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CHAPTER 10. SEDIMENT TRANSPORT ANALYSIS

10.1 GENERAL CONCEPTS

Since the early hydraulic works started a few thousand years ago, sediment transport has always
been one of the most challenging endeavors for the engineering community. Even today, when
there are many tools and empirical formulas for tackling sediment transport problems under
various environment and engineering conditions, sediment transport analysis is more of an art
than an exact science. Field observations and past experience are still two important factors
contributing to a successful sediment transport analysis. A brief introduction to the fundamental
sediment-transport mechanics and selected sediment-transport computational formulas were
presented in Chapter 8. A brief review of fluvial geomorphology and natural channel processes
was also presented in Chapter 9. The purpose of this chapter is to introduce a systematic
approach to sediment transport analysis. It follows the general approach developed by Simons, Li
& Associates [1982].

Simons, Li & Associates [1982] grouped the sediment transport analyses into three increasingly
rigorous levels of effort. Level | analysis includes performing reconnaissance field observations,
collecting sediment data for the next two levels of analysis, and making regional estimates with
geomorphic techniques. Level Il analysis includes quantitative estimates using analytical and/or
empirical equations. Level lll analysis represents the current state-of-the-art watershed
evaluation and computer modeling techniques, utilizing qualitative and quantitative engineering
and geomorphic analyses. For example, Level Il analysis might include running a model (such
as HEC-6) which tracks the changing bed profile of a creek over many years of flow record.

10.2 LEVEL | ANALYSIS

Level | analysis uses qualitative geomorphic techniques to identify the physical processes
responsible for changes to a given watershed and river system. These techniques are primarily
based on a well-founded understanding of the physical processes governing watershed and river
response. Therefore, an important first step is to assemble and review previous work and data
applicable to the study area. In addition, the project team should conduct a reconnaissance visit
to the study site.

After completing the site visits and reviewing past data, there are a number of simplified concepts
and procedures which can be used to perform Level | analysis. These geomorphic analysis tools
and methods are described in Chapter 1.

The sediment load and bed material data is collected as a part of data collection for the sediment
study. The brief description of the procedure is presented here.

10.2.1 Bed and Bank Material Sampling and Analysis
Discussion

Bed material is the sediment mixture of which the streambed is composed. Bed material ranges
in size from large boulders many feet in diameter to fine clay particles. The erodibility or stability
of a channel largely depends on the size of the patrticles in the bed. It is often insufficient to know
only the median bed-material size (Ds) in determining the potential for degradation; knowledge of
the bed-material size distribution is also important. First, knowledge of the size distribution is
needed for making accurate estimates of the sediment transport capacity of the creek, since
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different size classes will be transported at different rates by the same flow. Second, the size

distribution is a critical parameter for assessing the potential for or existence of an armor layer,

which is a thin protective layer on the bed surface formed by the coarser fraction of sediments

(see Section 10.3.7). Armoring potential differentiates gravel- or cobble-bed rivers from

sand-bed rivers. "Whereas the bed surface of a sand-bed stream typically appears to represent a

random cut through the sandy bed material, gravel beds commonly consist of two separate

popul ations, the surface I[dellechallsandBRray,t197&]. Aswatee r | yi ng
flows over the bed of a gravel-bed stream, smaller particles that are more easily transported are
carriedaway,l eavi ng behind a surface | ayer of | ar.ger part
This armor layer can serve as a control on erosion until a flow of sufficiently large magnitude

occurs.

Bank material usually consists of particles of the same size as, or smaller than, bed particles.
Thus, banks are often more easily eroded than the bed unless protected by vegetation, cohesion,
or some type of man-made protection. River banks can be classified according to stability by
vegetation, soil cohesion, amount of protection, lateral migration tendencies of the stream, etc.

Of the various sediment properties, size has the greatest significance to a hydraulic engineer, not
only because size is important and the most readily measured property, but also because other
properties, such as shape and specific gravity, tend to vary with particle size. In fact, size has
been found to sufficiently describe the sediment particle for many practical purposes.

Size may be measured by calipers, optical methods, photographic methods, sieving, or
sedimentation methods. The size of an individual particle is not of primary importance in stream
mechanics or sedimentation studies, but the size distribution of the sediment that forms the bed
and banks of a stream or reservoir is of great importance. Bed Material Sampling Guidelines are
enclosed in the Appendix A of this chapter.

Application

There are three main steps in determining representative sediment size distributions for a given
reach of creek. First, the engineer should decide on a technique for processing the sediment
samples (e.g., sieve analysis). The chosen technique may affect the needed size of the sediment
sample to be collected and also will depend upon the sediment composition (known roughly from
site visits). Second, the sediment samples are collected. Third, the samples are processed and
checked for quality; outlier values are identified and removed. Below, we describe the methods
for processing sediment data and the sediment data collection process. The third step is usually
outsourced at the District, so it is not discussed here.

Table 10-1 summarizes the most District-relevant methods for processing sediment samples
along with the range of particles covered by each method. At the District, the most commonly
used method for determining sediment size distribution is to perform a mechanical or sieve
analysis to a volumetric sample, supplemented by analysis with a hydrometer, pipet or bottom
withdrawal (BW) tube when significant fine sediments are present. The visual accumulation (VA)
tube technique is also used, particularly for samples that consist primarily of sands (0.062 1 2
mm). Detailed discussion of specific laboratory procedures is provided in several governmental
publications [i.e., USACE, 1970; USGS, 1969; ARS, 1979]. In general, the results are presented
as cumulative size-frequency curves (i.e., percentage finer vs. sediment size).

The size of the bed or bank material sample required for sieve analysis will depend on the

maximum particle diameter in the sample and the requirement that the sample be representative
of the material to be tested. Within the constraints of obtaining a representative sample, bed and
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bank material samples should be limited in weight to facilitate handling. Corps of Engineers
guidelines for obtaining a minimum weight sample for sieve analysis is presented in Table 10-2.
As Table 10-2 indicates, the sample size required to ensure accurate representation becomes
fairly weighty (i.e.13 pounds for 3-inch maximum patrticle sizes) for bed and bank materials that
have maximum particle sizes in the coarse gravel to cobble range. For a sample collection
program that entails gathering numerous bed and bank material samples, the collective sample
weights can become burdensome.

There are different types of equipment for collecting sediment samples. If the bed is composed of
gravel or | arger size materi al s ( atsspracticanoaseaf or
shovel and bucket for collection. The well-known bed-material sampling equipment such as the

US BMH-53, -54 and -60, are designed for smaller materials (less than 1-2 inch diameter) of a
homogeneous structure.

Determining where to sample sediments, how much to sample, and the spatial distribution of
samples requires engineering judgment. For example, consider a creek with an armored bed,
such as Los Gatos Creek downstream from the Vasona Reservoir. Typically, the surface material
is only one- to two- layers thick, whereas the subsurface materials may be much thicker. Using
the quantity and weight requirements listed in Table 10-1 may force you to sample a much larger
area for the surface materials and a smaller area for the sublayers, or vice versa depending on the
material sizes. Your task then becomes to sample sediments according to your best judgment.

Table 10-1
Recommended Size Range, Analysis Concentration, and Quantity of Sediment for
Commonly Used Methods of Particle Size Analysis [after ARS, 1979]

Analysis
Recommended for Quantity of Desirable Range in

Method of Particle  Particles in This Size Sediment Required Analysis

Size Analysis Range for Analysis Concentration

Mm G mg/l

Sieves 0.0621 32 see Table 10-2 ----
VA tube 0.0621 2.0 0.051150 -
Pipet 0.0021 0.062 1.0i 5.0 2,000i 5,000
BW tube * 0.002i 0.062 0.511.8 1,000i 3,500
Hydrometer * 0.002i 0.062 201 200 25,0001 50,000

T If necessary, may be expanded to include sands up to 0.35 mm, the accuracy decreasing with increasing
sized the concentration and size of sample should increase accordingly.

2 Quantity depends on size of settling containerd a 1,000 ml cylinder has about the minimum diameter for
most hydrometers.
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Table 10-2
Minimum Recommended Sample Weights for Sieve Analysis [USACE, 1970]

Maximum Particle Size Minimum Weight of Sample
g Ib
3-in. 6,000 13
2-in. 4,000 9
1-in. 2,000 4
Yo-in. 1,000 2
Finer than No. 4 sieve 200 0.5
Finer than No. 10 sieve 100 0.25

If the objectives focus on hydraulic friction or initiation of bed movement, then the surface layer is
of interest. You should collect the surface layer only and use that data in the analysis.
Conversely, for analysis of bed-material transport, sampling efforts may focus on both layers of
bed materials, since the disruption of an armor layer during higher flows and subsequent transport
of underlying bed material may be of interest. For Level Il analyses of transport capacity using the
transport equations, if the flow is sufficiently high to disturb the surface layer, you may use only
the sublayer data for sediment characteristics. If the flow is sufficiently low not to disturb the
surface layer, you should use only the data of the surface layer. For intermediate flow conditions,
you may need data for both layers. Similarly for Level Il analysis using HEC-6, you may use a full
flood hydrograph or long term flow record for computation, and need data for both layers. For
these cases, take samples of the surface and subsurface layers separately. If the surface layer is
6-inch to 1-foot thick, take a subsurface sample of 18 inches to 3 ft thick. This ratio should work
for most of our armored creeks.

With the above considerations, important factors to determine where and how many bed and
bank material samples to collect include (1) size and complexity of the study area, (2) number,
lengths and drainage areas of tributaries, (3) evidence of or potential for armoring, (4) structural
features that can impact or be significantly impacted by sediment transport, (5) bank failure areas,
(6) high bank areas, and (7) areas exhibiting significant sediment movement or deposition (i.e.,
bars in channels). For a large-scale study (i.e., five or more river miles) it is recommended as a
minimum that sampling be conducted once every mile. At each sampling location a bed, bank
and flood-plain (if applicable) sample should typically be taken. Occasional sampling at more
frequent intervals may be required to characterize unique situations. It is especially important to
adequately address tributary sediment characteristics, since a single major tributary and tributary
source area could be the prominent supplier of sediment to a system. Samples might typically be
taken 500 feet above and below the tributary on the main channel and at some location near the
mouth of the tributary to completely characterize conditions.
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A useful parameter describing the shape of a gradation curve is the gradation coefficient:

G= E(_D84-1 + _D50 ) (10-1)
2 D50 D15.9

where Dg4.1, Dsp and D59 are based on a percent finer (by dry weight) analysis. This equation is
only applicable to S-shaped, particle size-distribution curves.

Example

The District conducted an investigation of the Los Gatos Creek at Twinbrooks Drive in 2002 to
determine causes of a bank failure. Five soil samples were collected from the bed, banks and at
the location of the bank failure. Sieve analyses were conducted for the soil samples, and sample
soil size distribution curves are shown in Figure 10-1.

The site showed partial armoring of gravels and small rocks on the surface of the invert. The bed
samples were collected with a shovel and bucket to allow inclusion of both surface and
subsurface layers. The depth of excavation was 1 ft. Some fine materials might have been
washed off by water during the collection process.

The size distribution curves show consistent distributions among locations of samples. The
average gradation coefficient was computed to be

1 ~
— _é.D84.l 4+ Do 8= 25
2 ¢ Dso  Diso+
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Figure 10-1. Gradation Curves of Soil Samples of Los Gatos Creek at Twinbrooks Drive
10.2.2 Sediment Inflow Loading Collection and Analysis
Discussion

Sediment discharge from upstream of a study reach is vital for a sediment study. For most creeks
in the Santa Clara County, sediment discharge data is not available. Therefore, the sediment
inflow collection should be planned ahead of sediment study so that the sediment discharge rating
curve can be developed for a sediment study.

The total sediment load of a stream can be broken down into bedload and suspended load by the
type of transport mechanism. The following section discusses methods designed by the U.S.
Federal Interagency Sedimentation Project (FISP) [USGS, 1999] for measuring the suspended
and bed loads separately.

Suspended Load Sediment Sampling

The usual purpose of suspended-sediment sampling is to determine the instantaneous mean
discharge-weighted suspended-sediment concentration at a cross section. Such concentrations
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are combined with water discharge to compute the measured suspended-sediment discharge.
The sediment concentration of flow is determined by collecting depth-integrated
suspended-sediment samples that define the mean discharge-weighted concentration in the
sample vertical.

The standard depth-integrating samplers, such as DH-48, DH-75, DH-59, and DH-74 can be used
for measuring the suspended load. The method of sample collection is basically the same for all
these samplers. Insert a clean sample bottle into the sampler and check to see that there are no
obstructions in the nozzle or air-exhaust tube. Then lower the sampler to the water surface so that
the nozzle is above the water, and the lower tail vane or back of the sampler is in the water for
proper upstream-downstream orientation. After orientation of the sampler, depth integration is
accomplished by traversing the full depth and returning to the surface with the sampler at a
constant transit rate. When the bottom of the sampler touches the streambed, immediately
reverse the sampler direction and raise the sampler to clear the surface of the flow at a constant
transit rate. The ideal rates should be such that the bottle fills to near its optimum level, usually
2 to 3 inches below the top of the bottle.

Sometimes, suspended load samplers pick up sediment traveling close to the bed, which is truly
part of the bed load. Under these circumstances, the coarse fraction of the measured suspended
load (generally those particles larger than 0.063mm) should be combined with the bed load data
to derive a bed material load rating curve.

The detailed suspended load sampling procedure is enclosed in Appendix B of this chapter.
Bedload Sediment Sampling

Suspended sediment samplers will only sample to a point about 0.3 foot (9.1 cm) above the
streambed. The sediment transported in the unsampled zone is composed of both suspended
load and bedload. The bedload portion is composed of particles having a density or grain size
which precludes movement far above or for long distances out of contact with the streambed.

In wide sand-bed streams with shallow flow depths and high sand concentrations, more sediment
may be transported in the unsampled zone than in the sampled zone. As flow depth increases,
the proportion of sediment in the unsampled zone becomes smaller, often accounting for only a
small fraction of the total sediment load.

The bedload portion of sediment discharge is primarily sampled using two styles of bedload
sampler, the FISP designed series uses a 1.4 expansion ratio while the widely used Helley Smith
series has a 3.22 expansion ratio design.

Although many investigations have provided extensive knowledge in the areas of how bedload
moves in a channel and how bedload samplers operate, a great deal more work in these areas is
needed. Currently, the most commonly used bedload sampler is the Helly-Smith sampler.

10.2.3 Flood History and Watershed Response
Discussion

Consideration of flood history is an integral step in attempting to characterize watershed system
response and morphologic evolution. Analysis of flood history is of particular importance to an
understanding of characteristics of intermittent streams. Many of the creeks in the Santa Clara
Valley are intermittent and flow only during the winter and spring. As a result, the creek response
can be considered to be more hydrologically dependent than streams located in a humid
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environment (where creeks run full year-round). Whereas the simple passage of time may be
sufficient to cause change in a stream located in a humid environment, time alone may not
necessarily cause change in an intermittent system due to the infrequency of hydrologically
significant events. Thus, the absence of significant morphological changes in an intermittent
creek, even over a period of years, should not necessarily be construed as indicative of system
stability.

Although the occurrence of single large storms can often be directly related to system change,
this is not always the case. In particular, the succession of morphologic change may be linked to
the concept of geomorphic thresholds as proposed by Schumm [1977]. Under this concept,
although a single major storm may trigger an erosional event in a system, the occurrence of such
an event may be the result of a cumulative process leading to an incipiently unstable geomorphic
condition.

