aspects of flow
reversal, which calls for additional considerations.

Figure 3 shows some simulation results of a Delaware River reach between Torresdale (upstream)
and Delair, using the XSUFMB model. The reach has a length of 9.14 km (5.68 mi) (gage 1, G1, is
at the upstream end; gage 2, G2, is 3.97 km (2.46 mi) downstream from G1; and gage 3, G3, is at
the downstream end) and is normally strongly affected by tides. For the hydrodynamic boundary-
value data, the time sequence of stage data of August 15 and 16, 1962 (for which a complete tidal
cycle of measured discharge at Tacony-Palmyra Bridge, 4.20 km (2.92 mi) from GI, is available)
{Lai, 1965; Baltzer and Lai, 1968)) at G1 and G3 were used. This period of data was repeated for a
few cycles to obtain a sufficient length of time for sediment simulation. Combined with these data
are the designed concentration data: During ebb flow a constant concentration with the strength
four times the carrying capacity of the initial flow was imposed at the upstream end; during a
period of flood flow, the maximum concentration during the preceding ebb flow was used as the
boundary-value concentration at the downstream end.

The flow-sediment coupled model, XSUFMB, is capable of simulating the stage hydrograph and
discharge hydrograph satisfactorily; the available measured data (i.e., for the initial 26 hours) were
for most parts too close to plot in figures 3a and 3b (A few exceptions were noted on fig. 3b).
Figure 3c shows substantial sediment deposition at the upstream end. Very little sediment was
carried into the interior nodal points because of the periodic motion of the alternating flow.

SUMMARY AND CONCLUSIONS

Three advanced multimode method-of-characteristics (MMOC) models of unsteady alluvial-channel
flow were studied as to their mathematical development, algorithm formulation, and other model-
ing aspects.
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1. A dimensionless model is useful in systematic analysis of model characteristics and parameters,
and serves for general and unified comparison of flows. A dimensionless model, named ND3CMB,
has been developed, and is based on a set of governing partial differential equations that are nearly
identical in form with the dimensional set used for the basic model X3UFMB. The model ND3CMB
performed well for the aforementioned objectives.

2. An extended model, XEUFMB, includes a number of additional nonhomogeneous terms in it,
thus enhancing model capability and sophistication. However, these terms increase model non-
linearity, numerical instability, computational difficulty, and programming complexity. Although
several successful runs have been made using this model, further model investigations are deemed
necessary and important.

3. A comprehensive model, XSUFMB, incorporates all the features and capabilities afforded by
XEUFMB, and in addition, it handles the case of flow reversal. The flow reversal still remains a
complex technical problem, and warrants further research and investigation.

REFERENCES

Baltzer, R. A., and Lai, C., 1968, Computer simulation of unsteady flows in waterways. J. Hy-
draulics Div., Amer. Soc. Civil Engr., 94(HY4), 1083-1117.

Chang, F. F. M., and Wang, T. W., 1972, Scour and fill in the Missouri River as related to the
water resources planning. Completion Report for Project No. B-008-SDAK, South Dakota
State University, Brookings, SD.

Lai, C., 1965, Flows of homogeneous density in tidal reaches, solution by the method of charac-
teristics. U.S. Geological Survey Open-File Report 65-93, 58 p.

Lai, C., 1986, Numerical modeling of unsteady open-channel flow. Advances in Hydroscience,
V. T. Chow and B. C. Yen, eds., V.14, Academic Press, Orlando, FL.

Lai, C., 1988, Comprehensive method of characteristics models for flow simulation. J. Hydraulic
Engrg., Amer. Soc. Civil Engr., 114(9}, 1074-1097.

Lai, C., 1989, A numerical scale model for simulating unsteady-alluvial channel flow. Tech.
Rept. prepared for Sedimentation Comm., Interagency Advis. Comm. on Water Data, 72 p.
-Also in Twelve Selected Computer Stream Sedimentation Models Developed in the United
States. ed. by S. S. Fan, Chmn., Interagency Ad Hoc Sedimentation Work Group, Publ. by
Fed. Energy Reg. Comm., 179-260.

Lai, C., 1991, Modeling alluvial-channel flow by multimode characteristics method. J. Engrg.
Mechanics, Amer. Soc. Civil Engr., 117(1), 32-533.

Lai, C., Schaffranek, R. W., and Baltzer, R. A., 1989, Frictional resistance treatment in unsteady
open-channel flow simulation. Proc., International Conf. or Channel Flow and Catchment
Runoff, Centennial of Manning’s Formula and Kuichling’s Rational Formula, May 22-26,
1989, Univ. of Virginia, Charlottesville, VA, 688-698.

Lyn, D. A., 1987, Unsteady sediment-transport modeling. J. Hydraulic Engrg., Amer. Soc. Civil
Engr., 113(1), 1-15.

Sikonia, W. G., 1989, Mass-conserving method of characteristics for streamflow modeling. U.S.
Geological Survey Open-File Report 89-414, 75 p.

8-37



USE OF 2-D HYDRODYNAMIC
AND 1-D SEDIMENT MODELS

By James C. Thompson, Project Engineer, David T. Williams, Chief Executive Officer, and Jeffrey B.
Bradley, President, WEST Consultants, Inc., Carlsbad, California

ABSTRACT

A small run-of-the-river recreational dam on the Arkansas River has experienced significant sediment
deposition since it's completion in the early 1980’s. An integrated modeling approach using a two-
dimensional (2-D) hydrodynamic model, FESWMS-2DH and a one-dimensional {1-D) sediment
transport model, HEC-6 helped to evaluate alternative mitigation measures, The alternatives included
major dredging, spot dredging, construction of smaller self-maintaining channel using river training
structures or small isiands, and combinations of the aforementioned.

INTRODUCTION

Zink Dam is a small recreational reservoir on the Arkansas River in Tulsa, Oklahoma. The dam,
constructed in 1983, is an overflow structure of approximately twenty foot height with three small
gates. Itis approximately twenty miles downstream of Keystone Dam, a U.S. Army Corps of Engineer
(COE) structure. Sediment sources were cutoff above,Keystone after it’s construction in 1963, but
significant bed and bank sediments still remain as sources. Since the construction of Zink Dam, the
pool has filled with sediment twice, the first time gradually over the time period 1983 - 1986, The
flood of 1986 flood, which exceeded the 100 year flood event, flushed the reservoir. Since that time,
again it has refilled. It is the objective of the Tulsa River Parks Authority to maintain sufficient depth
in the pool to enhance boating and other recreational activities. This study is the culmination of an
alternatives analysis to try to obtain that goal.

HEC-6, Scour and Deposition in Rivers and Reservoirs, is a 1-D sediment transport model originally
developed by W.A. Thomas of the COE. The code used in this study was the new release by the HEC
for which WEST Consultants wrote the Users Manual. The water surface and velocity field
determined by FESWMS-2DH were integrated with HEC-6 to evaluate several alternatives in order
to determine a solution for the Zink Dam sedimentation problem.

HEC-6 MODEL DEVELOPMENT FOR CALIBRATION

HEC-6 uses the same fundamental hydraulic relationships as the well known HEC-2 water surface
profile model. The model was originally developed for use on the Qzark and Arkansas Rivers.
Because it is a 1-D model, it predicts only the average bed conditions across a eross section and not
the localized scour or deposition. This means that the actual cross section may have scour in one place
and deposition in another but HEC-6 will only predict the net scour or deposition.

HEC-6 model calibration began with the development of a model which reflected the streambed in
1963. The calibration period was from 1963 to 1977, utilizing the hydrology for that time period.
Hydraulic and sediment parameters were adjusted until the bed elevation change obtained from the
model reflected the observed bed elevation change from 1963 to 1977. The observed annual sediment
yields were also used in the calibration phase. In 1963, 1977 and 1988, the COE surveyed 12
sedimentation ranges (called degradation ranges) between Keystone Dam and Zink Dam. Average bed
elevation changes for these time periods were computed. Since the HEC-6 model simulation required
a 1963 geometry, the bed elevation changes from the 1963 - 1977 time period were subtracted from
the cross sections of the 1977 HEC-2 Flood Insurance Study geometry to produce a best estimate of
the actual geometric condition for 1963. This was done for cross sections from River Mile 523.8
(downstream limit of the degradation ranges) to 538.67.

8-38



The HEC-6 model calibration required the river hydrology for the 1963 -1977 time period. Mean daily
discharges were obtained from WATSTORE hydrology files compiled by the U.S.G.S. for the Tulsa
Gage at the 11* Street bridge (River Mile 523.7). A computer file containing these mean daily
discharges was obtained from the COE. A proprietary program was used to convert the mean daily
flows to an input format compatible with HEC-6. The results of the HEC-2 model for the 1977
conditions provided by the COE were used as guides for the hydraulic calibration of HEC-6 model.
For the time period 1963 to 1983, the natural rating (pre-impoundment) curve at the Zink Dam site
was obtained from the COE HEC-2 model. The impoundment of Zink Dam occurred in 1983 and the
rating curve from the COE 1986 HEC-2 model, which included the Zink Dam geometry, was used to
define the downstream boundary for 1983 to 1988. This HEC-2 model did not take into consideration
hydraulic submergence losses at the dam or the use of the low flow gates at Zink Dam. A rating curve
at the dam was assumed which began at, elevation 612 feet (low flow gates are open) at very low flows
and at elevation 618.5 (1.5 feet above the weir crest) at 10,000 cubic feet per second (cfs). Estimated
submergence losses were also added to the HEC-2 rating curve for higher flows.

The bed sediment gradations for the 1963 conditions were not known. It was assumed that bed
gradations taken in October 1989 just upstream of Zink Dam were indicative of the 1963 conditions
for all the cross sections and were initially used in HEC-6. These gradations were then adjusted in
the calibration phase. The Dy, (diameter of particles finer than 50% by weight) of the final bed
gradation used was 1 mm. Since the Dy, of the bed ranged from 5 mm to 0.5 mm and the Arkansas
River is a moderately large river with moderate slopes, the Yang’s stream power sediment transport
relation, an option in HEC-6, was selected for sediment transport prediction. Keystone Dam has a
very high sediment trap efficiency which led to the assumption that no sediment was exiting it.

Figure 1 shows the bed elevation changes for the HEC-6 simulations for periods 1963 to 1977, which
are compared to the measured changes from the degradation ranges. The general pattern of the HEC-
6 simulations follows the degradation range pattern with only a few exceptions. These exceptions were
not deemed excessive and would not affect the overall results.
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Figure 1. HEC-6 Calibration Results
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HEC-6 MODEL VERIFICATION

Once a model has been calibrated, it must be verified (confirmed). The verification phase must use
data not used in the calibration phase and should not require any significant adjustment of the
parameters. For the confirmation test, the HEC-6 model was run from 1977 to 1988 and the resulting
bed elevation change was compared to the observed bed elevation change for that period.

Figure 2 shows the HEC-6 bed elevation changes when the model is continued from 1977 to 1988
(verification period). The bed elevation changes are for the period 1963 to 1988 and are compared to
the changes obtained from the degradation ranges. As in the calibration phase, the HEC-6 general
pattern and relative magnitude of bed elevation changes appear to be consistent with the degradation
range changes. No dependable bed gradations were available for all locations throughout the area or
for the various calibration or verification time periods. As a result, the HEC-6 predicted bed
gradations could not be verified; however, the 1963 to 1988 simulation predicted coarser gradations
(Dg, ranging from 2 mm to 4 mm), as expected, than originally input for the 1963 conditions.
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Figure 2. HEC-6 Verification Results

HEC-6 MODEL DEVELOPMENT FOR 1988 BASELINE CONDITIONS

This section deals with a detailed analysis of the baseline conditions for the reach from the 11* Street
bridge to Zink Dam. Much of the information obtained in the verified model is used in the baseline
conditions model. Detailed geometry of the Zink Reservoir area was not available for the 1988
(current) conditions. From the contour maps and recent aerial photographs, detailed geometry was
developed and entered in an HEC-6 model. This model extends from Zink Dam (Gust downstream of
RM 522.04) to the 11" street bridge at RM 523.69. The representative future hydrology was assumed
to be the same as the historic hydrologic period of 1963 to 1988 at the Tulsa gage was used to simulate
the period from 1989 to 2014.
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The roughness coefficients used in the calibration/verification phases were used for the base condition.

The 1963 to 1988 simulation indicated that the bed gradation coarsened such that the Dy, of the bed

increased from the 1963 input values of 1 mm to between 2 mm and 4 mm. A Dg, of 3.3 mm was

adopted as representative of the reach as shown in Figure 4 for 1988 conditions. The shape of the

gradation curve was the same as that of the initial gradation. At the end of the 1963 to 1988 HEC-6 -
verification simulation, a series of short duration discharges of increasing magnitude were entered in

the hydrology. The resulting sediment transport and sediment load gradation at RM 522.67 (upstream

end of Zink Reservoir) for each discharge was used as the inflowing sediment load and gradation to

the base condition model.

Baseline condition simulations are based upon the premise that the existing operation of Zink Dam
will continue and constitute a "do nothing” condition. Bed elevation changes for the 1989 to 2014
simulations showed that the upper portion of the reservoir area is self maintaining and is not
significantly scouring or depositing. However, the lower portion, below RM 522.9, is still depositing
sediment in addition to the deposition that had occurred prior to 1988. Since HEC-6 is a 1-D sediment
model, the actual deposition may be higher at one location than another along the cross section;
however, the net deposition should be close to the HEC-6 results.

The 1989 to 2014 simulation showed that the sediment load entering RM 523.67 is 239 acre-feet
(486,000 cu. yd.) per year, slightly higher that the verification simulation. Of this, approximately 10.8
acre-feet (22,000 cu. yd.) per year is being trapped between RM 523.67 and Zink Dam. Again, this is
in addition what may have been trapped prior to 1988.

The apparent equilibrium betweenn RM 523.67 and RM 522.9 is interesting because this area has had
depositional problems. The 1988 conditions contain the two islands on the west side of the river which
help to keep the sediment at the more efficient east side of the river. Deposition at a bend generally
occurs at the curve’s inside (west side), indicating that secondary and "vertical roller" currents are the
main driving force of the sediment deposited in these areas. The primary currents, as shown by the
HEC-6 results, are sufficient to keep most of the sediment moving downstream. Because of this, a
general constriction of the river in this area will not significantly reduce the local deposition on the
west side of the river since this action affects only the primary currents, not the secondary currents
causing the deposition. A more promising alternative is a spur dike that would deflect the secondary
flows away from the amphitheater and the boat ramp. Analysis of secondary currents cannot be
performed by a 1-D model such as HEC-6. A 2-D hydrodynamic model is required to analyze
secondary currents for existing and any proposed conditions.

TWO-DIMENSIONAL ANALYSIS USING FESWMS-2DH

FESWMS-2DH, Finite Element Surface-Water Modeling System: Two-Dimensional Flow in a
Horizontal Plane, was used to determine the flow velocities and water surface elevation for existing
conditions and the alternative spur dike configurations. While 1-D models, such as HEC-2, solve for
a single water surface and an average velocity at each cross section, 2-D depth-averaged models allow
the water surface to vary from bank to bank and allow the velocity to follow any horizontal direction.
A 2-D analysis is particularly useful when evaluating the velocity field and the water surface variation
under complex hydraulic conditions since local velocities and water surface elevations can be resolved.
FESWMS-2DH was developed for the U.S. Federal Highway Administration by the Water Resources
Division of the U.S. Geological Survey. The modeling system is able to simulate complex flow
conditions which are essentially 2-D in the horizontal plane. The governing equations are the
primitive form of the shallow water equations where two equations describe the conservation of
momentum and one equation describes the conservation of mass. Frictional losses were modeled using
Manning’s equation. Turbulent effects were modeled using the Boussinesq eddy viscosity concept.
Wind stress and the Coriolis force were not considered for this simulation. The resulting system of
differential equations are solved by a Galerkin finite element method as described by Froehlich (1989).
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The FESWMS existing conditions model extended from Zink Dam, upstream to the 11* Street Bridge.
The geometry for the 2-D model was developed from contour maps, aerial photographs, site
photographs and HEC-2 cross seciional data. The finite element network near the spur dikes is shown
in Figure 3. The network was designed to reflect the existing conditions under a range of flows while
allowing the effects of alternative spur dike configuration to be simulated. The finite element method
allows a more detailed, hence more accurate, network to be used at areas of particular interest, such
as near the existing islands and near the amphitheater. Special efforts were made to accurately
reflect the hydraulic effects of existing bank lines, channel elevations, islands, bridges, the
amphitheater, overbanks and other significant features. The entire network contains 1679 nodes and
525 elements. Elements which were dry due to low flow, islands, or spur dike configuration were not
included, as such the network was customized for each flow rate and each alternative.

AN

AL

Figure 3. Finite Element Network Near Spur Dikes

The Manning’s roughness coefficients, 'n’, for the FESWMS model were essentially the same as for the
HEC-6 model but were allowed to vary slightly with depth. Throughout most of the network the 'n’
was varied through 0.033 for depths less than 10 feet to 0.027 for depths greater than 20 feet. The
roughness coefficient along the overbanks and through the 21" Street Bridge was increased slightly
to reflect greater frictional losses. The total flow rate was specified as the upstream boundary
condition and the water surface was specified as the downstream natural boundary condition. The
downstream boundary elevations of the two-dimensional model were developed from the HEC-2 model
and were essentially equal to the elevations used by the HEC-6 model. A slip condition was used at
all lateral boundaries. A zero order turbulence model was used to determine the appropriate eddy
viscosity. The model determines the eddy viscosity as a function of the shear velocity and depth so
that value of the eddy viscosity reflected the local hydraulic conditions. Typical values of the eddy
viscosity were in the order of 10 ft¥/s to 20 &%s.

A wide range of flow rates were simulated by the 2-D model, from 25,000 cfs (one-half the 2-year flow
rate) to 305,000 cfs (the peak flow rate of the 1986 flood). This paper presents the results of an
analysis of existing and alternative conditions at a flow rate of 50,000 cfs in particular since this flow
rate is representative of channel forming conditions.

A complete 2-D analysis generates a tremendous amount of spatially related data and it is best to
present results graphically. Figure 4 shows the flow pattern under existing conditions at a flow rate
of a 50,000 cfs. Figure 5 shows the flow pattern at the same flow rate with the three spur dike

alternative. The area shown in the velocity field plot extends from the 11" Street Bridge downstream
to the boat ramp.
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The magnitude and direction of the velocity at each node is represented by the length and direction
of the arrow or vector. Closely spaced vectors indicate closely spaced nodes and do not necessarily
indicate high velocities. At a flow rate of 50,000 under existing conditions, the maximum velocity in
the channel is approximately 8 ft/s. The velocity vector plot indicates that low velocity flow cross
between the islands, that slow recirculating flow occurs near the amphitheater and that slow flow
oceurs near the boat ramp. The moderate water velocities along the west bank upstream of the
amphitheater bring the sediment to the entrance and the slower velocities at the entrance allows the
sediment to deposit. Fine sediment diffuses into basin is distributed by the circulation pattern in the
basin. The lower velocity at the entrance to the amphitheater extend a few hundred feet downstream,
where deposition near the beat ramp occurs.

