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HEC-6, Scour and Deposition in Rivers and Reservoirs

For the Maricopa County Flood Control District

DAY 1

8:00 - 8:15 am
8:15-9:15 am
9:15 - 9:30 am

9:30 - 10:00 am

10:00 - 11:30 am

11:30 - 12:30 pm

12:30 - 1:15 pm

1:15 - 3:00 pm

3:00 - 3:15 pm

3:15 - 3:30 pm

David T. Williams, President
WEST Consultants Inc., Carlsbad, CA

Introduction and Administration
Sediment Transport in Natural Rivers
Break

Properties of Non-Cohesive Sediment

Shape factors, specific gravity, settling velocities, initiation of
motion, types of loads, cohesive sediments.

Introduction to HEC-6 and Basic Data Requirements

History, basic principles, capabilities and limitations, computational
sequence, distinction between run data and calibration data, data
sources.

Lunch

Interpretation of HEC-6 Output and Results

Explanation of input and output information, control of output,
interpretation of results, accuracy assessment, procedures of running

- HEC-6 in fixed and mobile bed conditions.

Workshop 1, HEC-6 in Fixed Bed Mode

Development of hydrologic data, geometric model development,
hydraulic calibration.

Break

Workshop 1 Review



HEC-6, Scour and Deposition in Rivers and Reservoirs

For the Maricpoa County Flood Control District

DAY 1. cont.

3:30 - 5:00 pm

DAY 2

8:00 - 9:15 am
9:15 - 9:30 am

9:30 - 11:30 am

11:30 - 12:30 pm

12:30 - 2:45 pm

2:45 - 3:00 pm
3:00 - 3:15 pm

3:15 - 5:00 pm

David T. Williams, President
WEST Consultants Inc., Carlsbad, CA

Review of Sediment Transport Functions

Computations of sediment transport rates by several procedures,
multiple transport functions, terminology, function limitations.

Selection of Sediment Transport Relations

Break

Development of Bed Material and Inflowing Sediment Load
Development of the sediment boundary for HEC-6, definition of
terms, sources of data and costs, sampling procedures, where to

collect samples, sensitivity of results to data variability, strategy for
developing a sampling program.

Lunch
Workshop 2, Development of Sediment Data for HEC-6

Development of inflowing sediment load, bed gradation, program
execution in moveable bed mode.

Break
Workshop 2 Review

Calibration/Validation Techniques and Interpretation of Results



HEC-6, Scour and Deposition in Rivers and Reservoirs

For the Maricopa County Flood Control District

DAY 3

8:00 - 9:00 am

9:00 - 9:15 am

9:15 - 11:30 am

11:30 - 12:30 pm
12:30 - 1:00 pm
1:00 - 2:45 pm
2:45 - 3:00 pm
3:00 - 3:15 pm
3:15 - 4:15 pm

4:15 - 4:45 pm

4:45 - 5:00 pm

David T. Williams, President
WEST Consultants Inc., Carlsbad, CA

Hydrology Generation Using WATSTORE and Histogram Generator

Use of utility program, "Sediment Weighted Histogram Generator”
to develop long term HEC-6 hydrology input

Break

Workshop 3, Verification of HEC-6

Experimentation with  hydraulic and sediment parameters to assess
effects on model performance, adjustments to reproduce field
observations, sensitivity analysis.

Lunch

Workshop 3 Review

Workshop 4, Use of Features of HEC6; Stream Network Application
Break

Workshop 4 Review

Estimation of Sediment Yield

Case Study:

EPNG Pipeline Crossing of the Gila River near Coolidge, Arizona

Open Discussion, Closure



WATER SURFACE PROFILE CALCULATION

1. Classificatlons of Open Channel Flow

a. Steady vs. Unstezcy

Steady Flow Unsteady Flow
Depth and velocity &t a given Depth and velocity vary
location do not vary with time. with time &t a given loczation

b. Uniform vs. Varied

Il

Uniform Flow/ Varied Flow
Depth and velocity are constant Depth and velocity vary with
with distance along the channel distance along the channel.

Gradually varied flow-
depth changes gradually over a long distance.

Rapicly varied {low-
depth changes abruptly over a short distance.

L43/jcp/e2



.F. R.V,F.
G.V.F G.V.F G.V.F
-

c. Subcritical vs. Supercriticzl

Effect of gravitational forces relative to inertizl forces

represented by the Froude No., a dimensionless ratio.

Fr = ___V
J gD
P
T |
B where Fr = Froude No.
V = Mean Velocity = Q/A
QA g = gravitetional acceleretion

D = hydraulic mean depth = AT

This definition of Froude No. applies only where a uniform
velocity distribution can be assumed.

For Fr< 1 flow is subcritical
Fr =1 flow is critical
Fr>1 flow is supercritical

2

| R.V.F.

G.V.F



2. Velocity Distribution In a Cross Sectlon

a. Factors influencing velocity distribution

Velocity cistribution is affected by shape cf cross section,
roughness of boundaries, presence of bends, etc.

b. Evaluaticn of kinetic energy head for a cross section

2 =2 2
V4 \" Vo
a

! r e

Vq= mean velocity for subarea @

V5 = mean velocity for subarea @



Kinetic energy head = discharge-weighted velocity head
|

AAJAPNL)
Qy 2g + Q2 29’ Vz
= Q, + Qz =9 2g

. 2
2g [0y (30) + Q2 (32)]

a= 2
(Q1 -+ 02) V
Q1V12+ Q2V22
a= 2
(Q1+Q2) V
in generzal
e [QVEZ+ QVE+ QVE+ - - - + Q]
| QW)

c. Typical values of velocity coefficient, a

Ch | Value ofa

annel type Min. Ava. Max.
Reguler channels, flumes, spillways 1.10 1.15 1.20
Natural streams 1.15 1.30 1.50
Rivers underiice cover 1.20 1.50 2.00
River valleys, cverflooded 1.50 1.75 2.00

From Chow, Open Channel Hydraulics




v= 13 gRgie (Manning Eq.)
n
Q=VA='5 ARp%¥g/?
n
Let K = conveyance = _j_§_ AR 23

n

Then Q = KS 2
i

For a given water surface and total discharge, determine Q4 and Q5

g2 _ Q

f K

Assume Sf is constant for a cross section

Then Q, K, S,:”z

Il

K 5572

i

Qy



Orin general

| 12
Q; = K;S;

where 1 designates subsection number. If this eq. is combined with the equation
with the equetion for a, there results

A5 (KA
(=KD

3. Pressure Distributlon In a Channel Section

L - [ 1
1 |
I L
i | h
Z
| |
\ plane A
Pressure on plane A = b E :;Y = YL (+Atmos. pressure)
Pressure head = pressure _ L _ L
. B N

Piezometric head = Z + pressure head = Z+ L =h
6



The pressure distribution in a still body of water is hydrostatic, which means
that the pressure head is everywhere equal to the depth below the water surface.

A hydrostatic pressure distribution may be assumed to exist in a moving fluid
where streamlines are approximately straight and parzaliel.

4. Energy Principles

a. Totzl enerqy head for a cross seciion

/2
H=Z+dcos© + a_—
29

For a bed slope of 1:10, © = 5°40" and cos © = 0.99. The cos © term in the

energy equetion is usually assumed equal to 1. '



b. The eneragy egustion

— N o
\
\' Energy [ina —————— y °
/, a, 1 gy Une - ”\‘/2 e
29 o2 |
L Y 2qy.
A= X
Y1
Y yz
B B e e o | v
[ ‘“'
|
Y Datum Y
Upstream Downstream
Z e Z,+ Yo+ @ 2 . h
+ Yyt ag— = + Yo+ O, =
1 29 2 2g e
V2
letH=Z+y+a—

2g

Hy=Hy+ h,

c._Limitations of energy ecuation
(1) Steady Flow
(2) One dimensional flow

(8) Gradually varied flow
(hydrostatic pressure distribution assumed)

(4) Channels of small slope (<1:10)
(5) Friction Slope S; = Constant for a given cross section



d._Epergylosses
(1) Total Loss
h,= h_ +h

e f o

where he = total energy loss
hy = energy loss due to friction

o = otherlcsses

() Ccntraction and expansion [csses

2

hy, = Cq G1Zg1 - GZZ\?

and

ho=Celg Y4 ., V2
' 2g 229

where

C . = Empirical Centraction Coefficient: (VUP-Vdn) = Negative

C o = Empirical Expansion Coefficient: (VUP-V dn) = Positive

V2,

a, 29 = Upstream Velocity Head
Vz,

a, 23 = Downsiream Velccity Head

Typical Vzlues

C. 0.1to05

[~

C. 03to1.0



(3) Determining friction loss in a channel reach

| ®
Y I @
/ /
A X2
S h §= < Sidx
a M
7
722 .
X X2 X
X2
Let f S;dx =§L (1)
X4 '
where §} = representative friction slope
L = reach length
. pproximations for S
: S S
= _ fi+ 21, @)
[ =
2
cor
Q 2
S, = ( K+ Ky ) (3)
2

substituting (3) in (1)

2Q 2
hy =L Ki+ K,

Totel Energy Loss Equation:

V2 V2
h. =c a._1 - a 2 +L




5. Critical Depth and Its significance

a. Definition of critical depth

"The depth at which total ensrgy head is
a minimum for a given discharge.

b. Computation of critical depth inirreqular channels

2
Minimize Z+Yy+ a?v-
g

Weter
Suriace 4

Eleveation
2

Elevation cf energy line
H

c. Centrols and their sicnificence in open channel flow

References:

a. EM 1110-2-1409, "Backwater Curves in River Channels,” Corps of Engineers, 1958,
b. French, Richard H., Open Chzannel Hydraulics, McGraw-Hill, 1885

c. Henderson, F.M., Open Chzannel Flow, MacMillan, 1966.
d

. U.S. Army Corps of Engineers, Water Surface Profiles, [HD
Volume 6, The Hydrologic Engineering Center, July 1972,

e. Chow, Ven Te, Open Channel Hydraulics, McGraw-Hill, 1958,
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SEDIMENT TRANSPORT IN NATURAL STREAMS

MOBILE BOUNDARY CONDITIONS

"EQUILIBRIUM SEEKING CONCEPT”

Scour-DEPOSITION

WHY WORRY ABOUT SEDIMENT?
~ (AN DECREASE DEGREE OF LEVEE PROTECTION
- REMOVES VALUABLE RESERVOIR STORAGE
- INTERFERES WITH NAVIGATION
- (AN UNDERMINE CHANNEL CROSSINGS

- (AN ADVERSLY AFFECT WATER QUALITY

SEDIIMENT TRANSPORT PROCESS:
- [ERoSION: LAND SURFACE. STREAM CHANNEL
- ENTRAINMENT
~  TRANSPORTATION
- DePosiTION
- (omMPACTION

"EQUIL;BRIL4 SEEKING”

H-514/RCNM/81 1



WHAT CAUSES EROSION?

- WATER: RAINFALL, RUNOFF. STREAMFLOW

- Wi

GrAVITY

- Ice

- P

TIME SCALES FOR SEDIMENT PROCESS:
- Geowocic TiMe (lfJ“ - 107 YEARS)
° BASINS FILLING, PLAINS DEGRADING, SWAMPS FORMING, ETC,

® (CAUSES: WEATHER, MOUNTAIN BUILDING, SEA LEVEL CHANGES., ETC,

- ProJgecT Tive (100 YEARS AND LESS)
° RIVER MEANDER, CHANNEL ERODES., SHOALING, ETC.

° CAUSES: TRANSPORT CAPACITY., SEDIMENT SUPPLY., MAN'S
WORKS

RESERVOIR SEDIMENTATION

)

|
-2

\

===
5

gt

?: Present and past courses of a
5 . reach, or length, of river.

(US.G.S)).

4
500 years ago 7 River pesition today
100 years ago




- MaJorR FLOOD

° (HANGES FLOODPLAIN GEOMETRY., SCOURS STRUCTURES, DEBRIS/
SEDIMENT DEPOSITS

o

CAUSES: FLOOD MAGNITUDE, SPECIFIC LOCATION, SPECIFIC
REGULATION WORKS

- INSTANTANEOUS

-3

SEDIMENT LOAD, EROSIVE POWER

-]

CAUSES: STREAM GEOMETRY, FLOW VELOCITY., SEDIMENT
GRADATION

(LASSIFICATION OF SEDIMENT
- Bep LoaD

- SUSPENDED LOAD

(-]

SUSPENDED BED LOAD

-}

WASH LOAD

SEDIMENT TRANSPORT STUDIES: BED.LOAD AND SUSPENDED BED LOAD



STREAM REGIME.
- UPPER: .HILLY, STEEP. BOULDERS AND GRAVEL IN BED

- LowER: ALLUVIAL PLAIN, SAND-SILT-QAY IN BED

USUALLY CONCERNED WITH RESPECT TO LOWER REGIME

ALLUVIAL STREAMS EVOLVE TOWARD EQUILIBRIUM

QS * D5O = Q* SF
WHERE !
Qg = BED MATERIAL LOAD
Dsy = AVERAGE SEDIVENT SIZE
Q@ = DISCHARGE
S = E.b.L. store

ON AN ANNUAL BASIS, Dm AND @ ARE APPROXIMATELY CONSTANT

Sy

‘VARIES ALONG THE STREAM

SOURCES AND SINKS



g

1 W%
Coarsg 3
\ Srt=e1] 2ag 1iteamiPore

? (0g O,) IS PROPORTIONAL TO (QS) Q

: WHERE  Q, = SED(MENT
Dy WEDIAN SEDIMENT SIZE
Q * WATER DISCHARGE

S = SLOPE

Figure 8. Schematic of the Lane relationshig
for qualitative analysis.



At wviaL River ReciMes
- MEANDERING: FAIRLY STABLE STREAM' (EQUILIBRIUM CONDITION)

® SEDIMENT LOAD IN IS APPROXIMATELY EQUAL TO TRANSPORT
CAPACITY OUT, CAUSING BANK EROSION (Mississippi RIVER)

- AGGRADING: SEEKING EQUILIBRIUM

-]

SEDIMENT LOAD IN IS GREATER THAN TRANSPORT CAPACITY
%U‘Z, CASUING SNDE' SHALLOW (BRAID=D) STREAMS (HIaH
INS RIVERS

- DEGRADING: SEEKING EQUILIBRIUM

°

SEDIMENT LOAD IN IS LESS THAN TRANSPORT CAPACITY
OUT, CAUSING DEEP., WIDE RIVERS (COLORADO RIVERS -
URRANIZING STREAMS)

ONE RIVER CAN EXPERIENCE ALL THREE REGIMES OVER ITS LENGTH

o o = 0,

DEGRADING [ AsGRADING

F‘ MEANDER




SIVWIN @ 1100 whiiw

Zone of accumulation /
or depesition - 2Zone of erosion

Circulatory current in water
flowing 2round a river bend

Effect of a curved channel on water Sow. (U.5.G.S.)

Yezndering

Generzlized velocity distribution Cenerzlized surfzce streamlines

Tsemetric view of gencralized cizgram of Acw distibution in a meander;
opea parabolas with arrows indicate dewnstream velocity vecioss; lateral
component of velocity is shown by gray zreas; 21l sections are viewed from 2
charging pesiticn 1o the left of 2nd zbove the individual sectica. (From
Flyvizl processes in geomorphology, by Leopold, Wolmaa, and Mitler. W, H.
Freemzn and Company. Copyright © 1964.)



Elevotlon (1), urbitiury data

Degrzdaticn

Ve e T
2 ey

N e e n
A==

— e

= g
e’ ety e . S
S e =
. ..
o }nﬁ(,?-::
-t

The =carndering gerge of the Celorzdo River at the Loop, below Mozb,
Uuh, The channel has cut downward more than 1,000 feet since the
Coisrado Plateau area begin 19 rise more than | millien years ago.

(Us.Gs)

Qe('eztingl onave bank ' Progressively Suiicing peint bar
Retr "

Aggradation

Dauwa cbrained from succzuive rerurvaye of Wans Zranch near Raockwville,
Mazvland, show laterzt migration of a river channel by the building of a
i»int bar into the siream 2nd the concurrent cresion of the oppetite bank.
The continuation of such point bar building resulu in the developmentel a
Peed plain. Dizgrams in lower right indicate perition of the crecs seciion
relative 15 channel Eezds (From Leopold, 2ull. Geol. Sve. America, Junc 1973.)



GENERAL SEDIMENT TRANSPORT EFFECTS
~-DSVELOPING WATER SURFACE ELEVATIONS
USUALLY RIGID BOUNDARY ASSUIPTION

BED CHANGES DURING THE YEAR

TIMES OF MEASURENMENT

RISING/FALLING FLOWS

!

