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A HYDROLOGIC METHOD FOR SEDIMENT TRANSPORT AND YIELD

L. J. Lane and M. H. Nichols'

ABSTRACT

Sediment transport equations are coupled with a runoff hydrograph approximation to produce a sediment
wransport and yield estimation procedure called the hydrologic method. The procedure was developed and calibrated
using data from the Niobrara River in Nebraska and small watersheds in Arizona. Validation studies were conducted for
steady and uniform flow conditions at Muddy Creck in Wyoming and the Rio Grande in New Mexico. The sediment
ransport equations computed bed material sediment discharge rates comparable to those measured and to those
computed using several well accepted sediment transport formulae. The procedure was applied to unsteady, nonuniform
flow events in ephemeral stream channels on the Walnut Gulch Watershed in Arizona using a piecewise normal
hydrograph approximation technique. Computed sediment yields explained about 99% of the variance in obscerved
sediment yields. This good fit was obtained by the hydrologic method accurately simulating the 10 runoff hydrographs
and the mean suspended sediment concentration. However, temporal variations in observed suspended sediment
conceatration during the runoff event were not well simulated by the hydrologic method.

INTRODUCTION

Sediment transport equations developed for steady, uniform flow conditions (called normal flow) arc commonly
used in engineering design and analysis. Discussions of assumptions, limitations, and applications of the most commonly
used sediment transport equations have been presented by, for example, Graf (1971) and Pye (1994). Erosion and
sediment yield models often incorporate normal flow sediment transport equations (o compute sediment transport
capacity for runoff hydrographs. However, runoff hydrographs can represent highly unsteady and nonuniform flow,
thereby severely violating the assumptions under which the sediment transport equations were derived.

Several methods have been developed to improve the applicability of normal flow sediment transport equations
to unsteady, nonuniform flow conditions. One method of application is based on using a "characteristic” steady
discharge, such as the peak discharge, for the sediment transport calculations and then applying the runoff and sediment
discharge rates over an equivalent period of time to preserve, or match, the runoff volume (e.g. see Foster, etal., 1981).
Although this meets the steady flow assumptions, this approach severely distorts the runoff hydrograph. The effects of
these hydrograph distortions are unknown as validated sediment transport equations for unsteady and nonuniform flow do
not exist.

An alternative method of applying sediment transport equations applicable for normal flow to unsteady and
nonuniform flow involves approximating the runoff hydrograph by a series of step functions wherein normal flow is
assumed for each time interval but rates of flow vary from one time interval to the next (Lane, 1982 and Lane, 1987).
The equations used in this method have been calibrated with data from the Niobrara River near Cody, NE (Colby and
Hembree, 1955) under normal flow conditions and for runoff hydrographs from small watersheds in Arizona (Lane,
1982), but it has not been validated with independent analyses or data and its degree of applicability remains unknown.

The sediment yield procedure is based on a hydrograph approximation technique developed for small semiarid
watersheds. Thus, runoff and streamflow are assumed ephemeral and in direct response to rainfall. The purposes of this
paper are to: 1) describe a hydrologic method (sediment transport equations coupled with a runoff hydrograph
approximation) of estimating sediment transport rates and yields for alluvial channels where sediment supply is not
limiting and the bed sediments are noncohesive, and 2) describe the evaluation of the hydrologic method with field data
not used in its original development.
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METHODS AND PROCEDURES

Runoff hydrograph approximation

A typical hydrograph in an initially dry stream bed stasts from zero, rises 0 the peak, and then recedes to a
condition of no flow again. Usually the time to peak is much less than the recession time and typically, the recession is
rapid following the peak and then decreases more gradually near the end of the runoff.

Runoff hydrographs of this type have been found to be well described by a double triangle approximation. The
double triangle hydrograph can further be approximated by a seties of step functions over the duration of flow. This step
function approximation, called the piecewise normat approximation, matches the original runoff volume and flow
duration exactly and assumes normal flow during each interval representing the hydrograph. Within each time interval
flow is assumed steady and uniform (normal), thus meeting the assumptions of the sediment transport equations described
later.