Before the HEC-6 model had been fully developed, it was thought that the cause of deposition near
the amphitheater entrance was due to the lack of sediment transport capability of the main channel.
As a result, a three spur dikes alternative was formulated with the first and second spur dikes
connected to the existing islands and the third dike would be constructed near the amphitheater basin.
The philosophy of this configuration was to keep the flow and sediment along the east side of the river
where the flow has greater sediment transport capacity. The third dike would serve this purpose and
keep the secondary currents from the basin entrance.

The velocity vectors shown in Figure 5 indicate that some recirculation would occur near the proposed
spur dikes. Slow recirculating flow would occur near the amphitheater basin. Fine tuning the
geometry of the spur dike would allow continuous flushing of this basin and reduce the potential for
deposition. The results indicated that at 50,000 cfs the three spur dike option would increase the
water surface elevation locally by 1.0 feet along the east bank and 1.4 feet along the west bank. The
increase in the water surface due to the spur dikes decreases at higher flows as the spur dikes are
overtopped. The maximum velocity in the channel near the downstream spur dike would increase to
about 10 ft/s which would increase the sediment carrying capacity of the channel through the
constricted reach.

The HEC-6 results have shown that the reach between the 11" and 21* Street bridges is capable of
transporting the inflowing sediment although deposition still eccurs along the inside of the bend. All
three spur dikes may not be essential since the proposed dike near amphitheater has the greatest
impact and may be sufficient to reduce deposition. The results of the 2-D analysis of each dike/island
alternatives were used to calibrate the hydraulics of the HEC-6 model for sediment analysis of the
proposed alternatives.

HEC-6 ANALYSES OF ALTERNATIVES FOR THE LOWER REACH

The Tulsa River Parks Authority is interested in keeping enough water depth (approximately 2 feet)
in the reservoir area for recreational purposes. With relatively small quantities of spot dredging, the
upper reservoir area, according to the HEC-6 results, should not have any trouble maintaining such
a main flow area depth which is generally at the outside of the bend. However, the lower part of the
reservoir does have deposition problems and would not maintain a 2 foot water depth for low flows.
Two alternatives were formulated for the lower reservoir area; dredging and maintenance of a 500 foot
wide channel, and the same alternative with the construction of islands or spur dikes.

The HEC-6 model was adjusted to initially dredge a 500 foot wide channel from Zink Dam to RM
523.73 on the outside bend. For the 1989 to 2014 simulation, the program was then instructed to
dredge the channel with a 1 foot overdepth whenever the water depth became less than 2 feet. The
initial dredging required to reach an acceptable level is estimated to be 74,300 cubic yards with an
average annual dredging requirement of 21,300 cubic yards. There are periods where no dredging is
required due to a lack of sediment carrying flows or large flows which essentially clean the channel.
An example of the large flow condition is the year 2012 which contains the ecmivalent of the 1986
flood. The years 2013 and 2014 did not require any dredging because of the cleansing effect caused
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by the 2012 (1986) flood. The lack of dredging requirements from 1994 to 2001 (equivalent to 1968
to 1975) were reflective of a moderately low water yield period and resulting lack of sediment inflow.

Another alternative involved the same conditions as described above in addition to a 300 foot
encroachment from the east bank by either spur dikes or islands. The encroachment would extend
from Zink Dam to RM 522.73 with its elevation set 1 foot higher than the water surface elevations for
a 50,000 cfs discharge. The encroachment would be inundated (probability frequency basis) of every
1to 2 years. Again, this option assumes an initial dredging volume of 74,300 cubic yards. The results
showed that the average annual dredging requirement would then be reduced to 11,200 cubic yards.

CONCLUSIONS

If no action is taken, sediment will continue to fill the pool between Zink Dam and the 21* Street
Bridge. The baseline HEC-6 model indicates bed aggradation downstream of the 21" Street Bridge.
Upstream of the 21" Bridge, the channel is in quasi-equilibrium, i.e., there is no net deposition or
erosion. HEC-6 only evaluates average cross-sectional bed change and cannot resolve local deposition,
Deposition due to secondary currents along the inside of the bend, can be observed near the
amphitheater and the boat ramp. We foresee a similar magnitude problem as has been experienced
in the past several years above 21" street in the no action scenario. Deposition will continue along
the inside of the bend. Since primary currents on the east side or outside of the bend are sufficient
to keep most material moving, a general constriction in this reach will not significantly reduce
deposition. A more promising alternative is a spur dike that will defect the secondary flows away from
the amphitheater and boat ramp. The existing two islands could remain as they are today. Average
annual sand bed material delivery to Zink Dam is estimated at 396,000 cubic yards. The dredging
required to keep the channel clean is less than this value, with no other action, because large storms
(1986) will flush the reservoir. The expected dredging requirement would exceed 200,000 cubic yards.

Significant deposition has occurred downstream of the 21" Street Bridge. HEC-6 analysis indicates
this area will continue to aggrade until the reservoir is filled through this reach with the occasional
infrequent flood such as the 1986 event flushing deposited material from the pool.

Two sub-alternatives were investigated to alleviate depositional problems in the lower reach, a
dredging option to maintain a 500 foot wide channel in which a 2-foot flow depth would be maintained,
and the same option with spur dikes/islands constricting.

Spot dredging alone could only, at best, maintain the opening to the amphitheater and with the River
Parks present equipment (mudecat). Spot dredging is viable if used in conjunction with the spur dike
option above 21* Street. The spur dike should reduce deposition due to secondary currents, combined
with spot dredging at the boat ramp and amphitheater,could become a very viable option for the upper
reach. The mudcat dredge may still be insufficient to handle spot dredging.

The combined option is the one that will best mitigate sediment depositional problems. Whether the
economics are viable is something that the River Parks Authority must decide. The most optimal
solution would include a spur dike with local dredging above the 21* Street Bridge. Downstream it
would include either the dredging alternative or the combined dredging/spur dike option.
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SIMULATION OF BED TOPOGRAPHY IN A MEANDERING RIVER
by Howard H. Chang, San Diego State Univ., San Diego, CA

ABSTRACT

River channels are seldom straight over a length of a few channel widths. Bed
topography associated with channel curvature often needs to be determined since any design
for bank protection must be extended beyond the potential scour in order to prevent
undercutting. The curvature-induced scour should also be tied in with aggradation and
degradation invoked by any imbalance in sediment transport.

The FLUVIAL model (Chang, 1985) was developed to simulate channel-bed scour and
fill together with changes induced by the curvature effect. The field data from the Fall
River in Colorado was selected as a test case to evaluate the applicability of the FLUVIAL
modei for predicting the bed topography in curved channels with an erodible bed. The data
set, at the same time, provides a means of calibrating the model. Field measurements of
bend flow hydraulics and sediment characteristics in the Fall River were made at about the
bankfull discharge by Thorne et al. (1985). The river channel in the study reach is highly
sinuous (sinuosity 2.2) with stable banks of meander belt silts and clay.

Both transverse flow and cross-stream flow were observed in the measurement. The
former refers to the velocity component normal to the primary flow. The latter is the
velocity component perpendicular to the tangential direction of the river channel, resulting
form the angular difference between discharge centerline and channel centerline. Because
of the cross-stream flow, the transverse flow develops only in the deeper region of the
curved section and it does not develop in the shallow region near the concave bank. By
taking this flow pattern into consideration, general agreement between the simulation and
measurement was obtained, The bed topography of the Fall river is a reflection of the flow
pattern, characterized by the transverse bed slope in bends. Such bed pattern changes with
the flow pattern which undergoes continuous growth and decay.

INTRODUCTION

River bank protection must be designed to contain the design discharge and withstand
the velocity. It must also be extended beyond the potential scour to prevent undermining.
Therefore, one needs to determine the channel bed scour in the design for channelization.
Since river channels are hardly straight for a very long distance, channel bed changes are
induced by the curvature effect in addition to aggradation and degradation.

The FLUVIAL model (Chang, 1985) was developed to simulate channel bed scour,
considering the effects of aggradation, degradation and channel curvature. The Fall River
was selected as a test case to evaluate the applicability of the FLUVIAL model for
predicting the bed topography in curved channels with an erodible bed. The data set, at the
same time, provides a means of calibrating the model since certain algorithms in the model
require experimental calibration.
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The Fall River is located in the Rocky Mountain National Park, Colorado. Field
measurements of bend flow hydraulics and sediment characteristics were made at about the
bankfull discharge by Thorne et al. (1985). The river channel in the study reach as shown
in Fig. 1 is highly sinuous (sinuosity 2.2) with stable banks of meander belt silts and clay.
The bankfull discharge is about 4 cubic meters per second on the basis of measurements.
The channel slope is about 1 percent and the bed material is coarse sand moving in ripples
and dunes. The average bed load transport rate was measured using the Helley-Smith
sampler to be about 1.5 kg/sec. The confidence interval for this bed load is + 50 %. The
suspended load in the river is believed to be small because of the low velocity and coarse
material,

DATA PREPARATION

Input data were prepared based upon the information contained in the Thorne et al.
report. Such data include the cross-sectional geometry, spacing between cross sections, and
radius of curvature at each cross section. The radii of curvature are measured at the
channel centerline as required by the model. The measured sediment size distribution and
water discharge were also used as the input in the simulation study. The water-surface
elevation at the downstream section (section 9) was used as an input parameter while water-
surface elevations of other sections were computed at each time step.

MECHANICS OF BEND FLOW

Sediment transport and bed topography in meander bends are related to the mechanics
of flow. The characteristic flow pattern in meander bends pertaining to this study is
described first and then employed to discuss the simulation results. In this discussion, the
following three types of flow are considered: (1) the primary flow that is in the downstream
direction, (2) the secondary flow that is normal to the primary flow and related to the flow
curvature, also known as spiral flow or helical motion, and (3) the cross-stream flow
resulting from the angular difference between the discharge centerline and channel
centerline. The discharge centerline is defined as a line drawn on the plan view of a channel
which has equal discharge of primary flow on both sides.

Much of the current bend theory has been called into question by Dietrich, et al. (1979)
and by Thorne and Rais (1983) as they have found significant net cross-stream discharge in
natural meanders. In the upstream vicinity of a bend apex, such as Sec. A-A in Fig. 2, the
cross-stream discharge is typically 10% of the primary flow. This observation reveals a
phenomenon which should be related to the development of secondary flow.

The process that characterizes the flow through meander bends is the streamwise
variation of the secondary flow to which so many phenomena of river meanders are related.
Bed topography are related to the streamwise growth and decay of secondary flow and its
interaction with the cross-stream flow. The changing curvature of the flow path (discharge
centerline) and its phase lag with the channel path (channel centerline) (see Fig. 2) have
important effects on meander morphology. This changing flow curvature is in some way
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related to the variation in secondary flow.
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Fig. 2. Schematic of Meander Bend Showing Channel Path (Channel Centerline)
and Flow Path (Discharge Centerline)
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FOUNDATIONS OF MODELING FOR FALL RIVER

Physical and mathematical foundation of the FLUVIAL model are described by Chang
(1985). Certain modeling features pertaining to this study are described herein, including
the upstream boundary condition for sediment inflow, streamwise variation of secondary
flow, and computation of transverse sediment transport.

Upstream Boundary Condition for Sediment Inflow - The rate of sediment inflow into the
study reach is provided by the upstream boundary condition for sediment. It is assumed that
the river channel remains unchanged above the study reach and sediment inflow rate is
computed at the upstream section at each time step just like they are computed at other
Cross sections.

Streamwise Variation of Secondary Flow - The strength of secondary flow, or the flow
curvature, varies in the streamwise direction. The variation is described by the momentum
equation which in its simplified form (Chang, 1984) is

I T 1m 1v
dv u g§, 8 /fov
—_— e — (s—- (1)

in which v = transverse velocity of secondary flow at water surface, s = curvilinear
coordinate along the flow path, u = primary velocity at water surface, r, = channel radius
of curvature, S, = transverse water-surface slope, z = vertical coordinate, and ¢ = eddy
viscosity. The strength of secondary flow can be represented by the transverse surface
velocity since transverse velocity profiles are similar. This equation shows that the
streamwise variation of secondary flow or flow curvature (term I) is under the influence of
the centrifugal acceleration from the channel curvature (term II), the transverse-water
surface slope (term I}, and the internal turbulent shear (term IV). The internal shear is
the resistance that the flow has to overcome in changing it curvature. The secondary flow
grows when the centrifugal force is greater than the resistance from the transverse water-
surface slope and the internal shear; and it decays otherwise. Because of such resistance
and inertia, the flow curvature does not adjust immediately to the channel curvature. This
process may be considered as the delayed response of flow curvature to channel curvature
(DeVriend and Struiksma, 1983) and it is responsible for the phase lag depicted
schematically in Fig. 2. Phase lag is the distance the channel apex lags behind the flow
apex.

Computation of Transverse Sediment Transport - Sediment transport, in the presence of
transverse flow, has a component in the transverse direction, Sediment movement in the
transverse direction contributes to the adjustment of transverse bed profile. In an unsteady
flow, the transverse bed profile varies with time, and it is constantly adjusted toward
equilibrium through scour and deposition. The transverse sediment rate is computed from
the streamwise transport and the angle of deviation of bottom currents from the downstream
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direction using the method developed by Kikkawa et al. (1976) and Ikeda (1982).
TEST AND CALIBRATION

The Fall River at the time of measurement is assumed to be in a state of dynamic
equilibrium. Calibration of the FLUVIAL model based upon the Fall River data consisted
of the following steps.

1. Determine the roughness coefficient using the measured discharge and water surface
profile. Different n values were used and the value that provides the match in water-surface
profile is 0.036. This value was selected for use in the simulation.

2. Select sediment transport equation based on the measured sediment rate. Sediment
transport equations developed for the sand bed were tested in trial runs. The computed
sediment rate was compared with the measured value of 1.5 kg/sec (with a 50 % confidence
interval). The Engelund-Hansen equation was selected since its predicts a sediment rate
of 1.2 kg/sec (0.3 ppm by weight). The sediment load is believed to be essentially bed load
because of the coarse sediment size and low velocity.

SIMULATION RESULTS

Output from the FLUVIAL simulation are presented graphically in Fig. 3. The
simulation is for a duration of 20 days which is considered long enough for the channel to
adjust to an equilibrium configuration. The cross-sectional profile simulated at the end of
10 days and 20 days are plotted with the initial profile for each cross section, as shown in
the figure.

The initial profile used in the simulation was measured in the field study at the bankfull
discharge. Since the discharge was steady for a considerable length of time, the channel
profiles may be assumed to be in a state of equilibrium. Therefore, the simulation should
produce cross-sectional profiles comparable to the measured ones.

Comparisons of the measured (initial) and simulated (after 10 and 20 days) cross-
sectional profiles are given in the Fig. 3. While there is general agreement, there are also
variations between the measured and simulated profiles. The resuits are discussed in the
following:

1. The transverse bed profiles is very pronounced for those sections within a meander bend.
Such transverse slope is generally less pronounced or missing in a straight reach.

2. The transverse bed profile changes along the channel. It grows with the secondary
currents as the flow enters a bend, it reaches 2 maximum near the bend exit, and it decays
after leaving the bend exit.

3. The difference between the simulated and measured profiles may be significant near the
convex bank, see, e.g., section 1. This discrepancy is explained below. The FLUVIAL
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model considers the primary flow and the secondary currents. Each cross section used in
the FLUVIAL simulation needs to be perpendicular to the primary flow. Because of the
angular difference between the channel centerline and discharge centerline described in the
foregoing, a cross section perpendicular to the channel centerline is not necessarily
perpendicular to the primary flow direction. Also, a cross section perpendicular to the
primary flow direction in a bend is usually somewhat curved instead of being straight. The
cross sectional profile simulated using the FLUVIAL model is supposed to be for such a
cross section. Since the cross sections used are defined by straight lines not totally
perpendicular to the primary flow direction, this in part accounts for the discrepancy.

4, Other causes for the variation may be attributed to the heterogeneity in bed material,
bank vegetation, and so on. The bed form may have also contributed to the difference
between the measured and simulated bed profiles.

SUMMARY AND CONCLUSIONS

1. The bed topography of the Fall river is a reflection of the flow pattern, characterized by
the transverse bed slope in bends. Such bed pattern changes with the flow pattern which
undergoes continuous growth nd decay. The transverse bed slope and bed scour reach the
maximum near the exit of a bend.

2. The scour depth is distinctly associated with channel curvature, and it is an important
consideration in the design of bank protection which must extend below the potential scour.

3. There is general agreement between the simulation and measurement. Certain variations
do exist. A major reason for the discrepancy is due the one-dimensionality of the FLUVIAL
model. Because of the cross-stream discharge, the cross section used in the study are not
exactly perpendicular to the flow direction. In order to be exactly perpendicular to the flow
direction, each cross section in the bend may not be represented by a straight line, but by
a slightly curved line drawn perpendicular to the primary flow.
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PHYSICAL MODELING OF SEDIMENT TRANSPORT IN CHINA

By Dou Guoren,Prof.and Director of Nanjirg Hydraulic Research‘Institute,
Nanjing, China. . :

ABSTRACT

Important progress has been made in the physical modeling of sediment
transport both - theoretically and experimentally in China,and
sedimentation problems in China’s key engineering projects must be
solved by conducting physical model studies, although the mathematical
modeling is also widely used. 1In this paper, the historical development
of physical modeling of sediment transport in China is reviewed first,
and then the similarity theory of total sediment transport including
hyperconcentration flow developed by . the author is presented, and some
applications of this theory including the models for Gezhouba VWater
Control Project, Three-Gorge Water Control Project, Xiaolangdi Vater
Contrel Project and Jinzhou Harbour Engineering Project are described. .

INTRODUCTION

There are a lot of sediments transported in China’s rivers, estuaries
and coastal zenes. The sedimentation problems become the key problem in
building important water control and harbour engineering projects.
Before 18960’s, some big projects failed owing to the serious
sedimentation. Since then, important progress has been made in the
physical wmodeling both theoretically, and experimentally, and the
sedimentation problems of important projects to be consiructed in China
must be solved by conducting physical model studies ~although the
- mathematical modeling is alsoc widely used.