,9 FALLING
o LT 7_)'
~. v . /
S~ / RISING

-~ - /,.\/

& w/

-CHANNELIZATION
SEORTEN, DEEPEN, WIDEN CHANNEL
STREAM WILL RESEEX EQUILIBRIUM
TRIBUTARY EFFECTS
-CHANNELIZATION CAN CAUSE:

UPSTREAM

IN IMPROVED REACH AND DOWNSTAEAM




A withovf T with

- RESERVOIRS i —— — —

la
Qs * Dgp = Q * S¢

A RESERVOIR CAN CAUSE:

# IN POOL

b DCWNSTREAM

*HOW TAR DOWNSTZZAM?

CHANGED rLOW REGIME CAUSES:
¥INCREASED TRANSFORT
‘DECR?ASED TRANSPORT
¥E0TH

*TRIZUTARY =ZFFZCTS

S: IMMEDIATE DECRADATION DCWNSTREAM, TEEN DEFOSITION IN LCWZR
REACHES

USUAL E

)
"
m

c

+-)

10



-A LEZVEE CaN CAUSE:

UPSTEZAM

IN LEVEED REACH

DOWNSTREAM

-LEVEZ AND ZYPASS

DIVERT FLOW THAT WOULD HAVE GONE INTO OVERBANX STORAGE

DIFFICULT TO PREDICT SCOUR-DzPOSITION

-BYPASS

#
S "W\
A
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=

Criginet Equilibrium Groce

Aqgrede(ion”’<

Degrodotion of Dom

Bose Level
> A

Fig. 2,12 Chamnel adjustzent above and below a dam.

Fincl Equilitrivm Greds

Originel
Equilibrium
Grede

Eeie Level

Fig. 2.13 Changes in channel slcpe in response to an- increase
in sedinent load 2t point C .

Orop in Bose Level

RN

¥ain Chonnel

Local Effects Upstrean Effects Downstrean Effects

1, Headcutting 1. Increased velocity 1. Increased transport
to main channel

2. General scour 2. Increased bed 2, Aggradation

’ material transport .

3. Local scour . 3. Unstable channel 3. Increased flood
stage

4. Bank instability 4, Possible change of 4. Possible change of

form of river form of river

S High velecities

Fig. 2.14 Lowering cf base level for tributary stream.

12
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Szdimentation Engineering, ASCE Manual No. 54, 1975.

Hydraulics of Sediment Transport, Walter H. Graf, McGraw Hill, 1971
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Cpen Channel Flow, Henderson, Macmillan 1966, Chapter 10

Mechanics of Sediment Transport, M. S. Yalin, Pergamon Press, 1972.

Sediment Transport in Alluvial Streams, Bogardi, Janos, L. 1974

Sedimentation Investigations of Rivers and Reservoirs, EM 1110-2-4000,
Department of the Army, Washington, D.C., 1988.
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Shor7 Cowrst

Three Levels of Analysis for
Conducting Sedimentation Engineering Evaluations

Level Objectives Study Components
I Identify problems and Identify the problems and analyze
conduct quealitative them qualitatively through the
assessment. application of general principles.

Visit the problem site and compile
and review available data.

Use these data to support your
qualitative assessment. Identify
data needs for higher level
studies.

I1I Refine problem definition Refine the definition of the
problems identified during the
Level I study. Obtain additional
data. Conduct quantitative
engineering analysis.

11T Conduct thorough quantitative Prepare a thorough statement of
analyses of the problem. the problem. Collect all necessary

data. Perform intermediate and
advanced analyses of the problem
through the application of one or
more simulation models (physical
and/or numerical). Attempt to
verify results.



O

O

THE ANALYSIS OF SENIMENTOTION
FROzxLEMS

HISTORICAL INFORMATIOQIWN
SXTE REchmmxssmNCE
QUAGLITATIWVIE mSSESéHENT
ANALYTICAaL STUDRDIES
MUMERICAL MODEL STUDI;S

FHYSITC®IL MOIE L STUIINXIIEZS



Qﬁdunent LodB

l. au<pended bod

"G bed-material

-.aloud‘*""-
b vosh!ood

MOVABLE BED MODEL

Topography
of River
Valley

|. X-Sections

2.Reach Lengths

, 'Hydrcuﬁcs

{ of FTow
|. depth ™

2. width

3. veknnty

4. slope

Hydraulic

Roughness

(n—=Values)
[. Bed forms:

a.ripples

b. dunes

c. flat beds
d. anfi—-dunes

2. Size of Grains




INFLOW

BANKS

LOCAL & TRIBUTARY

SEDIMERT SOURCES IN A RIVER REACH
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11

SLOPE (FT/FT)

10

2
10

10° 10" 10 10
DISCHARGE (CFS)

Figure 4. Slgpe-discharge relations.



SINUOSITY ——

1 1
® Thelweg Sinuosi

- A Channel Slnuos!

ty

ty

Thalweg Slnuoslty\

Thalweg

/

A}
Meandering Thalwed
Channel

Channel Slnuoslity

e B — S
_’_.—-—A’A- . A\\’
N a
27 on 1|
= Cemblination
o I Bralded
<—qc-‘<—Meanderlng Thalweg Channel of Meand. Ch
= and annel
w

Bralded

SLOPE, S —

Figure 5.  Channel pattern versus slope
and simuosity (Kahn, 1371)
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PROPERTIES OF NON-COHESIVE SEDIMENT
AND CHARACTERISTICS OF ITS MOVEMENT

Ref: Sedimentation Engineering, V. Vanoni, Ed., ASCE Manual
No. 54, 1975.

I. Non Cohesive Sedimentation Materials
A. Particles that do not stick to each other. Individual
particles retain their physical properties at all

times.

A. Sediment Grade Scale; Shown in Attachment #1 § 2.
1. Note geometric spacing of grades
2. Note size range. Coarsest particles are trans-
ported by rolling along bed. Finest are trans-
 ported in suspension.

B. Shape of Particles:

The most useful shapé factor is McNown's:

where a,b, & c are mutually perpendicular particle dimensions

and a > b > c.

C. Specific gravity

The specific gravity of sediment material depends on
the mineral composition of the rock from which it originated,
on its weathering history and on the sorting that has occurred

during its transport. Specific gravities of common individual

grains range from less than 2.5 to 5.3. Quartz, a very common

L-918/KRONE/Dec 82



mineral in sediments,has a specific gravity of 2.6S.

Because the specific gravity of the particle is an
important parameter in sediment transport, it is desirable
that it be determined for samples of the sediment for

which non-cohesive sediment loads are to be computed.
D. Settling Velocities of Single Spheres

Y~ Y

2 _ 4 gd s
LA < %S =) (1)
where w settling velocity

g acceleration of gravity

d diameter of the sphere

drag coefficient

specific weight of the particle

Y specific weight of water

For 0.1 > R = wd/v, (2)

where v is the kinematic viscosity, Cp = 24/R. For R > 0.1
the coefficient of drag needs to be determined empirically.
The attached figure #3 shows such a curve. The settling
velocity of a sphere can be calculated from this curve by
first calculating the submerged weight
3
_ nd _

F == (vs7) : (3)

and F/pvz, where p is the density of the fluid mass. Enter

this value on the auxiliary scale in #3, follow the sloping



lines down to the curve for spheres, and read the correspond-
ing value of R. w can then be calculated from R via equation
(2).

The settling velocities for spheres having a density

of 2.65 can be read from attachment #4.

E. Correction of Settling Velocity for Shape Factor.

Attachment #5 shows plots for correcting the fall

velocity calculated for spheres for particle shape.

F. Correction of Fall Veloccities for High Concentration
of Suspended Sediment

wp = (163, (4)

where Wy is the "hindered settling velocity'" and ¢p is the
volume concentration of suspended particles: cu cm

of particles per cu cm of suspension.

G. Specific Weights of Sediment Beds

Bulk densities of non-cohesive sediment beds vary widely
depending on particle size distribution, particle density,
and packing. Consolidation becomes a factor with finer
particles (silt and clay). Attachment #6 shows variations
of specific weights with particle size. Attachment #7 shows
extreme variations.

It is usually advisable to measure specific weights when

a conversion of weight of material deposited to deposit

volume is required.



II. Initation of Sediment Motion by Currents

A. Sediment particles are lifted from their
place in the bed by pressure fluctuations. These fluctu-
ations are random and there is a wide distribution in peak
pressures. There is not, therefore, a certain current or
bed shear stress that is the "threshold" of sediment trans-
port. Most experimentors utilize "weak motion" as initia-
tion of motion or extrapolate to zero motion from a
function that is defined for higher flows. From a combina-
tion of mechanics and dimensional analysis Shields obtained

Use d

s £«
Y Y v

) (s)

where'rc is the bed stress necessary to initate motion, U*c is
the shear velocity needed to initiate motion and the term
in parenthesis is the boundary Reynolds number, R,.

Recall that for steady, uniform flow,

where t is the average shear stress around the wetted boundary
Rh is the hydraulic radius of ‘the channel, and S is the (energy)

slope.

Ue = 7/p (7)

so that both t and U, can be obtained for use in equation 5.
Equation 5 can be solved for t. or d by means of a
Shields Diagram as shown in Attachment #8. This plot shows

the relation for an artifically flattened bed under fully



developed turbulent flows. One can calculate the value of
Tao for example, by trial, using successive values of U, to
calculate both rc/(ys—T)d and R, until the resulting plotted
point falls on the curve. '

Alternatively, the function shown above the auxiliary
scale in #8 can be calculated, the corresponding Qalue of
rC/(yS~7)d found leads directly to Te-

A plot of sediment size for various critical shear

stresses is shown in attachment #9. This plot was calculated

using a sediment particle density of 2.65 gm/cu cm.

Example Problem

What is the critical shear stress for a 1 mm uniform
sand having a density of 2.65 gm/cu cm in water at 20°C?

Solution: Units given are metric, so that it is easiest
to use metric values for the dimensionless numbers required.

The kinematic viscosity of water at 20°C is .0100 cmz/s.
Yy = pg and P = 2.65 gm/cm.3 The auxiliary function using

centimeter gram second units, is

.1 2.55 _
RS /0.1 (Fgg - 1) 980 x 0.1 = 40.2

rc/(ps-p)qd = 0.033

t = 0.033x 1.65 x 980 x 0.1 = §5.34 dynes

Cm

Check: U, = /t/p = 2.31 cm/s

_ 2,31 x 8.1 _ ,q 4



III. Sediment Lloads in Rivers

The way that non-cohesive particles are transported
depends on their size and on their intensity of the currents.
The bed load consists of particles that roll along the bed.

The suspended load consists of particles that are carried

by the waters above the bed. The coarser portion of the sus-
pended particles--typically particles larger than .02 mm--
occasionally settle to the bed and are subsequently resus-
pended. This process goes on continually in alluvial
channels and the amount of suspended particles of these

sizes tends to establish an equilibrium with the bed material.
The portion of the sediment that rolls along the bed plus
that portion of the suspended load that interchanges with

the bed in significant amounts is collectively called the

bed material load.

The remaining suspended load--that material that is
comprised of particles smaller than about 20 micrometers--
is called wash load. Because there is little interchange
with the bed, there is not a relation between discharge and
wash load is determined by the supply to the stream.

The bed material load plus the wash load is called the

total load.

IV. Velotity Profiles

Turbulent momentum transport in streams results from
mixing initiated by the roughnesses of the bed and banks.

Dimensional considerations and intuitive models lead to a

velocity profile description of



2,303 U,

u = ——— log (A y/yo) (8)

where u is the velocity at distance y from the bed, k is von
Karman's constant, A is a constant that is experimentally
found to be 30.1 for rough beds having roughness of Yo A
bed is rough when the height of the roughness elements
begin to compare with the thickness of the viscous layer at
the bed (i.e., 11.6 v/Uy.)

Karman's constaﬁt is 0.4 for clear water, but at high
concentrations of suspended sediment, the sediment alters
the velocity profile. Attachments #10, #11 show this effect.
Notice that the velocities are higher in the upper regions
of the flow. Apparently the presence of high concentrations
of suspended solids near the bed inhibits the upward pro-

pagation of mixing.

V. Suspended Sediment Concentration Profiles

Rouse (1937) derived a vertical concentration profile
from the one-dimensional diffusion equation and a simplified

model of vertical mixing in open channel flow. His equation

is
z
C _ {d- a
= - l:—)}za'_a] (52)
a
z = w/kU, (9b)

where c¢ is the suspended sediment concentration at Y> and
C, is the concentration at y = a. Equation 9 shows that the
concentration at any elevation above the bed increases to the

power proportional to w. The settling velocity is therefore




a very important parameter!

Ref:

I.

IT.

COHESIVE SEDIMENTS

Mitchell, J.K. Fundamentals of Soil Behavior, J. Wiley,
1976.
Composition

A. Clay and silt minerals are the dominant components
of cohesive sediments. Algae are the next most
common constituents followed by bacteria and other
organic material.

B. These particles are small. Gravitational forces
are consequently small and settling velocities are
low.

C. Sediment loads in typical lowland streams are largely
composed of these materials: wash loads make up to
90 percent of the loads of many streams.

D. These particles can be either cohesive or non-
cohesive, depending on the dissolved salt composition
and concentration of the stream waters.

Clay Minerals
A. There are three principal clay mineral groups.

Their important properties are summarized in the

following table:
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HEC-6: RESERVOIR SEDIMENT CONTROL APPLICATIONS'

Cavest; "... the choice of a model at this time is arbitrary, and the choice of a modeler is probably more
important than the choice of a model." (Dawdy and Vanoni 1986)

1. Some History of HEC-6 Development and Applications.? The following list summarizes efforts of the
Corps' Waterways Experiment Station (WES) and Hydrologic Engineering Center (HEC). Numerous
research and project applications of HEC-6 have been performed by other Corps' offices, government
agencies, private consultants, universities, and foreign countries that are not reported here.

O

The "Time Sequencing Method" of scour and deposition calculations was developed at the
Little Rock District of the Corps of Engineers in 1967 by Tony Thomas; it lead to the
development of HEC-6. The motivation for that effort was to confirm land acquisition
requirements for Ozark Reservoir on the Arkansas River, recognizing potential future (50-
year) sedimentation.

The next major development was made at HEC for the Walla Walla District in the early 70's.
The need was to predict future water surface elevations for levees at Lewiston ID on Lower
Granite Reservoir, The incorporation of bed material sorting and armoring and expansion of
transport of grain sizes up to 64mm was done at this time.

First complete documentation published by HEC for "Scour and Deposition in Rivers and
Reservoirs”, 1973, :

First HEC "Sediment Transport" training course presented, 1973.

The third major development was made in 1974 for the Fort Worth District. They needed to
predict future maintenance dredging on the proposed Trinity River Navigation Project which
consisted of 22 locks and dams in series. Silt and clay were the dominant sediment classes.

The code was modified to handle a system of locks and dams and to transport, deposit, and
consolidate clays and silts.

Comparison of model results with laboratory flume data (Thomas and Prasuhn 1977).

Use for analysis of scour of sediment deposits after removal of a dam (HEC 1977).

! Prepared by D. Michael Gee, Research Hydraulic Engineer, Hydrologic Engineering Center, 609 2™ St., Davis,

California 95616.

2 Contributions to this section by Tony Thomas of WES are gratefully acknowledged.
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"Scour and Deposition in Rivers and Reservoirs” is designated as "HEC-6", publication of
user’s manual and public release of the model, 1977.

The next major development was made for the Walla Walla District in 1978 to handle a
dendritic network of streams. This led to the "Network Version” developed by WES.

Addition of gravel mining capability at HEC, 1980.

Addition of graphics using HEC-HGP (Hydraulics Graphics Package), 1980.

The next major development was made for Mt. St. Helens studies on the Toutle and Cowlitz
rivers for the Portland District during 1980-1985. Several transport functions were added to
the model and the capability of including the effect of high concentrations of fines on the
transport of sands using Colby's correction factor was added. A normal depth

approximation to supercritical flow was developed. These enhancements were made to the
Network Version which was given the name "TABS-1" and became the research version of

the model at WES.

Publication of HEC Training Document No. 13, "Guidelines for the Calibration and
Application of Computer Program HEC-6", 1981.

Application to the Arkansas River, CO - simulation of irrigation diversions and use of HEC-
DSS for hydrologic data management (Gee 1983).

Release by HEC of a microcomputer (PC) version of HEC-6, 1985.

Addition of cohesive sediment erosion algorithms. This was initially made to TABS-1 for
Vicksburg District studies of the Red River Navigation Project in 1986.