Development of sediment transport equations
Normal flow is described by the Manning equation,

V= 1/ns?RY” (1)
where:
V = average velocity (IL/T),
n = Manning resistance coefficient (T/L'"?),
s = slope of energy grade line equal to the slope of the channel bed, and
R = hydraulic radius, cross sectional area divided by wetted perimeter (L)

Following the logic and derivation of Einstein (1950), flow resistance due to the channel banks does not directly
contribute to sediment transport on the channel bed. The total cross-sectional area can be divided into an area
“pertaining” 1o the banks or channel side walls and an area "pertaining” to the bed. Relationships then can be developed
relating the shear stress on the bed to the hydraulic radius of the bed, the unit weight of water, and the slope of the bed
channel. Of the shear stress acting on the bed, some acts on bedforms (form roughness) and some acts on the sediment
particles (grain roughness,. An equation relating a representative grain size to its Manning’s n value is of the form

ng = a(dg) " @)

where dg, is the median particle diameter (L). Values of a in Eq. 2 generally range from 0.013 to 0.016if dg, 1s in mm
(Simons and Senturk, 1992, pp. 281-286). Relationships then can be developed relating the shear stress on sediment
particles to the hydrautic radius of the bed, the unit weight of water, and the slope of the channel bed.

Einstein (1950) distinguished between bed load and suspended load. The sediment particles larger than the
finest 10% of the bed material were said 1o constitute bed material transported. Material finer than this and thus not
originating from the bed material was termed wash load and was not considered in the calculations.

Even though bed material may travel on or near the bed at one flow rate and be suspended in the flow ata higher
flow rate, it is computationally convenient to assume the larger particles travel near the bed, i.e. bed load, and the smalier
particles travel in suspension, i.e. suspended load. Lane (1982) made an arbitrary distinction based on particle size
rather than percentage composition of the bed material. The distinction was for particles larger and smaller than 0.062
mm with the larger particles traveling as bed load and the smaller ones traveling as suspended load. Bed material was
said to consist of all particles in the bed down to 1% or even less of the cumulative size distribution. As before, wash load
is not directly computed from open channel flow hydraulics as it originates in upland areas and is controlled by soil
€rosion processes.

The Duboys-Straub formula (see Graf, 1971, pp. 124-127) was modified to incorporate grain shear stress and to
account for a distribution of particle sizes. The modified equation for bed load sediment transport is

Bo= £ B, ()T, [T,-T.(d)] 1S

where:
g.,(d)= transport capacity per unit width for particles of size d; (M/TL),
o = a dimensionless weighting factor to ensure that the sum of the individual transport capacities is equal 10 the
transport capacity computed using d,
f= fraction of particles in size class i,
d, = representative diameter of particles in size class i,
B,(d) = asediment transport coefficient (LT*/M),
Tg = effective shear stress, bed shear acting on sediment particles (F/L%), and
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T.(d,)= a critical shear stress for particles in size class i (F/LY.

Transport of particles smaller than 0.062 mm is computed based on a modification of Bagnold's Equation
(Bagnold, 1966). The modification is of the form

8.=CASE, T,V 4)
where:
g, = suspended sediment (<= 0.062 mm) transport rate per unit width (M/LT),
CAS = suspended sediment transport coefficient (T*/L?),
f, = fraction of particles smaller than 0.062 mm in the bed material,
T,= effective shear stress (F/LY), and
V = mean velocity of flow (L/T).

Calibration of Sediment Transport Equations

"Data collected under near normal flow conditions from the Niobrara River near Cody, NE by Colby and
Hembree (1955) were used to calibrate Egs. 3 and 4. Data from 27 observations on the Niobrara River resulted ina
relationship between observed (q,) and fitted sediment transport rates (g,) as

g.=0.90 %% R?=097 )

Eqs. 3 and 4 together with the piecewise normal hydrograph approximation were used with 47 runoff events
from 4 small watersheds (less than 10 ha) on the Santa Rita Experimental Range near Tucson, AZ and from one small
(3.68 ha) watershed on the Walnut Guich Experimental Watershed near Tombstone, AZ. The relationship between the
ohserved (Qs) and fitted sediment yields (Gs) was

G,=091 Q" R?=0.78 (6)

TESTING, EVALUATION, AND VALIDATION

The sediment transport equations were applied to data collected at 3 sites: 1) Muddy Creek, Wyoming, 2} Rio
Grande near Bernalillo, New Mexico, and 3) Walnut Gulch, Arizona. Characteristics of the datasets are presented in

Table 1.