The sediment particle sizes in many rivers are distributed very widely,
so there are both bed load and suspended load, and in some cases density
current and hyperconcentration flow may occur. For such complicated
conditions, it 1is necessary o reproduce simultaneously all particles
(including so called bed-material-load and wash-load) and all forms of
sediment transport in one model. The similarity theory of designing such
models developed by the author and some applications of this theory will
be summarized briefly in this paper. '

HISTORICAL REVIEW

It is well known that China’s rivers, estuaries and coastal zones are
rich in sediment transport, and the success of hydrauli¢ engineering
projects depends to a great extent on the solution of sedimentation
problems. Therefore, a lot of model investigations have been conducted
in China. In addition to movable bed wmodels, suspended sediment
transport models were made in 1850s. Because of the complexity of
conducting model studies with suspended load, the expected results could
not be obtained at that time. The verification tests showed that the
location of scouring and deposition caused by the suspended load in the
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models could not be similar to those in the prototype. This decreased
the faith in conducting physical model studies with suspended load.
Since then, the model studies of this kind had not been carried owt in
China for near ten years. The analysis made by the authour indicated
that the failure of model studies with suspended load was due to the
lack of proper similarity theory, and that the theoretical basis on
which those models were designed needed to be improved. By the end of
1860s, the suspended sediment transport model study was wmade again by
the author to study the serious sedimentation in Qingshan Canal caused
by suspended load and density current, and. good results were obtained.

Based on this model 1investigation, the similarity laws for suspended
load were developed, and according to these laws another model was made
in 1871 to solve the sedimentation problems caused by suspended load in
the dam site of Gezhouba Water Control Project. The suspended load and
density current were reproduced very well. However, in this model, the
transport of bed load could not be considered yet. As menticned above,in
many rivers, such as the Yangtze River, there are both suspended load
and bed load. So, in order to study the bed load transport, another
model was made to predict the location and quantity of deposition caused
by the bed load. However, it was difficult +to analyze the results
obtained from the two models. It was obvious +that the sedimentation
problems in the dam site of Gezhouba Project could not be solved
properly by using the two models. It was necessary to reproduce
simultaneously all forms of sediment transport in one model. The main
difficulty to design models with total sediment transport is that the
time scale for the model only with suspended load transport is strongly
different from that for the model only with bed locad transport. The
analysis indicated that the difference in time scales of bed deformation
was caused by that for the model with suspended load, the similarity
criterion of initial movement velocity was not considered, meanwhile,
for the model with bed load, the similarity criterion of settling
velocity was not considered. If both similarity criteria were satisfied,
the difference 1in time scales of bed deformation could disappear. In
1973, a similarity theory of total sediment transport modeling - was
developed by the author, according to - which all particles and all forms
of sediment transport can be reproduced simultaneously in one model.
Such' a model with total sedimert transport was made in the same vear for
the Gezhouba Water Control Project. The success in conducting this model
study not only led to the successful solution of sedimentation problems
in the Gezhouba Project, but alsc encouraged engineers to use the
physical models 1o solve sedimentation problems in various condition.
Since then, a large number of models. of this kind have been made in
China to solve various sediment problems in rivers, estuaries and
coastal zones. One of them is the model for the Three-Gorge Water
Control Project. A 800-meter long model with total sediment transport
was made in 1986 to study the sedimentation problems in the fluctuating
backwater region of this Project, and some important results have been
obtained by this model. By the end of 1880s, the physical modeling of
hyperconcentration flow had been studied in connection with the
construction of the Xiaolangdi Water Control Project on the Yellow
River. The similarity laws of hyperconcentration flow were obiained by
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the author in 1988, and according to these laws, a new physical model
has been made in 1980 to further study the sedimentation problems near
the dam site of the Xiaolangdi Project. Among the sediment transport
models for estuaries and coastal zones, the model studies on the
sedimentation problems of Dandong habour and Jinzhou habour can be
mentioned. The sediment transport caused by the tidal currents was
reproduced very well, and the predictions made by these models have been
proved by the measurements in nature. The further study in this field is
to study the similarity laws according to which the sediment transport
under the combined actions of tidal currents and waves can be reproduced
in the model. ’ '

SIHILARITY'THEORY.OF SEDIMENT TRANSPORT MODEL

The main points of the similarity theory developed by the author in
1970s and widely used in China for designing total sediment transport
model are as follows. The flow in the model and in the prototype will be
similar if the similarity of Froude number and resistance can be -
'satlsfled simultaneously,i.e.

N _
Av =Ag 2, Aco= ( —)2%2, At = — , (1)
' Ar . T Avw

vhere Av, Ay, Aco |, Ay are scales of velocity, ~ depth,
‘dimensionless Chezy’s coeffiClent and length, respectively.

The similarity scales of. suspended Joad are determined by “the
two-dimentional nonequilibrium sediment transport equations developed by
the author(1963), and they are

‘AH : AYos Ay
AW TAV  , AS = A Sy s Agy= — (2)
A ' Av As

wvhere Aw , As , A S 4 are the scales of paxtlcle settllng velocity,
sediment concentration and sediment carrying capac1ty, respectively.
A ¥, 1is the scale of dry specific weight, A.; is the time scale of
scouring and deposition caused by suspended load. The sediment carrying
capacity can be determined by the author’s formula(1988). In addition to
(2), the initial suspension similarity should also be satisfied for
suspended load
' Avf:?\v (21)

where V¢ is the velocity of 1n1t1a1 suspen51on, which can be determined
by the author’s formula(i1977). order to meet the similarity
requirement of density flow, the scale of sediment concentration should
be determined by
AYs
As = (2")
;\(YB_Y)




wvhere Y. and Y are the specific weights of sediment particles and
vater, respectively.

The similarity scales of bed 1locad are determined by the bed load
discharge formula and the equation of bed deformation obtained by the
author (1977,1989), and they are

Ave Aty AYo Ag Ay
Ag. = y AV S A VY, Ay ————— (3)
A‘(YB—Y)?\’OO}\W AqS

vhere A ¢, and A vy are the scales of bed load discharge and initial
movement velocity,respectively; A .2 is the time scale of scouring and
deposition caused by bed load. It is not difficult to find out that if
all of the scale relations mentioned = above are adopted, the time scales
for suspended load and bed load will be approximate or -equal, and
therefore it is possible to reproduce simultaneously both suspended lcad
and bed load in one model. it  is worth pointing out that the success of
conducting such model investigations depends also on the ability to
maintain the required grain-size distribution of suspended load in the
rodel flow.

For hyperconcentration flow, the following similarity requirements
should be added , :
';\5 :;\-5 max s }‘ T :A To (4)

vhere As nax is the scale of the possible maximum concentration of
sediments, A Tg and A T, are the scales of the Bingham shear stress
and the bed shear stress,respectively. The formulas obtained by the
author for determining Sa..x and T are

2 ¥as -
S max — ] ] . (4’)
4] .
3 Zp, (1+2J—-) 3

i

v’ . & ! s
(Zps (— )3 )3 (4")
Y Vs di - (1*S!S_max ) 2

where p; is the percentage of particles with diameter d; ; & is the

thickness of water film (=0.21 - 107%m); 6,  is a coefficient
determined by experiments ({ for sediments in the Lower Yellow River
&, =156 - 10® kg/ cm? , for bakelite powderd , =47 - 10° kg/ cm® }; 7’

and Y are the specific weights of turbid and pure water. It is not
difficult to prove that the Reynolds number of Bingham fiuid flow with
higher value in the model will be equal to that in the prototype, if the
similarity relations (1) and (4) are satisfied.
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Vhether a model can or not meet the above similarity requirements
depends on the model sediments selected, which should have a wide range
of particle sizes and good hvdraulic properties and whose physical and
chemical properties are to be comparatively stable. Various materials,
such as natural silt, talcum powder, coal powder, coal-ashes, wood
flour, granular polydichlorstyrene and bakelite, were used as the model
sediment, and it is found that the best of them 1is the granular
bakelite. ' : :

APPLICATIONS OF THE SINILARITY THEORY.

Since the beginning of 1970s, more than 40 physical models with sediment
transport have been made 'in China. The majority .of them were designed
according to the similarity theory developed by the author. Here, only
some typical model studies will be mentioned briefly (see Tab.l}.

Tab.1

_ scales : . - _ Aty
Models Ay Au Ay Aw AVy T AL A S Aty
Gezhouba, ' o .
dam site 200 1100 10 o 5 10 20 (.46 96
Three-Gorge, ' '
backwater 250 ! 100 | 10 4 10 5 0.51 120
region ' '
Xiaolangdi, . ,
Dam site 80 ; 80 | 8.94 4.20_ 8.94 | 8.94 1.09 36
Jinzhou Port] 800 | 100 | 10 1.251 10 80 0.5 | 224

Gezhouba Model

The Gezhouba water Control Project is located on the Yangtze River near

Yichang c¢ity. The morphology of the river reach in the vicinity of the
dam site of this project is very complicated. The average yearly
guantities of suspended load and bed load are 520 million tons and 8
million tons respectively, including nearly one millien tons of gravels,
the diameter of which is more than 10mm. Therefore, the sedimentation
problem was a key problem for the Gezhouba Project. The model studies on
this problem were conducted in 1970s, and in the model both suspended
load and bed load including density current and gravel transport were
very well reproduced. By using this medel, hundreds of "~ tests were
conducted, and a series of engineering measures against sedimentation
were proposed. All of the proposals were adopted in the construction.
The Gezhouba Project has been completed and put into operation, and the
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engineering measures have been proved very effective, and the norasal
operation of power generation and navigation has been ensured. The
sedimentation . conditions. -such as . the locations and ‘quantities of
depos1t10n and the effectiveness of washlng sluices and tunnels observed
in the field after the operation -of this project are in very good
agreement with the nmodel- predlctlons.

Three-Gorge Model -

The Three-Gorge Project is to be located on the Yangtze river at.
Sandouplng, 44kw upstream of Yichang. The pool level will vary from 145m
to 175m in a year, so the fluctuatlng backwater regien is very long,
about 180km. The channel process of this river reach .in the natural
conditions is characterized by deposition .in flood seasons and scouring
in dry seasons, basically reaching an equ111br1um of de9051t10n and
scouring in a year._hfter completlng the project, the deposztlon in the
flood"seasons will continue to take place, however, ‘the scouring in the
dry season can not be realized owing to the fact that the reservoir will
be impounded at the beginning of dry seasons. Therefore, the
sedimentation problems in the fluctuating . backwater region have to be
studied seriously. For this ‘purpose, a 800-meter long model with total
sediment ‘transport has been made to further- study the sedimentation
problems and engineering measures to ensure the navigation: conditions in
the whole fluctuating backwater region. The verification tests have been
conducted, and the 'scouring and dGPOSitlon processes: of the studied
river reach in a year have been reproduced in the model. Good agreements
have been found between the locations and- ‘quantities of deposition and
scouring observed in the whole river reach and predicted by the model.
The comparison shows that the errors. of the scouring and deposition
quantities’ for ali locatlons are  less than .30%.. The sedimentation
conditions after 80~year reservdir operation” have been predlcted by the-
model, and the engineering measures are being studied to improve the
nav1gat10n channel and the piers of shlpplng terminals in the  whole
fluctuating backwater region.

Xiaolangdi Model

¥iaolangdi Vater Control Project is to be located on the Yellow River
downstream of the Sanmenx1a Project. The sediment concentratlon is very
high, ranging from 10kg/ m* to 500kg/m* . When the concentration is more
than 100kg/m® , the fluid may be con51dered as Bingham fluid, and the
Bingham shear stress -and other issues should be taken into: account.

‘Therefore, in designing the Xiaolangdi model the hyperconcentration flow
similarity laws wmentioned above. have been adopted. . The verification
tests have been conducted, and good agreenents have. been found between
‘the sedimentation conditions observed in the - field and ‘the  model
predictlons By using this model the layout of the project and the
engineering measures against siltation at the dam site will be studied.
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Jinzhou Harbour Model

Jingzhou, Harbour is located on the northeast part of Jinzhou Bay. In
order to study the siltation caused by tidal currents in the navigation
channel and harbour basin to be dredged, a sediment transport model was
made, in which the tidal currents and sediment movement were reproduced.
The verification +tests were conductéed, and the tidal currents and
concentration dlstrlbutlon in the bay were well reproduced in the model,

and some enginecering measures based on the wmodel studies have been
proposed to ensure the normal navigation. The Jinzhou Harbour Project
has been comrpleted, and the quantlty of deposition in the navigation
channel and harbour basin observed in  the field are in good agreement
with those predicted by the model.

CONCLUSION

Great progress has been made in the physical modeling of sediment
‘transport beoth theoretlcally and expﬂrlmentally in China. The locations
and quantities of scourzng and deposition in rivers, estuaries and
coastal zones can be well predlcted by the physical model studies. The
sedimentation problems in China’s key engineering projects have been
solved successfully by conducting physical model studies. The
development of physical modeling also prov1des the basis for deve‘oplng
mathematlcal models of sediment transport in China.
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DESIGN OF SEDIMENT MODELS

by Clifford A. Pugh, Head, Hydraulic Equipmeht Section, and
Russell A. Dodge, Research Hydraulic Engineer
U. S. Bureau of Reclamation, Denver, Colorado

ABSTRACT

Recent physical model studies at the Bureau of Reclamation’s hydraulic laboratory
requiring scaling of sediment transport rates were designed with a method based
on the Shields function as modified by Taylor. Taylor developed a dimensionless
sediment discharge parameter, which provides nesting curves that paraliel
Shields’ incipient motion curve at constant values of dimensionless sediment
discharge. Using this method clearly demonstrates when 1ightweight materials are
required or when the sand particle sizes can be adjusted in the model to
represent the sediment transport rates. A method to adjust the sand particle
sizes based on settling velocity was developed. This method appears to make the
correct adjustment to fit the transport curves on the Shields diagram. The
method was used for modeling the lateral scour of fuse plugs and compared well
with prototype experience. The method also illustrates the limitations and
applicability of sediment models. The sediment transport rates may be properly
scaled in one area of a model and improperly scaled in a different area where the
Reynolds number is different.

INTRODUCTION

Background

Reclamation experience with sediment models started in the early 1950's. Several
predesign models were conducted for the Missouri River Basin and Middle Rio
Grande diversions. The sediment used for all these studies was a fine uniform
sand with a mean diameter of 0.2 mm. Settling velocity is very important in
determining when a particle will remain at rest or how far it will travel once
1ifted into the fiow. The 50-percent model sizes were scaled by settling
velocity according to the Froude law, that is by the square root of the length
ratio.

These models were force fed sediment to develop bed slopes sufficient to move
sediment at rates estimated by sediment bedload equations. Bed slopes that were
developed this way were generally exaggerated because of friction differences
between model and prototype. However at diversions, flow splits occur within a
ghort rﬁgch in the direction of flow, and the structure does not need to be

istorted.

Sediment concentration was measured in-all the component flows of the models.
Concentration ratios of the measured delivery rate to the river concentration
were used to compare the relative amount of sediment in the delivery for
different trial diversion arrangements.
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Carlson [1970] summarized these early studies and concluded that physical
modeling of proposed diversion schemes in close Tiaison with design engineers
results in much better sediment control than when studies are not conducted.

Some of the more recent Reclamation experience has been with steep and fast
flowing mountain streams where sediment is coarser. Segregation and armoring can
be important in regard to river and diversion performance. Therefore, as much
of the range of sediment diameters as possible was represented by settling
velocity scaling. During these later studies and during a fuse plug model study,
Reclamation model design methods were reviewed and a more rational model design
method was developed. The fuse plug model study results (Pugh [1985]) compared
favorably with the Oxbow field data [1959].

MODELING CONSIDERATIONS
Similitude

Hydraulic models are used because of the large number of variables involved and
because of complicated boundary conditions. A physical model is designed in a
manner such that the flow characteristics of the mode] simulate in a known manner
the physical behavior of the prototype.

A model and prototype must be similar geometrically, kinematically and
dynamically. Geometric similarity exists when the ratios of all homologous
dimensions between model and prototype are the same. The geometric scale ratio,
or length ratio, is denoted by L_ which is the ratio Lm/Lp, where the subscripts
m and p refer to the model and prototype, respectively. Kinematic similarity,
or similarity of motion, implies that the ratios of velocities and accelerations
between model and prototype are equal. Dynamic similarity requires that the
ratios of homologous forces between the model and prototype be the same.
Possible hydraulic forces are caused by gravity, viscosity, pressure, surface
tension and elasticity.

For hydraulic modeling, the more important dimensionless parameters are
dimensionless ratios formed with respect to inertia:

Froude number (inertia/gravity)F. = V/(Lg)?
Reynolds number (inertia/viscosity)R, = VL/v
Euler number (inertia/pressure)E, = pV?/Ap

Wherey = kinematic viscosity

p = density

g = acceleration due to gravity
Y = the average velocity

L = a characteristic length

Ap = differential pressure.



The scale relationships for open channel flow based on Froude number are as
follows:

Length = L,
Area = L}
Volume = L2
Time = L '/2
Force = Lf
Shear = L

Velocity = L M2

L 5/2

Discharge = L,

Similitude Deficiency of Froude Scaling

Models involving erosion of noncohesive bed material must simulate tractive shear
{7), because the tractive shear causes the drag force which overcomes the forces
holding the particle in place.

The tractive shear on a particle fluctuates because of the turbulence. The drag
force and the turbulence are a function of Reynolds number. Therefore, a model
based on Froude law does not necessarily simulate the tractive forces and the
erosion accurately. In some models, the sediment sizes must be adjusted to
compensate for Reynolds number defect. Reynolds number defect (R,,) of a Froude
number mode] can be determined by the froude scaled variables being substituted
in the Reynolds number resulting in:

Red - Lr3/2 (1)
If erosion occurs by chunking action such as cutbank scour or in a controlled
manner, such as in an impervious core in a fuse plug, a model needs to include
effects of elastic forces as well as gravity. Taking the ratio of gravity and
elastic forces results in the structural integrity number M expressed as:

M=l/E (2)

where E is the modulus of elasticity of the chunking material or the core in a
fuse ptug. M must be made the same in the model and prototype.

Dimensionless Unit Sediment Discharge

Vanoni [1975] used Taylor’s data [1971] to show that dimensionless unit sediment
discharge at Tow transport rates falls close to Shields curve for threshold of
movement (fig. 1). To properly simulate sediment discharge, the dimensionless
unit sediment discharge rate (qg.*) must be the same in the model and prototype.

For a model with a grain Reynolds number (R*} between 5 and 100, the
dimensionless sediment unit discharge will be too high if the sand grain
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diameters are scaled geometrically. Therefore, model sediment sizes or specific
gravity should be adjusted in this range to properly simuliate sediment transport.

. By dimensional analysis, it has been shown that noncohesive material has a
functional relationship which can be expressed as a dimensionless shear stress,

™ = 7/(1, - 1Jdg = #(Uxd/v, d/R, 1./7,) (3)
where the grain Reynolds number is,
R¥ = Uxd_/v (4)
The shear velocity can be expressed as:

U* =(r/p)'? (5)

sand grain diameter
kinematic viscosity of water
tractive shear

density of water

hydraulics radius

specific weight of sand
specific weight of water

]

w

LI T | T 1 I

2~ O S Y Q.

x

This function, except for the roughness ratio [the ratio of the sand grain
diameter to the hydraulic radius (d/R}] and the relative specific weight [the
ratio of the specific weight of sand to the specific weight of water (v./7v.)],
is the same as the Shields function [1936]. The relative weight term is usually
dropped on the basis of the same materials, water and natural sand, being used
in the model as in the prototype. The relative diameter is dropped on the basis
of relatively deep flow or fine grain sediment bed material. Thus, the equation
reduces to Shields function. In addition, Shields’ data for a large spread in
particie specific weight fall within the data scatter for sand alone.