Application

Where available, the study of flood records and corresponding system responses, as indicated by
time-sequenced aerial photography or other physical information, may help the investigator
determine the relationship between morphological change and flood magnitude and frequency. A
good method for evaluating flood history is to plot annual rainfall amounts and maximum annual
mean daily discharge for the period of record. ldentify the years with significant flood events.
Search for aerial photographs taken prior to and after the flood events. A comparison of these
graphs with aerial photographs will provide insight into hydrologic cycles, flood occurrences and
changes to the creek environment.

The Menlo Park office of the U.S. Geological Survey is a good source of aerial photographs taken
by many agencies including USGS, NASA, US Army, NOAA, etc. The cartographer at the USGS
Western Mapping Center is Mitch Adelson, madelson@USGS.gput phone number

(650) 329-4293.

10.3 LEVEL Il ANALYSIS
10.3.1 Watershed Sediment Yield
Discussion

Determining erosion from natural and disturbed lands has great significance to water-resources
planning and management. Erosion of the land surface affects not only the nature of the land
itself, but also the erosion and sedimentation processes in the receiving creek system. Sediment
eroded from the land surface can cause silting problems in reservoirs and channels, resulting in
increased flood stages and damage. Conversely, reduction in erosion can also cause adverse
impacts to river systems by reducing the supply of incoming sediment, thus promoting channel
degradation and erosion.

Generally speaking, erosion is defined as the detachment of particles from the land surface
through the action of wind and water followed by the transport of these particles away from the
site of detachment. The amount of erosion that occurs is obviously affected by both the energy of
the erosive flow and the type of sediment it encounters. A slow flow over large cobbles, for
instance, is much less erosive than a fast flow over fine sands. Sediment transport by water flows
is generally classified into one of three categories. Bed load is defined as the part of the total load
that remains in contact with the bed as it moves, with the sediment particles rolling, jumping, or
sliding along the bed. The suspended load consists of sediment that is entrained and
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transported above the bed as a result of turbulence in the flow. Depending on flow conditions,
suspended load can be deposited on the bed as well. Finally, wash load refers to the very fine
grain sediments which remain in suspension and do not come into contact with the bed. Since itis
the wash load that is typically of primary concern when considering watershed sediment yield,
discussion of bed load and suspended load will be deferred to a later section (Section 10.3.6).

The wash load portion of the total sediment load in an alluvial channel is determined by the supply
of fine sediments available in the watershed. Limited quantities of fine material moving as wash
load usually will not pose direct problems for development in the riverine environment. It is
usually assumed that unless there are detention structures which may trap the wash load, such
material does not come out of suspension and will pass through the system. A reduction in the
wash load can prevent the natural sealing of river banks usually induced by deposition of fine
sediment, causing increased water loss and bank instability. High concentrations of wash load,
however, can influence the capacity of a stream to transport bed materials through its influence on
fluid viscosity and density, bank stability, and growth of aquatic plants of the channel.

The generation of wash load by inter-rill erosion depends largely on detachment by raindrops and
transport by overland flow. Overland flow, in turn, is influenced by slope and topography and is
inversely related to the amount of surface cover and stabilization provided by vegetation.

High flow events associated with winter storms in Northern California also have significant erosive
capabilities. Sheet, rill, and gully erosion may occur in the watershed, depending on the type of
land the flow encounters as it drains to creeks. Also of concern is the erosion, degradation or
aggradation that occurs when these large flows transport material in flood conveyance channels.
These subjects of sediment transport will be discussed further in sections below.

Application

Assessment of watershed sediment yield first requires a qualitative evaluation of sediment
sources in the watershed and the most prevalent types of erosion. The physical processes that
cause erosion can be classified as sheet wash, rilling, gullying, or fluvial processes causing
erosion of the stream bed and banks. Other types of erosional processes are classified under the
category of mass movement, e.g., soil creep, earthflows, and landslides. Data from Soil
Conservation Service [SCS 1977] publications and maps, water-well log reports, reservoir
records, climate records, and other site-specific information can be utilized along with field
observations to evaluate the area of interest.

PSIAC Methodolgy

One approach providing an estimate of sediment yield from a watershed was developed by the
Pacific Southwest Interagency Committee [PSIAC, 1968]. This method was designed as an aid
for broad planning purposes only. Itis recommended for use in conjunction with actual yield
measurements to delineate boundaries of sediment yield areas and to estimate sediment yield for
areas where no data is available (via extrapolation). References such as maps providing
information about the geology, soil type, climate, topography, and vegetation in the watershed of
interest are used to arrive at the delineations between yield areas. Although originally designed
for the Southwest region, this model can be used for watersheds in general.

PSIAC divides the sediment yields of watersheds, in terms of average annual yield in acre-feet
per square mile, into five classes, and correlates these classes with nine factors of the watershed.
The nine factors are surface geology, soils, climate, runoff, topography, ground cover, land use,
upland erosion, and channel erosion and sediment transport. Each of these nine factors has
characteristics that are associated with high, moderate, or low sediment yields, and each of these
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characteristics is assigned a numerical value reflecting its relative significance in the sediment
yield rating, as listed in Table 10-3. The sediment yield rating of a watershed is determined by
summing up the numerical values for each of the factors, using only the characteristics that best
describe the area. This numerical rating is then converted to a sediment yield classification,
following the ranges specified in Table 10-4.

Although only three sediment yield levels are enumerated in the table, interpolations between
these levels may be made. For instance, a specific watershed may be generally characterized by

goodso i | devel opment with smal.l areas of Abadl

warrant an intermediate classification. Also, in areas where the geologic formations are
completely covered with alluvial or colluvial material which is not necessarily related to the
underlying geology, the surface geology factor will have no influence and should be assigned a
value of 0 in the rating.

Itis very important to note that the actual sediment yields cited in Table 10-4 are calibrated for the
Southwest, which has significant differences in geology, soil type, vegetation, land use, hydrology
and topography from the Santa Clara Valley. It is equally important to recognize that the
underlying principles governing the sediment yield process are the same for Southwest as well as
our area. As we accumulate more data specific to our area, we will be able to revise, if necessary,
the sediment yield estimates. For instance, Schaaf and Wheeler [2002] reported of the Lower
Silver Creek watershed that rural Norwood and Flint Creek areas produce an average annual
sediment loading of about 650 cubic yards (0.4 acre-feet) per tributary square mile per year. This
data point will be fitted with its corresponding watershed factors into a rating system specifically
designed for the Santa Clara Valley.
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Table 10-3

Factors Influencing Sediment Yield Rating, According to PSIAC Methodology

Factor High Sediment Yield Level Moderate Sediment Yield Level Low SedimentYield Level
(10) ) )
A. Surface a. marine shales and related a. rocks of medium hardness a. massive, hard formations
Geology mudstones and siltstones b. moderately weathered
c. moderately fractured
(10) ®) )
B. Soils a. fine textured; easily disperse( a. medium textured soil a. high percentage of rock
salinealkaline; high b. occasional rock fragments fragments
shrinkswell characteristics | c. calichelayers(a crust formed by | b. aggregated clays
b. single grain silts and fine carbonate cement common to th c¢. highin organic matter
grain sands Southwest)
(10) ©) )
C. Climate a. storm durations of several | a. storms of moderate duration an¢ a. humidclimate with low
days with short periods of intensity intensity rainfall
intense rainfall b. infrequent convective storms b. precipitation intheform of
b.frequent intense convective snow
storms c. arid climate with low intensity
c. occurrence of freezthaw storms
d. arid climate with rare
convective storms
(10) () ©)
D. Runoff a. high peak flows per unit areg a. moderate peak flows a. low peak flows per unit area
b. large volume of flow per unit| b. moderate volume of flow per uni| b. low volume of runoff per unit
area area area
c. rare runoffs
(20) (10) )

E. Topography | a.steep upland slop€s 30%) | a. moderate upland slopés 20%) | a. gentle upland slopgs 5%)

b. high relief; little or no b. moderate fan or floodplain b. extensive alluvial plains
floodplain development development
(10) ©) (-10)
F. Ground ground cover does not exceed | ground cover does not exceed 40% area completely protected by
Cover 20% a. noticeable litter vegetation, rock fragments, litter;
a. sparse vegetation; little or ng b. if trees present, understory not | little opportunity for rainfall to
litter well-developed reach erodible material
b. no rock in surface soll
(10) ) (-10)
G.Land Use a. > 50% of area cultivated a. < 25% of area cultivated a. no cultivation
b. almost all of areantensively | b. <50% of area recently logged | b. no recent logging
grazed c. <50% of area intensively graze( c. low-intensity grazing
c. all of area recently burned | d. ordinary road and other
construction
(25) (10) )
H. Upland a. > 50% of area characterized| a. ~25% of area characterized by r| a. no apparent signs of erosion
Erosion by rill and gully or landslide and gully or landslide erosion
erosion b. wind erosion with deposition in
stream channels
(25) (10) )

I. Channel a. banks eroding continuously ¢ a. occasionally eroding banks or | a. wide shallow channels with fla
Erosion and at frequent intervals with larg|  beds with moderate flow depths gradients, short flow duration
Sediment depths and long flow duratio]  and medium flow duration b. channels with massive rock,
Transport b. active headcuts and large boulders, or

degradation in tributary well-vegetated
channels c. artificially controlled channels
from Simons, Li and Associates, 11¢9895

Notes:

i The number in each box indicates the value to be assigned to the characteristics in that box. The lower-case

letters (a, b, c, d) refer to independent characteristics to which full value may be assigned.

i If experience so indicates, interpolation between the three sediment yield levels may be made.
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Table 10-4
Sediment Yield Classifications, Based on PSIAC Methodology

Sediment Yield Sediment Yield Rating Average Annual Sediment Yield
Classification (acre-ft./sg. mi.)

1 > 100 3.0

2 7571 100 1.0-3.0

3 5071 75 0.571 1.0

4 251 50 0.271 0.5

5 071 25 <0.2

from Simons, Li and Associates, 118985

A strong correlation between PSIAC estimated annual sediment yield and actual annual sediment
yield has been demonstrated by Shown [1970] and Renard [1980]. Both workers tested the
PSIAC method against actual annual sediment yield measured in ponds and dams in the
Southwest. The comparisons were done on watersheds of less than about 20 square miles in
area, and PSIAC results agreed with or were slightly lower than actual measurements.

An example:

A 15 square mile watershed in western Colorado has the following characteristics, translated to
sediment yield ratings:

Factor Sediment Yield Level Rating

A. Surface Geology | marine shales 10

B. Soils easily dispersed, high 10
shrink-swell characteristics

C. Climate infrequent convective storms 7
freezethaw occurrence

D. Runoff high peak flows; low volumes 5

E. Topography moderate slopes 10

F. Ground Cover sparse, little or no litter 10

G. Lane Use intensively grazed 10

H. Upland Erosion more than 50% rill and gully 25
erosion

I. Channel Erosion | occasionally eroding banks 5
and bed but short duration flo
TOTAL RATING: 92

The total rating of 92 indicates that the sediment yield of this watershed is in Classification 2, or
117 3 acre-feet per square mile per year, in agreement with measurements in this region of
1.96 acre-feet per square mile per year.

MUSLE Methodology:

Another approach for determining sediment yield from natural or disturbed land surfaces is based
on regression equations as typified by the Universal Soil Loss Equation (USLE). The USLE, an

empirical formula for predicting soil loss due to sheet and rill erosion, is probably the most widely
used method for predicting soil erosion. The equation was developed from over 10,000 plot-years
of runoff and soil-loss data, collected on experimental plots of agricultural land in 23 states by the
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U.S. Department of Agriculture. The USLE approach relates annual soil loss due to sheet and rill
erosion to the product of six major factors describing rainfall energy, soil erodibility, cropping and
management, supplemental erosion-control practices such as contouring or terracing, and slope
steepness and length, which are usually combined to form a topographic factor. Wischmeier and
Smith [1978] provide detailed descriptions of this equation and its terms.

Although widely used, the USLE approach has some important limitations, particularly in the arid
regions of the West. The database used in developing the USLE was collected east of the Rocky
Mountains. Extrapolation to Western areas can introduce significant error. Many drier regions of
the West get a large percentage of rainfall in the form of high-intensity, short-duration
thunderstorms. As this is not the case in the central and eastern United States, the effect of this
type of rainfall cannot be totally incorporated. In addition, the weathering process caused by the
wind and sun on the soil between rainstorms is much more severe in arid areas. Weathering
creates an additional supply of easily eroded material that can increase the erodibility factor
significantly.

Williams and Berndt [1972] recognized that application of the USLE is limited to assessing soil
loss and developed another procedure, the Modified Universal Soil Loss Equation (MUSLE) for
computing the sediment yield from a watershed for a single storm event. The MUSLE is

where Ysis the sediment yield in tons for the storm event, R, is the storm runoff energy factor, K is
the soil erodibility factor, LS is the topographic factor representing the combination of slope length
and slope gradient, C is the cover and management factor, and P is the erosion control practice

factor. The introduction of a storm runoff energy factor to be used instead of rainfall energy is the
modification to the USLE that makes this methodology more applicable to the arid regions of the
West, since it more adequately represents the effect of short-duration, high-intensity events. The
last four factors (K, LS, C and P) are defined as in the USLE.

The storm runoff factor is defined as

Ry = a (Vop)” (10-3)

where V is the storm event runoff volume in acre-feet, g, is the storm event peak flow rate in cfs,
and a and b are coefficients which need to be derived by calibration to watersheds with measured
sediment data. Williams and Berndt [1972] determined that a = 95 and b= 0.56 from field
experiments in watersheds in Texas and Nebraska. These values also yielded reasonable results
when applied to watersheds in Arizona, Nevada, and Southern California [Clark County Regional
Flood Control District, 1999].

The soil erodibility factor K was found by Wischmeier et al. [1971] to be a function of the soll

structure, soil permeability, percent of silt, percent of sand, and percent of organic matter. It is
determined by using the soil erodibility nomograph shown in Figure 10-2.
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SOIL ERODIBILITY NOMOGRAPH USED
TO DETERMINE FACTOR K (TONS/ACRE) FOR
SPECIFIC TOPSOILS OR SUBSOIL HORIZONS
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Figure 10-2. Soil Erodibility Nomograph Used to Determine MUSLE Factor K
for Specific Topsoils or Subsoil Horizons [From Wischmeier et al., 1971]

The topographic factor LS is defined as the ratio of soil loss from the slope length and gradient in
guestion to the soil loss from an otherwise-equivalent 72.6-foot long plot with a 9% slope. Slope
length is defined as the distance from the point of origin of overland flow to the point where either
the slope decreases to the extent that deposition of sediment begins or to the point where runoff
water enters a well-defined channel [Smith and Wischmeier, 1957]. Longer slopes offer
increased potential for accumulation of runoff and associated soil loss. Based on data for slopes
ranging between 3% and 20% and lengths up to 400 feet, Wischmeier and Smith [1965] proposed
an equation for computing the topographic factor:
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al @ 2
LS= 0 (0.065+0.04546+0.006% 10-4
QS%—26+ ( ) (10-4)

where / is the slope length, S is the slope gradient expressed as a percentage, and n is an
exponent defined as follows:

€0.3 for S<3%
n:‘:0.4 for S<4%
t0.5 for S<5%

Wischmeier [1972] divided the cover and management (or cropping-management) factor C into
three distinct types of effects:

1 Type |: Effects of canopy cover C,. Leaves and branches that do not directly contact the
soil serve only as canopy cover in protecting against soil loss. A canopy reduces the
erosive effects of rainfall by intercepting falling raindrops and thereby reducing their
impact energy at the soil surface. The impact energy is not eliminated, since the water
drops falling subsequently from the canopy may gain appreciable velocities, but these
velocities will be less than the terminal velocities of free-falling raindrops. The canopy
factor is a function of the height and density of the canopy and can be obtained from the
curves shown in Figure 10-3.