Implementation of a commercial veador system by HEC for software distribution and
support outside of the Federal Government, 1988.

The next major development of TABS-1 was made for studies of the Richard B. Russell
Reservoir pump-back hydropower project by the Savannah District. This modification
changed geometry files from sequential storage to random access storage.

A major enhancement was made to TABS-1 for dredging studies in the lower Mississippi
River for the New Orleans District in 1991. The rate of dredging could be prescribed as well
as the location of the out-fall discharge.

Documentation and public release of a network version, based on TABS-1, of HEC-6 by
HEC, 1991.

Major update of TD-13, 1992.
Update of user's manual, 1993,
Ongoing work at WES with TABS-1 involves coupling of the sediment transport algorithms

2



with the UNET unsteady flow program. It is planned to include the results of this work in
the HEC NexGen River Analysis System currently undergoing design and development.

2. HEC-6 Description.

'HEC-6 (HEC 1991) is a one-dimensional movable boundary open channel flow and sediment
movement 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 are possible). The continuous flow
record is broken into a sequence of steady flows of variable discharge and duration (see Figure 1). For each
flow a water surface profile is calculated (using steady flow standard-step backwater computations) thereby
providing energy slope, velocity, depth, etc. at each cross section. Potential sediment transport rates are then
computed at each section for the given bed material grain size distribution. 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 (Figure 2). The
computations then proceed to the next flow in the sequence and the computation cycle is repeated beginning
with the updated geometry. 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 (Figure 3), automatic channel dredging, various levee and encroachment options, and
several options for computation of sediment transport rates.

Gee/HEC/May 93 3
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HEC-6 (HEC 1991) is a movable boundary model. It was formulated around Einstein's basic
concepts (Einstein 1950) of sediment transport; however, it is designed for the non-equilibrium case.
Einstein did not address the non-equilibrium condition, but his "particle exchange" concept was extended in
HEC-6 by noting that when sediment is in transport there will be a continual exchange between particles in
motion and particles on the bed surface. The residue in the bed may be measurable, as in the case of the "bed -
material load", or it may be unmeasurable, as in the case of "wash load”. The stability of particles on the bed
surface may be related to inertia, as in the case of non~cohesive particles; or that stability may be primarily
electrochemical, as in the case of cohesive particles. Energy forces acting to entrain a particle may be
primarily gravity induced, as in the case of flow in inland rivers; or the forces may be combinations of energy
sources such as gravity, tides, waves, and density currents, as in the coastal zone. Different types of sediment
require different entrainment functions depending upon the propensity of the sediment to change
hydrodynamic and physical properties of the flow and upon the sensitivity of the sediment type to water
temperature and chemistry.

a. Equations of flow. The equations for conservation of energy and water mass are simplified by
climinating the time derivative from the motion equation which leaves the gradually varied steady flow
equation. It is solved using the standard-step method for water surface profiles. The following terms are

Upsireom
End of Project

Cross Section 55.0

Cross Seclion 53.0

Crose Section 44.0

Cross Seclion 42,1

Cross Sectlion 32.0 Coscode Creek

Croes Section 15.0
S. Fork Zumbro River

Downgireom
End of Project

Figure 3 Example Stream System Network
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included:

2
—E - -ﬂxfﬁ -5, (conservation of energy) (1)
where
g = acceleration due to gravity
h = water surface elevation
- S, = slope of energy line
U = flow velocity
X = distance in the direction of flow
O = correction for transverse distribution of flow velocity
g= UA+Q, (conservation of water) (2)
where
A = cross-sectional area of flow
Q = lateral or tributary inflow
Q = main stem water discharge downstream from Q,
U - main stem mean water velocity upstream from Q,

b. Friction and form losses. Both friction and form losses are included in S,; bed roughness is
prescribed with Manning n values. n values may vary with water discharge, location, or be related to bed
material size (Limerinos 1970).

c. Equation of sediment continuiry. The Exner equation is used for conservation of sediment:

2,

X

Y
+B—+4q,=0 (conservation of sediment) (3)

L4

where

width of bed sediment control volume
volumetric sediment discharge rate

lateral or tributary sediment discharge rate
time

= bed surface elevation

NTPOW
I

d. Equation of sediment transport. Einstein's (Einstein 1950) work is definitive and presents a
complete view of the processes of equilibrium sediment transportation; it, however, has been more useful for
understanding those processes than for application, partially because of the numerical complexity of the
computations. Many other rescarchers have contributed sediment transport functions - always attempting to
develop one which is reliable when compared with a variety of field data. The resulting functions are
numerous, yet no single function has proved superior to the others for all conditions. Therefore, the following

Gee/HEC/May 93 7



functional form is presented here to show the importance of various parameters.

G=s(@,dS,,B8D,,SG,. G,.D,.P,, §G,, T, ..) (Sediment Transport) (4)
where:
effective width of flow
effective depth of flow

effective particle diameter of the mixture
geometric mean of particle diameters in each size class i
total bed material discharge rate in units of weight/time (e.g., tons/day)

vToOQUUAw
nwnuuwna

. grain shape factor
P, fraction of particles of the i* size class that arc found in the bed S, =slope
of energy grade line
SG, = specific gravity of fluid
SG, = specific gravity of sediment particles
T = water temperature
U = flow velocity

Sediment transport rates are calculated for grain sizes up to 64 mm (soon to be expanded to 2000
mm). Sediment sizes larger than 64 mm, that may exist in the bed, are used for sorting computations but are
not transported. For deposition and erosion of clay and silt sizes up to 0.0625 mm Krone's (1962) method is
used for deposition and Ariathurai's (1976) adaptation of Parthenaides' (1965) method is used for scour. The
default for clay and silt allows only deposition using a method based on settling velocity.

The sediment transport function for bed material load is selected by the user. Transport functions
available in the program include the following:

Toffaleti's (1966) transport function

Madden's (1963) modification of Laursen's (1958) relationship

Yang's (1973) stream power for sands

Duboys transport finction (Vanoni 1975)

Ackers-White (1973) transport function

Colby (1964) transport function

Toffaleti (1966) and Schoklitsch (1930) combination

Meyer-Peter and Miller (1948)

Toffaleti and Meyer-Peter and Miiller combination

Madden's (1985, unpublished) modification of Laursen's (1958) relationship

Parthenaides (1965), Ariathurai (1976) and Krone (1962) for cohesive sediments

Copeland's (1990) modification of Laursen's relationship (Copeland and Thomas 1989)
. User specification of transport coefficients based upon observed data

Brrms PR s po op

e. Computational methodology. Descriptions of the computational methodology used in HEC-6 and
application of the program are presented in the HEC-6 user’s manual (HEC 1991).

Experience has shown that successful application of movable boundary models may require substantial
effort to reproduce field observations, i.c., calibration. The general topic of application and calibration of
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numerical river models is thoroughly covered in Cunge, et al. (1980).
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3. Specific Reservoir Simulation Capabilities.

0

User can specify water surface elevations (internal boundary conditions) to simulate operation
and control of reservoir pool clevations as functioas of time.

Allows for deposition and compaction of cohesive sediments with time.

Provides for reentrainment of cohesive sediments based on equations presented by Parthenaides
(1965). '

Can simulate deposition at various pool levels and, therefore, compute impacts of reservoir
deposits on upstream water surface profiles.

Has a "parallel flow” capability, which means that several discharges in the time series of flows
can be modeled without updating boundary geometry - achieves computational efficiency.

Can compute trap efficiencies and perform volumetric accounting of sediment by grain size.

4. Some Limitations of HEC-6 with Regard to Reservoirs.

O

8]

It is a one-dimensional model.

Density variations due to thermal stratification or sediment concentrations are not included in the
bydraulics.

Modeling of the structure is limited by what the user can do with cross sections and water surface
elevations.

5. Some Additional HEC and Corps of Engineers Software for Reservoir Analysis.

0

o

HEC-5 "Simulation of Flood Control And Conservation Systems” (HEC 1982).

HEC-5Q "Simulation of Flood Control and Conservation Systems - Appendix on Water Quality
Analysis" (HEC 1986).

HEC-PRM "Prescriptive Reservoir System Analysis Model - Missouri River System
Application" (HEC Technical Paper No. 136 Nov. 1991).

HEC NexGen project.

TABS-2 "Open Channel Flow and Sedimentation,” two-dimensional flow and sediment modeling
system (vertically averaged).

a. Purpose. The purpose of the TABS-2 system (Thomas and McAnally, 1985) is to provide a
complete set of generalized computer programs for two-dimensional numerical modeling of open-channel
flow, transport processes, and sedimentation. These processes are modeled to help analyze hydraulic
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engineering and environmental conditions in waterways. The system is designed to be used by engineers and
scientists who need not be computer experts.

b. Description. TABS-2 is a collection of generalized computer programs and utility codes integrated
into a numerical modeling system for studying two-dimensional hydraulics, transport, and sedimentation
processes in rivers, reservoirs, bays, and estuaries. A schematic representation of the system is shown in
Figure 4.

Sedimentation

Preprocessors Flow —
Mode /

Transport
Mod et

Figure 4 TABS-2 Schematic

c. Uses. It can be used either as a stand-alone solution technique or as a step in the hybrid modeling
approach. The basic concept is to calculate water-surface elevations, current pattemns, dispersive transport,
sediment erosion, transport and deposition, resulting bed surface elevations, and feedback to hydraulics.
Existing and proposed geometry can be analyzed to determine the impact of project designs on flows,
sedimentation, and salinity. The calculated velocity pattern around structures and islands is particularly
useful.
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SUMMARY OF HEC-6 CAPABILITIES AND LIMITATIONS

Capabilities

1.  One-Dimensional
2.  Movable Boundary
3.  Steady State Open Channel Flow

4.  Continuous sequence of flows segmented into a series of steady
state flow events

5.  Standard Step Backwater Computations
6. Sediment transport rates computed at each section

7. Volumetric accounting of each sediment size in each reach
(between cross sections)

8.  Amount of scour or deposition is computed for each reach and
cross section geometry is adjusted after flow event

9.  Sediment calculations are done by grain size fraction

10.  Allows for simulation of hydraulic sorting and armoring



SUMMARY OF HEC-6 CAPABILITIES AND LIMITATIONS

Limitations

1. One-Dimensional
2. Sequence of steady state and equilibrium conditions
3.  Meanders not considered
4.  Bank widening not considered
5.  River Network Constrains
a. Sediment transport in distributaries not possible

b. Flow around islands (closed loops) cannot be simulated
directly

c. Only one junction or control point is allowed between
adjacent cross sections

6.  Split flow cannot be simulated

7. Supercritical flow is approximated by normal depth



June 1988
Michael Gee

DATA REQUIREMENTS FOR HEC-6

Definitions:

INPUT (or RUN) DATA: The data needed to operate a computer
progran.

CALIBRATION DATA: Field data or observations used to
evaluate the performance of a model and adjust model

parameters if necessary.

VERIFICATIOR DATA: Additional field data, not used to
calibrate the model parameters, used to verify that the
model performs adequately under conditions other than those
for which it was calibrated.

Objective:

L-736/DMG/88

The objective of this lecture is to describe the required
input data for HEC-6.



HEC-6 Input Data File Structure

GEOMETRIC

DATA

SEDIMENT

DATA

FIOW

DATA




NOTE:

The geometric and sediment data apply to time zero; that

is, the beginning of the simulation.

Iﬁem:

GEOMETRIC DATA

Records: Source(s):
Cross sections, X1,X3,GR Field surveys, topo
maps, HEC-2 data
sets.
NOTE: Cross sections selected for HEC-2 may not be
optimal for HEC-6. The difference is between hydraulic
conveyance controls and reach-averaged sediment
transport characteristics.
Boundary roughness: NC, NV Field estimation and
calibration.
NOTE: Boundary roughness is described by Manning's
relation in HEC-6. It may vary with distance,
elevation, or discharge; but is not directly coupled
with the sediment transport as in the Einstein-
Barbarossa approach.
Expansion-Contraction Losses: NC Field estimation and
calibration.
Channel subdivisions: X1 Field estimation and
calibration.
Bed width: H Field estimation and

calibration.
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Ttem:

SEDIMENT DATA

Records: Source(s):
Sediment properties: I1-I4 Field estimation.
Grain sizes: IT1-14 Determined from
field
sanples/measure-
ments.

NOTE: The number of grain sizes selected on
the I1-I4 records governs the L and N
records.

Transport function: I4 User selected.

Weighting factors: I5 ' Computational
smoothing.

Inflowing sediment: L Field measurements

and/or calculation
(e.g. use of the
CORPS system), input
as a function of
water discharge.

NOTE: Need grain size distribution of the
inflowing sediment load. Typically this is
the gradation of the bed material load (not
the same as that of the bed material); for
open rivers wash load can be neglected, for
reservoirs, however, wash load may be
dominant.

Bed material gradation: W Field sampling.

NOTE: A bed material gradation must be
supplied at each cross section; experience
has shown, however, that smoothing the
changes in gradation from section to section
will aid the HEC-6 solution.
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FLOW DATA

ITtem: Records:

Print/plot control, *

Water surface elevation

or rating curve, R,RC
Water discharge, Q
Time interval W

Source(s

User selected; data
will be saved for
plotting at times
that a "B" level
sediment print is
requested.

Gage data, uniform
flow computations.

Flow records;
continuous, flow-
duration, or
stochastic.

User developed.

NOTE: Time intervals may vary; smaller time
intervals yield better results but take more
computer time. Several methodologies have
been developed for compression of flow
records. Time intervals must be selected to
preserve inflowing sediment volume.

Water temperature T

Flow records.
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SUMMARY OF RECORD SEQUENCE FOR HEC-6

TITLE RECORDS (required): T1-T3

GEOMETRIC DATA

A. Manning’s n (required unless repeated) - NC, NV (also can
adjust by SKI and SKL - see Hydrologic data)

B. QT - (optional) used for tributary discharges
C. X1 - (required) start of a cross section

D. X3 - (optional) ineffective flow - note: similar but not the
same as X3 of HEC-2

E. X5- (optional) internal boundary condition specification;
adjusts water surface elevations - note: not the same

as X5 of HEC-2
F. XL - (optional) conveyance limits

G. GR - (required unless repeated) ground stations and
elevations

H. H or HD (required) sediment reservoir determination,
dredging limits

I.  EJ- (required at end of segment geometric data) end of
geometry

J.  STRIB - (optionalunless simulation of tributaries) identifies
start of tributary geometry

K. CP- (required if $TRIB is used) indicates location of
tributary within network



SUMMARY OF RECORD SEQUENCE FOR HEC-6 (continued)

SEDIMENT DATA

A. T4-T8 - (required) title records

B. 11 - (required) sediment properties and selection of transport
method

C. 12 - (required for clay transport) clay properties

D. I3 - (required for silt transport) silt proper'ties and number
of size fractions

E. 14 - (required for sand transport) sand properties and
number of size fractions

F. I5- (optional) weighing factors for computations

G. Jand K - (optional) user specified transport relation

H. LQ - (required) discharge for inflowing load

I. LT- (required) total load for inflowing load

J. LF- (required) fraction of total load for each grain size

K. PF (orN) - (required) bed gradation

L. SLOCAL - (optional) identifies inflowing load records

for local inflows or diversions
M. LQL, LTL, LFL - (optional) same as LQ, LT, and LF

but for local inflows and diversions



SUMMARY OF RECORD SEQUENCE FOR HEC-6 (continued)

4,

HYDROLOGIC DATA (continued)

L.

M.

v

PO

»

VJ, VR - (optional) used in 'conjunction with $VOL,

specifies elevation intervals for computations

* - (required) indicates a set of information is to follow for
a single discharge

Q - (required) discharge

R - (required if rating curve is not specified) downstream
water surface elevation for specified discharge

S - (optional) shifts water surface elevation
T - (required for first discharge) water temperature
W - (required unless X record is used) duration of discharge

X - (optional) discharge duration and computational
merement

$SEND - (required) end of hydrologic data



INTERPRETATION OF RESULTS FROM HEC-6

Objective: to present the types of {nformation which may be
printed out and to {llustrate how to interpret the

calculated results.
1. Geometric data
A. Normal printout
B. B-level printout
C. Ddevel printout (trace)

D. END OF GEOMETRIC DATA

2. Sediment data
.A. Normal printout
B. B-level printout
C. C-level printout (trace)

D. END OF SEDIMENT DATA

3. Hydrologic data

A. The desired level of printout must be specified - the default

{s "NO PRINTOUT".
1 of 3
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B. Hydraulic calculations. Request an A-level printout on the first

event to afd in debugging the data deck.

C. gediment calculatfons. Request an A-level printout for volumes.
If bed change and sediment loads are desired, request a B-level.