Shields developed a dimensionless diagram relating dimensionless shear to a
boundary or grain Reynolds number. Shields used this diagram to define threshold
of movement. This concept has been expanded by others to include transport
parameters, such as number of particles moving, probability of particles moving,
and dimensioniess sediment discharge.

Investigators since Shields have verified that Shields’ entrainment curve is a
special transport case, representing nearly zero transport. Gessler [1968] shows
that the probability of particles moving, used as a nesting parameter, produces
curves that paraliel the Shields curve. Graf and Pazis [1977], using the number
of particles moving per sguare foot of bed as a third parameter, produced curves
that also parallel Shields’ curve. Taylor [1971] developed (by dimensional
analysis) a dimensionless unit sediment discharge parameter:

q.* = q./U*d, (6)

where q; is the sediment discharge in volume per transverse flow width and U* is
the shear velocity.
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Taylor's analysis; discussed by Vanoni [1975], indicates that using qg* as a
third parameter with Shields’ parameters produces curves of equal q.* that nearly
parallel Shields’ incipient motion curve. Thus,

g* = (U /v, 7/(7, - 1.)d,) (7)

These functions can be used by physical modelers to predict transport scaling,
transport volume and time model defect, possible correction factors and possible
model adjustments. To use Taylor’s function, the data point with coordinates
[(R*),,, (7*) 1 corresponding to the unit dimensionless discharge, q*, is located
on a plot of Shields-Taylor function. A curve is drawn through this point
parallel to the Shields-Taylor curves. Then a trial model particle size and
specific gravity combination is found that causes (q/*), to lie on the (q/*)
curve. An increase in trial diameter size causes a shift of the point downward
and to the right toward the target (q/*), curve. A change in trial specific
gravity causes the trial point to move ver€ica11y toward the target (q.*) curve.
If the geometrically scaled model grain diameter is adjusted in size according
to the settling velocity as explained below, the correct adjustment is made to
cause the value of (q.*), to approximate the target value of (q.*}),. Examples of
sediment scaling for the fuse plug model study are shown in figure 1. In this
study, 12.5-ft- and 25-ft-high prototype fuse plug embankments were simulated at
scales of 1:25 {tests 1-6) and 1:10 (tests 7 and 8). The prototype and model
data points and model adjustments are shown in the figure..

CONSTANT SEDIMENT OISCHARGE RELATIONSHIPS
.
sm [
| 25 ft
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5 Tests | 5-\L Tests 7,8 ,/-“ Yp
P ver \_b‘k/" _———12.5 {t. Prototype
§ eu [ \&‘/Lq{ﬁwonsfﬂn*
st X e
é L Test & Settling velocity adjustment
] b
W
I
g kWL
'. r Shield's curve for incipient motion
ves \L/_ as%=.001
| qu*=-00°l
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Figure 1. - Constant sediment discharge relationships.

Friction Scaling

It is sometimes convenient to use other equivalent relations for U* that are
easier to work with in terms of field and the model data. These forms are
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U* = (gRS)Y? = (1/p)V% = V(F/8)"2 (8)

To determine the Darcy-Weisbach friction factor f in an open channel, the
Reynolds number R, is computed as 4RV/v where R is the hydraulic radius and Vis
the average velocity at the area in question. To determine f, relative r'oughness
is defined as K_/4R where K is the rugos1ty Kamphius [1974] shows that K, is

equal to 2d,, where dy, is the particle size at which 90 percent of the grains *are
smaller in diameter. .

The following relationship in terms of f can be used to determine 7*:

z .
T* = (V°f/8gd) (v./7-7,) (9)
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Figure 2. - Settling velocity of sand and siit in water.
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Settling Velocity

Settling velocity is an important parameter that determines when a particle will
remain at rest or how far it will travel once lifted into the flow. A diagram
of settling velocity (w) of sand and silt particles is given in figure 2. For
particles larger than 1 mm, settling velocity is a function of the particle
diameter (d) raised to the 1/2 power. Also, for particles larger than 1 mm, the
grain Reynolds number is generally larger than 100, and no adjustment in grain
diameter is necessary to achieve the prototype va]ue of g.*. This is consistent
with Froude scaling for velocity as discussed earlier. However, there is a
defect in Froude velocity scaling for particles less than 1 mm because of fluid
shear and Reynolds number defect.

By an increase of the size of a model sediment grain, the settling velocity can
be corrected to the proper value for Froude scaling. For example, 1:10 scaling
of a 2-mm prototype sand particle would be 0.2 mm. However, from figure 2, the
settling velocity would then be 0.02 m/s when it should be 0.049 m/s according
to Froude scaling. If the particle size is increased from 0.2 to 0.4 mm, the
settling velocity is corrected to 0.049 m/s, the proper value for Froude scaling.
This adjustment moves the location of the point plotted on the Shields-Taylor
curves (fig. 1) close to the target value of the prototype unit dimensioniess
sediment discharge rate.

Prototype Comparison

A field test was performed in 1959 (Albrook [1959]) on a 1:2 scale model of the
8.2-m-high fuse plug used for the Oxbow Project on the Snake River in Idaho. The
gradation curve for the 4.1-m-high test embankment was very close to the
prototype gradation simulated in the fuse plug model study conducted at the
Bureau of Reclamation’s hydraulic laboratory in 1985.

The geometrically scaled sand grain diameters in the model were adjusted in size
with the settling velocity adJustment correcting for the Reynolds number defect
(Pugh [1985]).

The lateral erosion rate predicted by Reclamation’s 1:10 scale model for the
Oxbow field test was 1.66 m/min as compared to 1.71 m/min measured during the
Oxbow test. The difference of 2.5 percent is well within experimental accuracies
and seems to confirm the scaling technique.

CONCLUSIONS

The model design method described in this paper to simulate sediment transport
in physical models compensates for the fact that the Reynolds number is generally
too low to properly simulate sediment transport in a Froude scale model. The
method uses an adaptation of the Taylor dimensionless unit sediment discharge
curves to determine the appropriate sediment diameters or adjustment in model
sediment specific gravity. Adjusting the model sediment size according to
settling velocity to correct to the proper value for Froude scaling confirms the
adjustment shown by the Taylor-Shields curves. Comparisons of sediment erosion
rates predicted by a fuse plug model using this technique and erosion rates
measured during a field test on the Oxbow Project support the validity of the
technique.
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SEDIMENT STUDIES AT UNION AVENUE DAM - DENVER, COLORADO
By Cassie C. Klumpp, U.S. Bureau of Reclamation, Denver, Colorado
ABSTRACT

The Union Avenue Dam was constructed on the South Platte River in 1985 by
the U. S. Army Corps of Engineers (COE) to provide a water supply intake for the
City of Englewood and to control the grade of the South Platte River. Energy is
dissipated at the base of the dam in a hydraulic jump. This type of energy
dissipator is hazardous to recreational boaters.

The Colorado Water Conservation Board (CWCB) investigated the possibility
of constructing a series of boat chutes at the dam to improve boater safety.
The CWCB selected Wright Water Engineers to plan the project and requested
assistance from the U.S. Bureau of Reciamation (Reclamation) to construct a
physical model of the boat chute in their hydraulic lab.

Model tests were conducted to provide favorable flow patterns for boating.
Sediment tests were made in the physical model to observe scour and deposition
effects near the Englewood water intake upstream of Union Avenue and deposition
and scour patterns in the pool between boat chute 1 and boat chute 2. A typical
particle size distribution curve was obtained from the COE near Union Avenue Dam.
Different sediment transport equations were used to estimate sediment discharge
near the dam. After the sediment discharge rate was determined in the prototype,
the sediment sizes were scaled down to model size and a sediment test was
conducted in the physical model for 2 days. The results of the test were
analyzed, and it was determined that the the changes in the Union Avenue dam
would not affect the intake and the sluice. The deposition patterns in the poot
between the first and second chute will change flow patterns. However, this
should not adversely affect recreational boating through the series of boat
chutes.

INTRODUCTION

In 1985, the COE constructed a dam 300 feet downstream of Union Avenue
in Englewood on the South Platte River. The dam serves as a diversion structure
for a water supply intake for the city of Englewood and also controls the grade
of the South Platte River for flood control. The reinforced concrete dam is
18.5 feet high and has a 3 to 1 slope on the downstream face of the spillway.
The total head drop is 15 feet to the downstream channel. The energy is
dissipated in a hydraulic jump at the base of the spillway.

Recreational boating has become popular on the South Platte River in recent
years { Samad et. al., 1986; Simmons et. al., 1987). The CWCB (Colorado Water
Conservation Board) proposed construction of a series of boat chutes, each with
a drop of 2 to 4 feet, to handle the total head drop of 15 feet. The CHWCB
selected Wright Water Engineers (WWE) to design the boat chutes. Al to 18 scale
model, constructed in the Taboratory, includes the Union Avenue dam, city of
Englewood intake structure, radial-gate- controlled sluiceway, downstream pool,
and the second boat chute (figure 1).
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UNION AVENUE BRIDGE
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Figure 1 - Union Avenue Boat Chute Model

The model includes the river bend upstream of the Englewood dam. The model
entrance at the baffie to the bridge is a fixed bed. From the bridge to the dam,
the model riverbed was filled with sediment sized according to the gradation
determined from scaling the prototype gradation curve. The bedform was shaped
according to cross sections provided by WWE. Templates were used in the model
to form the sand according to the field data.

A series of tests were conducted in the laboratory study the_hydraulics of
boating conditions for discharges ranging between 100 and 1,500 ft?/s. Sediment
tests were conducted for a typical spring flow of 3,000 ft3/s to observe
deposition and scour patterns as they affect the Englewood water intake
structure upstream of Union Avenue dam and deposition and scour patterns in the
pool between boat chute 1 and boat chute 2.
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PHYSICAL MODEL
Hydraulic Similitude

Hydraulic similitude must exist between model and prototype to obtain
accurate hydraulic and sediment measurements. Flow was simulated in the model
by using the Froude number, a dimensionless number that relates inertial force
to gravity force:

1’4
Fo=—2 1
r ﬁ,—g'- ()
where:
V = velocity
L = length, and

g = acceleration due to gravity

Based on the Froude number, protytype and model parameters can be determined from
the following similitude equations:

L
= —E =

L= 72 =18 (2)

T, = L% =4.24 (3)

0, =(L,)?* = 1,375 (8)

where:
time ratio
length ratio

.
r » .
discharge ratio.

1
L
Q

wonn

and

-

Subscripts p and m refer to the prototype and model, and r is the ratio between
model and prototype.
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Sediment Scaling

Sediment models must simulate shear stress properly because shear stress
creates the drag force necessary to overcome forces holding a particie in place.
Shear stress on a particie will fluctuate because of turbulence. Sediment
erosion is simulated properly in a model by making model and prototype
dimensioniess unit sediment discharge rates equal (q, = qsp).

WWE gave Reclamation a typical protoiype particle size distribution curve
of the South Patte River at Oxford Avenue Tocated near Union Avenue Dam. If the
particle size distribution curve is scaled geometrically according to Froude
scaling {t, = t;), then the medel unit sediment discharge rate (q.) will be too
great for grain Reynolds numbers ranging hetween 5 and 100. Model grain sizes
must be adjusted to properly simulate sediment transport in this range.

Sand and silt particles usually settle according to Stokes law. Sand and
silt particles less than 1 millimeter settle at slower velocities as the
particies become smaller. In order to adjust the sediment discharge rate in the
model, particles less than 1 millimeter are increased in size until the settling
velocity is corrected to the proper velocity consistent with Froude scaling.
When the model grains sizes are adjusted for settling velocity, the value of =,
decreases while the value of R, increases bringing the model value of unit
sediment discharge closer to the prototype. The grain size distribution of
bedload in the South Platte River at Oxford Avenue was simulated in the model.
Figure 2 shows the prototype and model grain size distributions.
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Figure 2 - Model and prototype grain size distribution for
bedload.
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SEDIMENT STUDIES
Sluicing flows

The model was operated initially with discharges ranging from 50 to 3,000
ft3/s. Sand that was placed upstream of the dam spilled over the Tow sluice wall
in front of the Englewood intakes for various operating conditions. Operating
the radial gate and the sluiceway moved sand through the intake areas; however,
some sand deposited near the intakes. The amount of sand deposited depends on
how much water is going through the intakes and the opening of the radial gate.
Good sTuicing action was achieved when the radial gate was fully opened even when
the city of Englewood took their maximum water right during the summer months.
When the radial gate was close to fully open, the model boats were pinned
against the wall or drawn intc the radial gate. This condition was considered
unacceptable for boating. The city of Englewood presently operates the sluice
for gate settings from 25 percent to 100 percent.

To improve sluicing and reduce risk to boaters, the Tow wall currently in
front of the intakes was increased in height to the elevation of the water
intake wall (5296.5 feet). With this change 1in the sluice, all of the water
entering the intake area was forced to enter from the upstream of the intake
greatly increasing the velocity in the intake channel. The velocity originally
obtained for a 100 percent gate setting was maintained with only a 25 percent
gate opening.

Sediment Tests

Estimates of bedload transport rates were made for a spring flow of 3000
ft3/s, which has a return period of 10 years (Wright Water Engineers, 1987).
The particle size distribution curve for the analysis is shown in figure 2. A
uniform velocity distribution was assumed with a cross-section width of 120 feet.

A prototype velocity of 7 ft/s was estimated assuming a Manning’s n
roughness of 0.03 for the channel and 0.04 for the overbanks. The estimated
water surface slope of the channel is 0.003 ft/ft and the D50 of the bedload
sediment is 3.1 mm. Based on these data, the estimated bedload transport rate
that was computed from the sediment transport equations varied from 2,500
tons/day for the Meyeereter & Muller equation to 10,000 tons/day for the
Rottner equation, averaging 3500 tons per day (Stevens and Yang, 1989). Using
the discharge scale ratio (L, ), the bedload discharge scaled to approximately
200 Tb/hour or an app11cat1on rate of 50 1b/ 15 minutes.

The sediment test was conducted for three days. Initially the test was
conducted with the existing stuice wall in place at the Tower elevation. At a
radial gate opening of 30 percent, a large deposit of sediment formed in the
Englewood intake area covering the first three water intakes. At 100 percent
radial gate opening the first three water intakes were still covered although the
sediment deposit was reduced.

The sediment test was continued for three days with a raised solid wall
in place along the Englewood intake. Sediment was fed into the model upstream
of the Union Avenue Bridge every 15 minutes. After 3 days, the deposition in the
pool appeared to be stable. This was verified by taking measurements at
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specified locations in the pool between boat chute 1 and boat chute 2. The
sediment deposition in the pool between the two boat chutes did not change
significantly for a period of a few hours.

Two photographs show the pool between boat chute 1 and boat chute 2 before
and after the sediment test (figure 3 and figure 4). Prior to the sediment test,
some deposition occurred in the pool at the end of the sluice channel. After the
test, a large sand bar was deposited downstream of the main dam to the left of
the boat chute almost to the end of the sluice wall. Another deposit formed
downstream of the boat chute in the shape of an alluvial fan. Down-stream of the
sluice gate a deposit formed near the submerged wall that forms part of the
downstream sluice channel. However, there was no deposition in the area
immediately downstream of the radial gate, therefore, not affecting the sluicing
of sediment away from the water intakes upstream of the dam.

The deposits produced by the sediment test would probably occur during
several years unless a relatively large flood occurred during any one year.
Sediment deposits that occurred during the test affect flow patterns in the pooil
between boat chute 1 and boat chute 2. However, flow patterns are acceptable
for boating before or after deposition. Prior to the sediment tests the flow
gradually turns toward the second chute on the left bank. A back eddy forms
downstream from the dam that carries boaters toward the upstream dam. Following
sediment deposition the back eddy 1is eliminated and the flow forms a channel
from boat chute 1 to boat chute 2.

Floodflows

Discharges up to to the 100 year flood of 16,400 ft3/s were observed in the
model. Model data showed the water level is contained within the stream banks
up to the 100 year flood. The 100 year flood was tested in the model before and
after the sediment tests. The sediment deposition in the pool between boat chute
1 and 2 also did not affect the flow during the 100 year flood (figure 5).

CONCLUSIONS

1. Boaters would be drawn into the intake area during sluicing with the present
Englewood water intake design. A solid wall, the same height as the intakes was
recommended in front of the Englewood primary intakes. The raised wall greatly
improved sluicing capacity.

2. Sediment tests conducted in the physical model showed that the sltuice would
not be adversely affected by the build up of sediment in the pool between boat
chute 1 and boat chute 2. The radial gate of the sluice channel is free of
sediment.

3. Sediment deposition affected flow patterns in the pool. However, flow
patterns are acceptable for boating both before and after the sediment tests.



Figure 3 - Area between itwo boat chutes prior to sediment
test.

Figure 4 - Deposition after sediment test
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Figure 5 - Model with flow at 16,400 ft?/s (COE 100 year
flood)
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ABSTRACT

A newly refined computational simulation model based on the Efficient Finite
Element Method is presented. Its cost—effectiveness in simulating three-—
dimensional free surface flow, sediment transport and bed surface elevation
changes is demonstrated with a typical example.

INTRODUCTION

The construction of hydraulic structures in a hydraulic system changes the
flow, and thus, the sedimentation processes in the system., It is necessary to
have a reasonable prediction of the bed erosion, sediment transport and
deposition, so that not only the cost—effectiveness, but alsoc the
environmental impact of the proposed structure can be assessed before the
design is finalized. Recently, for economic reasons, more and more of these
studies are being carried out by numerical modeling. In conducting numerical
simulation of the highly complicated sedimentation phenomena, research
engineers are confronted by the difficulties of numerical (spurious) waves and
instabilities. The Efficient Finite Element Method has been newly developed
at the Center for Computational Hydroscience and Engineering at The University
of Mississippi. It effectively eliminated most of these difficulties when it
was applied to investigate the sedimentation phenomena in hydraulic systems.