Table 1. Summary of dataset characteristics

sediment transport

Site sampling dates #events  discharge suspended  bed load (kg/s) sampler
(cm/s) (kgls)
Muddy Creek’ 4/6 - 8131715 35 0.15-1.57 - 0.0039 - 0.82  Helly-Smith
bedload sampler
Rio Grande® 4/25/52 - 5/19/61 21 35-286 42 - 870 45 - 840° Us D-49
Walnut Gulch® 8/19/63 - 9/12/64 10 0-187 0-5930 -- US P61 and US
DH48

" details sampling, measurements, and transport rates given by Andrews (1981)
? details given by Nordin (1964)

? details given by Renard and Laursen (1975)

* calculated using modified Einstein method for 2 events (Nordin, 1964)

Application of sediment transport calculation procedures

Normal flow assumptions approximated flow conditions very well at Muddy Creek and Rio Grande and values
for Manning's n were computed to match mean depths, velocities and discharges. The sediment transport procedures
described earlier were applied to both data sets and discrepancy ratios (defined as the ratio of simulated to measured
sediment discharge rates) were calculated.

For all 35 bedload measurements at Muddy Creek, 74% of the discrepancy ratios were within the range 0.5 to
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2.0. Andrews (1981) reported that the percentage of discrepancy ratios in the range 0.5 1o 2.0 for several sediment
transport formulae were as follows: Engelund and Hansen (1967) 77% without including samples for ripple bedforms 3
Yang (1973) 60% for all data; Shen and Hung (1972) 71% for all data; and Ackers and White (1973) 66% for all dat
Therefore, for the Muddy Creek data, we conclude that the proposed sediment transport procedure produces simulate
sediment transport rates comparable in accuracy with several transport equations from the literature. <

The sediment transport procedure was applied to the Rio Grande data and the simulated bed material
discharges for material coarser than 0.062 mm were compared to measured values of suspended sediment coarser thar
0.062 mm. Discrepancy ratios ranged from 0.56 to0 2.18 with only one of 21 values outside of the 0.5 to 2.0 range.
From these analyses, we conclude that the proposed sediment transport calculation procedure produces reasonable
results. 1

Runoff and measured and simulated suspended sediment yield data for 10 unsteady, nonuniform flow events
1963 and 1964 on the USDA-ARS Walnut Gulch Experimental Watershed are summarized in Table 2. The sedimen:
transport procedure was applied using values for Manning's n from 0.020 to 0.022. Figure 1 shows the piecewise
approximation to the measured hydrograph for the event of Sept. 11, 1964 at Flume 1 and Figure 2 shows the resulting
measured and simulated suspended sediment concentrations in percent by weight.

Table 2. Runoff and measured and simulated suspended sediment yield data for Walnut Guich

event date runoff (mm)  measured sediment yield simulated sediment yield  discrepancy ratio
Mg) (Mg)
7/31/64 FL1' 0.28 1100 890 .81
8/2/64 FL1 0.28 1410 910 .65
8/8-9/64 FL1 0.08 270 150 .56
9/8/64 FL1 0.91 3440 3260 95
9/9/64 FL.1 0.38 1710 1310 717
9/10/64 F1.1 4.68 20310 20760 1.02
9/11/64 FL1 1.98 8840 8780 .99
8/19/63 FL6’ 297 5490 5410 .99
7/22/64 FL6 538 11940 13220 1.11
9/11/64 FL6 3.83 7440 7560 1.02

! Flumel (FL1) supercritical depth flume measuring runoff from 149 km® watershed 63.001
? Flume6 (FL6) supercritical depth flume measuring runoff from 95 km? watershed 63.006

Application of the hydrologic procedure resulted in an excellent degree of correspondence {discrepancy ratios
varied from 0.56 to 1.11 and simulated sediment yields explained about 99% of the variance in observed sediment
yields). However, sediment yield data are often dominated by total runoff volume such that if measured runoff volume:
are used to compute sediment yields then the simulated and measured values will agree very well if mean sediment
concentration is well estimated (the case herein). These results suggest that while mean sediment concentration (and
thus total sediment yield) were accurately simulated by the proposed procedure, the temporal variability of
instantaneous suspended sediment concentration was underestimated by the procedure {e.g. the range in measured
suspended sediment concentration at FL1 for the event of 9/11/64 was 1.34 to 5.00 % by weight while the
corresponding range of the simulated concentrations was 1.39 to 3.53 % although the means were comparable. 2.99%
and 2.97%, respectively). This is particularly true for the high values of concentration measured on the rising
hydrograph shortly after the beginning of flow. In nature, the slope of the energy gradeline exceeds the channel slope
on the rising hydrograph while the modeling procedure assumes normal flow throughout. This difference is
hypothesized as a main factor resulting in underestimation of instantaneous suspended sediment concentration during
the early portions of runoff and corresponding overestimation during the flow recession.