A1l values are calculated whether or not a printout is requested.

D. END OF J0B

Interpretation of calculated results

The most common printout levels are "none"™ in hydraulic calculations
and B-level in sediment calculations. However, when debugging a new
data deck it fs useful to have an A-level printout in hydraulic cal-
culations. For this reason both are described below.

A. "N" {s the discharge number when making parallel calculations
B. "Discharge" {s the prescribed water discharge

C. "Water surface" {s the calculated water surface elevation

D. "Energy Line" and "Velocity head" are self explanatory

E. “Alpha" {s the horizontal velocity distribution factor

F. “Top width" is total water surface width

G. "Avg bed" {is the water surface elevation minus the hydraulic depth

2 of 3



H.

N.

"Avg velocity in subsection 1 2 3 ... 7" are the average velocity
values in each subsectfon (i.e., left overbank, channel, right

overbank)

"Accumulated days* is the number of days since time zero
"Inflow” and "Outflow" are the accumulated volume of sediment
“Bed change" is the accumulated amount since time zero

“W, S, Elev" is the water surface elevation for the stream bed

profile at the beginning of the event being analyzed

"Thalweg el" {s the lowest elevation 1n cross section at the end

of the event being analyzed
"Water discharge” self explanatory

“Sediment load" {s the amount of clay, silt, or sand that is
passing the cross section, fdentified in column 1, expressed in

tons/day

30f3



OUTPUT SPECIFICATION.

FIELD |

COLUMN
123456 78

¥* Hlf s.r‘zn

$PRT Iz
CP
PN | (coMMENT)

END

H-889

FIELDS 2-10

TITLE

XSECTION# XSECTION#
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Using HEC-6 on the PC (Fixed Bed Mode)



Tl
T2
T3
NC
X1
GR
GR
GR
GR
X1
GR
GR
GR
GR
X1
GR
GR
GR
X1
GR
GR
GR
GR

Workshop 1

< "TDEVELOPMENT OF HYDROLOGIC DATA FOR HEC-6

References: [1]

Objective:

2.1

2.2

HEC-6 User's Manual

Summary of Tasks.

to execute HEC-6. Execute the job and provide the interpretations requested below.

The end product is an example execution.

1. END PRODUCT

2. PROCEDURE

The student demonstrates skill in coding Hydrologic Data, executing the program
and reading the output.

Locate the basic HEC-2 data file provided for this workshop. (A
copy is shown below.) Modify the HEC-2 file to incorporate the additional data required

HEC-2 Input Data File.

WORKSHOP PROBLEM 1 MONDAY -
COED YOUR TEAM NO, NAMES, DATE, AND DESCRIPT1VE INFO FOR THIS WORKSHOP HERE
WORKSHOP TO DEMONSTRATE THE APPLICATION OF HEC-6 IN A FIXED BED MODE.

.080
0.67
743.1
711.6
706
703.1
.78
743.1
711
708.8
706
.92
743.1
707.5
708.8
1.16
743.3
710
710
717

P-444

.080
20
0
214
415
610
19
0
173
402
558
13
0
740
990

17

0
1074
1304
1540

.03

710
711.9
703.3

705

711.5
712.5
707.3
707.8

710
. 717
707.9
707.4
1040

717

708
711.7
743.3

.3
653
68
264
450
635
696
62
208
458
611
1122
53
780
1046
1593
52
1080
1324
1593

.5

710
710.5
703.1

711

590
710.3
714.6
706.3

709

1690

717
706.7
743.1

2290

717
708.1
713.5

120
320

492.

647
590
78
270
475
625
1690
550
840
1122
2290
964
1140
1360

710.2
709
702
715
590

711.7

713.3
706

743.1

1690
715
706.8

2290
715
707.9
715

150
360
530
649

102
320
493
696

673
878

1008
1190
1395

709.1

707
703.9
743.1

710.9
711.3

1705.3 .

735
708.2

730
708.2
717

178
360
570
653

137
340
513

710
910

1040
1230
1450



Geometric Data Set:
H-record Add an H-record after each cross section data set. L
X3-record An ineffective area record is always recommended even though it is not
= “=required for the program to execute.
Sediment Data Set:
Onmit for a fixed bed execution.
Hydrologic Data Set:

Run the 2 events shown below.

Discharge Starting Water
CFS Surface Elevation

25,000 710

50,000 715

Fluid Properties:

T-record Water temperature, Degrees F, is not needed for a fixed-bed execution.

3. READING THE OUTPUT

Use your output to answer the following questions.

3.1

3.2

3.2.1

Geometric Data.

Were any "error or diagnostic™ messages indicated as the program read and processed the
Geometric Data Set?

Why is "NO OF CROSS SECTIONS READ IN" important?
What is the maximum number of cross sections that can be used in a single run?

Hydraulic Computations,

Locate the message "FIXED BED MODEL" in the output. This only appears if there is no
sediment data, It indicates the beginning of hydraulic calculations.

A-Level Cutput.

How does one request output from hydraulic computations?

What output is produced if none is requested?

P-444



What does the reference to "Boundary Condition Data” mean?

= "
In the column headings following the boundary conditions table, in the output, there is a
reference to "AVG YELOCITY IN SUBSECTION".
What subsection is the Channel?

What subsection is the Left Overbank?

What subsection is the Right Overbank?

What percent of the total discharge flows in the channel at section 1.16?7
What is the HYDRAULIC DEPTH at section 1.16?

3.2.2 B-Level Qutput.

In addition to the calculated results indicated by the **** column headings, this level of
output shows values for 3 other "sets" of variables. One of these other sets is entitled
"Reach Properties by Strip™ and contains the values used in the solution of the Manning
equation at this cross section. Locate and describe what the other two sets show.

Velocity and flow distribution are critical in sediment movement calculations. Complete
the following table.

Table 1. Channpel Velocity and Flow Distribution
Section ID Q A% Qe Q \&n Q.
River Mile  cfs fps 4 fps 4
0.67 25000 50000
0.78 25000 50000
0.92 25000 50600
1.16 125000 50000

If this were an accurate mode! of velocity and flow in the river, describe what you expect
the channel bed deposits to look like as one moves from section 1.16 toward section 0.67?

What is the maximum number of EVENTS that can be coded for a single run?

P-444 3



HYDROLOGIC INPUT

S —

- =

$SHYD

SRATING

RC Defines Downstream
Boundary as f(Q)

* Title card for each event

Q Discharges (cfs)

R Downstream WSEL (ft)
S Shift in rating curve (ft)
T Water temperature (°F)
W or X Duration (Days)

4 P-444



PROCEDURE FOR RUNNING HEC-6 IN A FIXED BED MODE

1.  With ref e‘i’e'm HEC-6 User's Manual, Appendix A, Input Description.

Required records: T through T3, NC, X1, GR, H, EJ, SHYD, *,Q, T, W, and
SSEND. Also, the user needs to include a downstream boundary condition by using R
records.

Optional records: NV, X3, X5, SRATING and RC.

Do not include records T4 through LQS and the command records SDREDGE and
$NO DREDGE.

Use 1-day on the W record (for this example).

2. Calculation of Multiple Water Surface Profiles

If only one sn'éam segm.ent is being modeled, up to ten multiple profiles may be
calculated by using the parallel computation option on the Q record, if MNQ (11 record,
Field 4) is set to 10.

If tributaries are present, a series of profiles may be calculated by stacking *, Q, R, W

sets of records in the data stream. There is no program limit on the total number of sets.

The R record may be omitted if a SRATING table is being used.

3. Output

The default output from water surface profile calculations is "NO QUTPUT".

Therefore, put an "A" in column § of each * record in the data set to trigger an A-level
output.

P-444



Workshop 1

Solutions

HEC-6 — Development of Hydrologic Data



Workshop ! Answers

DEVELOPMENT OF HYDROLOGIC DATA FOR HEC-6

3 T

References: [1] ~ HEC-6 User's Manual

Objective: The student demonstrates skill in coding Hydrologic Data, executing the program

2.1

2.2

and reading the output.

1. END PRODUCT

The end product is an example execution.

2. PROCEDURE
Summary of Tasks. Locate the basic HEC-2 data file provided for this workshop. (A

copy is shown below.) Modify the HEC-2 file to incorporate the additional data required
to execute HEC-6. Execute the job and provide the interpretations requested below.

Final HEC-6 Input Data File.

Tl WORKXSHOP PROBLEM 1
R. Copeland, R. HacArthur, J. Tinios »
WORKSHOP TO DEMONSTRATE THE APPLICATION OF HEC6 IN A FIXED BED MODE

T2
T3
NC
X1
GR
GR
GR
GR
H

X1
GR
GR
GR
GR
H

X1
GR
GR
GR
H

X1
GR
GR
GR
GR
H

EJ

.080
0.67
743.1
711.6
706
703.1

.78
743.1
711
708.8
706

.92
743.1
707.5
708.8

1.16
743.3
710
710
717

PS-444

.080 .03 .3 .5

20 653

0 710 68 710 120 710.2 150 709.1 178
214 711.9 264 710.5 320 709 360 707 390
415 703.3 450 703.1 492 702 530 703.9 570
610 705 635 711 647 715 649  743.1 653

19 696 590 590 590

0 711.5 62 710.3 78  711.7 102 710.9 137
173 712.5 208 714.6 270 713.3 320 711.3 340
402 707.3 458 706.3 475 706 493 705.3 513
558 707.8 611 709 625 743.1 696

13 710 1122 1690 1690 1690

0 717 53 717 550 715 673 735 710
740  707.9 780 706.7 840 706.8 878 708.2 910

990 707.4 1046 743.1 1122

17 1040 1593 2290 2290 2290

0 717 52 717 964 715 1008 730 1040
1074 708 1080 708.1 1140  707.9 1180 708.2 1230
1304  711.7 1324 713.5 1360 715 1395 717 1450

1540 743.3 1593
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A
25000

B
50000
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RUN 1. IL1USTRATE THE HYDROLOGIC DATA SET

RUN 2. _ .ILIUSTRATE A MORE DETAILED PRINTOUT

Geometric Dats Set:

H-record - .Add an H-record after each cross section data set.

X3-record An ineffective area record can be used, though it is not required for the
program to execute,

Sediment Data Set:
Omit for a fixed bed execution.

Hydrologic Data Set:

Run the 2 events shown below,

Discharge Starting Water
CES Surface Elevation

25,000 710

50,000 715

Fluid Properties:

T-record Water temperature, Degrees F, is not needed for a fixed-bed execution.

3. READING THE OUTPUT

Use your output to answer the following questions.

3.1

Geometric Data.

Were any "error or diagnostic" messages indicated as the program read and processed the
Geometric Data Set?
NO

Why is "NO OF CROSS SECTIONS READ IN" important?

The model can only 'handle a limited number of cross sections.
This limit can be found In the banner on page 1 of the output.

What is the maximum number of cross sections that can be used in a single run?

150



3.2 Hydraulic Computations.

Locate the message "FIXED BED MODEL" in the output. This only appears if there is no
sediment data. It indicates the beginning of hydraulic calculations.

3.2.1 A-Level Output
How does one request output from hydraulic computations?

Enter A, B, C, D, or E In column 5 of the * records in
the Hydrologic Data set.

What output is produced if none is requested? NONE!

What does the reference to "Boundary Condition Data” mean?

The water discharge, water surface elevation and water

temperature at the "outflow" boundary of the model.
Control Point #1 Is always the downstream boundary of

the model.

In the column headings following the boundary conditions table, in the output, thcre is'a
reference to "TAVG VELOCITY IN SUBSECTION".

2
What subsection is the Channel?

1
What subsection is the Left Overbank?

3

What subsection is the Right Overbank?

What percent of the total discharge flows in the channel at section 1.16?
84.7% at 25,000 cfs and 75.0% at 50,000 cfs
What is the HYDRAULIC DEPTH at section 1.16?
8.56 at 25,000 cfs and 12.38 at 50,000 cfs
3.2.2 B-Level Output. '
In 2ddition to the calculated results indicated by the **** column headings, this level of
output shows values for 3 other "sets" of variables. One of these other sets is entitled
"Reach Properties by Strip" and contains the values used in the solution of the Manning

equation at this cross section. Locate and describe what the other two sets show.

1) X-Section coordinates immediately following the X-Section
identification and

2) N-VALUE,SLOPE,EFW,EFD,VAG hydraulic parameters for the
sediment computations later.

PS-444 3



Velocity and flow distribution are critical in sediment movement calculations. Complete
the following table.

Table 1. Channel Velocity and Flow Distribution
-
Section ID Q \4 Q. Q \4 Q..
River Mile cfs {ps 4 fps 4
. - 11.89 100 11.38 100
0.67 25000 . 50000
8.06 100 11.86 100
0.78 25000 50000
7.10 97.1 9.23 87.4
0.92 25000 50000
'9.03 84.7 5.98 75.0
1.16 25000 50000

If this were an accurate model of velocity and flow in the river, describe what you expect
the channel bed deposits to look like as one moves from section 1.16 toward section 0.67?

| would expect scour.

What is the maximum number of EVENTS that can be coded for a single run?

The program does not limit the number of events that
one can code.
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* SCOUR AND DEPCSITION IN RIVERS AND RESERVOIRS o
ol BETA TEST VERSION = FEBRUARY 1990 -
- -
- -
* RUN DATE 03/06/90_ -T—FIME 16:14:34 i
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U.S. ARMY CORPS OF ENGINEERS

THE HYDROLOGIC ENGINEERING CENTER
609 SECOWD STREET

DAVIS, CALIFORNIA 95616-4687
(916) 756-1104
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MAXIKUM LIMITS FOR THIS VERSIOW ARE:

10

-
-
* Stream Segments (Kain Stem + Tributaries) =
* Cross Sections = 150

»

Control Points =
Grain Sizes =
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This version of HEC-4 {s based on:
SEDIMENTATION IN STREAM NETWORKS
HYDRAULICS LABORATORY
WATERWAYS EXPERIMERT STATIOHW
VERSION 1.11, DEC 1§28

PC implementation by:
THE HYDROLOGIC ENGINEERING CENTER
HEC Beta Test Version - FEB 1990

*ERw UARHING te®
This is a PRELIMIKARY release for Corps offices.
Please notify HEC of any problems or suggestions.
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i INPUT FILE: WS4SOLN.DAT
. QUTPUT FILE: WS4SOLN.OUT

-«

-
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T1 WORKSHOP PROBLEM 4, MOKDAY, MARCH 12, 1990 (Copeland/HacArthur)
T2 R. Copeland, R. MacArthur, J. Tinios
T3 WORKSHOP TO DEMOWSTRATE THE APPLICATION OF KECS IN A FIXED BED MODE
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ALER " ASEL ce cc LFA NR TAN CRL
P .050000 .000000 1.000000 1.000000 1

NC ,0800 .080G .0300 .3000 .5000

SECTION NO. 1 RIVER MILE= 670
i F—
SECTION NO. 2 RIVER MILE= .780
SECTION NO. 3 RIVER MILE= .§20
SECTION NO. & RIVER MILE= 1.140

NO. OF CROSS SECTIONS READ IN FOR THIS STREAM SEGMENT= &
NO. OF INPUT DATA MESSAGES = 0

TOTAL NO. OF CROSS SECTIONS IN THE WKETWORK = &
END OF GEOMETRIC DATA

SEZ=sSR===z=========xx SESsSE===

1
FIXED BED MODEL

* A RUR 1. JLLUSTRATE THE KYDROLOGIC DATA SET

BOUNDARY COKDITION DATA, CONTROL POINT NO. 1
TIME STEP NWO. 1
VATER DISCKARGE=  25000.00
ELEVAT]ION= 710.000
TEMPERATURE= .000
FLOW DURATION(DAYS) 1.000

**** N DISCHARGE WATER ENERGY  VELOCITY ALPHA ToP AVG AVG VELOCITY IN SUBSECTION
CFS SURFACE LIKE HEAD WIDTH BED 1 2 3 4 5 ¢

SEC NO. .670

"*SUBROUTINE ELOEQ*™™ CRITICAL W.S. USED AT SEC NO. 670 AT TIME = 1.00 DAYS.

Teer 1 25000.0 711,042 713,238 2.196 1.000 486.29 706,72 .00 11.89 .00 .00 .00
FLOW DISTRIBUTION (X) = .0 100.0 .0 .0 .0

SEC XO. .780 .