The sedimentation phenomena of local scour and deposition around hydraulic
structures are of interest and importance in all hydraulic systems. Due to
the presence of structures built in alluvial channels, complications in the
flow are increased, which include separations, eddies, vortices, local
accelerations and decelerations, helical secondary motions and intensified
turbulence. Consequently, additional fluid dynamic forces, as well as
fluctuations of forces, are exerted on the sediment particles on the bed.
These forces accelerate the erosion, entrainment and transportation of
sediments and result in local scouring and deposition. To establish a better
understanding of these phenomena, an unsteady, three—dimensional mathematical
model is adopted to simulate the turbulent flow around hydraulic structures.
Transient three—dimensional sediment transport equations are used to predict
the suspended sediment movement and empirical relatioms are used to predict
sediment transport in the form of bed load. To solve these sets of nonlinear
partial differential equations in a region with irregular boundaries, a new
numerical methodology has been developed. Early computational simulation
models reported were 1-d and 2-d models, such as Thomas (1982), Adeff/Wang
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(1985), Armanini/Di Silvio (1988), Cunge (1980), Kerssens (1979), Alonso/Wang
(1980), Bechteler/Schrimpf (1984), van Rijn (1987), Teisson/Fritsch (1988),
Wang (1989), and many others. Since this paper primarily deals with 3-d
models, no details on 1-d, 2-d wvertical and 2—-d horizontal models shall be
discussed. '

To simulate a 3-d sedimentation phenomenon, one needs to solve the
mathematical equations governing both the free—surface flow and the
sedimentation processes. The solution of this complex phenomenon, in a highly
irregular domain, is obtained numerically. Since a brief review of the recent
developments in simulating free surface flows was published by Wang/Hu/Mayerle
(1990), and a state of the art survey on finite element modeling of 3—-d
sedimentation processes was given by Wang (1990); the historical survey of
these two areas is not duplicated in this short paper. Readers may refer to
the two publications cited above and the references listed in those two
papers, if so interested.

MATHEMATICAL MODEL
Free Surface Fluid Flow Model

The 3-d free surface turbulent flows of an incompressible fluid
associated with sediment transport may be approximately by the Shallow Water
Theory including hydrostatic pressure assumption. In this special case, the
first two momentum equations (in x and y directions) and the continuity
equation are used together with the free surface kinematic condition below, to
compute the velocity and free surface elevation, u and n respectively.

. - - ¥ o
a—‘é+u-v +;E-efv2u—3-=.o | (1)
viu=20 ' _ (2)
an 3 o _ . _ '
gt P max T gy "W =0 (3)
P = pgl(n-2z) (&)

A simple closure scheme using the turbulent eddy viscosity law reported by
Coleman (1981) and Van Rijn (1984) is adopted:

. 1) !
€ = 4 € % (1 - % Y, for % < 0.5;
(3
' A
€ = €m=x.u:':h ) for—::> 0.5

with the variables defined below and vertical coordinates shown in Figure 1:

h =10+ n = depth, u* = shear velocity,
h'= ¢ + z = elevation of any point, _ x = Von Karman's coefficient.
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Figure 1: Vertical coordinates and velocity profile (u-component)

A nonslip boundary condition is adopted at all solid surfaces, but the
friction forces at the bottom may be approximated by empirical functions, e.g.

B, - Tio _g2 (|84 u

Be P . nﬁlani Bnb)lg 6)
with £, the Prandtl’s mixing length and n, the inward unit vector normal to the
bottom, Forces on the free surface are equated to the wind shear forces; again,
they are approximated empirically:

‘b|s-\|

§w= =Cg |ﬁd|ﬁd (7)
with W; the wind speed and €, a wind shear coefficient. Additional boundary
conditions, such as discharge, velocity or stage, should be prescribed at the
entrances and exits of the system, if any.

Sediment Transport Model

Sediment transport loads iIn flowing water may be classified as bed load and
suspended load. The total sediment transport flux across any cross—section area
may be estimated by summing the two. The mathematical model for describing the
bed load has yet to be developed. Therefore, the numerical modelers have been
adopting the well-established bed load empirical functions valid for the specific
site of studies, However, the mathematical models for describing the suspended
load have been developed by numerous authorities in the field. They include:
Alonso/Wang (1980), Sheng/Butler (1982), Miller (1983), Wang/Adeff (1986), van
Rijn/Meijer (1988), and others. Due to the impressive advancement of digital
computer technology in terms of computing speed and memory storage size, research
activities in the development of highly sophisticated 3-d sediment transport
models have been accelerated in recent years.

The equation governing 3-d sediment transport in suspension is written as:
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dc -, 8

3c T V-{e, Vc} + V:(cu) 3 (wee) =0 (8)
where ¢ = ¢(X,y,2%,t) the concentration, w, is the particle fall velocity, and ¢,
is the sediment diffugion coefficient, which is related to the turbulent eddy
viscosity:

where the g (constant over the depth) is the ratio between the maximum values of
€, and e;, which may be calculated by:

p-=1+2(-‘§§), for: 0.1<'s <1 (10)

and @ expresses the damping of the turbulence due to the presence of sediment and
can be estimated by:

¢ =1+ ()% -2 ()" (11)

with ¢, = 0.65, the maximum volumetric bed concentration. Van Rijn recommended
the use of & as a fit parameter to reproduce measured concentration profiles,
The € can also be used to compute a local Von Karman coefficient as affected by
the presence of sediments, Yalin and Finlayson (1972):

K, = ® K ' (12)

The boundary concentration ¢, at the reference level a may be computed by:

¢, = (13)

ubﬁb

where g, is the bed-load transport, u, is the particle velocity and 6§, is the
thickness of bed-load layer. To complete the mathematical model for sediment
transport simulation, one may also need the sediment transport fluxes
{convective, diffusive and net or total flux) prescribed or free, bed and wall
boundaries as well as imaginary surfaces across the entrances and exits, if any.
The lack of understanding of the physical principles governing the water and
sediment particle interactions has made the application of empirical functions
a necessity in the development of computational simulation models. A detailed
discussion on the flux boundary conditions is given by Van Rijn (1989).

Finally the Continuity equation for sediments may be written as:

dz ol . 99,y d (h&)
- Loy =
(1 -1 ae. T et dy + aC 0 (14)
where P is the porosity, € is the depth—averaged concentration, and q, is the
effective sediment transport which includes both the bed-load transport, qi, and

the suspended-load tramsport q,, z, = —{, represents the bed elevation, and g
and q,, are obtained by computing:
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Qox = f?bu cdz ; Q= J:'bv c dz (15)

The different time scales in which the fluid flow changes and the sediment
processes takes place permit to decouple the equations so that they can be solved
separately. The fluid flow equations are solved first to yield, u,v,w and n;
then the transport equation is solved for ¢ and finally the sediment continuity
equation for the new z.

EFFICIENT FINITE ELEMENT METHOD

This model was developed by combining the advantages of both the Finite Element
and Finite Difference Methods. The solution domain is discretized into a system
of several layers of 3-d elements using isoparametric interpolation functions (FE
approach). The numerical equations are obtained one set at a node (FD approach)
by a selected least square or collocation condition. This new model can be
applied to simulate sedimentation processes in a highly irregular domain without
the need of a complicated body-fitted coordinate transformation (as needed by
FDM) and it can be formulated by sweep through the nodes rather than elements (as
required by FEM). Therefore, more than 90% of the computing time required to
formulate a FE Model can be saved. This is why this model is called Efficient
Finite Element Model (EFEM), details are given by Wang/Hu, (1990). EFEM has
included several refined schemes to enhance its accuracy and stability. The
utilization of trigonometric functions as the interpclation functions has
eliminated the errors in approximating the diffusion terms caused by the
traditional Lagrangian interpclation functions. The introduction of comvective
shape functions augmented by the local flow velocity has accounted for the so—
called upwinding effect locally (Figure 2).

@

-1 0 1

Figure 2: Convective shape function augumented locally by flow velocity
to account for the upwinding effect,.

The application of the least square condition to obtain the numerical equations
at each and every node has effectively eliminated the spurious secondary waves;
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and, thus, greatly improved the numerical stability. Due to the page limit, only
one typical case is shown in Figure 3,

L. 00 TO S -a.m_» Rt

-
L -

At=1 hr.

At =2 hrs.

FAQH T 1. 00 -l E 2. 00 AFD ot 1.80 TO e an . oo TE
— — ——

Figure 3: Morphological changes of an alluvial channel due to erosion and
deposition around an obstruction.
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CONCLUDING REMARKS

First, the EFEM utilizes the body-fitted coordinate transformation only to
approximate a highly irregular solution domain by a finite element grid system.
Since it is not used for transforming configuration of the solution domain, the
governing differential equations are not complicated. By sweeping through all
the nodes, one set of global finite element equations is derived at a node using
a working element constructed around this node (node of attention). There is no
need to derive many sets of local finite element equations and, then, to assemble
them into a global set. Besides, the set of global algebraic equations derived
by the EFEM has a narrow band width similar to that obtained by FDM. Therefore,
it is more efficient than the traditional, FEM.

Secondly, the global finite element equations are obtained by the application of
least square procedure to minimize the residual differential equations within the
working element which is a generalized case of several Petrov or Dissipative
Galerkin schemes. As a result, the new methodology is capable of elimination the
spurious numerical oscillations so as to enhance the numerical stability.

Thirdly, the newly developed hybrid, convective and non—convective, shape
functions can obtain more accurate interpolations. The local flow condition
characterized by the Peclet (or Reynolds) number and/or the Froude number is used
to control the degree of dominance of the convective terms. The skewness of the
convective shape functions reflect the correct physics i.e. the hydrodynamic
effects transmitted from upstream and downstream to the node of attention are not
symmetric. = The adoption of Fourier components or trigonometric functions to
construct quadratic Lagrangrian Shape Functions has also found to be more
realistic than those based on the polynomial Lagrangian type functions.

Finally, results of two complicated 3-d turbulent free-surface flows and
sedimentation phenomena around hydraulic structures have demoristrated that the
newly developed Efficient Finite Element Method is capable of producing accurate
and reasonable simulation, eliminating spurious and node-to-node oscillation, and
enhancing numerical stability and computing efficiency.
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MODELING OF SPATIALLY~VARYING VELOCITY DISTRIBUTION

By Chao-Lin Chiu, Professor of Civil Engineering, University of
Pittsburgh, Pittsburgh, PA; Randy D. Crissman, Hydraulic Engineer,
New York Power Authority, Niagara Falls, NY; and Weizu Yu, Graduate
Student, Dept. of Civl Engineering, University of Pittsburgh,
Pittsburgh, PA.

ABSTRACT

A method for simulating the spatially-varying velocity distribution
along a channel is presented that can be used in multi-dimensional
flow modeling and studying the transport of sediment and various
pellutants in streams and rivers. The method employs a velocity
distribution equation derived by entropy maximization. It enables
determining the velocity distributions at various sections along a
channel, from a given discharge and water-surface profile. An
illustrative example is presented to describe the method and its

applicability to natural channels.

INTRODUCTION

The velocity distribution is a basic flow property that affects the
discharge, shear stress distribution, secondary currents, diffusion
and various transport processes (transport of sediment and various
pollutants). The flow in a natural stream or river is non-uniform
in which the velocity distribution tends to vary from section to
section along the channel. A feasible technique is, therefore,
needed for modeling and simulation of the spatially varying
velocity distribution along a river channel.

The water surface profile is related to the energy and momentum
coefficients through the one-dimensional energy and momentum
equations; the energy and momentum coefficients are related to the
velocity distribution by definition; and the velocity distribution
is in turn related to the shear stress. Therefore, it would be
logical to make an attempt to develop a systematic approach that
will use a water surface profile, along with the corresponding
discharge and channel cross sectiions, etc., that are easily -
obtainable, to estimate the energy and momentum coefficients,
velocity distribution and shear stress that are difficult to
measure. The objective of this paper is to present an initial step
towards the development of such an approach.

VELOCITY DISTRIBUTION EQUATION

Chiu(1989) derived a velocity distribution equation,

f;;:f; cecrestcccenccaestianacasssasans(l)
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in which u,., = the maximum velocity in a section; M= a parameter;
£ = an index variable with which u increases monotonically so that
a one-to-one functional relationship may exist between u and {; and
£, and £, = the minimum and maximum values of £, respectively.

While the expression for §{ may be many, an obvious one is

E -

1o

LR B B I IR O O B R N R N RO BN R I B R Y A A L B B R N I * ¢ % v e (2)

in which D= the water depth along a vertical; and y = the vertical
distance from the channel bed. Eq. 2 is suitable for a wide
channel in which the velocity u increases monotonically with the
vertical distance from the bed. Eg. 2 is not suitable as an
approximation of £, however, for a channel which is not very wide
and the maximum velocity occurs below the water surface, so that
the same velocity occurs at two points, below and above the maximum
Yelocity, respectively. In such a case, a suitable equation of &
is

- -
§ D_bexP(l D-h e <)

in which h= the depth of maximum velocity below the water surface.
According to Eg. 3, £..., and hence, u_, occur at y=D-h. The
velocity at y=D is less than that at y=D-h. If a two-dimensional
velocity distribution is required, the following equation (Chiu and
Chiou 1986) may be used:

E-Y(1-2) Pexp (P;2-¥+1)

..l.....ll.'...‘.'....l‘.....‘.l(4)

in which
L Y*d,
D+6_h ) .........-............................-..(5)
y
and
7a z

B,+6‘ ooooo--oo..cl--ooonc-oooo---.-oooo-ocuc.(s)

§, and §, are parameters which, along with the y and z coordinates
are defined in Fig. 1. B; is a parameter in which i=1 or 2
represents the left or right side of the vertical y-axis which is
defined as a vertical, passing through the point of maximum
velocity. In a natural channel the velocity distribution tends to
be asymmetric with respect to the y-axis, so that the B, and B, may
be different. In a rectangular (or approximately rectangular)
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channel §, and 61 both approach zero. In Egqs. 5 and 6, h (>0) is
the depth of maximum ve1001ty below the water. surface (Pattern 11
in Flg 1). If h=0 the maximum velocity occurs on the water surface
and isolvels are perpendicular to the water surface. If h<0 the
maximum velocity occurs on the water surface but the isovels are
not perpendicular to the water surface (Pattern I in Fig. 1). Eq.
1 is equivalent to

E—Eu

E—_—E—-" foup(U) du
max 0

in which p(u) is the probability dehsity-by function of u,

p(u)-exp(a1+a2u) .........-......-.-._..l........_.-..-.-.-.-.(8)

in which a,, and a, are parameters. Eq. 7 means that if the value
of £ is randomly sampled between {, and .., and the corresponding
value of velocity is obtained from its relation to £; then, the
probability of veloc1ty being between u and ut+du is p(u)du. Eg. 8
was derived by maximizing the function,

H{u) -'iﬁ p(wlnp(wdu ......... feeeee e Ceeeseanaacana (9)

subject to the constraints,'

f p(u) du=1

LN N R RN A R R A R N I I R B A LR IR B B RSN R A A (10)

and

Uoax -u- £
fo up(uydu - u - = e reeeeneen Ceeeneeaann B ¢ N )

Eq. 10 is the condition of any probability density function, while
Eg. 11 states the condition that p(u) must be such that the mean
value of u must be Q/A where Q is the discharge, and A is the cross
sectional area. H(u) in Eg. 9 is the (Shannon’s) "entropy
function" of u. The entropy maximization is widely used in
information theory, statistical mechanics and statistics as a
technique to determine a probability density function of a random
variable (Goldman 1953, Rao 1965). Substitution of Eq. 8 into Egs.
10 and 11 vyields

Ut =~ M(e¥ - 1)1 .;..;.........;..,...;.........,...(12)

and
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e ) et veee(13)

in which the parameter M, also appearing in Eg. 11, is defined as
M=a,u,,,. For a wide channel (Chiu 1989),

ay _ v

e

Duf -------- ¢+ 4 s s e s L R A I I I T NN R R I R (14)

Egs. 12, 13, and 14 give

in which

F(My - (eM-1) [MeM(e¥-1)1-117* | _........ P & T3
Eqg. 15 can be used to obtain F(M) which in turn gives M through Eq.
16. This technigue may be used to estimate the energy and momentum
coefficients at a cross section through their relations to M. With
Eqg. 1 describing the velocity distribution, the energy coefficient
can be expressed in terms of M as

(eM-1)2 [eM(MP-3M2+6M-6) +6]

o= [eM(M—l) +1}3 ......... R R R P (17)

The momentum coefficient in terms of M is

(e¥-1) [eM(M?-2M+2) -2]
B-
[eM(M__1)+1]2 * 2 260240600003 ssunsassa >4 8 s e s ases s (18)

The value of M, along with u=Q/A, can be used in Eg. 13 to
determine the other parameter u,, in the velocity distribution
equation (Eg. 1). Thus, the spatially varying velocity
distribution along a non-uniform flow in a stream or river can be
determined.

ILLUSTRATIVE EXAMPLE

Fig. 2 shows the Upper Niagara River situated between Lake Erie
near Buffalo and the Niagara Falls. Fig. 3 shows the observed
water surface profile along the the River, at 1 am, January 17,
1990 when the flow is in a fairly steady state. The corresponding
Manning’s n profile along the River estimated from the known
discharge and the observed water surface profile is shown in Fig.
4. From the information in Figs. 3 and 4 the values of M along the
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River were computed by using Egs. 15 and 16, as shown in Fig. 5.
The profiles of ¢ and B were then computed by Egs. 17 and 18, as
shown in Figs. 6. Fig. 7 shows the distributions of mean and
maximum velocities along the River, in which the mean velocity at
each cross section was obtained by dividing the known discharge by
the cross sectional area; and the maximum velocity given by Eg. 13
after obtaining the mean velocity and M. Note that the flow
accelerates very rapidly after entering the River from the Lake,
and attains very high velocities before being divided by the Grand
Island into two parts, the flows in the East and West Channels. The
rapid flow is associated with the steep slopes of the channel,
water surface and energy grade line. Fig. 8 describes velocity
distribution patterns (relation between u/u and y/D) given by Eq.
1 for various values of M. Note that for M greater than about 5 or
6 the mean velocity occurs at y/D= 0.368 (or e*). Fig. 9 describes
the velocity distribution at the Black Creek section simulated by
Egq. 1 with computed values of parameters (M and u,,) and £
represented by Eq. 2 (= y/D). The velocity distribution pattern
may be refined by using Eq. 4 to represent £, to cope with the
variability of velocity in the transverse direction.

SUMMARY AND CONCLUSION

This paper describes a technique for computing the energy and
momentum coefficients and the velocity distribution along an open
channel, from an observed water surface profile. The technique
should have practical applications in various hydraulic studies,
such as modeling of multi-dimensional flow and transport of
sediment and pollutants in streams and rivers.

Figs. 4 through 9 only show some initial results. Additional tests
must still be conducted and improvements could still be made.
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BRI-STARS MODEL FOR ALLUVIAL RIVER SIMULATIONS
BY

Albert Molinas, Hydrau-Tech Engineering, Fort Collins, CO

and Roy Trent, Federal Highway Administration, McLean, VA

ABSTRACT

This paper is on the computation of alluvial river scouring/deposition using the BRI-STARS computer
program. The BRIdge StreamTube Model for Alluvial River Simulation (BRI-STARS) which was
developed under the National Coeperative Highway Research Program (NCHRP) is a semi-two-dimen-
sional model capable of computing alluvial scour/depeosition through suberitical, supercritical, and a
combination of both flow conditions invelving hydraulic jumps. The model is capable of computing
scour/deposition for applications involving bridges not only along a study reach but also across the
channel by the use of streamtubes. The BRI-STARS model runs on the IBM PC-AT or compatables.
The paper preseats the theoretical development behind the BRI-STARS model and describes various
roughness, sediment transport, local scour, and other variable computations. Example model applica-
tions using laboratory data are presented. The computed resuits are compared with physical model
experiments which were conducted at Colorado State University Hydraulics Laboratory.