REFERENCES
Ackers, P. and White,W. R. (1973) Sediment Transport; New approach and analysis, Journal of the Hydraulics
Division, ASCE, Vol. 99, No. HY11, pp. 2041-2060.

368

1



Andrews, E. D. (1981) "Measurement and Computation of Bed-Material Discharge in a Shallow Sand-Bed Stream,
Muddy Creek, Wyoming," Water Resources Research, Vol. 17, No. 1, pp. 131-141.

Bagnold, R. A, (1966) “An approach to the sediment transport problem from general physics”, U. S. Geological
Survey Professional Paper 422-1.

Colby, B. R., and Hembree, C. H. (1955) Computation of total sediment discharge Niobrara River near Cody,
Nebraska. U. S. Geological Survey Water Supply Paper No. 1357.

Einstein, H. A. (1950) The bed-load function for sediment transportation in open channel flow. U. S. Department of
Agriculture, Technical Bulletin No. 1026.

Engelund, F. and Hansen, E. (1967) "A monograph on sediment transport in alluvial streams”, in Teknisk Vorlag,
Technical University of Denmark, Copenhagen, Deamark. 63 pp.

Foster, G. R., Lane, L. J., Nowlin, 1. D, Laflen, J. M., and Young, R. A. (1981) "Estimating erosion and sediment yield
on ficld-sized areas”, Transactions of the American Society of Agricultural Engineers, Vol. 24, pp.1253-1262.

Graf, W. H. (1971) Hydraulics of Sediment Transport, McGraw-Hill Book Company, New York. 513 pp.

Lane, L. J. (1982) "Development of a procedure to0 estimate runoff and sediment transport in ephemeral streams” in
Recent Developments in the Explanation and Prediction of Erosion and Sediment Yield IAHS Publ. no. 137, pp. 275-
282.

Lane, L. J. (1987) Hydrology Component: Water Routing and Sedimentation. Chapter S in: SPUR Simulation of
Production and Utilization of Rangelands Documentation and User's Guide. U. S. Department of Agriculture ARS-63.

pp. 41-56.

Nordin, C. F. (1964) "Aspects of flow resistance and sediment transport Rio Grande near Bernalillo New Mexico™, U.
S. Geological Survey Water-Supply Paper 1498-H. 40 pp.

Pye, K. (ed) (1994) “Sediment wansport and Depositional Processes”, Blackwell Scientific Publications, Boston, MA.
397 pp.

Renard, K. G. and Laursen, E. M. (1975) "Dynamic Behavior Model of Ephemeral Stream”, Journal of the Hydraulics
Division, ASCE, Vol. 101, No. HYS, pp 511-528.

Shen, H. W_, and Hung, C. S. (1972) "An engineering approach to total bed-material load by regression analysis” in
Sedimentation Symposium Proceedings, ed. H. W. Shen, pp 14-17.

Simons, D. B. and Senturk, F. (1992) Sediment Transport Technology, Water Resources Publications , Littleton, Co.
897 pp.

Yang, C. T. (1973) “Incipient motion and sediment ransport”, Journal of the Hydraulics Division, ASCE, Vol. 99, No.
HY10, pp 1679-1704.

369



discharge (m3/s)

90 -—
80

-0 ~———  observed discharge

—adh computed discharge
60
50
40

30

20

10

lilllllll|IHltHH!!HliHHillHlHHllll

0 IIiI[TIII]ITIIIIIIIITI]ll‘iil‘!iil!l

0 50 100 150 200 250 300 350  time (min)

Figure 1 Observed and computed discharge at Walnut Guich Flume1 on 9/11/64
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Figure 2 Observed and computed sediment concentration at Walnut Guich Flume 1 on 9/11/64
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