1 Type Il: Effects of mulch or close-growing vegetation in direct contact with the soil surface
Cy. Mulch (plant residues) or close-growing stems at the soil surface, like higher canopy
cover, intercepts falling raindrops, but since intercepted raindrops in this case do not have
any further distance to fall before coming into contact with the ground, their impact energy
at the soil surface is eliminated. Mulch that makes good contact with the ground also
reduces the runoff velocity, thus reducing the erosive potential of the runoff. Analysis of
rainfall simulations of various amounts and types of mulches applied to croplands and
construction sites indicate that the mulch factor is best expressed as a function of percent
surface cover (rather than mass of mulch per area), as shown in Figure 10-4.

1 Type llI: Tillage and residual effects of the land use C;,. The residual effects of land use
on soil structure, organic matter content and soil density, the effects of tillage or lack of
tillage on surface roughness and porosity, roots and subsurface stems, biological effects,
etc., are grouped in this category. They can be roughly represented by an (often
difficult-to-make) estimate of the root network in the topsoil expressed as a percentage

relative totherootnetwor k i n a fAgood rotationd meadow.

inferred from Figure 10-5.
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INFLUENCE OF VERTICAL CANOPY
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Figure 10-3. Relationship Curves for Canopy Cover Factor C, and Canopy Density,
for Canopy Heights Between 0.5 m and 4 m [After Wischmeier, 1972]
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EFFECT OF PLANT RESIDUES OR CLOSE-GROWING
STEMS AT THE SOIL SURFACE
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Figure 10-4. Relationship Curve for Mulch Factor C;, and Percent Surface Cover
by Mulch or Close-Growing Vegetation [After Wischmeier, 1972]
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Fector for Type lll Effects

TYPE 111 EFFECTS ON UNDISTURBED LAND AREAS
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Figure 10-5. Relationship of Tillage and Residual Land Use Factor C, and the Percent of
Root Network in the Topsoil Relative to That in a Good Rotation Meadow

[After Wischmeier, 1972]

The cover and management factor is then defined as the product of the above-described

sub-factors:

C=GCCCy

(10-5)

The erosion-control practice factor P accounts for the effect of soil conservation practices such as
contouring, strip cropping, and terracing, by considering the ratio of the soil loss associated with
the conservation practice to that resulting from straight row farming in the direction of the slope.
The values for this factor are listed in Table 10-5 and are used to predict the contribution from
farmland to off-field sediment loads. This factor is not significant for wilderness areas and can be
set to 1.0 for such regions.

Table 10-5

Conservation Practice Factor P for Contouring, Strip Farming, and Terracing
on Varying Land Slopes

R12595j.docx

Land Slope | Farming on | Contour Terracing Terracing
(%) Contour Strip Crop (@) (b)
2-7 0.50 0.25 0.50 0.10
8-12 0.60 0.30 0.60 0.12

1318 0.80 0.40 0.80 0.16
19-24 0.90 0.45 0.90 0.18
[from Wischmeier, 1972
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It is useful to express sediment yield in terms of an average concentration (in, say, ppm) based on
the total water and sediment yields; this value can then be compared with available measured
stream data and sediment routing analyses. If the sediment yield from the land surface on an
annual basis rather than from a single storm is desired, the MUSLE can also be used. This
application is accomplished by determining the soil loss for events of varying return periods.
Recommended return periods are 2, 10, 25, 50, and 100 years. The sediment yields are then
weighted according to their incremental probability, resulting in a weighted storm average for
each recurrence interval.

An example:

A watershed with an area of 25.3 mi® experiences annual rainfall of 10.0 inches, of which 1.5% (or
0.15in.) is the average runoff. The watershed soil is 43% silt and very fine sand, 40% sand, and
1% organic matter and has fine granular structure and moderate permeability. The average
watershed slope is 14%, and the average slope length is 280 feet. The canopy cover density is
10%, with an average fall height of 1.5 feet. The close-growing vegetation density is 15%, and the
(weeds) root network in the topsoil is 20%. We apply the MUSLE to estimate watershed soil loss
for a range of storm events.

Step 1: Determine factor values

Ry factor: using Eq. (10-3) Ry, = & (qu)b and assuming that a =95 and 6=0.56, R,,values for the
271 100 year storm events are as follows:

Storm Return Runoff Volume Peak Runoff

Period (years) V (acre-feet) g (cfs) Rw
2 123 340 37,800
5 320 900 108,400
10 595 1650 215,400
25 915 2540 349,000
50 1200 3330 472,800
100 1510 4190 611,500

K factor: from the soil erodibility nomograph (Figure 10-2) and for the given soil characteristics, K
=0.26. To read the nomograph, start at the left of the nomograph with the percent of silt and very
fine sand (0.002 to 0.1 mm particles) d in our case, 43%. Follow an interpolated horizontal line to
the 40% sand curve, and from there up to the 1% organic matter curve. Then trace another
horizontal line to the right portion of the nomograph (through the axis giving a first approximation
of K), to the fine granular (2) soil structure curve, and then down to the moderate (3) permeability
curve. Finally, a horizontal line drawn to the left reveals the soil erodibility factor to be K = 0.26.

LS factor: using Eq. (10-4), with slope length / = 280 feet, slope S = 14%, and n = 0.5 for slope S
greater than 5%,

LS= 0.065+ 0.04586 + 0.006 %2
260 :

22808 ) .
= 0 (0.065+0.045414+0.006514%) =3.9
g§26+ ( )
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C factor: from Figure 10-3, for 10% canopy cover, C, = 0.90
from Figure 10-4, for 15% ground cover, C, = 0.67
from Figure 10-5, for 20% root network (weeds), Cy, = 0.42
and USing Eq (10'7), C= C| C|| C||| =0.25

P factor: assume that this region is not farmed, and therefore P =1.0

Step 2: Apply the MUSLE (Eqg. (10-2))
Ys=RyKLSCP
=Ry (0.26) (3.9) (0.25) (1.0)
=0.25Ry

Thus, the estimate of sediment yield for the 27 100 year storm events are as follows:

Storm Return Washload
Period (years) Ry Y (tons)
2 37,800 9000
5 108,400 27,000
10 215,400 54,000
25 349,000 87,000
50 472,800 118,000
100 611,500 153,000

Conclusion

The USLE, MUSLE, and PSIAC methods are generally applicable as predictors of wash load.
Total sediment load in a fluvial system is estimated as the sum of wash load (computed from the
USLE, MUSLE, or another comparable method) and bed-material load (computed according to
Section 10.3.5). The substitution of the MUSLE for the USLE provides a methodology that is
more applicable to Western conditions, especially in arid regions.

10.3.2 Profile Analysis
Discussion

Comparison of thalweg profiles over time can provide valuable insight to aggradation/degradation
patterns in a channel. This information is useful both by itself and as verification of sediment
transport modeling results (e.g., from models done with HEC-6). The amount and quality of
information derived from this analysis is largely dependent on the number of years of data and the
total record length. Changes in profile generally occur over many years; furthermore, these
changes are hydrologically dependent. If there have been no significant floods in the period of
record, then little change would be expected in the channel profile.

Application
Channel profile data can be developed from a variety of sources. These include:

1 Topographic mapping. For example, USGS 7.5-minute quadrangle sheets, is a readily
available source, particularly for analyses involving a relatively long study reach (for short
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study reaches, the scale and contour interval of a 7.5-minute map may not provide
sufficiently accurate information).

i Aerial photography or land surveys from the District, available from the Land Surveying
and Mapping Unit.

1 HEC-2 input data prepared for flood insurance studies or previous District planning
studies.
1 As-built drawings for highway bridges, railroad crossings and other District project

construction works.

1 Finally, a field survey of the thalweg or key cross-sections in the study reach may be
conducted if budget permits.

Example

Significant channel degradation was observed in the Calabazas Creek between Homestead
Road and Pruneridge Avenue in May 2004. The as-built drawings prepared in 1998 were
identified as the first set of applicable data. Further investigation turned up some field data
collected in 2001. These data together with the 2004 measurements were plotted in Figure 10-6.

The grade at Homestead Road is maintained by a concrete foundation for the bridge. Hence, the
degradation is worst at the downstream end of the Pruneridge Avenue Bridge. The channel invert
slope changed from 0.75% in 1998, to 0.53% in 2001, and to 0.33% in 2004.

The objective of the analysis is to determine whether the degradation will continue, and if yes,

develop measures to control degradation. These tasks will be discussed in later sections of this
chapter.
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Figure 10-6. Thalweg Changes in Calabazas Creek Between Homestead and Pruneridge
10.3.3 Incipient Motion Analysis
Discussion

An evaluation of relative channel stability can be made by evaluating incipient motion parameters.

The definition of incipient motion is based on the critical or threshold condition where

hydrodynamic forces acting on a grain of sediment have reached a value that, if increased even

slightly, will move the grain. For a given velocity, the forces will be balanced for a particular

particle size, known .aPartideksnallérchan thisiwidl beltransporeed t i cl e s
downstream and particles equal to or larger than this will remain in place. Incipient motion

analysis is generally more useful for gravel- or cobble-bed systems than for sand-bed systems

because sand particles are moved even by very small discharges.

Application

The concept of incipient motion is of fundamental importance to sediment transport. The Shields
diagram (Figure 8.11) may be used to evaluate the particle size at incipient motion for a given
shear stress (associated with a given discharge, channel geometry and roughness
characteristics). Direct application of incipient motion concepts through Eq. (8.20) is used in
armor analysis and can provide useful insight for other Level 1l analyses. For example, given a
discharge and channel geometry, hydraulic calculation results can be used to evaluate the
boundary shear stress as it varies along the study reach (Eg. (8.18)). Using either computed or
assumed standard values for water and sediment specific weights, the incipient motion particle
size can then be computed for this discharge. This calculation may be repeated for other
discharges. Then, given a storm hydrograph, it is possible to estimate the total time during which
various particle sizes would be in motion during the storm.
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Long-term incipient motion characteristics can be assessed in a similar fashion based on the

annual hydrograph (i.e., annual record of mean daily or mean monthly discharge), instead of a
single flood hydrograph. Such assessments are semi-quantitative since it must be assumed that
the hydraulic properties at a point of interest have not changed appreciably over the long term.

Example

Using results of a multiple-profile HEC-RAS (or HEC-2) analysis, the hydraulic properties of a
creek were analyzed for a series of discharges characteristic of a 1980 flood. For each discharge
the boundary shear stress was computed from Eq. (8.18) and the incipient motion particle size
from Eqg. (8.20). Results of this calculation are summarized on Figure 10-7.

Table 10-6 indicates the total time during which the various particle sizes of Figure 10-7 would be
in motion. Also indicated in Table 10-6 is the percentage of time, relative to the total storm
duration, that incipient motion conditions would be equaled or exceeded for each of these sizes.
This type of information is useful for developing a Level Il understanding of sediment transport
characteristics, and, in particular, for establishing the duration of significant transport during a

flood.
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Table 10-6
Incipient Motion Characteristics

Particle Size (mm) Time in Motion (hrs) Perlgirr];?i%i ?r]: "\I'/Io;filtljtorm
5 56 78
10 34 47
20 22 30
30 15 20
40 9 13

10.3.4 Armoring Potential
Discussion

The armoring process begins as the non-moving coarser particles segregate from the finer
material in transport. The coarser particles are gradually worked down into the bed, where they
accumulate in a sublayer. Fine bed material is leached up through this coarse sublayer to
augment the material in transport. As movement continues and degradation progresses, an
increasing number of non-moving particles accumulate in the sublayer. This accumulation
interferes with the leaching of fine material so that the rate of transport over the sublayer is not
maintained at its former intensity. Eventually, enough coarse particles accumulate to shield, or
"armor," the entire bed surface. When fines can no longer be leached from the underlying bed,
degradation is arrested.

Examination of typical armor layers reveals several important characteristics:

1 For a particular discharge, less than a complete covering of larger gravel particles is
required for a total armoring effect.

1 A natural "filter" apparently develops between the larger surface particles and the
subsurface material to prevent leaching of the underlying fines.

1 The shingled arrangement of surface particles is not restricted to the larger material, but
seems evident throughout the gravel gradation.

An armor layer sufficient to protect the bed against moderate discharges can be disrupted during
high flow, but may be restored as flows diminish. However, in cobble-bed systems the armoring
condition is usually stable enough so that the channel bed can be considered rigid, i.e., bedform
conditions will not develop (see Figure 8.7).

Application

Potential for development of an armor layer can be assessed using Shields criteria for incipient
motion (see Section 8.4.4) and a bed-material composition representative of the bed to the depth
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of degradation. The incipient-motion particle size can be computed for a given set of hydraulic
conditions with Eq. (8.20). If no sediment of the incipient particle size or larger is present in
significant quantities in the bed, armoring will not occur because all the sediments will be in
motion. The Dg, to Dgs size of the representative bed material is frequently found to be the size
"paving the channels" when scouring is arrested. Within practical limits of planning and design,
the Dgs Size is considered to be about the maximum size for pavement formation [SCS, 1977].
Therefore, armoring is probable when the particle size computed from Eqg. (8.20) is equal to or
smaller than the Dgs Size.

By observing the percentage of the bed material equal to or larger than the armor particle size (D,)
the depth of scour necessary to establish an armor layer (DZ,) can be calculated from [USBR,
1984]:

DZ, = a5~ D (106)

C

where vy, is the thickness of the armoring layer and Pc is the decimal fraction of material coarser
than the armoring size. The thickness of the armoring layer (y,) ranges from one to three times
the armor particle size (D,) depending on the value of D,. Field observations suggest that a
relatively stable armoring condition requires a minimum of two layers of armoring particles.

Example

Consider the case where Eqg. (8.20) indicates that the critical particle size equals 1.5 inches and a
representative bed-material gradation curve shows that this is the Dog Size. Thickness of the
armor layer is assumed to be 2 times of the armor stone size. Thus, the depth to formation of an
armor layer would equal

1 1 .
Dz, = —-1D)=2@A.5 (—-1=27inches
a ya(pc )=2( )(0_1 )

It should be recognized that development of an armor layer does not occur uniformly across a
channel bed, but rather tends to begin along the thalweg and at other points of natural scour in the
channel.

10.3.5 Sediment Transport Capacity and Sediment Discharge Rating Curve
Sediment Transport Capacity
Discussion

Sediment transport equations are used to determine the sediment transport capacity for a specific

set of flow conditions. All sediment transport equations deal with a particular size fraction of the

materials. Some transport equations provideingeghe 6total 6
representative grain size, but it is more accurate to compute the total transport capacity for a

reach as the sum of the capacity for each size class multiplied by its fractional composition. The

number of size fractions required depends on the accuracy desired and the characteristics of the

gradation curve. Adequate results are usually obtained using four to six size fractions. As a final

note, it is always desirable to verify computed results with measured data whenever possible.

Although sediment transport calculations may be performed by hand, there is software available
and convenient for this purpose. One of the more common and convenient software packages

R12595].docx 10-25



used at the District is the SAM Hydraulic Design package for Channels [Thomas, 1994], which will
be described in detail later in this chapter.

Example i Calculation of Sediment Transport Rates Using: the Meyer-Peter & Muller
Eq. (8.29)

In the following examples the Meyer-Peter and Muller (MPM) equation is used to compute the
bed-load transport rate. Since this equation was derived from flume experiments using flows with
little or no suspended sediment load, it is not recommended for applications where suspended
bed-material load is a major component of the total sediment load.