1. MODEL DESCRIPTION
1.1 General

The BRIdge StreamTube Model for Alluvial River Simulation (BRI-STARS) which was developed under
the National Cooperative Highway Research Program (NCHRP) is a semi-two-dimensional model
capable of computing alluvial scour/deposition through subcritical, supercritical, and a combination of
both flow conditions involving hydraulic jumps. This model, unlike the conventional water and sediment
routing computer models, is capable of simulating channel widening/narrowing phenomenon as well as
local scour due to highway encroachments,

The channel widening/narrowing is accomplished by coupling the stream tube computer model developed
earlier by Molinas with a decision-making algorithm using rate of energy dlss1paIJon or total stream power
minimization.

The first component, the fixed-width streamtube computer model, simulates the scouring/deposition
process taking place in the vertical direction across the channel. The second component, the total stream
power minimization algorithm, determines whether at a given cross-section the channel adjustments due
to scour/deposition should take place in the Iateral or vertical direction. It is this component that allows
the lateral changes in channel geometries. Finally, the bridge component allows the computation of the
hydraulic flow variables and the resulting scour due to highway encroachments. In the following sections
cach component will be elaborated. .

12 StreamTube Model Component
The Stream Tube Computer Model was developed to simulate long-term streambed variations in rivers

for which sediment and hydraulic data is limited. The computer model using stream tubes can be applied
to a variety of river problems. It can be used as a fixed-bed model to compute water surface profiles for
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subcritical, supercritical or the combination of both flow conditions involving hydraulic jumps. This
capability allows the applications involving the flow profiles over spillways or flow profiles in natural river
channels where the bed clevation changes are negligible. As a movable-bed model, the computer program
can be applied to route water and sediment through natural river channels. The use of stream tubes allows
the variation of hydraulic conditions and sediment activity not only in the longitudinal, but also in the
lateral direction. With the selection of a single stream tube, the model becomes one-dimensional. Average
channel response to changes in certain river flow or sediment conditions can be studied. With the
selecition of multiple stream tubes the model becomes two-dimensional. The changes in the cross section
geometries in the lateral direction can be simulated. Since the bed-elevation changes are not averaged
over the entire active channel widths as in one-dimensional models, more realistic channel erosion ot
aggradation can be simulated. The use of streamtubes provides valuable information in model applica-
tions where the variation of flow variables across the channel is needed. The fixed width capabilities of
BRI-STARS can also be used in bank stability problems in identifying expected regions of bank in-
stabilities. The armouring process provided in the program allows the study of river sedimentation
problems for longer periods of time.

The computer program is a semi-two-dimensional program with the third demension, depth, being
intrinsically incorporated into the computations. As such, it has the basic limitations of every two-dimen-
sional program: secondary flows cannot be simulated. The channel is divided into a presciected number
of tubes. The bed elevation in each stream tube is allowed to move vertically up or down depending on
the flow conditions. As a result, while one section of channel is eroding another might be aggrading,
Depending on the number of stream tubes to be used, the channel cross section changes arc averaged
across different channel sections of different widths. Since the computer time and space is directly related
to the number of stream tubes to be used, the user is required to decide upon the optimum number of
tubes. Bed forms are not simulated due to the lack of a generally accepted mehtodology for determining
them. Even though provisions are made to expand the program to include river confluences and middle
islands, at this point these options are not available. The channel boundaries are fixed in the lateral
direction and formation of meander bends cannot be simulated.

The Stream Tube Computer Model for routing water and sediment is composed of three major com-
ponents: i) Backwater Computations, i) Stream Tube Computations, iii) Sediment Routing Computa-
tions.

At each time step, first, Standard Step Method of water surface profile computations are carried out for
the entire reach treating the channel as a single tube. Secondly, using the computed water surface
elevations, lateral locations of stream tubes at each cross scction are determined. Treating cach stream
tube as independent channels, new water surface profiles and hydraulic variables along them are
computed. Thirdly, sediment is routed through each stream tube, satisfying the sediment continuity
equation. At the end of these computations, bed material compositions are revised and channel bed
elevations are updated. An armouring procedure is incorporated into the sediment routing computations.
Computations are proceeded in time through defined water and sediment discharge hydrographs.

BACKWATER COMPUTATIONS

Water discharge hydrographs are appproximated by bursts of constant discharges. During each constant
discharge time block, backwater computations are carried out without interruption for subcritical,
supercritical, or a combination of both flow conditions modeling hydraulic jumps. The details of these
computations are presented in several publicaitions (Molinas and Yang, 1985; Molinas, 1983). These
uninterrupted water surface profile computations are one of the most significant features of the Stream
Tube Computer Model. It is this unique component that makes the modet applicable to water and
sediment routing computations through complex flow conditions in bridge waterways.
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STREAMTUBE COMPUTATIONS

Stream tubes are imaginary tubes bounded by stream lines. Since the discharge between stream lines is
constant, each stream tube carries a constant discharge along its length. For steady, incompressible flows,
it is possible to write

P,V

LI A = H,
y+2g+2 t

where H; is a constant along the stream tube. When applied to real fluids, the total head is not a constant.
Due to friction and other local losses, it is reduced in the direciton fo flow. Along a river it is possible to
determine the variation of this quantity. This is the basic assumption in the Stream Tube computer Model.

The use of stream tubes in routing water and sediment through alluvial channels is another unique feature
of the Stream Tube Computer Model. In the model, the total discharge carried through the channel is
distributed equally among the presclected number of stream tubes, Along each stream tube the water
discharge remains constant. Nonlateral inflow into individual stream tubes fron neighboring tubes is
allowed. Due to the assumptions involved, at a given station water surface elevation across the channel
should remain constant. Under these circumstances, the equal discharge location, and therefore lateral
stream tube focations, correspond to equal channel conveyances. Following the initial backwater com-
putations at each station, stream tube location across the channel which satisfy equal conveyance
requirements are determined. Next, since total energy along each stream tube should remain constant,
backwater computations are performed to establish the hydraulic conditions along individual tubes.

SEDIMENT ROUTING COMPUTATIONS

Sediment routing computations in each stream tube are performed by satisfying the sediment continuity
equation, which is given as: ' '
Qs dda
e + 9 el 0
where 7 is the volume of sediment in a unit bed layer volume or one minus porosity (in BRI-STARS it is
set equal to a commonly used value of 0.6); Ag is the volume of sediment deposition per wnit length;
Qs is the volumetric sediment discharge. The sediment continuity equation is discretized as follows:

1 L8 < g @ Wit + W) T
and

8 _ 5 Osi — Osi1

@& T Ari + Axi-l

where W is the width of channel; AZ is the change in bed elevation and i is the cross-sectional index.
The change in bed elevation, dz, can be obtained by staisfying the sediment continuity equation,

Sediment routing procedure is followed in the downstream direction. Starting from an upstream control
station where the iaput sediment discharge hydrograph for different size classes is known, sediment
discharge per size class, Qsik , is predicted using the selected sediment transport equation. The change
in bed elevation for each size class is then computed.

Currently, several armouring procedures are being used by various mathematical models. Almost all these
procedures divide the bed into several conceptual layers of different thicknesses. Also, almost all these
procedures utilize the active and inactive layer concept. However, in each armouring procedure, the
sediment accounting for individual layers is handled differently. In the Stream Tube Compater, one of
the most recent armouring procedures has been used. This procedure has been presented been presented
by Bennett and Nordin (1977) and Mengis (1981) from the U.S. Geological Survey. Due to the use of
several stream tubes across the channel, the Bennett and Nordin method has been modified to accomodate
stream tubes. The locations of stream tubes change with changing flow conditions and channel geometry.



To account for bed material composition, active and incative bed layer thicknesses for the stream tubes
are transferred into point values across the channel. The sediment transport capacity computations in the
present mathematical model can be carried out by the use of:

1. Yang’s 1973 and 1984 equations

2. Ackers and White’s equation

3. Engelund and Hansen’s equation
4, Meyer-Peter and Muller’s equation

5. User supplied generic equation

13 Total Stream Power Minimization Component

The second major component of the BRI-STARS is that of making decisions as to whether the channel
adjustments taking place at a given cross section due to scouring/deposition should advance in the lateral
or vertical directions.

The basic tool for this decision-making component is the "Minimum Rate of Energy Dissipation Theory”
developed by Yang and Song and this general theory’s special case "Minimum Stream Power Theory”
which is used by Chang.

The Total Stream Power for a reach is defined as:
N =1
=32 L(0iSi +Qi+15i41) AXiié ier.
=1

is the reach length, or distance between stations i and i+17; Qi, Si are discharge and slope at station
i, respectively.

In the BRI-STARS, sclecting directions for channel adjustmenst is accomplished by minimizing the
integral expression for total stream power given above at different stations along the reach.

At a given time step, if altering the channel width at a given cross section results in lower total stream
power than raising/lowering the channel, channel adjustments are progressed in the lateral direction. For
the opposite case, the adjustments are made in the vertical direction.

At cross sections where sediment erosion is predicted by the sediment routing algorithm, channel
adjustments can be made either by deepening or widening the existing channel. If both, the channel
widening and the channel deepening, reduce the total stream power for the studyreach, the selected mode
of channel adjustment in the computer model is the one resulting in the minimum total stream power for
the reach,

Similarly, at cross sections where sediment accumulation is predicted by the sediment routing algorithm,
channel adjustments can proceed either by raising the channel bed or by narrowing the channel along the
banks. In this case too the selected mode of channel adjustment in BRI-STARS is the one resulting in
the minimum total stream power for the reach.

In both the aggrading and degrading channel cases, the sediment load is treated as a constriction in the

minimization. In cases where geological/manmade restrictions are applied to the channel deepen-
ing/widening, computations are performed to accommodate these constrictions.
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The amount of channel width adjustment during a time step is determined by the sediment continuity
equation. Channel widening/narrowing computations are carried out only at the stream tubes neighboring
the channel banks, In the stream tubes away from the banks, sediment routing computations are carried
out by satisfying the sediment continuity equation. In these tubes the channel adjustments can proceed
only in the vertical direction. The amount of sediment eroded from the banks in a given reach is treated
as part of the sediment influx for the downstream cross sections to conserve the mass balance.

14 Bridge Component

BRI-STARS model contains the bridge hydraulics routines utilized in the WSPRO water surface profile
compution program. The details of these computations are described in detail in the WSPRO User’s
Manual. A second option which utilizes user supplied local loss coefficients at the bridge sections is also
available. In this "simple bridge" approach, the bridge loss coefficients can be calibrated with
measured/computed water surface profiles for closer agreement with more accurate methods of computa-
tions. The "simple bridge” approach is applicable only for free surface bridge hydraulics computations
since it treats the bridge piers as a part of the channel geometry.

The local scour due to bridge piers in the BRI-STARS model is computed utilizing the following methods:
1. Colorado State University equation

2. Jain and Fisher equation

3. Laursen equation

4, Froelich equations

5. User supplied generic equation

The model computes and lists the local scour at bridge piers separately from the computed general stream
aggradation/degradation values.

II. MODEL INFORMATION
2.1 Program Documentation

The User’s manual for the BRI-STARS model is available and presents the approaches utilized in the
model as well as the necessary input/output information for a successful model execution.

22 Extent of Use/Acceptance by Engineering Community

The BRI-STARS model and its earlier versions reflecting various levels of development have been
successfully used by the U.S. Corps of Engineers, U.S. Bureau of Reclamation and the University of
Minnesota.

23 Hardware Requirements

The BRI-STARS model runs on an IBM PC-AT or compatable equipped with a minimum of 640K main
memory, DOS 3.3, and EGA graphics capabilites.

24 Degree of Complexity of Use
Currently the BRI-STARS input/output is handled through the use of labeled "records”. The input data
to the model is entered through i) hydraulic; ii) hydrologic; iii) sediment transport; iv) channel widening

option; and v) printout/plotting option records. Each input record contains specific fields for appropriate -
data entry as described in the User’s Manual. A totally interactive environment is provided for data entry,
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This eavironmeat is desigaed to reduce the learning curve of the model. However, the selection of input
parameters and interpretation of computer results requires a certain degree of competency in the fiekds
of sediment transport and river mechanics. Guidelines for usage are provided in appropriate detail in the
User's Manual.

IIl, BRIDGE SCOUR EXPERIMENTS

A series of tests were conducted at the Engineering Research Ceater of Colorado State University using
the 200 x 4 x 8 ft recirculating flume in the Hydraulics laboratory by C. V. Santoro. A model of a bridge
pier was sct in the flume, equidistant from both walls. The bed material consisted of pea gravel which rose
to an elevation that covered the pier foundation. Three pumps of varying power were available to
recirculate the water from the sump downstream of the flume. Combinations of one or more of the pumps
were used, according to their power and the requested discharge.

IV, SIMULATION RESULTS

To demonstrate the capabilities of BRI-SSTARS, the bridge scour experiments conducted at Colorado
State University Hydraulics Laboratory were simulated. The details of the facilities and experimental
procedures are presented in detail by Santoro, 1989. Starting with known channel cross sections, sediment
gradations, and downstream controlied water surface elevations, the experimental discharge hydrographs
were routed numerically through the 8 hour duration of experiments. In order to avoid any model-to-
prototype conversion problems, all the computations were carried out using physical model dimensions.
The two test cases presented in this paper correspond to the straight pier experiments for Q=16 cfs and
Q= 24 cfs. The model Froude numbers corresponding to these test cases were 0.35 and 0.53 (subcritical).
The computed thalweg profile corresponding to Q = 16 cfs experiment is presented in Figure 1. Also in

THALWEG PROFILE FOR BRIDGE SCOUR STUDY
Q=18 CFS; DT =10 MIN; n=0.020 (RUN AO7)
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Figure 1. Measured and computed bed profiles for Q =16 cfs.

8-98



Q=24 cfs

Q=24 s

RN
STPNS

Nl

oy

C=24 cfs

0 Hour

Time

Time = 4 Hours

Time = 8 Hours

Figure2. 3-Dimensional view of channel with bridge pier.

8-99




figure 1 the measured thalweg elevation values are indicated. The computed results are presented in
3-dimensional form in figure 2.

Y. SUMMARY AND CONCLUSIONS

In this paper the BRI-STARS model which was developed under the National Cooperative Highway
Research Program (NCHRP) Project No. 15-11 was presented. This model was applied to simulate the
laboratory bridge scour experiments conducted at Colorado State University Hydraulics Laboratory. The
agreement between measured and computed scour patterns and values are very encouraging, Work on
model development to simulate more complex flow conditions continues.
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MODELING SEDIMENT TRANSPORT IN AN EPHEMERAL RIVER

By David W. Hyndman, Hydrologist, Department of Applied Earth Sciences,
Stanford University, Stanford, CA 94305; Richard A. Roberts,
Civil Engineer, Department of Civil Engineering, University of
Arizona, Tucson, AZ B85721; and Robert H. Webb, Hydrologist, U.S.
Geological Survey, 300 W. Congress Street, Tucson, AZ 85701.

ABSTRACT

Flow in ephemeral rivers is typically characterized by a rapid increase in
discharge from a virtually dry channel to peak discharge, followed by a
recession to low-discharge levels over several hours. These rapidly varying
flows, which can cause extensive channel change and transport most of the
sediment that moves in ephemeral rivers, provide a challenge to sediment-
transport modeling. The Santa Cruz River is an ephemeral river with a long
history of flash flcooding and channel change. In 1988 and 1989, suspended-
sediment concentrations and bedload-transport rates were sampled for 11 of 13
flows exceeding 400 ft3/s in the Santa Cruz River at Tucson, Arizona. Peak
discharges for these flows ranged from 400-9,580 ft3/s and typically lasted 1-
15 hrs. Suspended-sediment concentrations in single verticals ranged from
3,100 to 64,000 ppm and concentrations did not vary significantly from other
verticals in the cross section for a given discharge. Bedload ranged from 5
to 1,900 tons/day and was approximately 17 percent of the bed-material
transport rate. Bed-material transport rates were estimated, using several
techniques, to be approximately 22 percent of measured total sediment-
transport rates. Bed-material transport rate was modeled for two flows using
GFLUVIAL, a 1 1/2-dimensional transport model. Preliminary results indicate
that, although the order of magnitude of bed-material transport rate was
modeled, timing of the peak transport rates, transport during the rising limb
of the hydrograph, and the hysteretic relation between discharge and transport
rate were not modeled accurately.

INTRODUCTION

"Flash floods,"™ or rapidly varyving flows that occur in response to high-
intensity precipitation, are common in ephemeral rivers of the southwestern
United States. Channel change during rapidly varying flows is one of the
greatest hazards to urban development along ephemeral rivers in southern
Arizona. For example, a large flood in October 1983 resulted in widespread
failure of bridge abutments and approach sections and destruction of
structures adjacent to channels as a result of lateral ercsion (Saarinen and
others, 1984). Flows of more frequent nature also can cause channel change,
although changes may be heavily influenced by site-specific factors (Parker,
1890).

As a result of historic lateral channel change, channelization is becoming a
common practice along rivers in the Southwest. Channelization without
hydraulic structures can result in extensive channel erosion {Rhoads, 19%%0),
which exacerbates flood-plain management problems. Computer modeling of
sediment transport is used in the design of bank protection and hydraulic
structures required for effective bank protection (Chang and Osmolski, 1988).
Most models are based on the concept of equilibrium sediment transport and are
usually driven by steady-flow hydraulics (Fan, 1988). These assumptions may
not be wvalid for the highly unsteady flow conditions that characterize rapidly
varying flows.
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Sediment transport has rarely been measured during rapidly varying flows in
ephemeral rivers. The purpose of this study is to present data on sediment
transport during several rapidly varying flows of 1988-89 in the Santa Cruz
River at Tucson, Arizona, and to attempt to verify aspects of a sediment
transport model that is commonly-used in the deaign of bank protection and
hydraulic structures along ephemeral rivers.