*ee* 1 25000.0 715.326 716.335 1.009 1.000 583.62 710.01 .00 8.06 .00
FLOWJ DISTRIBUTION (X) = .0 100.0 .0

SEC NO. .920

Tes 1 25000.0 718.315 719.07% .761 1.495 969.83 708.29 .76 7.0 .00
FLOW DISTRIBUTION (X) = 2.9 97.1 .0

SEC NO. 1.160

TErv 1 25000.0 720.613  720.949 326 2.088  1446.53 712.05 1.07 5.03 .00

FLOW DISTRIBUTION (X) = 15.3 B84.7 .0




* B RUN 2. ILLUSTRATE A MORE DETAILED PRINTOUT

BOUNDARY CONDITION DATA, COKTROL POINT KO. 1

TIHE STEP NO, 2
WATER  DISCHARGE=  50000.00
ELEVATION=  715.000
TEMPERATURE= .000

FLOW DURATION(DAYS) 1.600T—"
weve N DISCHARGE WATER ENERGY  VELOCITY  ALPHA TOP AVG
CFs SURFACE LINE HEAD WIOTH  BED
SEC NO. .670
X-SECTION COORDINATES (STA,ELEV)
.000  743.100 000 743,100 L0071  743.100  68.000
150.000 710.200 178.000 709.100 214.000 711,600 264.000
3560.000 709.000 390.000 707.000 415.000 705.000 450.000
§30.000 702.000 570.000 703.900 610,000 703,100 &35.000
649.000 715.000 &52.999  743.093  453.000 743.100
seve ¢ 50000.0 715.000 717.014 2.014 1.000  591.27  707.57
FLOJ DISTRIBUTION (X) =
REACH PROPERTIES BY STRIP 1 2 3 4
INEFF FLOd EL  -59999.00 -99999.00 -99999.00 -999%9.00
U/S SECTION...  CONVEYANCE 0. 2823211, 0. 0.
AREA 0. 4392. 0. 0.
HYD RADIUS .00 7.36 .00 .00
REACH... X . .0800 .0300 .0800 .0000
SORT(L) 1.0000 .0000 1.0000 .0000
D/S SECTION... AREA 0. 0. 0. 0.
KYD RADIUS .00 .00 .00 .00
N-VALUE, SLOPE,EFW,EFD,VAG= .030000 .003489 445,77 9.85
SEC NO, .780
X-SECTION COORDINATES (STA,ELEV)
.000  743.100 .000  743.100 .001  743.099  62.000
102.000  711.700 137.000 710.900 173.000 711.000 208.000
320.000 713.300 340.000 711.300 402.000 708.800 458.000
493.000 704.000 513.000 705.300 558.000 704.000 611,000
695.999 743.100  696.000  743.100
texe | 50000.0 717.238 719.424 2.185 1.000  591.28  710.11
FLOW DISTRIBUTION (X) =
REACH PROPERTIES BY STRIP 1 2 3
IKEFF FLOW EL  -99999.00 -99999.00 -99999.00°
U/S SECTION... CONVEYAKCE 0. 770380. 0.
AREA a. 4216. 0.
HYD RADIUS .00 7.09 .00
REACH... N .0800 .0300 .0800
SQRT(L) 24.2899 24.2899  24.2899
D/S SECTION... AREA B 4392, 0.
HYD RADIUS .00 7.36 .00
H-VALUE, SLOPE,EFW,EFD, VAG= .030000 .004085 475.75 8.86
SEC NO. .§20
X-SECTION COORDINATES (STA,ELEV)
.000 743,100 L000  743.100 53.000 717.000 550.000
710.000 735.000 740.000 707.500 780,008 707.900 840.000
$10.000 708.200 990.000 708.800 1046.000 707.400 1121.999
“**e 1 50000.0 722.102 723.267 1.165 1.964  $96.72  708.70

FLOW DISTRIBUTIOH (X) =

AVG VELOCITY IN SUBSECTION
1 2 3 4 5 6 7

710,000 120.000 710.000
711,900 320.000 710.500
703.300 492.000 703.100
705.000 647.000 711.000

.00 11.38 .00 .00 .00 .00 .0O
.0 100.0 0 0 .0 .0 .0
5 6 7
-99999.00 -99999.00 -99999.00
0. 0. 0.
0. 0. 0.
.00 .00 .00
.0000 .0000 .0000
.0000 .0000 .0000
0. c. 0.
.00 .00 .00
11.38

711.500 78.000 710.300
712,500  270.000 714.600
707.300 475.000 706.300
707.800 625.000 709.000

.00 11.8 .00
.0 100.0 .0

11.856

717,000 473.000 715.000
706.700 878.000 706.800
743.100 1122.000 743.100

1.87 9.23 .00
12.6 87.4 .0



14.04

964.000
1140.000
1360.000
1593.000

712.39

FLOW DISTRIBUTION (X) =

REACH PROPERTIES BY STRIP 1 2 3
INEFF FLOJ EL  -99999.00 -99999.00 -99999.00
u/S SECTIOM... CONVEYANCE 187179.  13004%90. 0.
AREA 3359. 4733, 0.
HYD RADIUS 5.20 13.07 .00
REACH... - N .0800 .0300 .0800
< TEGRT(L)  41.1096  41.1096  41.1096
D/S SECTION,.. AREA 0. £216, 0.
HYD RADIUS .00 7.09 .00
N-VALUE,SLOPE EFW,EFD,VAG=  .030000 .002274 337.18
SEC NO. 1.180
X-SECTJON COORDINATES (STA,ELEV)
.000  743.300 .000 743.300  52.000 717.000
1040.000 730,000 1074.000 710.000 1080.000 708.000
1230.000 708,200 1304.000 710.000 1324.000 711.700
1450.000 717.000 1540,008 717.000 1592.999 743.300
were | 50000.0 724.767 725.1%94 426 2.122  1498.93
REACH PROPERTIES BY SIRIP 1 2 3
INEFF FLOJ EL  -09999.00 -99999.00 -99999.00
U/S SECTIOW... CONVEYANCE 550395. 1649541, 0.
AREA 7628. 6274, 0.
HYD RADIUS 7.66 12.23 .00
REACH. .. N .0800 .0300 . 0800
SQRT(L) 47.8539  47.8539  47.8539
D/S SECTIOW,.. AREA 3359, 4733, o.
KYD RADIUS 5.20 13.07 .00
N-VALUE,SLOPE,EFW,EFD,VAG=  .030000 .000841 436.41

16.38

9.23

717.000
708.100
713.500
743.300

1.64 5.98

25.0 75.0

5.98

1008.000
1190.000
1395.000

.00
.0

715.000
707.900
715.000

SSEND

0  DATA ERRORS DETECTED.
TOTAL NO. OF EVENTS READ=
TOTAL NO. OF WS PROFILES=
ITERATIONS IN EXKER EQ =
END OF J08

JOB COMPLETED

onNN

RUN TIME = 0 HOURS, O KIKUTES & 1.38 SECOKDOS
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I. SEDIMENT TRANSPORT MECHANICS

1. DETAgHMENT AND THRESHOLD OF TRANSPORT
1.1 Cohesive and Non-cohesive Sediments

It 1is important to be aware of the presence of cohesive
sediments in a problem area. Cohesive sediments are very fine
particles of clay, organic material, fine silts, and certain
industrial and mining wastes that exhibit colloidal properties.
The surface -charge present on these particles can cause them
under certain physical and chemical conditions in the suspending
water, to form flocs that settle out much faster than the
individual particles. Higher salt content and pH promote
flocculation. . Cohesive sediments resist erosion due to the
interparticle bond which is a force usually much 1larger than the
weight of the particle. A soil with only 5% clay may exhibit
properties similar to that of the pure clay rather than the 95%
non-cohesive material it is composed of. .

1.2 Incipient Motion
1.2.1 Instantaneous Forces on a Particle

The condition of incipient movement for an assembly of
cohesionless, loose, and solid particles is described in terms of
the forces acting on the particle by:

Fe
tan ¢ = --
Fn (1)

where F. and Fn, are the forces parallel and normal to the angle
of repose ¢. In our study Fe and Fn are resultants of the
hydrodynamic drag Fp, the 1lift force Fr, and the submerged weight
W. The condition of incipient movement under the action of these
forces becomes, according to E4. (1):

. Wsing + Fp (2)
tan ¢ - Ycos o~ Fzo



where angle O is the inclination of the bed from the horizontal
at which -igeipient sediment movement takes place. This situation
is illustrated in Fig 1.

2

L 4

FIGURE 1

FORCE DIAGRAM ON PARTICLES IN A
COHESIONLESS LOOSE BED

In the usual way, drag and lift forces are expressed by:

pu =
Fp = Cpkad= b (3)
2
and
pu =
Fr. = Cprk=d42 b (4)
2
where U, = fluid velocity at the bottom of the channel

Co,Cr = drag and lift coefficient, respectively

Q
I

particle diameter

ki,k= = particle shape factors

P liquid density

The submerged weight of the particle is expressed as:
W = ka(p= - p)gd> (5)
with k® being another shape factor and ps being the solid-
particle density.

Introducing Egs. (3), (4) and (5) into Eg. (2) yields:



----------- SR, S (6)
(pS/P _1)gd Cpka: + Cprk> tan ¢

e

with (un)er as the critical bottom velocity at which, according
to Eq. (1), incipient sediment motion takes place.

However, the 1lift coefficient Cr. is dependent on the
velocity gradient (which is related to the shear stress at the
bottom) and not on the velocity itself. For example, there is no
lift on a sphere in a uniform free stream.

1.2.2 Critical Shear Stress for Scour

It is not possible to define a particular shear stress at

the bottom at which motion 1is incipient. Both the hydraulic
shear stress produced by the flow, and the resistance of bed
particles to scour, are not single valued functions. Turbulent

velocity fluctuations produce a distribution of shear stress at
the bed. Similarly, inhomogeneity of particle size and shape
results in a distribution of critical shear stresses at the bed.

Critical shear stress is measured in the field or in
laboratory flumes and other devices that are able to apply
variable hydraulic shear stress to a bed or soil sample.
Typically, a plot of erosion rate vs. mean hydraulic shear stress
is made.

|
—_—

e (erosion rate)

Slope used to predict
erosion rate

T (shear stress)
FIGURE 2

Measurement of Critical Shear Stress

The idealization shown above 1is wusually adequate for
practical problems where the sediment is of uniform size or
cohesive in nature. It is not valid for a mixture of different
particle sizes.



1.3 Shields Diagram

Shield's Diagram (Figure 3) for the «critical shear stress
for scour —is based on experimental data. Shields used the
dimensionless shear or boundary Reynolds number u.ds/v and the
dimensionless shear stress To/(YS'Y)d' to develop a curve of
critical values for scour.

Here,

u. = friction or shear velocity
d = mean sediment diameter
Ys = specific gravity of sediment
Y = specific gravity of suspending water

T = shear stress at the bed

and v = kinematic viscosity
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FIGURE 3

Shields Diagram



If it is assumed that the initiation of motion is determined by
the critical shear stress  Te, (Y¢-Y) = d= and the kinematic
viscosity vy dimensionless analysis yilelds,

Te Uge d (7)

(YS-Y)qS = f ( \Y . )

where f denotes function of. The 1left hand portion of the
equation will be called the dimensionless critical shear stress
and denoted by T~, and the variable on the right is called the

critical boundary Reynolds number, R

1.4 Critical Velocity

20
10 P
Upper limit -

7 6.0 F—=-—1s pee C
€ Mean {1} pz
840 N L+ 1B} B (s »
g N, '~ 1}~ Lower limit ’ =T
& LR L Hjutstrom " - 3
820 PN TTT5 (mean velocity) St ] '
= et
c 1.0 S OINH PN | | s gl T Mavis and Laushey [T]
; o = /LL (bottom veiocity) FH
g 06 8 Y. b s
) o
S04 Shields (bottomn velocity) T 1]

0.2

0.1

0.001 0.004 0.01 0.02 0.04 01 02 0406 1 2 4 6 10 20 4060 100
Mean sediment size, in millimeters

FIGURE 4

Critical Water Velocities for Quartz Sediment
as Function of Mean Grain Size

Figure 4 shows data on critical velocity plotted against mean
sediment size for quartz sediment in water (p= = 2.65 g/cm3)
obtained from three sources. The data points and the curves of
the upper limit, mean, and 1lower limit of the critical mean
velocity are taken from the work of Hjulstrom (1935) who prepared
the curves based on the data of several workers. The curves are
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for flows with depths of at least 1lm. The data for mean sediment
size less than 0.01 mm were taken from Fortier and Scobey (1926).
In such fine sediments, cohesion 1is an important factor in
determining-eritical conditions. The relationship of Mavis and
Laushey (1949) was developed by fitting a curve to observed data
most of which were obtained under Mavis's supervision. In these
cases, the bottom velocity was obtained by extrapolating velocity
profile measurements to the plane of the bed. The curve in Fig.
4 labeled Shields, was calculated from Shields' diagram for
quartz sand in water at 65 F. In the calculations, the
roughness size ko, of the sediment was taken equal to the mean
size and the bottom velocity was assumed to occur at y = ds or y
= 11.6v/u*,whichever was larger. The curve marked "Shields" in
Fig. 4 has a slope of 0.5 indicating that the bottom velocity,
Ue, 1s proportional to ds*72 which agrees with the sixth power
law (Sutherland, 1966).

The curve for Shields' data gives substantially higher
critical bottom velocities than that of Mavis and Laushey.
However, Mavis and Laushey (1966) have called attention to the
fact that their curve represents a lower envelope of the data on
which it was based. Because of this, the data of Mavis and
Laushey are in better agreement with the Shields results than is
indicated on Fig. 4. Bottom velocities were calculated from the
Hjulstrom data by the same relationship used in calculating u.o
from Shields' data assuming a flow depth of 1 m. These results
did not agree with either of the values given by the other two
curves of Fig. 4. Thus, the data for critical velocity are
considerably 1less consistent than those for critical shear
stress. Therefore, it is recommended that data on critical shear
stress be used wherever possible.

2. DEFINITIONS OF VARIOUS SEDIMENT LOADS

Einstein in developing his bed-load function made the
following definitions:

Bed load: Bed particles moving 1in the bed layer. This motion
occurs by rolling, sliding, and, sometimes, by jumping.

Suspended load: Particles moving outside the bed layer. The
weight of suspended particles 1s continuously supported by the
fluid.

Bed layer: A flow layer, 2 grain diameters thick, immediately

above the bed. The thickness of the bed layer varies with the
particle size.

Bed material: The sediment mixture of which the moving bed is
composed.




Wash load: That part of the sediment load which consists of
grain sizes finer than those of the bed.

Bed-material-1oad: That part of the sediment load which consists

of grain sizes represented in the bed.

Bed-load function: The rates at which various discharges will

transport the different grain sizes of the bed material in a
given channel.

Bed-load equation: The general relationship between bed-load

rate, flow condition, and composition of the bed material.
Vanoni describes the various loads as:

Contact load: Rolling and sliding bed particles:

Saltation load: Bed particles that jump for short times and then
return to the bed to come to rest, continue to move on the bed,
or execute further jumps.

Suspended load: Bed particles that make frequent jumps and may

remain in suspension for appreciable lengths of time.

We can simplify all this and remove ambiguities by making the
following definitions.

1. BED LOAD - Particles derived from the bed that roll,
slide and saltate.

Their motion 1is in a layer near the bed and their transport
rate is lower than that of the surrounding water due to periods
of rest .and acceleration. The composition of the bed load will
usually differ from that of the material that composes the bed.

2. SUSPENDED LOAD- Particles that move at a horizontal
velocity that can be approximated by that of the local suspension
velocity.

These particles may be derived from the bed materials or
have remained in the water column from upstream sources (i.e.,
wash load). We can estimate their transport rate from the local
suspension velocity.

Note that in unsteady flows at different times and locations
different sediments can compose each type of load.

3. SUSPENDED SEDIMENT TRANSPORT

The suspended sediment discharge in lbs per second per unit
width of channel, g, for steady uniform two-dimensional flow is
b4

° , (8)
qs =y [.v Cc ay



where v and c vary with y and are the time averaged flow velocity
and volumetric concentrations, respectively. The integration is
taken over the depth between the distance "a" above the bed and
the surface of the flow "y.". The level "a" is assumed to be 2
grain diameters above the bed layer. Sediment movement below
this level is considered as bed load rather than suspended load.

The discharge of suspended sediment for the entire stream
cross-section, Qs, 1is obtained by integrating Equation (8) over
the cross-section to give,

Qs = YaQC (9)

where C 1is the average suspended sediment concentration by
volume. '

The vertical distribution of both the velocity and the
concentration vary with the mean velocity of the flow, bed
roughness, and the size of bed material. The distributions are
illustrated in Figure 5. Also v and c¢ are inter-related. That
is, the velocity and turbulence at a point is affected by the
sediment at the point, and the sediment concentration at the
point is affected by the point velocity. Normally this inter-
relation is neglected or a coefficient is applied to compensate
for it.