Applying Meyer-Peter and Muller Equation

The gradation curve for the bed-material from a gravel-cobble bed stream was divided into three
size fractions. The geometric mean particle size and weight of each fraction is listed below:

Fraction #1 (33 1/3% of total sample weight): Dg = Dos = 0.05 ft
Fraction #2 (33 1/3% of total sample weight): Dg = Dso = 0.10 ft
Fraction #3 (33 1/3% of total sample weight): Dg = D75 = 0.15 ft
This reach of the stream is further defined by the following parameters:

For Q = 5000 cfs, mean channel velocity V = 8 fps,

Darcy-Weisbach friction factor f = 0.06
Specific weight of sediment g, = 165.4 Ib/ft®
Density of water r = 1.9 Ib-sec?/ft*

Using the MPM Equation (Eq. (8.29)), the following steps are required to compute bed-load
discharge:

1. The boundary shear stress, to is computed as follows:

t, = % (1.9)(0.06)(8)?

t, =0.91lb/ft?

2. The critical shear stress, tc, is found using Shields' relation:
t, =0.047D_.(9s - 0)
for D, = Dys, t. = (0.047)(0.05)(165.4 i 62.4) = 0.24 Ib/ft?
for D¢ = Dso te = (0.047)(0.10)(165.4 i 62.4) = 0.48 Ib/ft

for D¢ = Dys, te = (0.047)(0.15)(165.4 i 62.4) = 0.73 Ib/ft?
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3. The MPM equation can now be used to compute the bed-load transport rate for each of
the three sediment size fractions.

for Dys, Q. = 12'85(t0 -t ) :ﬂ(o.gl- 0.24)*°
= Jrg V1.9 (165.4)

dp, =0.031cfs/ft

12.85

J1.9(165.4)

dp, =0.016cfs/ft

for Dso, @y, = (0.91- 0.48)**

for Dzs, q,, = 12.85 (0.91- 0.73)"*

 J1.9(165.4)

dp, =0.004cfs/ft

4, The total unit bed-load transport rate can now be computed as the weighted average of
the transport rates for each of the selected sediment size fractions. This procedure is
accomplished as follows:

_ alay, x % totalweight)

A = a (% totalweight)
_ (0.031)33 1/3%) +(0.016)(33 1/3%) + (0.004)(33 1/ 3%)
il 331/3%+331/3%+331/3%

Opmr =0.017cfs/ft

Sediment Discharge Rating Curve

The sediment discharge rating curve is the relationship which gives the discharge rate of
sediment as a function of the water discharge. It may be generated directly from field
measurements or from computations as shown above. It usually assumes a relationship of the
form of

Q,=aQ’ (10-7)

where a and b are constants. When plotted on logarithmic paper as sediment discharge versus
flow rate, the relationship forms a straight line. However, in reality the curve usually concaves
downward slightly near the low or base flow rate.

Note that many of the sediment transport equations do not apply to wash load. Hence, when

combining (or comparing) data from field measurements and computations care should be taken
to compare apples with apples.
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The SAM software package can also be used to calculate sediment discharge rating curves.

Figure 10-8 shows a rating curve developed by SAM for Calabazas Creek upstream of Comer
debris basin.

In Chapter 1, we will show how the sediment discharge rating curve (when combined with a flow
frequency curve) can be used to compute the effective or channel-forming discharge.
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Figure 10-8. Sediment discharge Rating Curve for the Reach of Channel Upstream
of Comer Debris Basin on Calabazas Creek
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10.3.6 Equilibrium Slope
Discussion

The equilibrium slope is defined as the channel slope at which the sediment transport capacity is
equal to the incoming sediment supply. Mathematically, this concept is expressed as

Q., =Qs, (10-8)

where Q, is the supply rate of sediment into the channel and Q,_ is the sediment transport rate

out of the channel. When this relationship is satisfied, the channel neither aggrades nor degrades,
i.e., itis in equilibrium. If the sediment transport rate in a given reach is less than sediment supply,
the slope of that reach will increase to achieve equilibrium conditions. Conversely, if the transport
rate is greater than the supply, the slope will decrease. The equilibrium slope concept applies to
creeks or reaches of creeks which are stable over the long-term.

Application

The equilibrium-slope methodology described below is used for evaluating the slope which results
from long-term channel responses to aggradation or degradation; short-term responses to a
single flood will be evaluated by other methods described in Section 10.3.7.

Often channel aggradation and degradation in our creeks are caused by man-made changes to
the creek itself or the floodplains. For example, the installation of an in-channel debris basin in
Calabazas Creek in the 1970s started significant degradation in the downstream reaches. Storm
drain outlets in the creek often generate degradation or erosion due to the increased flow or jet
impingement. Watershed development, including early mining operations, later agricultural
activities and recent urbanization, has increased sediment loading in some creeks and reduced
the supply in others. These types of activities can change the equilibrium slope of a creek and
should be considered.

The first and perhaps most critical step in an equilibrium-slope analysis is to determine the
sediment supply from the upstream reach for the dominant discharge or channel forming flow
(see Chapter 9). In the absence of actual sediment supply data, the sediment supply is most
often estimated with transport capacity calculations for the upstream reach, under the assumption
that it is in equilibrium. For natural, undisturbed channels and/or watersheds, this is a reasonable
assumption that can often be verified through examination of historical data (such as profile
analysis or aerial photographs). However, for disturbed channels, e.g., those located in an
urbanizing area, calculation of sediment supply is more complicated. After urbanization, the
transport capacity of the selected supply reach does not necessarily reflect sediment supply.
Since urbanization generally reduces sediment supply, the calculated transport capacity will
typically be larger than the actual sediment supply. Additionally, if channelization has occurred,
the transport capacity of the existing channel may not be similar to that for the channel that
existed in the natural, undisturbed watershed. Therefore, to properly establish the sediment
supply to which the channel is adjusting, it may be necessary to look at historical conditions to
estimate the natural channel characteristics. The calculated transport capacity of this channel is
then reduced to reflect the effects of urbanization. The calculation is obviously subjective and
relies on extensive engineering judgment and experience.

After establishing the upstream sediment supply rate, the transport capacity of the study reach at
the same dominant discharge is evaluated. If the calculated transport capacity does not equal the
supply, the slope of the study reach is adjusted and the transport capacity re-evaluated. This
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procedure is continued until the resulting sediment transport capacity equals the incoming supply,
at which point the equilibrium slope will have been found. This process can be repeated for
additional reaches downstream.

For reaches of creek which are reasonably long and uniform, the hydraulic parameters required
for the equilibrium slope analysis may be computed easily with Ma n n i eqgafiom. However, if
significant backwater effects exist from a bridge or reservoir, the hydraulic conditions should be

computed assuming gradually varied flow (e.g., with HEC-RAS).

The selection of the proper channel geometry is important in equilibrium slope analysis. The
sediment transport is proportional to some power of velocity (usually between 3.5 and 4.5 for sand
bed channels) and is directly proportional to the flow width. This makes the equilibrium slope very
sensitive to these parameters. The accurate determination of area, wetted perimeter, and top
width as a function of depth are easy to develop and are usually sufficiently accurate below the
bankfull level. Using power relationships, normal depth can be determined directly. Developed
channel sections are usually trapezoidal and hydraulic conditions can be determined using
hand-held programmable calculators.

Results of equilibrium slope calculations are used to predict long-term changes to the bed profile
of a river system. These changes normally will not occur as the result of a single flood. Usually,
equilibrium slope conditions will evolve in response to the occurrence of many floods over a
period of time. There is no accurate way to predict how long it will take such slope adjustments to
occur. Large-scale, man-made changes to a river system may induce a complete equilibrium
response within 10 to 100 years or even less, while natural changes on an undisturbed river may
require a much longer time frame, perhaps on the order of 100 to 1,000 years.

A further complicating factor in the application of equilibrium slope calculations focuses on the
location of a point from which the computed equilibrium slope can pivot. If natural geologic
controls such as rock outcroppings or man-made grade control structures are present, these
features can serve as pivot points. For a given river reach with such controls, the slope
adjustment will always pivot about the downstream control point, such that if the equilibrium slope
is less than the existing slope, degradation will occur, while if the inverse is true, aggradation will
occur. Figure 10-9 illustrates how this will occur for the two cases of equilibrium slope being both
greater than and less than the existing bed slope.

Identification of pivot points is critical to equilibrium slope analysis and relies heavily on
engineering judgment and interpretation. For example, the calculated equilibrium slope may not
apply at large horizontal distances from a pivot point. In these cases the engineer must
re-evaluate the selection of pivot points to insure that no potential control points have been
missed. If no none can be located, the amount of long-term degradation may be controlled by the
channel bank height. Unless a channel is formed through rock or strongly cemented materials,
there is usually a maximum vertical height at which a channel bank will no longer be stable. When
this limit is reached, bank sloughing will begin to occur which causes the channel to adjust horizon
tally rather than through continued vertical cutting. As the channel widens, the velocity of flow will
decrease, resulting in a decrease in sediment transport capacity. This type of channel widening
will continue until the transport capacity is brought into equilibrium with the sediment supply to the
reach.

In addition to stable bank heights being a potential control for the equilibrium slope, a check

should also be made to determine if channel armoring will be a factor in limiting the amount of
degradation to a value less than that predicted by the equilibrium slope analysis. This may reveal
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that armoring will arrest the vertical channel movement before the predicted equilibrium slope can
be attained.

Due to the complex interaction of variables that determine long-term aggradation/degradation and
the simplifying assumptions that must be made in analyzing such long-term changes, the
numerical results from equilibrium slope analysis must be carefully evaluated to ensure they are
reasonable. Overall the results of this type of analysis can be very subjective and in many cases
may only be useful in a qualitative sense rather than quantitative.

A procedure for determining the equilibrium slope of a stable channel is presented in the
Chapter 2 of this design manual.
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POINT
Seq > Sex

In this case, the sediment supply exceeds the sediment transport capacity of the
reach. Under this condition, the bed slope must increase in order to increase

the tronsport rate to motch the supply rate. The initial excess of sediment supply
will cause aggradation at the upstream end of the reach until the downstream
portion of the bed slope is steep enough to transport all the incoming sediment.

Seq < Sex

In this case, the incoming sediment supply is less thon the sediment tronsport
capacity of the reach. This sediment deficit will be satisfied by a removal of
bed material through the reach until the bed slope is flottened enough to reduce
the transport capacity to the point that is matches the incoming sediment supply.

Figure 10-9. Relationship Between Equilibrium Slope and Channel Bed Controls
[After Simons, Li & Associates, 1982]
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10.3.7 Sediment Continuity Analysis Using SAM
Introduction to SAM

The SAM Hydraulic Design package for Channels was developed by the Engineering Research
and Development Center of the U.S. Army Corps of Engineers. SAM is a software package for
helping engineers in analyses associated with designing, operating, and maintaining flood control
channels and stream restoration projects. The package was designed for performing simple
(generally zero dimensional and steady state) calculations and is most useful for conducting
preliminary studies of alternatives where funds for more extensive investigations are not
available.

The SAM package is designed to provide hydraulic engineers a smooth transition from making
hydraulic calculations to calculating sediment transport capacity to estimating sediment yield .
The three main modules of the package, which are SAM.hyd, SAM.sed, SAM.yld can be used in
series, as described, or their separate capabilities used to aid in various hydraulic design
situations. The following paragraph has a short description of these three models and SAM,aid.

For sediment cotinuity analysis, all three main modules of SAM can be used to calculate sediment
yield for each reach of creek.

SAM.hyd

SAM.hyd solves the steady state, normal-depth equation to transform complex geometry into
composite, 1-dimensional hydraulic parameters. The program can solve for depth, width, slope,
discharge, or roughness.

SAM.hyd provides the option of calculating riprap size as described in EM 1110-2-1601,
"Hydraulic Design of Flood Control Channels" [USACE 1991, 1994] or through testing the results
of the normal depth calculations against the Shield's Diagram for particle stability. The

13 standard riprap sizes from EM 1110-2-1601 are coded into SAM. The user can also specify
quarry run riprap.

SAM.sed

SAM.sed calculates sediment discharge rating curves based on hydraulic inputs and the bed
gradation curve. The hydraulic input data for SAM.sed can be calculated using SAM.hyd or it can
be determined externally by the other programs, such as HEC-2 or HEC-RAS and input directly
into SAM.sed. SAM.sed will create a partial input data set for SAM.yld. There is also a module,
SAM.aid, which provides guidance on the selection of transport functions. The detail of sediment
transport functions, which are incorporated in the SAM package, can be found in the SAM model.

SAM.yld

SAM.yld calculates sediment yield passing a cross-section or a reach in average during a
specified period of time. The time period considered can be a single flood event or an entire year.
In SAM.yld the flow can be specified by either a flow duration curve or a hydrograph. The
sediment discharge curve can be specified as either sediment discharge versus water discharge
or as sediment concentration versus water discharge. Calculations are based on the
flow-duration sediment-discharge rating curve method.
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SAM.aid

SAM.aid is a module of the SAM package that provides guidance in the selection of the most
applicable sediment transport function(s) to use for given hydraulic conditions for a specified river
or stream. SAM.aid compares calculated "screening parameters" for a given river to the same
screening parameters from a database of rivers [Brownlie, 1981] that have sufficient sediment
data to determine an appropriate sediment transport function. The "screening parameters" are
velocity, depth, slope, width, and dsp.

When we inputs velocity, depth, slope, width and dso for an ungaged river, SAM.aid compares
each of these screening parameters with those of each river in the Brownlie database. A " mat c h o
is identified when a parameter falls within the range of data for a database river.

After the matches are displayed, we can check the description of the rivers on which SAM.aid
based its choices to see how close those descriptions match the user's river or stream. This is an
essential step in ensuring that the sediment transport functions will actually provide the best
predictive capability for the river.

Limitations of SAM

SAM is not a package of one-dimensional models. SAM makes calculations based on one cross
section at one point in time. There are no provisions in any of the modules for simulating the

effects of a hydrograph nor for looking at a reach of a river, except as it might be represented by
an average. SAM is designed to be used as a tool during reconnaissance level planning studies.

Sediment transport functions in SAM must be used with care. Essentially, SAM.sed applies the
sediment transport functions at a point, which allows for no variability in the size class distribution
over time or space.

The procedure in HEC-6, which integrates processes over several cross sections which describe
a reach of the river and provides a continuity equation for sediment movement, will consequently
produce a more reliable result than comes from applying a sediment transport function at a single
point, which will be discussed in detail in HEC-6 application section of this Chapter.

SAM Software

SAM, located in X:\CPSD\Hydraulics Unit-345\software\SAMwin\SAMwi, is readily available to
anyone within the District.

SAMwin Userd6és Manual

The SAMwin useré6s manual consi 8aPSD\Hydraulicsh e t wo pdf
Unit-345\software\SAMwin.

Installation of SAMwin

1. Copy the directory X:\CPSD\Hydraulics Unit-345\software\SAMwin to your C:\ drive.
2. Run setup.exe from the SAMwin subdirectory.
3. Access the program from the StartA Programs A SAMwin menu (or create an icon).
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Discussion of sediment continuity

The sediment continuity principles applied to a given channel reach states that the sediment
inflow minus the sediment outflow equals the time rate of change in sediment storage.
Mathematically, this can be presented as

Qs - Qs, =— (10-9)

For a given discharge acting for a given time, the volume of sediment deposited or eroded in a
channel reach is simply the difference between the upstream sediment supply rate (Q,_) and the

channel sediment transport rate (Q,_ ). Both Q; and Q,_ can be calculated by SAM. If the

supply rate is greater than the transport rate, the reach is depositional, while if transport is greater
than supply, general scour will occur. (The basic principle of the equilibrium slope analysis is no
change in volume, i.e., dVol/dt = 0 in Eq. (10-9.)

The sediment continuity principle can be applied to analyze conditions during a single discharge
(e.g., peak discharge of a 100-year flood) or during the hydrograph of a single flood. Either of
these applications provides information on the short-term erosion/sedimentation occurring on
reach-by-reach basis.