DATA COLLECTION AND ANALYSIS

Sediment transport was measured and bed-material transport rates were
estimated for partial verification of a commonly used sediment-transport
model. Sediment transport was measured at the Santa Cruz River at Tucson
(09482500) gaging station in southern Arizona. The Santa Cruz River flows
northward to Tucson from its headwaters in southern Arizona and northern
Mexico (fig. 1). The drainage area above the gaging station is 2,222 mi?, but
only part of this area contributes runoff to most flows. The average
discharge from 1906-81 at Tucson is 23 ft3/s, but the river is dry more than
300 days per year. Stage for only those flows larger than 400 ft3/s was
recorded at 5-min intervals in 1988, whereas stage was recorded for flows
larger than 200 £t3/s in 1989. Direct measurement of most flows was made 295
ft upstream of the gaging station from a 230-ft-long bridge that has one set
of four round piers in its center and is parallel to the channel. Flows less
than 400 £t3/s were measured by wading near the gaging station. The reach in
the vicinity of the gaging station is laterally stabilized with soil-cemented
banks, forming
essentially a
trapezoidal channel

300211

without a flood plain, T ~. PINAL COUNTY
and concrete sills that EEACI A R ":; ......... 1.
are approximately 1,000 ARTZONA 2 . TUCSON -
ft upstream and 900 ft ‘g :
downstream of the bridge PIMA Q; A :
limit general scour in COUNTY GREEN ‘;1 :
the measurement reach. VALLEY J}
Suspended-sediment and ay; ; f'éﬁ&ﬁ“‘
{or) bedload samples mbs& :a' CRUZ
were collected during 11 31°30" LEFIRIE ' COUNTY .

e
30 MILES. NOGALES 'y 1

of 13 flows in the
summer and fall of 1988~
89 (Table 1). The
duration of flows ranged
from 1-15 hrs with peak
discharges of 400-9,600
ft3/s. Most of the flows were caused by isolated summer thunderstorms over the
southern part of Tucson, but flows in October 1989 were related to the
dissipation of Hurricane Raymond from the Pacific Ocean, which originated over
a larger but unknown part of the drainage area. Only one flow, that of
October 6, 1989, originated as far south as Nogales (fig. 1). The magnitude
of the flows are typical for summer months in the Santa Cruz River.

Figure 1. The Santa Cruz River basin,

Bed-material samples were collected from the measurement reach in June 1989
and February 1990 when the channel was dry. Attempts to collect bed-material
samples using a BM-54 sampler (see Edwards and Glysson, 1988, for sampler
description) failed during flows, Particle-size distributions of all bed-
material, bedload, and selected suspended-sediment samples were measured by
sieving or visual accumulation tubes for sand fractions and by pipette
analyszis for silt and clay fractions. The median diameter of bed material in
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Table 1.--Flows in the Santa Cruz River at Tucson that were sampled for
sediment transport, 1988-89,.

Peak Time Peak Time

dis- of Contri- dis- of Contri-

charge flow Sterm buting charge flow Storm buting

Date {ft3/s) (hrs)l type? area3 Date (ft3/s). (hrs)l type? aread

07-26~88 700 8.2 T ™ 07-09-89 500 1.1 T T™
07-27-88 930 2.2 T ™ 08-02-89 400 1.1 T ™
08-01-88 <400 1.5 T TM 08-17-89 1,100 3.0 T ™
08-23-88 9,600 13.9 T T™ 10-05-89 300 5.8 B LB
08-27-88 2,700 16.8 T LB 10-06~-8% 1,200 10.1 H UB
10-20-88 3,000 11.8 o LB

1. Before June 1, 198%, the minimum discharge recorded was 400 ft3/s. After this time, the
minimum discharge recorded was 200 ft3/s,

2, T —- summer thunderstorm, H -- Hurricane Raymond, C -- cutoff low.
3. TM -- Tucson metropolitan area, LB -- area between Green Valley and Tucsen (fig. 1),
JB -- area upstream of Green Valley.

the reach was 4 mm with only 3 percent finer than 0.063 mm. Scattered cobbles
were found in the reach but were not present in a significant quantity except
between the gaging station and the downstream concrete sill.

Suspended sediment was sampled using D-49 and D-74 samplers suspended from the
bridge or, during low flow, with hand-held DH-48 and DH-75 samplers {see
Edwards and Glysson, 1988, for descriptions of samplers and general
methodology) . During flows in 1988, suspended sediment was sampled in equal-
width increments (EWI) of 20 ft at the bridge or 10 ft at the wading section.
Because the rapid change

in discharge during EWI 100,000 T T T T rrTT] T 1 r oot
measurements, suspended
sediment was sampled at
single wverticals at S5-min
intervals in 1989 with
equal~discharge increment
(EDI) samples collected
only during periods of
relatively constant
discharge. The locations
of the single verticals
were chosen on the basis
of flow depth and
position relative to the
central bridge piers.

T T T 17

10,000

T TTT]
-
Ld
L]

T
R
.l
-
o e

IN PARTS PER MILLION

Measured suspended-
sediment concentrations
(fig. 2) have a large
amount of scatter with 1,000 R TN N 1 IS I
respect to discharge that 100 1,000 10,000
appears to be related to
source areas of the DISCHARGE, IN CUBIC FEET PER SECOND
individual flows.
Hysteretic loops on Figure 2.-- Suspended-sediment concentrations for
concentration-discharge all flows measured in 1988-89% at the
Santa Cruz River at Tucson.

SUSPENDED SEDIMENT CONCENTRATION,
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graphs (C-Q relations), usually clockwise loops (Williams, 1989), commonly
occurred over individual hydrographs. Comparison of concentrations at single
verticals with EDI measurements suggests no significant variation over the
cross section, Because a large number of samples (170) was collected,
particle size was determined for only 40 selected samples spaced over the
hydrographs. The percentage of silt and clay for measured samples generally
decreased from 99 to 67 percent as discharge increased from 200 to 2,400 ft3/s
{Roberts, 1990). Particle size for other samples was determined by linear
interpolation between the measured samples.

The bed-material component of suspended sediment, needed for modeling
purposes, was determined using two methods (Woo and others, 1986). In the
first method, particles finer than 0.063 mm were assumed to be wash load and
was subtracted from the suspended-sediment concentration. 1In the second
method, all sediment finer than the l0-percent fraction of bed material (D10)
was subtracted from suspended sediment. The results of the second method were
rejected because only 5 percent of suspended sediment remained after wash load

was removed (Roberts, 1990).

This small amount, which would be the only

fraction of suspended sediment that could be modeled, is unrealistically low.

Bedload was sampled from the bridge using a Helley-Smith sampler with a 3 in.
aquare nozzle, 3.22 flare ratio, and 250 micron bag (see Edwards and Glysson,
1988, p. 30). 1In 1988, bedload transport ranged from 300 to 1,900 tons/day
{fig. 3) for five cross sections measured over the active bed, which was
determined by cross—-sectional measurements. The transport rate was fit to a

base-10 log-log eguation by
the method of least
squaresz, and the resulting
equation is

log(Qp,) = 1.2 + 0.5 log(Q},
where Qp, = bedload

transport rate in tons per
day and Q = discharge in
ft3/s (fig. 3). 1In 1989,
bedload in single verticals
ranged from 5 to 900
tons/day for 13 bedload
samples collected in the
approximate center of the
active channel bed (fig.
3). The average particle
size of bedload is
approximately 0.8 mm.

The large scatter in
individual bedload
transport rates and the
small number of bedlocad
cross sections (5)
suggested that a
theoretical approach was
needed to estimate bedload.
Bedload was estimated using
the Meyer-Peter and Muller
equation incorporated in
the GFLUVIAL model (Chang,
1988, 1990; see next

10.000 3 LB 1 L e i il | L L) LB E
2 - 4
2 1,000 3
Lt C ]
o - 3
0 - .
=z o 4
o
= 100 | . .
Z F . 3
2 L :
O - .
_t
w E . E
@ E . ]
1 1 At 1+ a2l 1 [ A I W |
100 1,000 10,000

DISCHARGE, IN CUBIC FEET PER SECOND

Figure 3. ~-- Bedlcad transport rates for all flows
measured in 1988-89 at the Santa Cruz River at
Tucson. S5o0lid dots indicate bedleoad data,
solid line indicates bedload estimated using
Meyer-Peter and Muller equation, dashed line
indicates best fit line through cross-section
bedload transport rates.
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section for more discussion of this model). Modeled bedload transport (fig. 3)
adequately represents measured bedload transport below about 5,000 fti/s. Bed-
material transport rates were then determined by adding bedload calculated
using the Meyer-Peter and Muller equation to the bed-material component of
suspended sediment.

Data for two small flows indicate scme of the challenges of modeling sediment
transport during rapidly varying flow. First, peak sediment transport is not
consistently related to peak discharge. Peak sediment transport preceded peak
discharge during the flow of August 17, 1989, whereas peak sediment transport
lagged peak discharge during the flow of October 5, 1989 (fig. 4). Seceondly,
hysteretic C-Q relations are a major feature of sediment transport in
ephemeral rivers (fig. 5). Finally, the flows are highly unsteady, although
the flow from Hurricane Raymond (October 5, 1989) wvaried less rapidly than the
flow that resulted from an isolated summer thunderstorm (August 17) (fig. 4).

MODELING SEDIMENT TRANSPORT
Sediment transport in the Santa Cruz River was modeled using GFLUVIAL, a 1 1/2-

dimensional model (Chang, 1988, 1990). GFLUVIAL is based on a l-dimensional
solution of continuity and momentum equations using a flow-resistance equation

. 2,000 T T T T | T
8, M000E 1 3
<5 g 1 F ?
@ Z I ] ]

o 100 ] ! | 1 1 !

100,000 I T T T | T

AUGUST 17, 1989

T T ETTrT

LB LA
e
=
O
o
m
A
o
6
Qo
w0

o
<
o s 9 5 -
= r‘ ade
o
8 g 10,000 - . g E P ":
[73) o ;‘ Y » : E %"'F\N .:.
gd ¥4 IS d R ‘.\\\ -
rwv i 1 T . 1
— % 4 - ]
= o
Z = 1,000 ! — B
=z = . 3
= - - \ ]
[} - ]
34 - L ﬁ»ut :
L "“'-4_
100 | I 1 i i I
19 20 21 22 4 ] 6 7 8 9
TIME, IN HOURS
Figure 4. -—- Hydrographs and total and bed-material transport rates for two

flows in 1989 at the Santa Cruz River at Tucson. Solid lines in lower
graphs indicate modeled bed-material transport rate using the model
GFLUVIAL, dotted lines and crosses indicate bed-material transport rate,
and dashed lines and solid circles represent total transport rate.
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{e.g., Manning equation; Chang, 1990), and hydrographs are simulated by
changing discharge in discrete time steps and assuming steady flow. GFLUVIAL
allows a choice of five sediment-transport equations and the Meyer-Peter and
Muller bedload equation. The Engelund-Hanson sediment-transport equation was
used because it predicts bed-material transport better than most egquations in
sand-bed rivers (Brownlie, 1981; Chang, 1988). Roughness during flow was
varied using the flow-resistance equation of Brownlie (1981, 1983), which in
turn was used to estimate flow depth from discharge, slope, and bed-material
size. The Brownlie method allows roughness to vary depending on scour,
deposition, or bedforms that are modeled during simulated flow. Although
GFLUVIAL alsoc estimates lateral channel change, lateral erosion was not
estimated because of soil-cemented banks. Therefore, only l-dimensional model
capability was used to model sediment transport in the Santa Cruz River.

To model sediment transport
at the gaging station,
twelve benchmarked cross
sections were established
over an 1,800-ft, nearly
straight reach downstream
from the bridge. A fixed-
bed step-backwater model
was calibrated for this
reach by adjusting Manning
n-values until the modeled
stage-discharge relation
approximated the stage-
discharge rating curve for
the gaging station. Low-
flow Manning-n wvalues
{(6.022-0.029) were
reasonable for the channel
conditions, but the low- -
flow values had to decrease
0.004 units as the depth
increased from 1 to 7 ft
(300-10,000 £ft3/s) to match
the rating curve.

_Bed topography, Manning n-
values, hydrographs, and
bed-material
characteristics were used
as inputs to GFLUVIAL.
Most of the preliminary
modeling effort was
concentrated on two small
flows in 1989 for which

>
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Figure 5. —- Discharges and total and bed-material

transport rates for a flash flood on ARugust 1?,
1989. Solid line indicates modeled bed material
transport rate using the model GFLUVIAL, crosses
jindicate bed-material transport rate, dotted
lines and solid circles represent total
transport rate, and arrows indicate the
direction of change with time.

abundant data was available for verification of the sediment transport model.
Despite small discharges (less than 1,100 ft3/s), temporal change in sediment
transport during these flows is typical of the larger floods that were

measured less intensively.

Bed-material transport rates were modeled for the August 17 and October 5,
1989, flows using GFLUVIAL (fig. 4). Modeled and measured bed-material
transport rates were within the same order of magnitude for both flows.
However, modeled sediment transport was less than measured transport during
the rising limb of the hydrograph and the modeled peak transport rate did not

B8-106



correspond with the measured peak in time. The magnitude of hysteresis and the
clockwise C-Q relation alsc were not modeled correctly (fig. 5), although the
model results indicate that hysteresis should occur. For the August 17 flow,
hysteresis was modeled as a figure-8 pattern instead of a simple clockwise
rotation.

DISCUSSION AND CONCLUSIONS

Data collected from the Santa Cruz River at Tucson, Arizena, suggest that only
about 22 percent of total sediment moving past the gaging station can be
modeled using existing sediment-transport relations. The low percentage of
sediment that can be modeled indicates that models based on bed-material
transport relations cannot be used for sediment mass-balance estimates in
ephemeral rivers unless particles larger than silt size are the only interest
or only size being transported. However, the sediment transport that can be
modeled may be of more interest for estimates of scour and lateral channel
change.

Source area is an important factor in total sediment transport in ephemeral
rivers. Only cne storm (October 6, 1989%) in the two-year study period caused
runcff from the Nogales area to reach the gage {(fig. 1). Suspended-sediment
concentrations were higher for this flow than for most of the flows caused by
local thunderstorms in the Tucson area. Each flow has a fairly well-defined
hysteretic relation between sediment concentration and discharge ({(C-0
relation}, whereas only a weak relation is apparent for all data. Flows
generally have a rapid rise in suspended-sediment concentration up to peak
discharge, followed by a decrease in concentration with a clockwise C-Q
relation. This indicates that less total sediment is transported at a given
discharge on the falling limb compared with the rising limb of the hydrograph.

The preliminary modeling results suggest that sediment-transport modeling
based on steady-state hydraulics adequately estimates the magnitude of bed- -
material transport rates, but the model that was used may not be able to mimic
some details of transport over the course of a flow hydregraph. For two small
flows for which considerable data are available, GFLUVIAL was used to estimate
the order of magnitude of peak bed-material transport rates but did not model
timing of peak rates nor hysteretic C-Q relations well. The fact that
hysteretic relations could be modeled at all is related to use of the Brownlie
method for estimating roughness combined with predicted fining of bed
material. The Brownlie method correctly indicated that roughness should
decrease with increasing stage, which was already determined using a fixed-bed
step-backwater model.

Future data collection efforts may be directed at obtaining detailed, high-
frequency sediment-transport measurements for larger discharges than the two
flows modeled in this study. Measurement of bed elevation during flows would
allow an evaluation of the predicted scour from flows. Although bed-material
sampling has been unsuccessful, bed-material samples are needed during flow to
verify predicted changes in bed roughness and particle size, Verification of
a model as complex as GFLUVIAL would necessarily inveolve simultaneous, high-
frequency measurements of bed elevation, bed material, discharge, and sediment
transport, which are extremely difficult to make during rapidly varying flows
in ephemeral rivers.
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ESTIMATING VELOCITIES AND SCOUR DEPTH IN RIVER CHANNEL BENDS

By Drew C. Baird, Chief River Assessment Branch, USBR, Albg. NM and David G.
Achterberg, Senior Dam Safety Program Coordinator, USBR, Denver CO.

ABSTRACT

The scour of a pool on the outside of a meander bend can cause failure of
riprap stabilization blankets. Estimating future bend velocities, and scour
potential, therefore; are critical parameters for designing the size of the
riprap stones and the thickness of the riprap toe section. :

A one-dimensional, steady-state stream tube model has been used to vary the
hydraulic characteristics across a cross section. This enables computation of
higher velocities on the outside and lower velocities on the inside of a
meander bend. Good agreement has been found between the measured longitudinal
channel velocities and those computed by the model.

A modified application of the Blench scour equatien, together with the
computed channel velocities across, the cross section were used to estimate
scoured gross sections at 7,000 ft%/s from cross sections measured at

4,000 ft%/s. The computed cross sections compared favorably with the measured
sect1ons at 7,000 ft%/s.

The model was then used to compute channel velocities across the cross section
for the bankfull discharge. Using the bankfull longitudinal velocities and
the Blench equation, scour across the cross section was computed and new cross
sections were developed for the design scour case, at 10,000 ft3/s.

INTRODUCTION

The velocity structure, sediment transport characteristics, and associated bed
topography in alluvial channel bends has been studied by Yen (1970), Kikkawa
et. al. (1976), Odgaard (1984,1986), Chang (1988), and others. In a channel
bend there is a transverse bed slope, and a mass shift of flow towards the
outside bank (Odgaard, 1986), due to both the point bar and a radial
centrifugal force component. This results in higher outside bank and Tower
inside bank velocities. Secondary currents in the transverse direction have
magnitudes of about 15 percent of the average channel velocity (Simons, 1971).
The secondary currents play a major role in the development of point bars and
the shape of the transverse bed slope. The shape of the transverse bed slope
influences the depth of scour along the outside bank of a meander bend. Much
of the recent research effort has been to analytically address the
difficulties of estimating the transverse bed slope and associated pool scour.
Previous research empirically related scour depth to one-dimensional
hydraulics, bed material size, and an appropriate adjustment for increased
scour in bend ways. The flow velocities along the concave bank cause pool
scour that can result in failure of riprap stabilization blankets. Therefore,
estimating the lateral variation of bend velocitijes and the depth of scour, is
necessary to design the size of riprap stones and toe protection.
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This paper describes an estimating technique that successfully models the
lateral velocity variation in a channel bend and can be economically used by
designers to predict scour under design flow conditions. In addition a
comparison has been made of the scour estimates using several scour
computation proceedures. A modified application of the Blench scour equation
(Pemberton and Lara, 1984) was used together with the lateral velocity
variation to compute scour across the cross section and to develop new cross
sections for the design scour case.

FLOW MODEL

The flow conditions described above are quite different than those computed by
a one-dimensional water and sediment routing model, which cannot simulate
non-uniform velocity distributions, and scour and depositional processes. A
model was developed by the U.S. Bureau of Reclamation {Orvis and Randle, 1986,
1987) called STARS (Sediment Transport and River Simulation ). STARS utilizes
a one dimensional steady state stream tube approach to simulate the lateral
variation of hydraulic properties across a cross section. The STARS model can
be used as a fixed or moveable bed simulator. The model utilizes a standard
step method backwater procedure which solves the energy equation, and

includes a coniraction and expansion eddy loss ierm, an energy correction
coefficient for each cross section, and varying channel lengths across a cross
section for use in channel bends. The model can also handle critical and
incremental discharges. '

Once the model converges on an upstream section water surface, the conveyance
for each stream tube is found by dividing the total conveyance by the number
of stream tubes (10 maximum). The model then computes the hydraulic properties
for each tube (Randle, personal conversation 1989). The conveyance for the
area between each coordinate pair is computed and summed as the procedure
moves from the lowest to the highest position coordinate . When the summed
conveyance equals that for each stream tube, the velocity for the tube is
computed. The process is repeated until the properties for each stream tube
across the cross section have been computed. A scheme is included to find the
width of each tube when the tube boundary does not lie on a coordinate point.