Figure 5
Schematic sediment and velocity profiles

To integrate Equation (9) Vv and c¢ must be expressed as
functions of y. The one-dimensional gradient type diffusion
equation is employed to obtain the vertical distribution for c
and the logarithmic velocity distribution is assumed for v in
turbulent flows.



The one-dimensional diffusion equation describes the
equilibrium condition when the quantity of sediment settling
across a . unit area due to the force of gravity is equal to the
quantity of sediment transported upwards resulting from the
vertical component of turbulence and the concentration gradient.

After extensive manipulation of these previous equations,
the vertical sediment distribution for turbulent flow can be
derived and is shown below,

- Z
%a = (52 ys-a ) (10)
where
c = the concentration at a distance y from the bed:
Ca= the concentration at a point a above the bed; and
Zz = w/Bku. the Rouse number, named after the engineer who

developed the equation in 1937.

W

fall velocity of the sediment particle at a point

k Von Karman's constant
B = a coefficient relating the kinematic eddy viscosity and
mass transfer coefficient, normally taken as 1.

u. = Shear velocity

Figure 6 shows a family of curves obtained by plotting
Equation 10 for different values of the Rouse number Z. It is
seen that for small values of Z, the sediment distribution is
nearly uniform. For large Z values, little sediment is found at
the water surface. The value of Z is small for large shear
velocities u. or small fall velocities.
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Figure 6
Graph of suspended sediment distribution

Thus for small particles or for extremely turbulent flows, the
concentration profiles are uniform.

The values of B and Kk have been investigated. For fine
particles B~ 1.,0. Also, it is well known that in clear water k =
.4 but apparently decreases with increasing sediment
concentration.

4. BED FORMS

In open channel flow the Froude number F 1is often used as
the criterion for bed form development.

F <1 normal depth > critical depth, tranquil flow
F>1 normal depth < critical depth, rapid flow
F =1 critical flow

10



Idealized sketches of the various bed-forms are shown below.
At extremely low velocities the critical shear stress of the bed
is not exceeded and sediment motion does not occur. An increase
in the velocity may result in sediment movement and formation of
bed-forms. The common bed-forms occurring in a lower regime have
dune pattern and are triangular-shaped elements with a steep
downstream and a gentle upstream slope. The downstream slope is
inducive to flow separation and migrates in the downstream

direction. The spacing and the geometry of the elements are
random for an individual one, but uniform in the statistical
sense. Individual dune patterns are referred to as ripples or

dunes. Ripples are understood to be small bed-forms, whereas
dunes are larger ones and are out of phase with the water
surface. Ripples may be superposed upon the upstream side of
dunes.

As the flow velocity 1is increased further the upper regime
is reached. The first bed-form to be observed is a plane bed, a
bed surface devoid of any "bed-form". A further increase in the
velocity causes the water surface to become unstable. The plane
bed changes 1into a bed-form similar to and in phase with the
surface wave--called antidunes, which may remain stationary or
move upstream or downstream. At lower Froude numbers, anti =

' Bed maucrial :. Mode of l ;
. concentrations, i sediment | Typeof Roughness,
Flow regime  Bedform ppm : transporr | roughness Cive
i Ri i 2 | | -12.
:Rnppks i llog:.l.o.?oo oi e Form 7.8-12.4
. Ri ' 2 iscre —
Lower regime | Ripples on i roughness
;. dunes ; steps predominates
: : 2
' Dunes J 200-2,000 7.0-13.2
Transition  © Washed-out| 1,000-3,000 Variable 7.0-20.0
! dunes ;
1 { .
‘ 5 ! 6.3-20
s | 2m0som
{ Antidunes | 2,000 — . .8-2
Upper regime © - : __ ;i Continuous | roughness 410,
PPErTeS'™® ) Chutesand | 2,000 predominates | 2107
pools : | ‘ .

> Note that antidunes as defined here do not necessarily move
upstream.

11



(@) Tyocat rizpie zattern {e) Plgnz beg

e

(&) Ounes witn rizotes suoerposed (£} Anridune standing waves

(€) Dunes

—L.OI-\'—M\-—.

() Washed - out d.ves or trensition (A) Chutes and poois

Figure 7
Idealized bed-forms in Alluvial Channels
After Simons et. al. (1961)

dunes appear as standing sand and water waves. However, at
higher Froude numbers, the surface waves may grow, become
unstable, and break in the upstream direction, If the latter
occurs, the antidunes are destroyed, the bed becomes flat, and
formation of antidunes starts all over again. Extremely strong
antidune. activity leads to chutes and pools flow.

Between the lower and the upper regime there is a trans1t10n
zone. For a given flow condition, the bed configuration is
erratic; it may range from developed dunes to a flat bed, or it
may consist of a heterogeneous array of bed-forms.

One bed-form not necessarily linked with a flow regime, and
probably reflecting more than any other bed-form the three-
dimensionality of natural streams, is the bar. Bars are large
depositional features and have a length of the same order as the
channel width or longer. Several different types of bars have
been observed. In general it may be said that they have the
geometry of a dune, but are much larger. Bars are created at
high flow and may appear as little islands or peninsulas during
low flow.

II. SEDIMENT TRANSPORT EQUATIONS
Sediment transport equations are broken down in the section
as to the type of transport, being either bed load or total bed

material load. They are further subdivided according to the

12



basic concepts behind the various equations including tractive
force, discharge formulae, lift force, dimensional analysis, and
other regression analyses. In the following discussion the wash
load or fine-material load is not considered. Therefore, the bed
material load 1is taken to be equivalent to the total load which
can be divided into a bed load and a suspended load.

Sediment transport equations are often subdivided into
tractive force formulas of a DuBoys form such that transport is a
function of (T-Tericicai), and discharge formulas such as that of
schoklitsch written as a function of (g-gcritica1). Other
investigators (Einstein, Toffaleti) use very complex formulae
based on the balance of 1ift forces and gravitational forces
coupled with stochastic methods. The Yang, and Ackers-White
methods wutilize dimensional analyses. Yet other procedures,
including Colby, and Shen and Hung are based on regression
analyses of fairly extensive data bases.

1. BED LOAD FORMULAE
1.1 Tractive Force Equations

1.1.1 Duboys Formula (1879, Brown 1950)

9= = ¥p7,(r, — 1) (11)
in which ga = sediment discharge, in pounds per second per foot
of width; W5 = coefficient with dimensions of cubic feet per
pound per second; T, = YI',,S bed shear stress, 1in pounds per
square foot; Y = specific weight of water, in pounds per cubic
foot; T. = critical bed shear stress at which sediment movement
begins; r» = bed hydraulic radius, in feet (determined by the
Side-wall Correction _method); and S = slope of stream, in feet

per foot. Values of ¥, and T, obtained by Straub and reported in
Brown, 1950 are given as functions of median size of the bed
sediment, dso, in Fig. 8. These quantities were based mainly on
data from experiments by Gilbert (1914; Johnson, 1943) in small
flumes. Eq. 11 as presented herein is valid only for the foot-
pound-second system of units.

13
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Figure 8
Coefficient ¥, and Critical Shear Stress T for BuBoy's Eq 2.227
as Functions of Median Size of Bed Sediment.

1.1.2 Shields Formula (Shields, 1936)

(TO - T")
g =10¢S ——7—

in which L = specific weight of the sediment grains; Tc =
critical bed shear stress for sediment of size dso given by
Shields graph, Fig. 3, and all other quantities in Eg. (12) are
already defined except that since the equation is dimensionally
homogeneous, the quantities can be expressed in any consistent
set of units.

The Shields formula is based mainly on data from two flumes
with widths of 40 cm and 80 cm, respectively, with five sediments
of specific gravities ranging from 1.06-4.2. The lightest
sediment was made of amber particles with a median size of 1.56
mm. The other sediments were well sorted with median sizes
ranging from 1.7 mm-2.5 mm. Ripples were produced on the bed but
none of them were very high or steep. Because the sediments in
the experiments were coarse and the shear stresses low,
essentially all of the sediment moved was bed load.

14



1.2 Discharge-Formulas

1.2.1 Schoklitsch Formula (Shulits, 1935)

25.3 13)
g=2 ’ P:WS”’ @ - q.) (
q,= 0.638i (14)

SY/3

in which ge1 = critical value of q for initiating motion of
sediment of mean size, dsi as given by Eq. 14, p: = fraction by
weight of that fraction of the bed sediment with mean size, dasi;
the symbol,» , denotes summation for all sets of values of pi,
dsi, and dei,'and other symbols are as defined previously. All
quantities in Eq. (14) are expressed in the foot-pound-second
system of units.

To determine sets of values of pi and ds: a mechanical
analysis of a representative sample of the bed sediment is made
and a size distribution curve prepared. A set of size grades is
then selected and the corresponding p:i values can be determined
from the size distribution curve. The mean size, ds:, of a
fraction is often taken as the geometric mean of the extreme
sizes in the fraction.

The Schoklitsch formula was based mainly on data from
experiments by Gilbert (1914) in small flumes with well-sorted
and also graded sediments with median sizes ranging from 0.3 mm-5
mm. Sediment discharges calculated with the formula also agreed
well (Shulits, 1935) with bed load discharges calculated with the
samplers 1in two European rivers that have gravel beds. This
suggests that it is a bed load formula that should not be applied
to sand bed steams that carry considerable bed sediment in
suspension.

1.3 Similitude and Dimensional Analysis
1.3.1 Meyer-Peter and Muller Formula (1948)
The Meyer-Peter and Muller formula is based on data
from experiments in flumes ranging in width from 15 cm-2 m with

slopes varying from 0.0004-0.02 and water depths ranging from 1
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cm-120 cm. The sediments used 1in the_ experiments ranged from

coal with a small specific gravity, Y&/Y, = 1.25, to river
sediment to barite with a specific gravity in excess of four.
Some of the-sediments were graded and others were sorted. The

mean sizes and effective diameters, dm, of the sediments ranged
from 0.4 mm-30 mm. The advantage of this formula over the older
Meyer-Peter formula, 1is that it can be used for graded sediments
under flow conditions that give rise to dunes and other bed
forms. Most of the data wupon which the formula is based were
obtained in flows with little or no suspended load which suggests
that the formula is not valid for flows with appreciable
suspended loads.

2. BED MATERIAL LOAD EQUATIONS
2.1 Tractive Force Equations

2.1.1 Laursen (1958)

For the Laursen (1958) method, the particle size
distribution is divided into n size fractions, pi, which have
mean size Ds:i and fall velocity ws. The concentration is

calculated from

n 7/ v DSO 1/3 u*> .
¢ =-0.01 :E: pi(E§i> ° PgP ( T il I = (15)
i=1 >8 Yc Dsi 8(T> -.

The value of Y. is obtained from

0.04 «vuuns Dgy/8 > 0.1

Y, = <0.08 ..... . 0.1 2D/§ > 0.03
< (16)
0.03 ...... Dgy/8 £ 0.03

where S = 11.6v/u*'is the thickness of the laminar sublayer.

The function f(u«/wi) is given in Figure 9.
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Function f(u«/w) for Laursen Formula, Eq. 2.231la

The Laursen formula is intended to apply only to natural
sediments with specific gravity of 2.65.

Laursen determined the function in Fig. 9 by correlating
values of the function obtained from flume data of several
investigators with u./w from the data. The flumes used by the
investigators ranged in size from one 10.5 in. wide and 40 ft
long to the one wused by Laursen that was 3 ft wide and 90 ft
long. The sediments all hade specific gravities of close to 2.65
and varied in median sizes from 0.011 mm-4.08 mm with grain size
distributions from well-sorted to well graded.

Laursen also compared values of sediment discharge
calculated by his relation with values observed on three small
streams: the Niobrara River near Cody, Neb. (Colby and Hembree,
1955) ; Mountain Creek in South Carolina (Einstein, 1944), and
West Goose Creek in Mississippi (Einstein, 1944). The streams
had flow depths in the range from 0.12 ft-1.3 ft and bed sediment
with median sizes 0.277 mm, 0.86 mm, and 0.287 mm, respectively.
The agreement between observed and calculated sediment discharge

was good for the Niobrara River, but only fair for the other two
streams.
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2.2 Lift Eerce - Stochastic Approaches
2.2.1 Einstein (1950)

Probably the most complex computational procedure is
that of Einstein. To begin the procedure bed material is divided
into size fractions. Suspended load is computed by size fraction
using the Rouse equation (equation 19).

Calculation of the sediment discharge of a stream by the
Einstein bed 1load function can be carried out 1in three parts.
The first part involves collecting field data that include
measurements of: (1) Slope; (2) data on cross section from
which one can determine the bed width and the cross-sectional
area and wetted perimeter of the banks as functions of depth; (3)
a representative sample of the bed sediment; (4) a mechanical
analysis of the bed sample from which the weight fraction,p:, can
be determined for each size, dsi, and values of diss and des can
be read; and (5) an estimate of the friction factor of the
channel banks.

In the second part, calculations are made to determine
values of the bed hydraulic radius, r's,due to sand grain
roughness for a range of values of water discharge Q.

The third part of the calculation uses the results of the
first two to finally determine the total bed sediment discharge,
Ga, for several values of Q.

The steps in the calculation of bed load transport are:

1. Field data required for calculation are: (a)S=channel
slope; (b)data on bed width and cross-sectional area and wetted
perimeter of banks as a function of water depth; (c)friction
factor of banks of channel (estimated); (d)sample of bed sediment
from which values of weight fractions pi can be determined foe
several mean sizes ds: along with the specific weight; Ys, das,
and des; and (e)water temperature.

2. Hydraulic calculations (see Vanoni 1975 ASCE
Sedimentation Manual)

3. Sediment discharge calculation (see Vanoni 1975)

The coefficients in Einstein's bed 1load function, were
determined by fitting the function to flume data. The data were
obtained in flume experiments with two well-sorted sediments of
mean size 28.65mm and 0.785 mm, respectively. These are shown to
demonstrate the fact that the theory agrees with data from
experiments with sorted sediments. The data used to determine
the coefficients were from experiments in a flume 10.5 in. wide
and 40 ft long with high transport rates of graded fine sands.

2.2.2 Toffaleti (1968)

Toffaleti (1968) used the Einstein (1950) method as an
inspiration for the development of this technique. Since the
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technique is quite complex, a full description is not given here.
Full descriptions of the method can be found in Vanoni (1975, pp.
209-213) and White, Milli, and Crabbe (1973, pp. 35-41).

The principal similarity between the Einstein and Toffaleti
techniques is the use of an empirical equation to determine a bed
load concentration from which the suspended load concentration
can be determined. For the Toffaleti technique, the suspended
zone is divided into an upper, middle, and lower zone. For each
zone the integral of the product 'of the concentration equation
and the velocity equation has been replaced by an explicit
function. These functions were developed for the English system
of measurement, and are not dimensionally homogeneous.

The Toffaleti formula is based on extensive data from seven
rivers and flume data from four investigators. The rivers are
the Mississippi at St. Louis (Jordan 1966), Rio Grande at
Bernalillo (Nordin 1964), Middle Loup (Hubbell and Matejka 1959),
Niobrara (Colby and Hembree 1955), and three rivers in the lower
Mississippi Basin, the data for which are not published. These
seven rivers had depths ranging from less than 1 ft to over 50 ft
and bed sediments in the fine and medium sand ranges. The flume
data were by Kennedy (1961), Vanoni and Brooks (1957), Einstein
and Chien (1953), Guy, et all (1966), and Waterways Experiment
Station of the United States Corps of Engineers. The flumes
ranged in width from 10.5 in - 8 ft, the flow depths ranged from
as little as 2 in - 2 ft and the bed sediment had median grain
sizes ranging from 0.3 mm - 0.93 mm.

2.3 Similitude and Dimensional Analysis
2.3.1 Ackers and White (1973)
The Ackers and White (1973) method 1s based on a

combination of grain shear stress and shear stress. The basic
concentration equation is

D 7
C=cp—$-i.lnrpgr_ m (1)
p T U, LA

where Fgr is the mobility number defined by

n l_—n (18)
. Uy Ux
gT s
and u.' is given by 8050\ >
1 v
/§f]pg-—£
Dso
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The -quantities n, A, m, and c are functions of Dg:r which is

defined by
- 2/3
D= |25 R (20)
8T P 8

where Rg = 'gDSO /v is the grain Reynolds number.