Application

The first step in sediment continuity analysis is delineation of the study reach into a number of
subreaches. Delineation of sub- reaches is based on (1) physical characteristics of the channel,
such as top width and slope, (2) hydraulic parameters, such as depth and, particularly, velocity, (3)
bed-material sediment characteristics, (4) areas of particular interest to study objectives, such as
bridges or locations of proposed channel improvements, and (5) the desire to maintain reach
lengths as uniform as ", possible throughout the system. Items 1, 2 and 3 are generally selected
to provide consistency within the subreach, so that representative average conditions may be
determined. For example, consistency in top width and channel length influence the utilization of
sediment continuity results in evaluation of vertical channel response. Erosion/sedimentation
volumes from sediment continuity are often linearly distributed through the reach to determine
vertical channel adjustments. Therefore, if an upstream reach length is 2,500 feet and the
downstream reach is only 1,500 feet, the vertical adjustment of the channel bed responding to the
imbalance in sediment supply and transport capacity between reaches will be much different from
that had the downstream reach been dimensioned as 2,500 feet.

Furthermore, uniform channel lengths are important in maintaining the integrity of sediment
continuity analysis. Sediment continuity analysis does not address the time or channel length that
it takes for the difference between sediment supply and transport rate to achieve a balance. Itis
assumed that a balance will be achieved within the reach regardless of its length.

This is not necessarily correct. For example, in a very short depositional reach, particle settling
times may not permit the calculated sedimentation to occur. For this reason it is recommended
that reach lengths be kept as uniform as possible to avoid the introduction of an additional
variable to the analysis that could bias or otherwise create unrealistic results.

After subreach delineation, characteristic geometric and hydraulic information must be developed

for each sub reach for the discharge(s) under consideration. This information may be computed
manually through uniform flow or gradually varied flow calculations, or through computer
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programs such as HEC-RAS (or HEC-2). For example, if HEC-RAS (or HEC-2) output data are
available, the required velocity, depth and top width data at various cross sections within the study
reach will be provided. Within a given subreach these data can be averaged to define values
representative of conditions in that reach for the given discharge.

After establishing representative hydraulic characteristics in each subreach for the given
discharge(s), the sediment transport capacity of each subreach is calculated using SAM. The
sediment continuity principle is then applied by comparing transport capacity on a reach-by-reach
basis, under the assumption that the sediment supply to any given subreach is equal to the
transport capacity of the adjacent upstream reach. The comparison begins at the upstream end
of the study reach by designating the first subreach as a supply reach, which initiates the
calculation in Subreach 2. Application of sediment continuity analysis to a flood hydrograph
requires discretizing the hydrograph into a series of discrete discharges. The
reach-by-reach-comparison is then completed for each discharge and the total volume of erosion
or deposition occurring in any given reach during the flood is computed as VOL,;= S (Qs DT) where
VOL,; is the net volume change during the flood for subreach i, Qs is the excess transport capacity
or supply in subreach i for the given discharge (i.e., supply minus transport capacity), and DT is
the time interval corresponding to that discharge from the discretized hydrograph. It is important
to note that this procedure yields a net volume of erosion or deposition that occurs in response to
passage of the complete flood hydrograph, i.e., we are looking at the net change in volume at the
end of the hydrograph. There may be time intervals within the hydrograph where the volume
change for that specific interval would exceed the net volume change for the entire hydrograph.
This is important to remember when using the sediment continuity procedure to compute general
scour, since an analysis of net changes at the end of a hydrograph may under-estimate a
transitory scour condition that might occur during a critical time interval within the hydrograph.

It is important to note that the sediment continuity analysis described herein is based on the
assumption of rigid-boundary conditions. For example, during evaluation of a flood hydrograph,
the channel geometry is assumed to remain unchanged throughout the flood. A more accurate
analysis technique is to update the channel cross sections for each discharge level of the flood to
account for the computed erosion/sedimentation changes. This concept is referred to as
guasi-dynamic routing, and is tile basis of Level Il analysis where computer models such as
HEC-6 are applied. However, for many practical engineering analysis and design problems the
application of the sediment continuity procedure is adequate and more cost effective.

Example

A creek restoration project has been proposed on Calabazas Creek at Comer Debris Basin. Itis
your job to assess the current equilibrium state of the creek d is it actively eroding, in a state of
dynamic equilibrium, or degrading? You are asked both to compare bed profile survey data for
the area taken years apart and to perform a short-term general scour/Deposition Response table
for this task. The bed profile plots (not shown) indicate that the bed has not changed appreciably
during the previous 10 years for the area around the (13 ft) dam. Therefore, you break up your
channel into reaches, compute the sediment transport capacity for each reach, and generate a
table showing the difference between the capacity of each reach and its upstream neighboring
reach. This process involves judging where boundaries should be (at breaks in slope and
geometry shape) and perhaps iterating to make sure that the results you obtain make sense and
are consistent with other observations.

Table 10-7 shows the sediment transport balance for Calabazas Creek near Comer Debris Basin.

Note that the reaches are listed from top down in order from the most upstream reach (4) to the
most downstream reach (0). The project reach is reach 3. The sediment transport capacity
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values have been computed for both the 5-year and 100-year storms to illustrate how the
response of the creek varies due to forcing by storms of different strengths.

The astute observer will note the following:

1 The creek is considerably more stable to a 5-year event than itis to a 100-year event. This
is not surprising, and is consistent with observations that the creek has been stable for the
past 10 or more years. Furthermore, the 5-year storm peak occurs more frequently than
the 100 year storm peak, and, during an individual storm, the duration of the storm peak
flow rate is small relative to the duration of the storm.

1 The sediment transport capacity of Reach 4 is significantly larger (for both the 5 and 10
year storms) than any of the reaches downstream. This is explained by the fact that the
bed is armored in reach 4, which means that the actual transport rate in Reach 4 is
significantly smaller than the transport capacity of that reach. When interpreting sediment
transport capacity results, it is important to take such factors into consideration.

1 The response of the creek is as much an engineering judgment as it is an evaluation of the
numbers. We have already explained how the effects of armoring in reach 4 altered our
assessment of the response in reach 3. Also, we are saying that as much as a 10%
difference in the sediment transport rate between adjacent reaches can indicate stability.
This is a rough judgment based on experience with this particular creek, knowledge of the
fact that the creek should be stable.

Table 10-7
Short-Term General Scour/Deposition Response
for Calabazas Creek Near Comer Debris Basin
5-Year 100-Year
Reach Qs DQs Qs DQs
(tons/day) tons/day) Response tons/day) tons/day) Response
NOTE: Bed is
4 (most armored,;
10480 Capacity is 26120
upstream)
smaller than
actual value
Probably in a
3 7395 +3085 state of 18500 +7620 Deposition
dynamic possible
equilibrium
2 6670 +725 Dynamic 13050 +5450 Deposition
Equilibrium Possible
1 6915 245 Dynamic 18550 -5500 Erosion
Equilibrium Possible
0 6465 +450 Dynamic 17160 +1390 Deposition
Equilibrium

Qs is sediment transport rateQs is general scour)/deposition (+) rates of the flood peak.
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10.3.8 Local Scour Concepts
Discussion

Local scour occurs whenever there is an abrupt change in the direction of flow. Abrupt changes in
flow direction can be caused by obstructions to flow, such as bridge piers, channel bend, and
abrupt contractions at bridge abutments.

Local scour occurs when the capacity of the flow to remove or transport the bed materials is
greater than the rate at which replacement material is supplied.

During a flood, an equilibrium condition between sediment supply and transport capacity at a
scour hole may never become established. During the rising limb of the hydrograph scour occurs
and endangers the hydraulic structure. After the peak has passed (during the falling limb), the
scour hole refills as sediments drop out with the lower flows. Therefore, the critical time for
structural stability during the storm is near the peak flow (see Figure 10-10). Soundings made of
scour holes after the storm do not indicate the potentially dangerous situation that might have
existed during the storm.

The following sections cover how to estimate local scour depth as part of total toe-down depth
calculation.
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Figure 10-10. Typical Temporal Depth Change of Scour Hole During a Storm
[After Simons, Li & Associates, 1982].
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10.3.8.1 Bridge Pier Scour
Pier scour at bridge piers is a result of vortex systems developed at the pier.
Application

A number of formulas are available for predicting local scour around bridge piers. However, most
of these formulas are based primarily on model study data in sand-bed laboratory flumes with little
or no field verification. Therefore, it is generally advisable to use several formulas to generate a
range of estimates. Some of these formulas have been found to be particularly successful based
on previous experience. A relationship for square-nosed piers presented by Richardson, et al.
[1975]is

Dz
=% - 2.2
Y

60.65
%{ig Fos (10-10)

ab
¢

and for a group of circular cylinders

DZ ab 3%
—> =209 F* (10-11)

where DZ; Js the equilibrium depth of the scour hole, b, is the pier width (normal to the flow
direction), Y is the upstream depth of flow, and F, is the upstream Froude number (F. = V/,/gY
with V the upstream velocity and g the acceleration of gravity).

The equations by Shen et al. [1966, 1969] for circular piers are

DZ.,, =0.00073RJ®* (10-12)
and
DZ
> =11.0F, for Fp< 0.2 (10-13)
p
DS?S =34F " forFp,O 0. 2 (10-14)

p

where R; is the pier Reynolds number (V by/n), V is the mean velocity of the undisturbed flow, by is
the width of pier projected on a plane normal to the undisturbed flow, n is the kinematic viscosity,

and Fy, (pier Froude number) is V/,/gb, .

The shape of the pier is a very significant parameter with respect to scour depth because it
reflects the strength of the horseshoe vortex which forms at the base of the pier. A blunt-nose pier
causes the deepest scour. Streamlining the front end of the pier reduces the strength of the
horseshoe vortex, thus reducing the scour. Streamlining the downstream end of piers reduces
the strength of wake vortices. Common shapes of piers are shown in Figure 10-11. The scour
depth generally decreases as a consequence of streamlining, while skewed pier alignment (pier
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not parallel with flow direction) will create deeper scour holes. The reduction due to streamlining
can be estimated from Table 10-8, while the increase due to skew can be determined from
Figure 10-12 (Factor K,).

% % %0

(o) Square—nose (b) Round—nose

(c) Cylinder

{ |
e = 50 O

(d) Sharp—nose
(a) Group of Cylinders

Figure 10-11. Common Pier Shapes [After Simons, Li & Associates, 1982]

Table 10-8
Reduction Factors When Applying Formulas for Square Nose Piers to Other Shapes
(assuming equal projected widths of piers)

Type of Pier Reduction Factor
Square nose 1.0
Cylinder 0.9
Round nose 0.9
Sharp nose 0.8
Group of cylinders 0.9
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Figure 10-12. Scour Increase Factor, K, , With Various Approaching Flow Angles
[AFTER Lauren and Toch, 1956]

Another important local scour zone at a bridge crossing occurs at the abutments. Detailed studies
of scour around embankments have been made only in laboratories. For example, Liu, et al.
[1961] investigated scour around vertical wall embankments for subcritical flow in a rectangular
laboratory flume with sand-bed conditions and found

4

FO.33

Y4
= ) (10-15)

—==2.15
Y

O Qo
N
- OO0y

where Y is the upstream normal flow depth, a is the embankment length (measured normal to the
wall of the flume in the model studies), and F, is the upstream Froude number (using the upstream
normal flow depth as length dimension). Liu et al. [1961] also presented limited data for
spill-through embankments, where a spill-through embankment has sloping sides (i.e., the more
commonly constructed earthen embankment). Analysis of the data presented suggests the
equation

4

Dz
= Fo%® (10-16)

—>= =11
Y

O Mo
8%
- ooy

Richardson et al. [1975] suggest that Eq. (10-15) be applied only for embankments where aly is
less than 25. For embankments where aly is greater than 25, the Eq. (10-16) is recommended.

DZ?S — FO.33
r

= = (10-17)
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This equation was developed from field measurement of embankment scour at rock dikes on the
Mississippi River. It is worthwhile to note that embankment scour equations are also useful for
estimating local scour at bank protection, spur dikes, and jetties.

One of the difficulties in applying Eq. (10-15) and (10-16) is in specification of the "embankment
length." Model study investigations considered only short embankment lengths in smooth,
rectangular flumes. In prototype situations, the embankments may span large distances across
the overbank of a wide flood plain while stopping short of, or just slightly protruding into, the main
channel. Due to the normally large difference in hydraulic characteristics between main channel
and overbank flow, caution must be exercised in defining the embankment length for such cases.
Figure 10-13 illustrates a recommended embankment length definition for different cases which
may be encountered outside the realm of a rectangular laboratory flume. For Case 2 of

Figure 10-13, the engineer should compute embankment scour using main channel hydraulics
with the value of a;, and compare this result to that obtained using overbank hydraulics with the
value for a,. The larger of these two scour depths would be the recommended design value. Due
to the sensitivity of Eqg. (10-15), (10-16), and (10-17) to embankment length, engineering
judgment should always be applied.

Another difficulty common to any scour calculation is the definition of the base level, and its
relation to both flow depths and scour depths. In a nonprismatic natural channel, the upstream
normal depth (Y) is generally defined by the hydraulic depth (Y, for purposes of scour
calculations, while the computed scour amounts are referenced to the thalweg elevation. In the
presence of degradation and/or general scour, the ultimate bed invert elevation should first be
established for these scour components, from which local scour depths are then referenced.

Once the scour depth is accurately established, the lateral extent of the scour hole is nearly
always determinable from the depth of scour and the natural angle of repose of the bed material.
A safety factor of 2 should be applied to the lateral scour hole dimension to account for
nonuniform flow conditions. This can be accomplished by dividing the angle of repose by 2 and
using the resulting angle to define the sides of the scour hole.
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Figure 10-13. Definition Sketch of Embankment Length i a 0
[After Simons, Li & Associates, 1982].

Example
The design of two bridge crossings on the Canada del Oro wash near Tucson, Arizona, required
the evaluation of local scour around the bridge piers. Each bent consisted of four piers, aligned

parallel to the flow (i.e., no skew), and each pier was a concrete cylinder 3 feet in diameter. The
design conditions were:
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QlOO = 33,000 cfs

Y (average depth of flow) = 6.0 feet

V (average velocity) = 18.2 fps
A review of historical photos taken during flood stage at other bridge locations on the Canada
del Oro indicated that two additional feet of debris buildup beyond the normal pier width could be
expected during a 100-year event. Accordingly, the effective pier width was set as follows:

b, = pier diameter+2=3+2=5

Local scour was computed with Eqg. (10-11), (10-12), and (10-13). The computations are shown
as follows:

~0.65

ab,
Eqg. (10-11): DZ, =2.0Y&>9 F®

Y and b, are given above.

eV _ 182

= = =1.
" Joy /32.2x6.0

Substituting in Eq. (10-11b):

31

0.65

5
DZ.. =2.0(6.0)%>
»=20(6.0) 6.0-

Qo
o

(1.31°*® =12.0feet

L)

Eq. (10-12): DZ, =0.00073R;*®

with an assumed water temperature of 70°F, n =1.0569x10°° ft? /sec,

therefore, R, = % =8.5x10°
. X

Substituting into Eq. (10-12),

)0.619

DZ,, =0.00073(8.5x10°)"* =14.2feet

Eqg. (10-13): The pier Froude number, F,, must first be calculated to determine which form of
EqQ. (10-13) should be used:

\% 18.2

F, = = =1.43
" Job, 32.2x5
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Since F,> 0.2, the following equation is used:

DZ, =3.4b, F

=(3.4)(5)(1.43)* =21.6feet

A summary of the calculation is presented here:

Eq.(10-11) Eq. (10-12) Eq. (10-13)

Local scour depth 12.0 ft 14.2 ft 21.6 ft

Average = 15.9 ft

Considering the average of the three calculations, 16 feet of local scour could be expected during
the design flow. However, because of the similarity of two of the three estimates, it is reasonable
to assume that the equilibrium scour depth will probably be less than 16 feet.