The equation to compute the conveyance K is:

3 =

K=73 1486 A R¥®

N, (1)

— -
1 #
- —-_

Where; i denotes the coordinate points, m is the number of coordinate pairs
for a cross section (200 maximum), j denotes the number of roughness segments,
n is the number of roughness segments across the cross section (10 maximum), N
is Manning’s roughness coefficient, A is the area, and R is the hydraulic
radius.
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It is the change in hydraulic radius R, across the cross section which results
in the computation of variable velocity for each stream tube. Therefore, the
shape of the modeled cross section must be similar to the estimated future
section to provide a valid velocity simulation.

SCOUR ESTIMATING

The Blench scour equation from Pemberton and Lara (1984) is a regime equation
which relates the design flow discharge per unit width to the Blench "zero bed
factor". Both hydraulic and bed material size data are required for this
method. The Blench equation is as follows:

qf2/3
d = (2)

1/3
Fbo/

Where; d,, = depth for zero bed sediment transport ft g; = the design ftood
discharge per unit width, ft3/s, and Fo, = Blench’s “zero bed factor", ft/s2.

The depth of scour is then found from the equation:
d, =Z d, (3)

Where; d, = the depth of scour below the measured stream bed, Z =
mu?t1p11cat1on factor, equal to 0.6 for straight reaches, and moderate and
severe bends. Right angle bends have values of 1.25, implying that Z values
larger than 0.6 may be applicable for more severe bend.

SIMULATION OF FLOW HYDRAULICS

The simulation of flow hydraulics through the Santo Domingo reach of the Rio
Grande in New Mexico has been previously reported (Baird and Achterberg, 1989)
and is briefly summarized here. The simulation was based on two sets of field
data collected in 1985, with additional data collected in 1986 and 1988 The
1985 data was co]]ected for d1scharges ranging from 4,150 to 5,000 ft3/s, and
the second set from 5500 to 7,000 ft3/s. The data sets were ca11brated to
determine the average reach Mann1ng s roughness coefficient which was 0.032.
Using 10 stream tubes the average velocities across each section were
computed. Figure 1 shows the average stream tube velocity plotted at the mid
point of each tube, the measured depth, and the measured depth averaged
velocities. Figure 1 also shows how the simulation was improved when the
roughness was varied across the section. The Manning’s roughness was varied
from the inside to the outside of the main channel in the following fashion:
0.022, - 0.029, - 0.032, - 0.035, - 0.045. For crossing sections, the
simulated velocities computed with a uniform roughness compared well with the
measurements. Therefore, the need to vary the roughness across a section is
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unique to bends. The increased roughness on the outside of the bend simulates
the influence of bed form roughness (i.e. greater wetted perimeter) and
greater turbulence due to higher velocities and secondary currents.
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CROSS SECTION COMPUTATIONS

The stream tube hydraulics were applied with the Blench scour equation to find
the scour bed elevation. By using the unit discharge q, for each of ten
stream tubes, it was found that the Blench equation’s depth for zero bed
sediment transport d_ was equal to the measured depth in the channel.
Therefore, the B]ench equation {equation 2) could be used directly to compute
the scoured channel depth without using the Z multiplication factor as defined
in equation 3. Figure 2 shows the main channel cross section computed from
the Blench equation and the stream tube hydraulics together with the measured
cross section (measured at 7,000 ft3/s.)

51

49 =
_ ¥.S. 10,000 FT3 /5 EL. *5:[5{1.7&1//%?'v
48 — = o
g ¥.5, 7,000 FT3 /35 EL. 5149.24

47
16 -
= MAIN CHANNEL
44 —
43 —
42 -
41 —

40

(1 FOOT = 0.3048 HETER)

39 ~

ELEVATICN (DATUM 510G FEET)

MEASURED CROSS SECTION
g

37 < SIMULATED CROSS SECTION AT 7,000 FT 3/5

|

35 <A DESIGN CROSS SECTION AT 10,000 FTa/S

35 ,
340

380 T a2p T 440 ' 500 T 54D T 580
STATION IN FEET

(1 FOOT = D.3048 METER)
Figure 2 Measured and simulated cross section shapes

The scour simulation technique was verified by using cross sections measured
at 4,000 cfs to estimate the cross sect1on shapes measured at 7,000 ft%/s.

The stream tube hydraulics at 7,000 ft®/s were computed using the Cross
sections measured at 4,000 cfs. The Blench depth for zero bed transport d
was computed for each tube and compared to the measured cross section at

7,000 ft3/s. Figure 3 shows a plot of the measured cross section at

4,000 ft?/s and 7,000 ft%/s together with the computed cross section for

7,000 ft3/s s1mu1ated from the measured 4,000 ft3/s cross section. The Blench
equat1on compares favorably with the measured data; therefore, this method was
used to predict the scour and cross section shape for other discharges.

The initial s1mu1at1on of scour at 10,000 ft3/s predicted a greater scour

depth than at 7,000 ft3/s in the maximum section. However, due to the higher
water surface e]evat1on, the predicted bed elevation was above the bed
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Figure 3 Comparison of simulated and measured cross sections at 7,000 ft3/s

predicted in the 7,000 ft%/s simulation. The 10,000 c¢fs simulation also
indicated that deposition should be occurring on the bar. Bar deposition has
been observed at high discharges in this reach. Therefore, the bar was
transformed to reflect deposition. The average scour depth predicted was
compared to the average stream tube depth to determine deposition. The
depesition for each stream tube was added to the elevation coordinate, and
another scour prediction computed. Several iterations of this procedure were
required until the simulation no longer predicted significant bar depos1t1on
Figure 2 shows the main channe1 scour which would be used for design of riprap
bank protection at 10,000 ft3/s.

SCOUR COMPUTATION COMPARISON

The Blench and Lacey methods of scour computations were applied in the
recommended way (Pemberton and Lara, 1984). For the 1988 Santo Domingo reach
design data set the scour depth using the STARS model and the modified
application of the Blench equation was compared to both the usual Blench and
Lacey approaches. The Blench and lLacey Z values used were 0.6, and 0.75,
respectively. The average of the Blench and Lacey equations was 2.6 ft. lower
than the stream tube approach.. This reduced scour depth of 2.6 ft. results in:
an estimated savings of 0.53 cubic yards per lineal foot of riprap or $ 17.00
per lineal foot based on a cost estimate of $33. 00/cub1c yard for riprap
development and installation.
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METHOD LIMITATIONS

The modified application of the Blench scour equation together with stream
tube hydraulics successfully modeled scour in the Santo Domingo reach for the
available data. This methodology has also been used in the Espanola reach of
the Rio Grande. Good agreement was found between the measured and computed
channel cross sections using the bank full discharge. The Espanola and the
Santo Domingo channels have similar characteristics. Both have well defined
pools and riffles, gravel point bars, fine bank materials, and the sediment
transport rates are supply limited. River reaches where this approach may not
apply are those with; 1) high bed load transport rates of sand sized
materials, 2) wide channels with a shifting thalweg, and 3) upper regime
sediment transport conditions.

CONCLUSIONS

The one-dimensional, steady-state, stream tube model, STARS, produced good
simulation of the lateral variation in velocity in a cross section. Uniform
roughnesses were used in the model to simulate the lateral change in velocity
for crossing section and multiple roughnesses were used to simulate the
lateral change in velocities in bends. The stream tube hydraulics could then
be used with empirical local scour equations to economically predict

scour for designing riprap bank stabilization.
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ABSTRACT

This article introduces a sediment transport model which is especially suitable for
simulating the bed evolution along the downstream channel of reservoir in Taiwan under
the peaky flood condition. The governing equations used for this model consist of a set of
three partial differential equations — the sediment continuity equation and equations of
continuity and motion for sediment—laden flow. These equations where transformed into
three pairs of characteristic and compatibility equations. The method of characteristics
with the fixed time—space grid system is used to solve these equations. Since the fixed grid
system is used, the interpolation for the solution is always inevitable. In this article,
instead of the commonly-used linear interpolation, the cubic interpolation technique is
used. In addition, the reach—back scheme is used for the bed wave characteristics, which is
expected to give the better results.

INTRODUCTION

The construction of a dam at the upstream of stream can always induce a progressive
change of the channel bed elevation. This bed-level change, or degradation/aggradation
will cause numerous environmental and structural problems including potential
undermining of bank protection works and bridge foundations, and reduce efficiency of
water intake works etc. For performing the future planning for the river system
development and management, it is necessary to predict the future course of bed-level
change affected by the build—up of a dam. For Taiwan's rivers, the construction of a dam
has also caused the river stability problems. The major cause for the river bed change in
Taiwan's river is not the sediment cutoff by the dam, but the large amount of sediment
evacuated from the reservoir. In Taiwan, most streams carry very little water except the
floods occurring two or three times in a year. The sediment evacuation is conducted during
the flood period to use the large amount of water to flush the deposited sediment out of the
reservoir. Nevertheless, the large amount of sediment carried by the flood transmitting to
the downstream channel can cause serious change of the river pattern. The prediction of
such impact caused by the sediment evacuation from the reservoir to the downstream
channel has become an important issue to be investigated in Taiwan. In order to be able to
accurately simulate the movement of the sediment carried by the peaky flood for most of
Taiwan's streams with a steep slope, a sediment transport model has been developed. This
model is expected to be capable of simulating the sediment movement along the
downstream channel of reservoir under the unsteady condition. The characteristics method
is tentatively used for this model to simultaneously solve the three governing equations
consisting of water continuity and momentum equations and the sediment continuity
equation. The set of governing equations will be transformed into a set of characteristics
equations, three distinct characteristics are obtained. Two of the characteristics represent
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the propagation of hydrodynamic waves which in fact are similar to the case of unsteady
water flow computation, and the third represents the propagation of bed deformation. For
solving these three characteristic equations, one can apply the method of characteristics
with specific time intervals(MOC) in combination with linear spatial interpolation at the
present time level(Chang & Wang, 1972; Wu, 1973). However, with the use of this kind of
model, the time step is severely limited by the courant constraint, and the coupling of
hydrodynamic and transport processes is not so effective due to the great disparity between
the speeds of surface and bed—-deformation waves. Lai(1988) has proposed a multimode
scheme which can simultaneously solve unknowns by the implicit mode along the rapidly
traveling hydrodynamic characteristics, as well as by temporal of spatial reachback scheme
along the slowly moving bed—deformation characteristics. However, for these methods
mentioned above the interpolation is always needed since the fixed grid system is used.
Usually, the linear interpolation technique is used, which can cause a tremendous extent of
errors to the solution. This may overwhelm the benefit from the multimode technique. In
this article, the cubic interpolation technique is used to incorporate with the characteristics
method to tentatively reduce the errors induced by the interpolation. This article will
introduce the mathematical formulations for this new method for the mobile bed modeling.
The expected difficulties and problems are also stated. This model will be applied to the
study of bed evolution along the downstream channel of reservoir in Taiwan.

GOVERNING EQUATIONS

For sediment-laden flow in a unit width of cross section of an alluvial channel, the
governing equations can be written as follows [Lai, 1988):

Sh  duh | O
gt ta =0 (1)
g}tﬁ + —ax—a“hC + (l—P)gzE =0 (2)
o .
B+ gk + g+ ag + PR 5
_ [(1—P)7’sym+ P 74 ‘ﬁ %: 2(Se=Ss) (3)

in which P = porosity; g = gravitational acceleration; u = flow velocity; C = sediment
concentration; h = flow depth; z = active sediment layer; v = sediment specific gravity;
vw = water specific gravity; ym = specific weight of sediment-laden water; S, = bed slope;
St = energy slope; t = time; x = distance. In the above equations, Eq. (1) is the
sediment—laden flow continuity; Eq. (2) is the sediment continuity; Eq. (3) is the
momentum equation for sediment—-aden flow.

With the use of a simple power relation, C = kuahb for the sediment transport
capacity, appearing in Egs (2) & (3), the system of Eqs (1) to (3) can be reduced to three
unknowns (u,h,z).

The characteristic equation and compatibility equation for the above equations have
been derived by Lai [1988], which can be restated as follows:

==+ h - (4)
=123
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Lai and Chang [1987} have indicated that AAsA3 < 0. This result leads to that there
must be an odd number of negative-valued characteristic roots. For subcritical flow, it is

known that Ay » g+c > 0 and Ay » p— < 0, in which ¢ = Jgh. Therefore, for a suberitical
flow A3 must be positive, A3 > 0 ; and for a supercritical flow A3 < 0 . The characteristic
direction for these water wave propagation and bed deformation can be shown in the
following schernatic space-time figures, Figs.l & 2.

REVIEW OF MULTIMODE SCHEME

In order to better handle the great disparity between the magnitudes of Az and A ,
A2 in maintaining a coupled computational algorithm, Lai [1988] has proposed the
multimode scheme which combines the implicit & reachback schemes together. The
zghematic diagrams for the characteristics trajectories of this scheme are shown in Figs. 3

4.

As shown in Fig. 3, the characteristics A; & s intersect the adjacent time line at 1 &
2 within the present time step. To interpolate quantities at 1 & 2 from adjacent grid
points, involves additional unknowns at points S and Q. Therefore this scheme is usually
referred to as implicit scheme.

The value for A3 is always small. Therefore, the characteristics may be projected back
beyond the present time level for temporal interpolation at the adjacent time tine, as
shown in Fig. 3. This is so called temporal reachback scheme.

However, for mobile problem, A3 is so small that it always needs a very large
reachback time steps to apply the temporal reachback scheme. In order to present the
number of reachback time steps from growing too large, a limit can be set for A3 at which a
spatial interpolation can be used instead of temporal interpolation, as shown in Fig. 4.

Lai has combined the aforementioned three schemes, with the classical scheme as a
special case, into one scheme for affording better coupling of hydrodynamic and
bed—deformation waves.

For the above-mentioned computational scheme, Eqgs. (4) & (5) can be converted to
the corresponding finite—difference expressions:
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Xp—-Xy= /\ip(tp - t1) | _ .‘ (6)
Sip(hp - hl) + TiP(uP - lli) +
Pip(zp —23) + Fip(to—t;) = 0 M

( )Lai used the time/space linear interpolation techniqu'e to solve the variables ¢ =
h,u,z).

1= Eb5a + Eds; dr= Eablut + Eadha;

b3 = Esgit + &sdi s de= 64(«’51( Ol | ”
The factors & , & , and &3 or £4 can be calculated from Eq.(6) as
6 = (SR Fhe = —F—
%l('”—]/ [qilee = —_};‘L .
ma+es=[§_3:’g* |/ -Flar = 5L .

6= [/ g e ==

in which M is the maximum reach—back number; r = Ax/At
The compatibility equations along the characteristics C; can be written from Eq. (7) with
hi, uj, and &; replaced by the corresponding expressions given in Eq. (8).

With two upstream bounda:y conditions and one downstream boundary condition,
one can close the system of equations to construct a matrix equation of the form AZ = B.
Here A is the coefficient matrix, Z is the column unknown vector, and B is the column
known quantities. This can be solved by any ma,trlx solutlon techmque :

CUBIC INTERPOLATION TECHNIQUE

However, it is known that the linear interpolation can cause a great numerical
damping and phase errors. In this paper, instead of the linear interpolation technique
described above the cubic interpolation technique is used to compute the variables ¢; .
fact, the cubic interpolation technique has been used to solve. the dispersion equation whlch
was proposed by Holly & Preissmann [1977].

The key of Holly-Preissmann method is to use the dependent variables and its
derivatives at the adjacent two points as the parameters to comstruct the interpolation
polynomials. When the cubic interpolation is used, Eq. (8) has to be written as follows:

k K k+1 k+1
$1 = a119j-1 + a12¢T 1 +a13j -1 +2149T ;4

_ K k kel k+1
P2 = an Py + a220T .1 +a230j1 +2240Tj
(10)
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k-m k-m k+1-m k+1-m
#3 = as19j-1 + a320T -1 +agsdj-1  +a3adTj4

k+1-m k+1-m k+1- k+l-m
P4 = aq1j-1 + a42¢0Xj-1 + 2430; "4 a44¢Xj
in which ay , 812 , ..., 844 are the coefficients which can be derived by following Holly &

Preissmann's idea[1977] ; ¢T is the time derivative of ¢, c'it : ¢X is the space derivative of

6%

The use of Holly~Preissmann's method introduces uT, hT, zx or zT as new dependent
variables. Therefore, four additional equations are required to evaluate ux, hx and zx or
zT. These four equations can be obtained by taking the derivation of Eq. (7) with respect
toxort.

This method may have the potential o improve the accuracy over that of the linear
interpolation method but the complexity of the mathematical formulation and the
additional variables may cause program coding problem and some other difficulties which
are described in the following section.

DIFFICULTIES EXPECTED

Several difficulties in practical use of this method can be identified at the outset. The
first problem is in the treatment of boundary values of ux, hx, zx or zT. The evaluation of
these boundary values is very difficult since no analytical values are available. The error
induced at the boundary point for the mobile bed problem can retain for a very long time
and propagate downstream due to the fact of the slow bed wave motion. Hence, the
unsuitable evaluation for these derivatives of dependent variables may make the accuracy
of computation rather poor.

The second problem is in the approximate integration of the characteristic equations.
First—order integration is easy and commonly used but not adequate for accurate
computation. When the strong nonlinearity appears, faithful integration along the
trajectory is especially important. However, accurate integration of the energy term seems
extremely difficult, which may make it difficult to achieve good accuracy in computed
values of uT, hT, zx or zT.

The third problem is in the coding of program. Since the reachback technique is used
for the bed deformation equation, one needs to determine the values of reachback number
for each computation point at time step. In addition, the program has to be so designed to
memorize the values of dependent variables at the reach—back time level.

CONCLUSION

The evacuation of sediment from reservoir during the flood period, which occurs very
often for Taiwan's reservoirs, has caused severe change of channel pattern. In order to
study how the downstream channel of the reservoir is atfected by the sediment carried by a
peaky flood flow, a numerical model has been tentatively developed. The multimode
scheme which has been verified by Lai to be the most suitable method for the highly
unsteady sediment transport problem, is used for this model. In addition, for the purpose of
avoiding the excessive error induced by the interpolation procedure used for the fixed grid
characteristics method, the cubic interpolation technique is used. This article briefly
introduces the mathematical formulations of this newly—developed model. By the time of
writing this paper, no solid results has been obtained yet. Therefore, no analysis can be
presented in this paper. However, in principle, it is expected that the better results should
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be able to be obtained with the use of cubic interpolation technique.
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