When Dg» > 60 the four coefficients are:

n= 0.0
A =0.17
m= 1.5
c = 0.025

.o

and for 60 > Dg»r > 1

n = 1-0-56 log Dgr

m= 9.66 + 1.34
Dgr

log ¢ = 2.86 log Dg» - (log Dg:x)2 - 3.53
The Ackers and White equation was developed from a

combination of laboratory flume and river data. It 1is most
applicable in the sand size range from approximately 1 to 3 mm.

2.3.2 Yang (1973)
This technique is based primarily on dimensional
analysis. The principal variable 1is the dimensionless unit

stream power, vS/w. Concentration is obtained from

(21)

1 vs _ VerS
where og C = a; + a, log (77 - = )

and w is fall velocity.
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The critical velocity is determined from

u,D
2.05 i —1;223 70
v =
or 2. u,D 22
U*DSO crennse 1,2 < 20 <70 (22)
log( " ) -0.06

As written here, the concentration is given in mass per unit
mass. To convert to ppm, 6 should be added to the right side of
Eq. (21).

Yang based his equation on sets of flume and field data
including the Niobrara River near Cody, Middle Loup at Dunning,
Nebraska, Mississippi River at St. Louis, Mountain Creek at
Greenville, S.C. and the Rio Grande near Bernalillo, N.M. Flume
studies included were those of Guy, Simons and Richardson (1966)

Schneider, Nomicos (1956), Vanoni and Brooks (1957), Stein
(1965), and Williams (1967). Particle sizes varied from 0.152-
1.35 mm.

2.4 Regression approaches or others not easily classified
2.4.1 Colby (1964)

After investigating the effect of mean flow velocity,
shear, shear velocity computed from mean velocity, stream power
of flow, flow depth, viscosity, water temperature, and
concentration of fine sediment on the bed-material discharge per
foot of channel width, Colby (1964) developed the four graphical
relations shown in Figures 10 and 11 for determining the bed-
material discharge. 1In developing his computational curves Colby
was guided by Einstein's bed-load function (Einstein 1950) and an
immense amount of data from streams and flumes (Simons and
Richardson 1966). Data were used from at least a score of
streams including those from the Middle Loup River, Niobrara
River, Colorado River at Taylor's Ferry and the Mississippi at
St. Louis. However, it should be understood that all curves for
the 100 ft depth, most curves of 1.0 ft and 0.1 ft are not based
entirely on data but are developed from limited data and theory.

In utilizing Figures 10 and 11 to compute the bed-material
discharge the following procedure is utilized: (1) the required
data are mean velocity U, depth d, median size of bed material
Dso' water temperature T and fine sediment concentration Cge; (2)
uncorrected sediment discharge gr: for the given U, d, and DsO
can be found from Figure 11 by first reading gr: knowing U and
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Dso for the two depths that bracket the desired depth. Then a
logarithmic scale of depth versus gr:i is used to interpolate in
order to determine the bed-material discharge per unit width for
the actual —d, U and Dso; (3) two correction factors k. and k-
shown in Figure 1lla and 11b respectively, account for the effect
of water temperature and fine suspended sediment on the bed-
material discharge. If the bed-material size falls outside the
0.2 to 0.3 mm range, factor ks from Figure llc 1is applied to
correct for sediment size effect. True sediment discharge gr
corrected for water temperature effect, presence of fine
suspended sediment, and sediment size is given by

(23)
O = [T+ (egk, = 1) 0.01 k] g,
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six median

sizes of bed sands,

temperature of 60 degrees F (Colby 1964).
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2.4.2 Shen and Hung (1971)

Shen and Hung (1971) developed a single equation
using advaneed curve fitting techniques. The equation does not
use dimensionless parameters and the units are in the English
system. The equation for C in ppm by mass is:

log C = ao + aiX +a=X2 + asXx= (24)

where
= vk ag .a
X v S wo6 (25)

The quantities v and w are the flow velocity and fall
velocity of the median sediment particle, respectively, in ft/s.
The coefficients are:

Ao = —107404.46
a, = 324214.75
az = ~326309.59
as = 109503.87
s = 0.00750189
as = 0.00428802
dAs = -0.00239974

which have been rounded to 8 significant figures.

This equation is based on 587 data points mainly for flume
data. An evaluation (Simons and Senturk 1966) 1indicated that
prediction of sediment transport for flumes to be gquite good.
However, the equation underpredicted measured transport for the
Rio Grande, Mississippi, Atchafalaya, Red Rivers and Pakistani
canals. Its major limitation is its dependance on flow depths
for a limited range.

2.5 Equations Based on Partial Measured Data
2.5.1 Modified Einstein (1955)

Colby and Hembree (1955) and subsequently others
proposed a modified Einstein procedure to obtain the total
sediment transport rate in a river. The term "modified Einstein
procedure" usually gives the impression that it serves the same
purpose as Einstein's (1950) procedure. Actually these two
procedures, although based on similar principles, serve entirely
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different purposes. Einstein's procedure used mainly for design
purposes (as well as other equations that predict the bed-
material discharge), estimates bed-material discharges for
different river discharges based on channel cross section and
sediment bed samples on selected uniform-flow river reaches. The
modified Einstein procedure, on the other hand, estimates total
sediment discharge (including wash load) for a given water
discharge from measured depth-integrated suspended sediment
samples, stream flow measurements, bed-material samples, and
water temperature for specific discharge at the cross section.

Major differences between the modified Einstein procedure
(1955) and original Einstein procedure (1950) include:

1. The modified calculation is based on a measured mean
velocity rather than on a calculated velocity from the given
slope, and depth 1is observed 1in each vertical in which
velocity is measured.

2. The suspended-load exponent 2 in equation (19) is
determined from the observed Z value for a dominant grain
size. Values of Z for other grain sizes are derived from

that of dominant size and are assumed to vary with the 0.7
power of their fall velocity.

3. A slight change in the hiding factor is introduced.

4. The depth d is used to replace the hydraulic radius.

5. The value of Einstein's intensity of bed-load transport
is arbitrarily divided by a factor of two to fit the
observed transport data more closely. There 1is some

criticism on this point.

Data needed are stream discharge Q, mean velocity U, cross
sectional area A, stream width B, mean value d. of the depths at
verticals where suspended sediment samples were taken, measured
sediment discharge concentration Cs', size distribution of the
measured load i., size distribution of bed material at the cross
section 1n, and water temperature T.

The modified Einstein procedure rendered good predictions
for the Niobrara and Loup Rivers as demonstrated by Schroeder and

Hembree (1956). Also, the theory should be generally more
applicable to streams of different character because much of the
sediment discharge 1is actually measured. This is particularly

true for deeper streams.
3. Develop Your Own Transport Equation - Power Relations

The following paragraphs describe an accurate and efficient
method of evaluating sediment discharge. The method is based on
easy to apply power relationships that estimate the sediment
transport rate based on the velocity and depth of flow. The
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power relationships were developed from computer generated data
obtained from solution of the Meyer-Peter, Muller bed-load
transport equation and EInstein's integration of the suspended
bed-material discharge. A publication by Simons, Li and
Fullerton (1981) details the development procedure.

The results of the sediment transport equation determination
are presented in Table 1. These results show the high level of
dependence that sediment transport rates have with respect to

velocity. The dependence on depth is less important. Note that
some sizes have a proportional dependence and others are
inversely proportional. Some exhibited almost no dependence.

The smaller sizes have the proportional dependence since the
smaller material is more easily suspended and the resulting
sediment concentration profiles are more uniform. Thus, the
larger the depth, the more sediment which will be suspended for a
given velocity. For the larger sizes of sediment, the sediment
is more difficult to suspend and keep in suspension. As the
depth increases for a given velocity, the intensity of the
turbulent transfer properties decreases for these sizes. The
increase in area available for suspended sediment with the
increased depth does not totally counterbalance the reduced
turbulent transfer characteristics. The result 1is an inverse
dependence of transport rate on depth for these larger sizes.
The sizes with almost no dependence on depth in their transport
rate fall between these two extremes.

TABLE 1

2
qs-alY Y

3

d_ =0, .
50 1 mm d50=0 25 mm

p N
50=0.5 mm d_=1.0 mm d50=2.0 mm dso-'}.o mm d__=4.0 mm d_ «5.0 ma

50 50 50
G =1.0
-5 -5 -6 -6 -6 -6 -
:' 3.3?;'12 ’6?3;}»0 766;%0 5.823&0 5.64x10 6.32x10 7.10x10 6 7.78x10
2 33 3-8 3.82 3.93 -0.14 -0.24 -0.30 -0.34
3 . . 3.95 3.92 3.89 3.87
G = 2,0
-5 -6 -6 - - -
a‘ 1.59x10 9.8x10 6.94x10 6.32x10 6 6.62x10 6 6.94x10 6
a 0.51 0
0 o 33 0.12 -0.09 -0.196 =-0.27
3 . 3.73 3.86 3.91 3.91 3.9
G = 3.0
-5 - -
al 1.21x10 9.14x10 6 7.44x10 6
az 0.36 0.18 -0.02
a} 3.66 3.76 3.86
. G = 4.0
2 1.05x107
:2 +0.21
3 3.7
q, = sedlmant transport rate In ffslsec {unbulked) ¥ = velocity in fi/sec
= depth In feet G = gradation coefticient
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When applying the equations given in Table 1, care should be
taken so that the range of parameters being used is not out of
the range used to develop the equations. Table 2 lists the range
of parameters used in the equation development. When using the
equations to determine sediment transport rates, the conditions
should be checked against Table 2. If conditions are within the
ranges outlined in Table 2, the regression equations should
provide results within ten percent of the theoretically computed
values.

Table 2
Range of Parameters Examined

Value
Parameter Range
Froude No. 1-4
Velocity 6.5-26 (ft/sec)
Manning's n 0.015 - 0.025
Bed Slope 0.005 - 0.040 .
Unit Discharge 10-200 (cfs/ft)
Particle Size d. > 0.062 mm
5 - '
d9° £ 15 mm

4, Summary

A number of bed load and bed material transport equations
have been presented in previous sections. They are not the only
equations in wuse, in fact many more are available. They are,
however, available in the "CORPS" system of programs from WES or
in HEC - 6. As we have developed so many equations for
application to specific circumstances it is to be expected that
one might become confused over which method to use. The key is
to utilize an equation within the range of variables for which it
was developed. The rest of this section will attempt to provide
some hard and fast rules of applications. Should you ever
question the most applicable formula for your problem, please
consult someone with more background in sedimentation
engineering.

Table 3 1lists the transport equations described herein and
indicates whether they are bed 1load on total bed material
transport equations, are for a single grain size or a full size
distribution, gives the size range and hydraulic conditions for
which the equations were developed, and lists the data bases used
in their development.
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TABLE 3

Sediment Transport Type Uniform Size Slope Basis of Equation
Equation Grain Range
Size (mm)

Duboys Bad-load Yes 0.1-4.0  =—=—=—- Gilbert and Johnson small flume
data.

Shields Bed-load Yes 1.7-2.5  —————- Two flumes widths 40-80 cm., 5
sediments s.g. = 1.06-4.2. All
moved as bed-load, well sorted.

Schoklitsch Bed-load Yes 0.3-5.0 .006 - .03 Gilbert flume data, well gradec
and sorted. Compared well with 2
European gravel bed rivers.

Mayer-Peater Bed-load Yes 0.4-30 .0004 - .02 Flume experiments, widths 159m -

& Muller 2m, depths icm - 120cm. Sediments
ranged from coal to river sediment

Laursen Bed No .011-4,08  —===== Flumes from 10.5 in. wide and 40

Matertiatl flumes ft. long to 3 ft. wide and 90 ft.
Transport .277-.86 long. s5.9. =2.65 Well sorted to
rivers well graded. Niobrara River,
Mountain Creek, and West Goose
Creek. Depth ranged from .12-
1.3 ft. with 050=.277, .86 and
2.87 mm.
Einstein Bed No . 785mm ———— Flume experiments 10.5 in, wide 4C
Material 28.65mm ft. long with sorted sediment and
Transport graded fine sand.
Toffaleti Bed No Fine to ———— 7 rivers, depths .1 - 50 ft.,
Material Medium flumes 10.5 1in.- 8 ft., depths 2
Transport Sand in. - 2 ft.. Mississippi., FRic
Rivers, Grande, Middle Loup, Niobrara,
.3-9.3 Lower Mississippi~3 rivers.
flumes
Ackers - White Bed Yes 1-3 ————— Flume and lowland rivers.
Material
Transport
Yang Bed Yes .152-1.35 .0000428-.0075 Six sets of flume data, Nichrara,
Material Middle Loup, Mississippi, Mountain
Transport Creek, Rio Grands. Depths vary
from .1 - 5ft. with exception of
Mississippi, D=16-50ft.
Colby Bed Yes .1-.8 ———— Extensive flume and river data.
Material Probably most complete in this
Transport regard. Depth 1 - 100 ft.
Shen and Hung Bed Yes Sands @ —————- Flumes and rivers of small depth.
Material
Transport
Modified Einstein Total No .28 .0013 Niobrara Niobrara and Middle Loup
Load Niobrara Rivers.




Direct comparison of available methods for calculation of
sediment transport has been done in the fairly recent past by the
following authors:

1) Shulits and Hill (1968)
2) White, Milli and Crabbe (1973)
3) Brownlie (1981)

Additional references that the reader might wish to investigate
include,

1) ASCE Sedimentation Manual (1975)
2) Simons and Senturk (1976)
3) Other Sedimentation engineering texts.

Please see the complete 1list of references appended to this
section for further information. The most complete work is
Brownlie's (1981). Figure 12 shows Brownlie's comparison of the
accuracy of fourteen sediment transport equations including his
own. Brownlie based his statistical analyses on 20 sets of flume
data and 11 sets of field data. In other words he applied each
transport equation using these individual data for comparison.
As he had not developed his own equation prior to the analysis it
is not surprising that his function shows the best fit to the
data. If each equation had been applied only within the
constraints for which they were developed agreement would have
been much better. It is instructive, however, to note the range
of variability.



Cereoicren/ Cosservep

10!

100

107}

1072

METHODS FOR PREDICTING CONCENTRATLON

LR llllll

T T I"_rl‘l'—r

T T I

LAB DATA FIELD DATA

T 84 PERCENTILE
|
:{: MEOIAN-

1 16 PeRcENTILE

3
ta]

T T

T T § T I

A

T T T
1 Ackers & White (1973)
2 Bagnold (1966)
3 8Ishop et al. (1965)
4 Elnsteln (1950)
5 Engelund & Fredsoe (1976)
6 Engelund & Hansen (1967)
7 Grat (1971)
8 Laursen (1958)
9 Ranga Raju et al. (1981)
10 Rottner (1959)
11 Shen & Hung (1971)
12 Totfaleti (1968)
13 Yang (1973)
14 Brownlie (1981)

-~

V)
"

IALl,l

i lLJ]lll

L

T v T [ vyirs

lll’llll

A

p——
NS
b e e —
—
L e

pm e e e e — o

Pt
+————

e —

o]
b = ]

—_————— e e ——————y
o e

o — e —— —1—
————d———

| | ] 1

mmeee——{

b e |

——

1
o

p— — e — —
'——_
fm = e e e - |

;JIIIALL! J;lllllil

1

Figure 12

5 6 7 8 9
METHOD

14

Comparison of methods for predicting sediment concentration.

Median and 16 and 84 percentile values are based on the
approximation of a log-normal distribution of errors.



REFERENCES
Brownlie (1981)

ASCE Task Force, "Friction Factors in Open Channels,” Journal of the
Hydraulics Division, ASCE, Vol 89, No. HY2, March 1963,

pp. 97-143.

Ackers, P. and White, W. R., "Sediment Transport: New Approach and
Analysis,” Journal of the Hydraulics Division, ASCE, Vol. 99, No.
HY 11, November 1973, pp. 2041-2060.

Alam, A. M. Z., Cheyer, T. F. and Kennedy J. F., "Friction Factors for
Flow in Sand Bed Channels,” Hydrodynamics Laboratory Report
No. 78, Massachusetts Institute of Technology, Cambridge,

Massachusetts, June 1966.

Alam, A. M. Z. and Kennedy, J. F., "Friction Factors for Flow in Sand
Bed Channels,” Journal of the Hydraulics Division, ASCE, Vol. 95,
No. HY6, November 1969, pp. 1973-1992.

Allen, J. R. L., "Computational Models for Dune Time-lag: An
Alternative Boundary Condition,” Sedimentary Geoclogy, Vol. 16,
1978, pp. 255-279.

Bagnold, R. A., "An Approach to the Sediment Transport Problem from
General Physics,” U.S. Geological Survey, Professional Paper
422~1, U.S. Govermment Printing Office, Washington, D.C., 1966.