10.3.8.2 Contraction Scour
Discussion

Scour at a contraction occurs because the decreased flow area results in increased average
velocity and bed shear stress and, hence, in increased stream power (tV). Thus, more bed
material is transported through the contracted section than is transported into the section. As the
bed level is lowered, velocity decreases, shear stress decreases and equilibrium is eventually
restored.

Application

Contraction scour is evaluated by application of the sediment continuity principle for conditions
after equilibrium has been achieved. That is,

Q,, =Q,, (10-18)

where Q, is the sediment transport capacity at the upstream section and Q, is the value at the

contraction. When the sediment transport capacity is expressed in the form of power functions
(e.g., as given in Tables 8.3, 8.4 and 8.5), the relationship becomes

aY, Vi W, =aYs Vi w, (10-19)

Through manipulation and simplification of this equation, a relationship for the equilibrium flow
depth Y, can be derived as

L

Qb-c
v, =% 8 (10-20)
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where

qds, = \%q% (Whereg, =a Yy Vy) (10-21)
2
and
W
q; = qul (10-22)
2

The amount of general scour is then the difference between the pre-scour flow depth and the
equilibrium depth from Eq. (10-20), i.e.,

DZg =Y, - Y, (10-23)

where DZy is the general scour depth and Y'; is the original flow depth at the contraction.

If the site under investigation has hydraulic and sediment properties which fall outside of the limits
listed in Tables 8.3, 8.4, and 8.5, a set of regression coefficients (a, b and c¢) should be developed
for the specific conditions at that site. For example, this regression analysis can be performed by
using the Meyer-Peter and Mueller bed-load equation in combination with the Einstein
suspended-load methodology to compute the unit width bed-material load transport rate for a
range of discharges at the site under investigation. Each unit transport rate is then regressed
against the corresponding velocity and depth parameters for the given water discharges (e.g., as
established from HEC-RAS or HEC-2 results). The results of this regression analysis yield values

for parameters a, b and ¢ (where g, =a Y? V°) which can then be used in the above contractual

scour analysis. As a less time consuming and less site specific alternative to the regression
analysis approach, the engineer may opt to use the scour equations presented on pages 58
through 62 of Sedimentation Engineering, ASCE Manuals and Reports on Engineering Practice
No. 54 [1975].

Example

Construction of a bridge will result in the reduction of channel width from 320 to 240 feet.
Water-surface profile analysis with the existing bridge established velocity and depth in the reach
upstream of the proposed bridge as 8.6 fps and 10 feet, respectively, for a peak discharge of
27,500 cfs. Similarly, at the bridge site the velocity and depth were computed as 10.2 fps and
11.2 feet, respectively.

Considering the bed-material characteristics, the appropriate empirical power relationship for
sediment transport (Table 8.3) is

gs =3.45x107° Y008 y4®0
Therefore, the unit sediment discharge upstream of the bridge is

q., =3.45x10° (10) *** (8.6)**
=0.014cfs/ ft
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and at the bridge site is

0, = 2200014 %5
> 240 ft
=0.019

The unit water discharge at the bridge site is

q = 3208275008 ), o
240¢ 320 <

The flow depth at the bridge site after equilibrium is

1

v - % 0.019 goms i
’ 83.45x10°° (114.6)" 2
=12.1ft

The amount of scour is then

DZ, =12.1-11.2=0.9ft

10.3.8.3 Bend Scour
Discussion

The bends associated with meandering channels induce transverse or "secondary" currents
which scour sediment from the outside of a bend and cause it to be deposited along the inside of
the bend. It is important to note that this scouring mechanism is caused by the spiral pattern of
secondary flow, and is not due to a shift of the maximum longitudinal velocity filament against the
outer bank. Channel bends will cause a shift in this velocity filament, but through the bend tile
maximum longitudinal velocity is normally moved nearer to the inside bank, whereas the shift to
the outer bank occurs downstream of the bend. It is at these downstream locations that the shift
in longitudinal velocity patterns most likely causes lateral erosion of a channel bank.

The discussion presented in this manual will address the vertical scour potential in a channel
bend. A review of technical literature will reveal the existence of several theoretical relationships
that have been developed to predict the amount of scour through a river bend. To date, there is
no known procedure which consistently yields an accurate prediction of bend scour through a
wide range of hydraulic and geometric conditions. Based on the assumption of constant stream
power through the channel bend, Zeller [1981] developed the following relationship for estimating
the maximum scour component resulting from channel curvature in sand-bed channels:

.2

2 &sin? 2 80 o
0.8 A~
pz, =299 W &1 26 g (10-24)
Yy Sel e @axosaQ u
¢ ® 0 0
e ¢ T
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where  DZy bend scour component of total scour depth (feet)

V = mean velocity of upstream flow (fps)

Y = maximum depth of upstream flow (feet)

Yn = hydraulic depth of upstream flow (feet)

Se = upstream energy slope (bed slope for uniform flow conditions, feet/feet)
a = angle formed by the projection of the channel centerline from the point of

curvature to a point which meets a line tangent to the outer bank of the channel
(degrees, see Figure 10-13)

CENTER OF CURVATURE

Figure 10-14. lllustration of Terminology or Bend Scour Calculations
[After Simons, Li & Associates, 1982].

Mathematically, it can be shown that, for a simple circular curve, the following relationship exists
between a and the ratio of radius of curvature to channel topwidth.

cosa

Lo _tosa_ (10-25)
4sin?888
(;2+

where  r. = radius of curvature to centerline of channel (feet)
W = channel topwidth (feet)

If the bend under evaluation deviates significantly from a simple circular curve, the engineer
should consider dividing the bend into a series of circular curves and analyzing the bend as a
compound curve. Under this procedure, there would be a different value of a determined for each
segment of the compound curve. A scour depth would then be computed for each segment of the
curve using the a determined for that segment.
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Application

Eq. (10-23) can be applied to natural river bends to get an approximation of the scour depth that
can be expected in the bend during a specific water discharge. The impact that other
simultaneously occurring phenomena such as sand waves, local scour, long-term degradation,
etc., might have on bend scour is not known for certain. In order to prevent underestimation of the
maximum scour in a bend, it is recommended that bend scour should be added to those
adjustments computed for long-term degradation, general scour, and sand wave troughs.
Whether or not bend scour should be added on top of local scour would depend on the type of
obstruction creating the local scour. For isolated structures, such as transmission towers, which
would not appreciably disrupt the secondary flow pattern responsible for bend scour, it would be
recommended that bend scour and local scour be computed separately and added together. For
the case of a series of armored spur dikes placed along the outside bank of a bend, the spiral flow
pattern may be disrupted to the point that significant bend scour would not occur. Engineering
judgment would have to be exercised in such cases when computing the total vertical scour that
might occur in the channel bed.

The longitudinal extent of the bend scour component is as difficult to quantify as the vertical extent.
Rozovskii [1961] developed an expression for predicting the distance from the end of a bend at
which the secondary currents will have decayed to a negligible magnitude. This relationship is:

aca
X=2.3%~0y (10-26)

=g

where X = distance from the end of channel curvature (point of tangency, P.T.) to the
downstream point at which secondary currents have dissipated (feet)

C = Chezy coefficient
g= gravitational acceleration (32.2 feet/second?)
Y = depth of flow (to be conservative, use maximum depth of flow, exclusive of scour,

within the bend) (feet)

Eq. (10-26) should only be used as a guide in determining the distance downstream of a curve
that secondary currents will continue to be effective in producing bend scour. A conservative
estimate of the longitudinal extent of bend scour can be made by commencing at the upstream
point of curvature (P.C.) and extending a distance X (computed with Eq. (10-26) downstream of
the point of tangency (P.T.) Engineering judgment should be used in electing to deviate from this
generalized recommendation.

Example
Proposed channel improvements on a river system include the installation of rock riprap on the

channel banks to prevent bank erosion. The river reach where these improvements are to be
installed includes a channel bend which has the following hydraulic characteristics:

Y =9.39 Se = 0.0013 ft/ft
Y =12.62 fps a=24
Yh=9.18' n =0.025
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In order to prevent undermining of the bank protection, it is desired to extend rock riprap a certain
distance below the natural channel bed. This toe-down depth will include allowances for
long-term degradation, general scour, wave troughs and bend scour. The maximum bend scour
component of the toe-down depth is computed as follows:

i\>

g z;esm2 a8 g
0.8 ~

oz, 00685tx Him 25 .q0
Y24s, é wcosa 0 u
é 0 U
é 9 ' a

_ 0.06859.39 (1262)° 22 | Asin® 12" o 2

" (919°*(00013° g gcos24 8 ‘i

DZ,, =2.09feet(use 2.1 feet)

This dimension (2.1 ft) will be added to any other computed vertical bed adjustments (general
scour, sand wave troughs, etc.) for the curved portion of the channel. The distance downstream
of tile curve to which the bend scour component will be applied, is computed using Eq. (10-26).

X :2.3(£

J

)Y

where C = L 486R”6
n

For the design flow, the hydraulic radius, R, was determined to be 9.03 feet. Accordingly, C is
computed as follows:

c = 1486 (9.03)"°
0.025

C=85.77

Substituting into Eq. (10-25):

X =2.3 521 8(0.18)
832272
X = 319 feet

Therefore, the bend scour component (2.1 feet) will be applied to the rock riprap toe-down depth
through the entire curve and for 319 feet downstream of the point of tangency of the curve.
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10.3.9 Evaluation of Low-Flow Channel Incisement
Discussion

Low flow channels typically develop in creeks with large width to depth ratios.. In such creeks, the
main channel dimensions may be formed predominantly by 1 to 2-year flood events; however,
smaller flood events may result in sheet-flow conditions. If these smaller flood events are
significant and frequent enough, then a low flow channel may form for their efficient conveyance.
The development of a low-flow channel creates entirely different hydraulic conditions than those
of the original channel geometry, and may cause bank instability from incisement. Therefore, it is
important for the engineer/designer to anticipate the potential for low-flow channel incisement.

Application

There are no rigorous methodologies for the prediction of low-flow channel incisement. A field
inspection of the study area is probably the best method for determining the low flow channel
incisement potential. If the existing channel has developed a low-flow channel, then it is
appropriate to use the observed incisement depth for design purposes. If the existing channel
does not have low-flow incisement, but proposed channelization or other changes result in
conditions favorable for low-flow channel development, then as a rule of thumb a reasonable
incisement depth (DzZ) is 1 to 2 feet. The incisement depth should be added to any other vertical
channel adjustment that is used to determine the burial depth of piers, pipelines, bank
stabilization, etc.

10.3.10 Cumulative Channel Adjustment
Discussion

The potential vertical adjustment of the channel bed due to scour, incisement, etc., in any given
reach is determined from consideration of all the possible incremental adjustments. For example,
it is possible that a given reach will be simultaneously degradational while local scour and
contractual scour are occurring at the bridge crossings. In this situation the three erosion
components would have to be accounted for to establish the ultimate bed elevation.

Application

The cumulative channel adjustment at any given location is the summation of five possible
components:

DZ,, =DZ,, +DZ, +DZ , +DZ,, +DZ, (10-27)

tot

where DZ is the total vertical adjustment in bed elevation, DZeq is the change from long-term
degradation (Section 10.3.7), DZ;s is the local scour depth (Section 10.3.8), DZ4 is any relevant
general scour depth (e.g., Section 10.3.7), DZys is the bend scour depth (Section 10.3.10), and DZ;
is the low-flow incisement depth (Section 10.3.11). As a conservative practice, any long-term
aggradation amount that might mitigate some elevation decrease is normally not considered.

Due to the complex interaction that occurs among these five phenomena, it is perhaps impossible
to make accurate predictions of the cumulative bed adjustment at a given location. The hydraulic
parameters (velocity, depth, top width, etc.) used to compute the dimension of each phenomenon
are normally based on rigid-bed conditions. These give no consideration to channel geometry
changes that may be initiated as a result of the simultaneous occurrence of all or part of the six
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phenomena. Accordingly, determination of a safety factor to the total computed vertical
adjustment (DZ,) requires significant engineering judgment. In doing so, the engineer should
consider the magnitude of damage that might accompany a design failure, the probability or risk
that such an event might occur, the construction cost associated with applying a safety factor, and
the reliability of the data that were used in the channel adjustment calculations. Depending upon
these factors, safety factors typically range from 1.0 to 1.5.

Example

In the example of Section 10.3.7, a potential degradation of 3 feet was calculated for Reach 3 of
Pinal Creek channel. For purposes of illustration, assume a bridge crossing in this reach
produces local scour at the bridge piers of 12 feet and general scour through the contraction of
0.5 feet. The channel is straight through this reach of Pinal Creek; therefore bend scour is not
applicable. Inadequate data exist to compute low-flow channel incisement, and therefore a value
of 1 foot is assumed. Therefore, the total possible scour at the bridge piers, considering a safety
factor of 1.0, would be

Dz, =9+12+05+0+1.0

= 22.5ft

tot

10.4 LEVEL Il ANALYSIS
10.4.1 General

Level Il analysis involves application of various physical-process mathematical models and
provides the most accurate method of analysis. Physical-process models represent the system
being modeled by dividing it into the relevant components, or physical processes. In comparison
with regression-based models, where several controlling physical processes may be lumped into
one parameter or equation, physical-process models uniquely consider the governing equations
of each relevant physical process. For example, a physical-process model for water routing from
a watershed would include equations describing interception losses, infiltration rates, overland
flow routing, and channel flow routing.

The decision to conduct a Level lll analysis is generally based on project objectives which can be
constrained by time and budget. For engineering analysis of fluvial systems, the most common
Level Il analysis applied is the evaluation of erosion/sedimentation using a moveable-bed model.
Models developed for this purpose include HEC-6 [USACE 1993], HEC-2SR [Simons, Li &
Associates, Inc.] and others. With a moveable-bed model the channel geometry is updated
during a given flood simulation to reflect the erosion/ deposition that has occurred at each time
step. In contrast, the sediment continuity procedure (discussed in Section 10.3.6) is a
simplification of this analysis where the channel boundary is not updated. Generally, sediment
continuity methods tend to over predict erosion/sedimentation volumes. Therefore, the decision
to conduct a Level lll analysis might be motivated by the desire or need for more accurate, refined
results.

This need for more accurate results must be balanced by the time and money available. Level Il
analyses require significantly more effort than Level Il analyses and cannot be treated as a black
box.. Proper application of the model relies upon an understanding of the model equations and
upon careful evaluation and interpretation of results. As with any model, the computer is simply a
tool to expedite tedious or multiple calculations, and conclusions will still rely on engineering
judgment and interpretation.
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This concern illustrates the value of the three-level analysis approach, where the results of
Levels | and Il provide insight and guidance to the Level Il analysis. The Level Il analysis is
never a substitute for Levels | and I1; rather, the results of all three levels complement each
other and minimize the risk of erroneous conclusions. Analysis of a complicated problem
with a Level Il approach prior to Levels | and Il could not only provide incorrect solutions, but
result in wasted time and effort.

As discussed in Section 10.3.6, the sediment continuity analysis of Level Il is adequate for many
practical engineering problems. The need for a Level Il analysis should be determined on a case
by case basis, weighing the objectives of the project against the available time and budget.

10.4.2 HEC-6 Modeling
Introduction of HEC-6

HEC-6 [USACE 2006] is a one-dimensional movable boundary open channel flow and sediment
model designed to simulate changes in river profiles due to scour and deposition over fairly long
time periods (typically years, although applications to single flood events with days are possible).
The following sections present an overview of the computation process and input data
development for running the model.

The computation process begins by partitioning a continuous flow record into a sequence of
steady flows of variable discharge and duration. For each flow a water surface profile is
calculated thereby providing energy slope, velocity, depth, etc. at each cross section. Potential
sediment transport rates are then computed at each section. These rates, combined with the
duration of the flow, allow for a volumetric accounting of sediment for each reach. The amount of
scour or deposition at each section is then computed and the cross section shape adjusted
accordingly. The computations proceed to the next flow in the sequence and the cycle is
repeated, beginning with the updated geometry. The HEC-6 computation process is shown in
Figure 10-15.

The sediment calculations are performed by grain size fraction, thereby allowing for the simulation
of hydraulic sorting and armoring. Features of the model include: capability to analyze networks
of streams, automatic channel dredging, various levee and encroachment options, and several
options for computation of sediment transport rates.

The successful application of movable boundary sediment models requires substantial effort to

reproduce historical creek change and field observations, i.e., calibration. The HEC-6 User's
Manual [USACE, 1993] provides guidelines for calibration and application.
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Procedure for HEC-6 Sediment Transport Analysis
1. Establish hydraulic, geometric and sediment characteristics:
a. Develop HEC-RAS model
b. Examine longitudinal profile, cross-sectional and velocity changes, and bed
material variation to segment creek into reaches of constant sediment transport
characteristics. If information of sediment inflow into the project reach is not

available, include the upstream reach in the HEC-RAS model and profile analysis.

C. Determine sediment sampling locations and quantities, collect bed/bank material
samples and perform gradation analysis based on above information.

d. Collect historic flow records, sediment removal records, past profile survey data,
and sediment load or bed material sampling data.

The HEC-6 input data development procedure is in Appendix D of this Chapter.

2. Perform SAM analysis to develop sediment rating curve for upstream inflow i document
selection of transport equations and sediment load data.

3. Develop HEC-6 model.
a. Select tentative sediment transport equations based on sediment and hydraulic
characteristics
b. Develop methodology for model calibration i determine cases to run and data for

calibration and required analysis. Calibrate the model.

C. Determine purpose of runs, cases to run, and data to use. 1 perform HEC-6
analysis
4. Prepare a report.

Selection of Sediment Transport Equations

Numerous sediment transport functions have been developed with the aim of computing the rate
and size distribution of the transport of bed material, given the hydraulics and bed material
gradation. Ast her e i s no Mdgeensithatidndhe engihear sfowddrbecome familiar
with how the functions were derived, what types of data they have been compared to, and past
usage.

The general guidance for selecting sediment transport equation based on the classification of
channel is documented in the U.S. Army Corps
Flood Control Projects, EM 1110-2-1418. These guidelines are based on their experiences at the
U.S. Army Engineer Waterways Experiment Station and various districts, primarily with

simulations involving the HEC-6 computer program. The guidelines are summarized in the
following table.
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SCVWD

from HWY 237

Class of Channel | Jurisdictional Suggested Functions Notes
Creeks
Large sanebed LaurseAnMadden Updated in 1993.
rivers Toffaleti Bed mater!al in the
fine and mid sand
ranges.
Intermediatesize | Guadalupe LaurseAMadden Yangods meg
sandbed rivers downstream Yang unit stream powel appl!cable to
from Montague medium to coarse
Coyote sand be.df, nfot
downstream appropriate |

significant armoring
exists.

Small sanebed

Tidal reaches of

Yang unit stream powel

Yangds meg

rivers Adobe, Colby for streams with likely to scatter.
Permanente, hiah sediment Use Colby if fine
Stevens g - sediment
’ concentration o
Calabazas, & concentration is
Thompson high.
Sand and San Yang unit stream powell Sand and gravel be
gravelbed rivers FrancO:squito, Toffaleti combined with in small streams
Matadero, "
Adobe. MeyerPeter and Muller
Permanente,
Stevens,
Calabazas,
Thompson,
Guadalupai/s
Montague,
Coyote u/s from
Montague
Gravebed rivers | Guadalupe MeyerPeter and Mdller| Most of the data
Creek used were for flows

with little or no
suspended sedime

More specific procedures for determining an appropriate sediment transport equation are

ncluded i n

t he

discussed in the SAM section.

computiegn pRPagk agre fAfHoyrd r @lud nce IDe s( S/

The MPM and MPM-Toffaleti sediment equations have been tested through sediment studies

performed at the District and are considered to be applicable to most of our creeks.
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10.4.3 Application of Level lll Analysis

Since the construction of Calabazas flooding improvement was completed in 1998, serious
channel degradation problems were discovered from Lawrence Expressway upstream to Miller
Avenue. A common degradation pattern exists between the bridges in this reach. Immediately
upstream of each bridge6 soncrete slab the earth bottom is intact. Channel degradation
increases gradually toward upstream, and reaches a magnitude of 3 to 5 feet at the next upstream
bridge, which is shown in Figure 10-16. The degradation problem reflects the higher sediment
transport capacity resulting from channelization and loss of original armor layer after construction.

' Severe channel scour
¥ D/S of Pruneridge

Figure 10-16. Channel Degradation on Calabazas Creek D/S of Pruneridge Road

After the degradation problems were discovered, a sediment transport analysis using the HEC-6
model was performed to simulate the sediment transport phenomena under design conditions
from Lawrence Expressway to Miller Avenue. The goal of the modeling was to estimate the long
term creek equilibrium slope, and recommend potential solutions to mitigate the creek
degradation problems.

Details of the sediment transport analysis, including input data preparation, can be
referenced to the Calabazas Creek HEC-6 Sediment Transport Study [Jen Men Lo, 2005].

Results of the sediment transport analysis show that the design slope of 0.75% is too steep and if
left alone, the creek will adjust its elevations to an equilibrium slope of 0.3% in 77 10 years. The
modeling results were verified by the existing creeké bngitudinal profile.

Based on these findings, a remediation project was initiated to install eleven rock weirs to control
the grade and restore the channel slope. Installation of these rock weirs is scheduled to occur
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over 4 years. This phased construction should avoid sudden adverse impacts to downstream
reaches, such as trapping too much sediment upstream in any one season. The District
maintenance crew installed three of the weirs in the fall of 2005. Field observation in the spring of
2006 indicated that the weirs performed exactly as designed.
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APPENDIX 10A
Bed Material Sampling and Analysis Guidelines

Bed material samples are collected and tested to provide characteristics of the sediment that will
be transported in the river. It is thus important that samples be representative of the material in the
zone of anticipated movement including vertically through the bed layer, laterally across the width,
and longitudinally through the reach of the river under investigation. This concept of making a
proper representation of the anticipated zone of sediment movement is the foundation of the
sampling program. The following are guidelines for planning and performing bed material
sampling:

1.

Field Visit & Field visits shall be performed to determine bed material sampling locations.
The field visits start with a trip to characterize sediment sizes in the river, i.e., visually
determining reaches of mud or silty materials, fine to coarse sand, fine to coarse gravels,
and cobbles to boulders. Note the locations of where these demarcations take place.
Note any difference in materials across the channel width including the bare banks subject
to erosion. Note the variations longitudinally, i.e., locations of pools and riffles and grade
control structures. Note the presence of bed armoring materials, which may involve
digging with a shovel to determine if there is any difference between materials in the
surface and bottom layers. Generally, the bed material should be sampled at the surface
and 3 to 4 feet below the surface at each location unless the vertical uniform bed material
profile can be verified. It may take 2 to 3 or more field trips to complete this record.

One rule of thumb is that if the reach under investigation includes 20% pools, 40% riffles
and 40% regular channels, the same ratios should maintain for locations of the samples.
At least three samples should be taken across the cross section at a bend to account for
lateral variations. Avoid anomalies or outlying particle sizes which may bias the bed
stability calculation. Avoid dead water areas behind sandbars or bridges.

At the end of the field visits, you will mark-up on plan-and-profile sheets reaches of muddy,
sandy, gravelly or cobbley materials with sampling locations. You will have a list showing
which sample will be taken with what equipment, the location of the sample and the
desired weight of the sample.

Location of Bed Material Sampling & There is no simple rule for locating bed material
samples. The general rule is to always seek representative samples. That is, very
carefully select sampling locations and avoid anomalies which would bias either the
calculated sediment discharge or the calculated bed stability against erosion.

The gradation of material on point bars is often a good indicator of the appropriate mixture
for computing bed movement.

Streams With Finer Bed Material 8 If the streambed is finer than medium gravel (less
than 16 mm), a volumetric or bulk sampling procedure will suffice. If the creek is dry a
shovel will do, and the BMH-60 bed material sampler will work if the creek is wet.

Streams With Gravel/Cobble Bed Material 8 When bed particle size is too large (>16
mm or 0.65 inches) to obtain a manageable quantity of sample for sieve analysis, a pebble
count shall be conducted where individual particles are collected at random by hand and
the intermediate axis is measured. Each rock is measured and grouped into an
appropriate size and class and then thrown away. At least 100 particles should be
included in the sample. Another method is to set up a grid, typically 1.5 to 3 feet on each
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10.

side, and measure patrticles at the intersection of grid points. The gradation curve
developed from these data is based on the number of particles in each size class, not their
weights. Hence, these samples will not be delivered to the lab for sieve analysis.

Streams With Armoring Layer & In gravel-bed streams, samples of the armor layer and
the subsurface layers shall be collected separately. The sample depth for the armor layer
shall be about equal to the diameter of the maximum size class in the bed. If the armor
layer is densely placed with little space open exposing the smaller materials, the armor
layer volume collected should account for 20-40% of the total weight of both armor and
subsurface layers. If the armor layer particles are loosely spaced, the armor layer volume
could be just 5% of the total weight. The subsurface sample may be collected with a
shovel if the creek is dry, or with a shovel and a hard board shielding the shovel from the
flowing water when the shovel is raised to bring up the sampled materials.

Sampling Equipment 8 The bed-material sampler BMH-60 weighs 30 Ibs. It may be
suspended by cable and handled by hand if the creek is shallow (less than 2-3 ft) and
wadable (with water velocity less than 2-3 ft/sec). Otherwise it may be handled through
cable and reel over a bridge. The sampling bucket will scoop sediments within 2 inches of
the bed surface. Depending on the sediment sizes, the sample volume will vary based on
the table below. You can calculate how many scoops you will need to take to make the
required weight.

If a shovel is used when the creek is flowing, use a hard board or sheet pile upstream from
the sample location to shield the shovel from flowing water to minimize loss of fine
materials when the shovel is raised out of water.

Store bed-material samples in plastic bags and label them well with station number or
name, location in a cross-section, date, time, flow condition, water depth, sampling
method, and special observations such as armor layer thickness, presence of point bar
and relation to the sample, erosion or deposition at the site, etc.

Sampling Volume & Since we will only perform sieve analysis to the samples, the
sampling volume will only correspond to requirements of the sieve analysis. The following
table should be followed. Note that the particle size listed is the maximum size.

Particlel Size Analysis & The sediment particle-size analysis should be performed in
accordance with ASTM D422-63 standard test method.

Maximum Particle Size (in) Maximum Particle Size (mm) Minimum Sample Weight (Ib)

3.0 75.0 140.0

2.0 50.0 42.0

15 38.0 18.0

1.0 25.0 5.3

0.75 19.0 2.2

0.5 12.7 0.7

0.375 10.0 0.3

0.187 5.0 0.1

0.04 1.0 0.04

0.01 0.25 0.001

0.002 0.062 0.0002
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APPENDIX 10B
Suspended and Bed-Load Sediment Sampling Guidance

1. Suspended Sediment Sampling

Determine vertical sampling stations:

After measuring the velocity of the creek, the flow distribution across the creek can be
determined based on each sub-area of velocity measurement. The cumulative discharge

also can be calculated by adding the total discharge column (a Q) on the
discharge-measurement notes. The example of flow measurement is shown 1.

The Equal-Discharge-Increment Method (EDI) is used to determine the sample stations
along the cross section. A minimum of four and a maximum of nine verticals should be
used when using the EDI method. In our sediment sampling five verticals will be
appropriate for most of cases.

With the EDI method, samples are obtained from the centroids of equal-discharge
increments. Here is an example to determine the station of the centroids based on the
total discharge sheet obtained in the flow measurement. The example is shown in Table 8.
In this example, the total discharge is equal to 166 ft*/s. Five verticals would be sampled.
The equal increments of discharge (EDIs) then are computed by dividing the total
discharge by the number of verticals, which is 33.2 ft¥s. The first vertical is located at the
point where the cumulative discharge from the left edge of water is one half of EDI, in this
case, 16.6 ft*/s. Subsequent centroids are located by adding the increment discharge to
the discharge at the previously sampled centroid. In this example, the discharges for these
subsequent centroids are 48.8 ft¥/s, 81.0 ft*/s, 113.2 ft¥/s, 145.4 ft*/s. Then from Table 8,
the stations of these sampling locations can be determined by interpretation based on the
cumulative discharge.

Determine filing time for suspended sediment sampler bottle:

The filling time is dependent on the nozzle size, creek velocity, and bottle size. The
reference filling time is attached in this guidance.

Bottle label:

The following information should be shown on the label of the sampler bottle:

Site

Date

Time

Section Station
Bottle No.
Gage Height
Temp

Initials

= =4 = -4 -8 -a-9-9

Field note sheet:
A field note sheet for the suspended sediment sampling is attached.
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Calculation

Q. =0.0028@ C.q

i=1
where:

Qs = Suspended sediment load (ton/day)

n Number of verticals

Ci = Suspended sediment concentration for vertical i (mg/l)
g = Sub-discharge per vertical area (ft*/s)

2. Bed Load Sampling
Bed Load Sampling Stations:

Starting at one bank and proceeding to the other, collect one sample per vertical at 5 to 10
evenly spaced verticals in the cross section depends on the width of water. This method is
usually referred as the single equal-width increment (SEWI) method. The time the sampler
is left on the bottom should be equal for all verticals in a given cross sections. The samples
are collected at the midpoint of the evenly spaced increments. Samples collected in this
manner can be composited for analytical purposes; however, a better understanding of
the local bedload transport characteristics is gained if each vertical sample is analyzed
individually.

Sample Container Label:

The following information should be shown on the label of the sampler bottle:

Site

Date

Cross-Section Station

Number of containers for that cross section

Time sampler was on the bottom at the vertical station

Clock time the sample was collected (start and finish if composite)
Coll ectorb6s initials

E N W I ]

Field Note Sheet:
A field note sheet for the bed load sediment sampling is attached.
Calculation Method:

The bedload transport rate at a sample vertical may be computed by the equation:

KM,
t

R:
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where:

R; = bedload transport rate, as measured by bedload sampler,at vertical i, in tons per day
per foot;

M, = mass of the sample collected at vertical i, in grams;

t; = time the sampler was on the bottom at vertical i, in seconds; and

K = a conversion factor used to convert grams per second per foot into tons per day per
foot. It is computed as:

_ 86;4005econd§ 1ton 5 1_ft
day 907200grams N,,

K

Ny = the width of sampler nozzle in feet. (For a 3-inch nozzle, K = 0.381, for a 6-inch
nozzle, K = 0.160)

The cross-sectional bedload discharge measured by the Helley-Smith sampler may be
computed using the total cross-section method. This method should only be used if the
following three conditions are met:

1. The sample times (t ;) at each vertical are equal.

2. The verticals were evenly spaced across the cross section (that is, SEWI or
MEWI).

3. The first sample was collected at one-half the sample width from the starting bank.

If these conditions are met, then

_ KW M,
Q=7

where:

Q &= bedload discharge, as measured by bedload sampler, in tons per day;

W+ = total width of steam from which samples were collected, in feet, and is equal to the
increment width (W;) times n (n = total number of vertical samples);

t + = total time the sampler was on the bed, in seconds, computed by multiplying
the individual sample time by n;

M 1 = total mass of sample collected from all verticals sampled in the cross section, in
grams;

K = conversion factor as described in the above
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FIELD METHODS FOR MEASUREMENT OF FLUVIAL SEDIMENT

9-275-F UNITED STATES Mass No.
(1573 DEPARTUENT OF THEWTERIOR  Comp. by
WATER RESOURCES DIVISION Checked by
DISCHARGE MEASUREMENT NOTES
Sta. No. 14301000
Nehalem River near Foss, Oregon
Date July 12, 1982 Party Oster and Fuhrer
Width 160 Area 151 Vel 1.10 G.H. 1.92 Disch. 166
Method .6 No.secs. 21 G.H.change 0 in 1.5 hrs
Susp. Rod  Method Coef. 1 Hor. Angle coef. 1 Susp. Coef. 1
GAGE READING Meter No 1909
Time Recorder| Inside | Outside| Type of meter Price
Date rated 5/16/64 for rod, other
1048 | 1.91 1.92 1.89 Meter ft above bottom of weight
Spin before meas. after
1130 | start Measplot % diff from rating
12 00 | finish Wading, Cable, ice, boat, upstr., downstr., side bridge
feet, mile, above, below
12 20 1.92 gage, and above riffle
Check-bar, found
Weighted M G.H. changed to at
G.H. correction correct
Correct MG.H. Levels obtained

Measurement rated excellent (2%), good (5%), fair (8%), poor (over 8%), based on following condition;

cross section gravel

Flow uniform Weather clear

Other Air °F @

Gage Water °F @
Record removed Intake flushed u/L U

Observer

Control Gravel riffle 100 ft. downstream and clear

Remarks

G.H. of zero flow

19-10=09

River at

R S Dist. % _ . VELOCITY &er:L;Sn;elg foorr Discharge]

1] point .8 ertical
10 4 0 LEW 0 0
18 8 0.6 15 47 0.72 4.8 3.46
26 8 0.8 15 44 0.76 6.4 4.86
34 8 1.0 25 44 1.27 8.0 10.16
42 8 1.0 30 45 1.48 8.0 11.84
50 8 1.3 25 48 1.16 10.4 12.06
58 8 1.25 20 44 1.01 10.0 10.10
66 8 1.25 20 40 1.11 10.0 11.10
74 8 1.3 20 39 1.14 10.4 11.86
82 8 1.3 25 45 1.24 10.4 12.90
90 8 1.2 20 45 1.24 8.6 11.90
98 8 1.0 20 43 1.04 8.0 8.32
106 8 0.9 25 47 1.19 7.2 8.57
114 8 1.0 20 42 1.06 8.0 8.48
122 8 1.0 20 40 1.11 8.0 8.88
130 8 0.9 15 43 0.78 7.2 5.62
138 8 0.8 20 40 1.11 6.4 7.10
146 8 0.7 25 44 1.27 5.6 7.11
154 8 0.9 25 44 1.27 7.2 9.14
162 8 0.8 10 54 0.42 6.4 2.69
170 4 0 REW 0 0
160 160 151.00 | 166.15

166
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SEDIMENT-SAMPLING TECHNIQUES

River at
. *5 Dist. é . . VELOCITY hAOE:J:l;;?I: 20: Discharge
?% I':;(I)IZI Width | Depth § g ﬁ?c\aﬁlstj ) s:?oitlins At point Mean in Area Q x Q
o point 8 vertical
Far Mid-Point
14 10 4 0 LEW 0 0 0
22 18 8 0.6 15 47 0.72 48 | 346 | 346
30 26 8 0.8 15 44 0.76 64 | 486 | 832
37 1660 |
38 34 8 1.0 25 44 1.27 8.0 | 10.16 | 18.48
46 42 8 1.0 30 45 1.48 80 | 11.84 | 30.32
54 50 8 13 25 48 1.16 104 | 12.06 | 42.38
60 4980
62 58 8 1.25 20 44 1.01 10.0 | 10.10 | 52.48
70 66 8 1.25 20 40 1.11 100 | 11.10 | 63.58
78 74 8 13 20 39 1.14 104 | 11.86 | 75.44
83 830 |
86 82 8 13 25 45 1.24 104 | 12.90 | 88.34
94 90 8 12 20 45 1.24 8.6 | 11.90 | 100.24
102 98 8 1.0 20 43 1.04 80 | 832 |10856
109 11620 ¥
110 | 106 8 0.9 25 a7 1.19 72 | 857 | 11713
118 | 114 8 1.0 20 42 1.06 80 | 848 | 12561
126 | 122 8 1.0 20 40 1.11 80 | 888 |134.49
134 | 130 8 0.9 15 43 0.78 72 | 562 | 14011
142 | 138 8 0.8 20 40 1.11 64 | 710 | 14721
144 14940
150 4| 146 8 0.7 25 44 1.27 56 | 711 | 15432
158 || 154 8 0.9 25 44 1.27 72 | 914 |163.46
166 | | 162 8 0.8 10 54 0.42 64 | 269 |166.15
170 || 170 4 0 REW 0 0 | 166.15
160 | 160 151.00 | 166.15
166
EDI far mid-point centroid stationing EDI culmulative discharge
Legand:
LEW
REW
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Filling Time for Suspended Sediment Sampler Bottle
Average Velocity Filling Time (sec) (filling up 80% of 0.5 liter bottle) Filling Time (sec) (filling up 80% of 1.0 liter bottle)

(ft/sec) 1/8 " Nozzle 3/16 " Nozzle 1/4 " Nozzle 1/8 " Nozzle 3/16 " Nozzle 1/4" Nozzle
2 83 37 21 166 74 41
25 66 29 17 133 59 33
3 55 25 14 111 49 28
3.5 47 21 12 95 42 24
4 41 18 10 83 37 21
4.5 37 16 9 74 33 18
5 33 15 8 66 29 17
5.5 30 13 8 60 27 15
6 28 12 7 55 25 14
6.5 26 11 6 51 23 13
7 24 11 6 47 21 12
7.5 22 10 6 44 20 11
8 21 9 5 41 18 10
8.5 20 9 5 39 17 10
9 18 8 5 37 16 9
9.5 17 8 4 35 16 9
10 17 7 4 33 15 8
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Suspended Sediment Sampling Field Sheet

Sa No Date

Sation

Party Disch

Width___ Area__ Vel Time GH inside
GH outside

SUSPEND SEDIMENT SAMPLES Wading, cable, ice, boat, upstr, downstr
side bridge feet, mile, above, below, gage and
Sampler DH-76, other

No of No of
Method Time GH Vert. Bottles Stations | Nozze size.in.
EDI Air___ °Fat
Water __ °Fat___
Weather
How
Turbidity
BED MATERAL SAMPLES: Time_ GH___ No Samples_
Sampler Wading, cable, ice, boat, upstr, downstr,
side bridge feet, mile above, below gage, and
Sations

Stage: Rsing, falling, steady, peak
Observer Contacted: yes no Cases-in out res

Instructions:

Remarks:
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Bed Load Sediment Sampling Field Sheet

Sa No Date

Sation

Party Disch

Width___ Area Vel Time GH inside
GH outside

BED LOAD SEDIMENT SAMPLEf Wading, cable, ice, boat, upstr, downstr
side bridge feet, mile, above, below, gage and

Sampler BL-84, other

No of No of
Method Time GH Vert. Bottles Stations
SEWI Air °F at
Water °Fat
Weather
How
Turbidity
Time sample was on the bottom at each vertical
BED MATERAL SAMPLES: Time GH No Samples
Sampler Wading, cable, ice, boat, upstr, downstr,
side bridge feet, mile above, below gage, and
Sations
Stage: Rsing, falling, steady, peak
Observer Contacted: yes no Cases-in out res
Instructions:
Remarks:
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APPENDIX 10C
Compute Sediment Transport Rate Using SAM

First, launch SAMwin.

Run File A New Project. Save the project to a directory.

For each sub-reach, compute the hydraulic inputs needed:

1

Navigate to Edit A Hydraulic Function Input A Normal Depth Calculations and Variations.
A window for entering data will pop up

I n the ACalculation Optionso frame, set the AV
ACompositing Methodo to AEquadRASMedsjoaad t yO0 [t he
AGeemryodo to AStation Elevationo

In the AFl ow Datao tabl e, enter the Bankfull D
temperature.

Push the fAEnter Geometry Dataodo button, which |
Enter the x,y coordinates forthecrosss ect i on r epresentative of the
miled (descriptive purposes only), the number
the left and right bank stations [SET THE LEFT AND RIGHT BANK STATIONS TO THE

EDGES OF THE BANKFULL CHANNEL.].

Lastly, enter the fAiRoughness Characteristicsébo

recommend specifying the Ma n n i mvgldes [set Equation=0andtheManni mg 6 s

value as it varies across the cross section]. When doing so, recall that this cross section is
representative of the entirereac h, and try t o ensnvalesarelsetso t he Ma
they represent the average roughness in the reach. Press OK to close the window.

I n the ANor mal Depth and VarA 8ave Cormestatavis,n d ow, N
and elect a file name. This data will be saved to the current directly. You might name this
file by its reach name, for example.

Run AMPpdnéxisti ng I nput Filed and open the file yo
the output file will have the same name as the data you saved the information to.

Now, push the Solve button. SAM.hyd will create two files with the same root name as
was used to save your data: the *.ho contains the hydraulic outputs, the *.si contains an
input file which is used to compute sediment data.

For each sub-reach, compute the sediment transport:

T
T
1

Launch SAMwin if you havenodét already (see inst
Open the appropriat e project if 1ités not already open.
Navigat eASedinimednt Transport I nput. o This | aun

I nput o window
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1 Navigat eA Omem FEXiesti ng I nput Fil eo This wil!/
table.

1 Push tha&8efilEMaerri al 0 button, and enter the DMA
sized REQUIRED OR THE CODE WILL NOT RUN), Specific Gravity (if different from
2.65) and Patrticle Size/Percent Finer data. Note that it is not necessary to enter the
particle size at 0% or 100%. Press OK and return to the ASedi me

window.
1 Select the sediment transport equations (one o
1 NavigateASavé@FClurerent Data aséodo and name the f

root as used for the hydraulic input filed i.e., replace it.

1 Navigat e Atbox insGtpiemg | nput Fil edo and open the fi
may not be necessary, but it ensures that your output file will have the same name as your
input file]
1 Push the Solve button. The sediment transport rate in tons/day for each entered
discharge (i.e., rating curve) will be stored at the very bottom (end) of the output file, and
will also be displayed in an extension of the

R12595].docx 10C-2



APPENDIX 10D
HEC-6 Input Data Development

An important concept to keep in mind when developing input data for a computer model is that of
representative data. For the case of HEC-6, it is essentially impossible to develop input data that
accurately describes every aspect of a system as complex as a river. Hence, for successful

application of HEC-6, it is up to the user to use all available input parameters to best represent the

creek.

For detailed information concerning data coding, refertothe HEC-6 Us er 6 s Manual

1. Geometric Data

The geometric data describe the roughness and the geometry information of both the
channel and overbanks of the study reach. More specifically, the HEC-6 geometric data
include:

(@)

(b)

(c)

R12595j.docx

Geometric cross sections and reach lengths;

The following are important considerations when selecting cross sections and their
spacing for the application of HEC-6:

1 Cross sections should be chosen at locations that define channel geometry
transitions.
1 Surveyed cross sections usually provide the best detail; however, detailed

topographic map provide sufficient detail for some applications of HEC-6.

Designation of channel boundaries, movable bed boundaries, and the elevation of
the movable bed bottom;

The boundaries of the movable bed specify the portion of the river bottom that is
allowed to uniform move vertically. The defining depth and width of movable bed is
a critical step in the application of HEC-6. Chronological series of both aerial
photographs and cross section plots can be of exceptional value when selecting
representative movable bed boundaries.

The sensitivity tests should be performed to chose the designation of elevation of
the movable bed.

Designation of ineffective flow areas;

Ineffective flow area refers to the cross-sectional area below the water surface
elevation incapable of passing flow, such as lower area outside the channel, or
local deep pools. It is important to recognize and adjust for ineffective flow area,
because the values of the calculated hydraulic parameters and the corresponding
bed change are potentially quite sensitive to errors in the computed effective flow
areas.
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(d) Manningb6bs n values for channel and over bank

The sediment transport r atnealuesofcbBaanelandt i ve t C
overbanks. Typical way to develop n values is to use n value in the references
based on field observations and aerial photographs.

2. Sediment Data
The sediment data essentially provide the initial and boundary conditions for the initial and

boundary conditions for the sediment gradation and movement parameters, respectively.
The HEC-6 sediment data requirements include:

1 Initial gradation of bed material;
1 Inflowing sediment load at the upstream boundary;
1 Armoring data

The initial gradation of bed material can be obtained by sampling bed material. The
sampling locations should reflect the spatial changes of the bed material along creeks.
The detail of bed material sampling guidance can be referenced in Appendix A of
Chapter 10.

The sediment inflow load can be developed by collecting bed load and suspended during
the storms and be available to the sediment transport study. However, this is rarely the
case.

Otherwise, inflowing sediment load data can be generated iteratively with HEC-6.
The procedure to generate the sediment load is as follows,

1 Prepare a complete set of geometric data with an upstream dummy reach at least
2000 feet. The dummy sections/reaches can be copies of the upstream-most
cross section, where the elevations and reach lengths of the duplicated cross
sections are adjusted to maintain the bed slope. Dummy sections can also be
actual cross sections upstream of the river study reach.

1 Prepare three complete sets of hydrologic data corresponding to a low flow, a bank
full flow, and a high flow.

1 Set initial sediment inflow as zero.
1 Execute HEC-6 model separately for the three sets of hydrologic data with

adequate time step to have stable computation until the calculated sediment

di scharges conver goe dtios cthhaer gfiee gfuairl iebarcihu ng r a i
For HEC-6 calculation, the initial percentage of the movable bed protected by armoring

layer is specified in the input data. The sensitivity of the initial percentage should be
tested for the modeling calibration.
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3. Hydrologic Data
The HEC-6 hydrologic data include the following:
a. Discretized discharge hydrograph
The HEC-6 requires that a continuous discharge hydrograph be coded as a
sequence of discrete steady flows. When discretizing the hydrograph, it is
important to:
i. Preserve the total volume of water in the hydrograph.

ii. Preserve the peak flows.

iii. Select flow durations that preserve the shape of the hydrograph.

iv. To have adequate flow durations to maintain the computation stability.
V. Provide -tap i wmernmi od a timdlatioes. st art of all
b. Water Temperature

The water temperature is used by HEC-6 to calculate temperature dependent
variables in transport capacity computations. Generally, the HEC-6 computations
are insensitive to the specified water temperature. The 60°F is used if there is no
water temperature available.

C. Downstream Water surface Elevation Rating Curve

A stage-discharge curve for full range of historical flow generally specified at the
downstream-most cross section. The downstream boundary condition is quite
sensitive to the sediment calculation for downstream reach. It is recommended
that several downstream dummy sections be incorporated into the data set or
downstream boundary be set away from the project reach to minimize the
influence of the downstream boundary conditions on the computations for the
actual study reach.
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APPENDIX 10E
Photos of Sediment Collection Equipment

Figure E-1. Bedload Sampler i US BL-84

Figure E-2. Depth-Integrating Suspended Load Sampler i US DH-76
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Figure E-3. Bed-Material Samplers i US BMH-60

Figure E-4. USGS A-Pack Sounding Reel i Model 3210
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Figure E-5. USGS Columbus-Type Sounding Weights

Figure E-6. Two-Wheel Clamp
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