Bayazit, M., "Free Surface Flow in a Channel of lLarge Relative
Roughness,” Journal of Hydraulic Research, Vol. 14, No. 1, 1976,
pp. 115-126.

Bishop, A. A., Simons, D. B. and Richardson, E. V., "Total Bed
Material Transport, Proc. ASCE, Vol. 91, HY2, February 1965.

Brownlie, W. R., "Re-examination of Nikuradse Roughness Data,"”
Journal of the Hydraulics Divisfon, ASCE, Vol. 107, No. HYl,
January 1981, pp. 115-119.

Chang, H. H., "Flood Plain Sedimentation and Erosion,” San Diego
County Department of Sanitation and Flood Control, 1976.

Chang, N. H. and Hill, J. C., "A Case Study for Erodible Channel
Using a Mathematical Model,” March 198l.

Chu, H. and Mostafa, M. G., "A Mathematical Model for Alluvial Channel
Stability,” Proceedings of Engineering Workshop on Sediment
Hydraulics, California State University, Long Beach, February 3,
1979, pp. 130-150.




Colby, B. R., "Discontinuous Rating Curves for Pigeon Roost Creek and
Cuffawa Creeks in Northern Mississippi,” Report ARS41-36,
Agricultural Research Service, April 1960.

Cunge, J. A. and Perdreau, N., "Mobile Bed Fluvial Mathematical
Models," La Houille Blanche, No. 7-1973, pp. 561-580.

Dawdy, D. R., "Depth-Discharge Relations of Alluvial Streams --
Discontinuous Rating Curves,”™ Water-Supply Paper 1948-C, U.S.
Geological Survey, Washington, D.C. 1961.

Dobbins, W. E., "Effect of Turbulence on Sedimentation,” Transactions,
ASCE, Vol. 109, Paper No. 2218, 1944, pp. 629-678.

Einstein, H.A., "Estimating Quantities of Sediment Supplied to Streams
to a Coast,” Coastal Engineering Conference Proceedings, 1950,

pp. 137-139.

Einstein, H. A. and Barbarossa, N., "River Channel Roughness,"”
Transactions, ASCE, Vol 117, 1952, pp. 1121-1146.

Engelund, F.,, Closure to "Hydraulic Resistance of Alluvial Streams,’
Journal of the Hydraulic Division, ASCE, Vol. 93, Ne. HY4, July
1967, pp. 287-296.

Engelund, F. and Fredsoe, J., "A Sediment Transport Model for Straight
Alluvial Channels,” Nordic Hydrology, Vol. 7, 1976, pp. 293-306.

Engelund, F., and Hangen, E., "A Monograph on Sediment Transport In
Alluvial Streams, Teknisk Vorlag, Copenhagen, Demmark, 1967.

Fredsoe, J., "Unsteady Flow in Straight Alluvial Streams:
Modification of Individual Dunes,” Journal of Fluid Mechanics,
Vol. 91, Part 3, 1979, pp. 497-512.

Garde, R. J. and Ranga Raju, K. G., "Resistance Relationships for
Alluvial Channel Flow,” Journal of the Hydraulics Division,
ASCE, Vol. 92, HY4, July 1966, pp. 77-100.

Garde, R. J. and Ranga Raju, K.G., Mechanics of Sediment and Alluvial
Stream Problems, Wiley Eastern Limited, New Delhi, 1977, 483 pp.

Gee, D. M., “Sediment Transport in Non-steady Flow,” University
of California, Berkeley, California, Report 4EC 22-3, 1973.

Gessler, J., “Critf{cal Shear Stress for Sediment Mixtures,” Proc. of
Fourteenth Congress of International Association for Hydraulic
Research, Vol. 3, 1971, Cl-1 - Cl-8.

Graf, W. H., Hydraulics of Sediment Transport, McGraw-Hill Book
Company, 1971.




Henderson, F. M., Open Channel Flow, Macmillan Publishing Company,
Inc., New York, 1966, 522 pp.

Hydrologic Engineering Center, "HEC-6 Scour and Deposition in Rivers
and Reservoirs,” U.S. Army Corps of Engineers, Computer Program

723-G2-L2470, 1976.

Jansen, P. P., et al., Principles of River Engineering: The Non-Tidal
River, Fearon Pitman Publishers, Inc., Belmont, California,
1979, 509 pp.

Jordan, P. R., "Fluvial Sediment of the Mississippl at St. Louis,
Missouri,"” U.S. Geological Survey, Water-Supply Paper 1802,

Washington, D.C., 1965.

Lane, E. W. and Carlson, E. J., "Some Factors Affecting the Stability
of Canals Constructed in Coarse Granular Materials,” Proceedings,
Minnesota International Hydraulics Convention, September 1953,
pp. 37-48.

Leopold, L. B. and Maddock, T., Jr., "The Hydraulic Geometry of Stream
Channels and Some Physiographic Implications,” Geological Survey
Professional Paper 252, U.S. Department of the Interior, U.S.
Govermment Printing Office, Washington, 1953, 57 pp.

Liggett, J. A. and Cunge, J. A., "Numerical Methods of Solution of the
Unsteady Flow Equations,” Unsteady Flow in Open Channels,
K. Mahmood and V. Yevjevich, eds., Water Resources Publications,
Fort Collins, Colorado, 1975, pp. 89-182.

Limerinos, J. T., "Determination of the Manning Coefficient from
Measured Bed Roughness in Natural Channels,"” Studies of Flow in
Alluvial Channels, U.S. Geological Survey, Water-Supply Paper

1898-B, 1970, 47 pp.

McCracken, D. D. and Dorn, W. S., Numerical Methods and Fortran
Programming With Applications in Engineering and Science, John
Wiley and Sons, Inc., New York, 1968, 457 pp.

Mostafa, M. G. and McDermid, R. M., Discussion of "Sediment Tranaport
Mechanics: Hydraulic Relations for Alluvial Streams,” ASCE Task
Conmittee, Journal of the Hydraulics Division, ASCE, Vol. 97,
No. HY10, October 1971, pp. 1777-1780.

Nakato, T., "Evaluation of Several Existing Sediment-Transport
Formulas for the Sacramento River,” Final Report, unpublished,

March 1981, 21 pp.



Nikuradse, J., “"Laws of Flow Iin Rough Pipes,” (translation of
“"Stromungsgesetze in rauhen Rohren,” 1933), National Advisory
Committee for Aeronautics Tech Memo 1292, Washington, D.C., 1950,

62 pp.

Ponce, V. M., Indlekofer, H. and Simmons, D. B., "The Convergence of
Implicit Bed Transient Models,” Journal of the Hydraulics
Division, Vol. 105, HY4, April 1979, pp. 351-363.

Prelssmann, A., “Difficultes Recontrees dans la Calcul des Ondes de
Transition a Front Railde,” Congress of the International
Association for Hydraulic Research, Seminar, Leningrad, U.S.S.R.,

1965.

Ranga Raju, K. G., "Resistance Relation for Alluvial Streams,’
La Houille Blanche, No. 1, 1970, pp. 51-54.

Ranga Raju, K. G., Garde, R. J. and Bhardwaj, R., "Total Load
Transport in Alluvial Channels,” Journal of the Hydraulics
Division, ASCE, Vol. 107, No. HY2, February 1981, pp. 179-191.

Rottner, J., "A Formula for Bed-Load Transport, La Houille Blanche
No. 3, May 1959, pp. 301-307.

Shen, H. W. and Hung, C. S., "An Engineering Approach to Total Bed-
Material Load by Regression Analysis,” Symposium to Honor
H. A. Einstein, 1971.

Streeter, V. L., Fluid Mechanics, Fifth Edition, McGraw-Hill Book
Company, Inc., New York, New York, 1971, 755 pp.

Strickler, A., "Contributions to the Question of Velocity Formula and
Roughness Data for Streams, Channels and Closed Pipelines,” 1923,
translation by T. Roesgen and W. R. Brownlie, W. M. Keck
Laboratory Translation T-10, California Institute of Technology,

Pasadena, California, January 198l, 104 pp.

Vanoni, V. A., "Data Used to Develop Shields Diagram,” W. M. Keck
Laboratory of Hydraulics and Water Resources, Technical
Memorandum 65-2, Division of Engineering and Applied Science,
California Institute of Technology, Pasadena, California, April

1965, 8 pp.

Vanoni, V. A., "Factors Determining Bed Forms of Alluvial Streams,’
Journal of the Hydraulics Division, ASCE, Vol. 100, HY3, March
1974, pp. 363-377.

Vanoni, V. A., ed., Sedimentation Engineering, ASCE Manuals and
Reports on Engineering Practice, No. 54., New York, 1975.




White, W. R., Paris, E. and Bettess, R, "A New General Method for
Predicting the Frictional Characteristics of Alluvial Streams,’
Report No. IT 187, Hydraulics Research Station, Wallingford,

England, July 1979.

White, W. R., Milli, H. and Crabbe, A. D.,"Sediment Transport:
An Appraisal of Available Methods, Vol. 2, Performance of
Theoretical Methods when Applied to Flume and Field Data,’
Report No. INT 119, Hydraulics Research Station, Wallingford,

Berkshire, England.

Wijbenga, J. H. A. and Klaassen, G. J., "Changes in Bedform Dimensions
Under Unsteady Flow Conditions in a Straight Flume,” Second
International Conference on Fluvial Sediments, University of

Keele (U.K.), September 1981.

Yang, C. T., “"Incipient Motion and Sediment Transport,"” Journal of the
Hydraulics Division, ASCE, Vol. 99, No. HY1l0, October 1973,

pp. 1679-1704.

Data Sources

Abdel~Aal, Farouk, M., "Extension of Bed Load Formula to High Sediment
Rates,” PhD thesis presented to the University of California, at
Berkeley, California, December 1969.

Barton, J. R., and Lin, P.N., "A Study of the Sediment Transport in
Alluvial Channels,” Report No. CEF 55JRB2, Colorado State
University, Fort Collins, Colorado, 1955, 41 pp.

Borgardi, J., and Yen, C. H., "Traction of Pebbles by Flowing Water,
PhD thesis presented to the State University of Iowa, 1939,

66 pp.

Casey, H.J., "Uber Geschiebebewegung,” Preuss. Versuchsanst. fur
Wasserbau und Schifibau, Berlin, Mitt., Vol. 19, 1935, 86 pp.
(Translation on file at U.S. Soil Conservation Service,

Washington, D.C.).

Chaudhry, H. M., Smith, K. V. H. and Vigil H, "Computation of Sediment
Transport in Irrigation Canals,” Proc. Institution of Civil
Engineers, Vol. 45, Paper 7241, 1970, pp. 79-10L.

Chitales, S. V., "Hydraulics of Stable Channels,” Tables 13 and 17,
Government of India, Ministry of Irrigation and Power, Central
Water and Power Commission, 1966.



Chyn, S.D., "An Experimental Study of the Sand Transporting Capacity

‘ of the Flowing Water on Sandy Bed and the Effect of the
Composition of the Sand,” thesis presented to the Massachusetts
Institute of Technology, Cambridge, Massachusetts, 1935, 33 pp.

Colby, B. R., and Hembree, C. H., "Computations of Total Sediment
Discharge Niobrara River Near Cody, Nebraska," Water-Supply
Paper 1357, U. S. Geological Survey, Washington, D.C., 1955.

Costello, W.R., "Development of Bed Configuration in Coarse Sands,'
Report 74-1, Department of Earth and Planetary Science,
Massachusetts Institute of Technology, Cambridge, Massachusetts,
1974.

Culbertson, J.K., Scott, C. H. and Bennett, J. P., "Summary of
Alluvial-Channel Data from Rio Grande Conveyance Channel, New
Mex{co, 1965-69," Professional Paper 562~J, United States
Geological Survey, Washington, D.C., 1972, 49 pp.

Da Cunha, L. V., "River Mondego, Portugal,” Personal Communication,
Laboratorio Nacional De Engenharia Civil, Lisboa, 1969. '

Daves, T. R., "Summary of Experimental Data for Flume Tests over Fine
Sand,” Department of Civil Engineering, University of
Southampton, 1971.

East Pakistan Water and Power Development Authority, “Flume Studies of
Roughness and Sediment Transport of Movable Bed of Sand,” Annual
Report of Hydraulic Research Laboratory for 1966, 1967,
1968-1969, Dacca.

Einstein, H.A., "Bed Load Transportation in Mountain Creek,"” U.S. Soil
Conservation Service, SCS-TP-55, 1944, 50 pp.

Einstein, H. A. and Chien, N., "Effects of Heavy Sediment
Concentration near the Bed on Velocity and Sediment
Distribution,” MRD Series No. 8, University of California,
Institute of Engineering Research and U.S. Army Engineering
Division, Misgsouri River Corps of Engineers, Omaha, Nebraska,

August 1955.

Foley, M. G., "Scour and Fill in Ephemeral Streams,” W. M. Keck
Laboratory Report No. KH-R-33, California Instfitute of
Technology, Pasadena, California, 1975.

Franco, John J., "Effects of Water Temperature on Bed-Load Movement,™
Jounral of Waterways and Harbors Division, ASCE, Vol. 94, No.
WW3, Proc. Paper 6083, August 1968, pp. 343-352.




Gibbs, C. H., and Neill, C. R., "Interim Report on Laboratory Study of
Basket-Type Bed-Load Samplers,” Research Council of Alberta in
assoclation with Department of Civil Engineering, University of
Alberta, April 1972, Number REH/72/2.

Gilbert, G. K., "The Transportation of Debris by Running Water,”
U. S. Geological Survey, Professional Paper 86, 1914.

Guy, H. P., Simons, D. B. and Richardson, E. V., "Summary of Alluvial
Channel Data from Flume Experiments, 1956-61," U.S. Geological
Survey, Professional Paper 462-1, 1966, 96 pp.

Hi11, H. M., Srinivasan, V.S. and Unny, T. E., Jr., "Instability of
Flat Bed in Alluvial Channels," Journal of Hydraulics Division,
ASCE, Vol. 95, No. HY5, September 1969, pp. 1545-1558.

Ho, Pang-Yung, "Abhangigkeit der Geschiebebewegung von der Kornform
und der Temperature,” Preuss. Versuchsanst. fur Wagserbau and

Schiffbau, Berlin, Mitt., Vol. 37, 1939, 43 pp.

Hubbell, D. W. and Matejka, D. Q., "Investigation of Sediment
Transportation, Middle Loup River at Dunning, Nebraska,"” U.S.
Geological Survey, Water Supply Paper No. 1476, 1959.

Johnson, J. W., “Laboratory Investigations on Bed-Load Transportation
and Bed Roughness,” U.S. Soil Conservation Service, SCS-TP-50,

1943.

Jorissen, A. L., "Etude Experimentale du Transport Solide des Cours
d'Eau,” Revue Universelle des Mines, Belgium, Vol. 14, No. 3,

1938, pp. 269-282.

Kalinske, A. A., and Hsia, C. H., "Study of Transportation of Fine
Sediments by Flowing Water,"” Iowa University Studies in
Engineering, Bulletin 29, 1945, 30 pp.

Kennedy, J. F., “Stationary Waves and Antidunes in Alluvial Channels,”
Report KH-R-2, W. M. Keck Laboratory of Hydraulics and Water
Resources, California Institute of Technology, Pasadena,
California, 1961.

Kennedy, J. F. and Brooks, N. H., "Laboratory Study of An Alluvial
Stream of Constant Discharge,” Proceedings, Federal Inter-Agency
Sediment Conference, Misc. Pub. 970, U.S. Department of
Agriculture, 1963, pp. 320-330.

Knott, J.M., “Sediment Discharge in the Trinity River Basin,
California,” Water-Resource Investigations 49-73, U.S. Geological

Survey, 1974, 62 pp.




Laursen, E. M., "The total Sediment Load of Streams," ASCE, Journal
of the Hydraulics Division, Vol. 84, No. HYl, Proc. Paper 1530,
February 1958, 36 pp.

Leopold, L. B., "Personal Communication, “Sediment Transport Data for
Various U.S. Rivers,” 1969.

MacDougall, C. H., "Bed-Sediment Transportation in Open Channels,”
Transactions of the Annual Meeting 14, American Geophysical

Union, 1933, pp. 491-495.

Mahmood, K., et al., "Selected Equilibrium-State Data from ACOP
Canals, " Civil, Mechanical and Environmental Engineering
Department Report No. EWR-79-2, George Washington University,
Washington, D.C., February 1979, 495 pp.

Mavis, F. T., Liu, T., and Soucek, E., "The Transportation of Detritus
by Flowing Water -- II,” Iowa University Studies in Engineering,

Bulletin 11, 1937, 28 pp.

Meyer-Peter, E., and Muller, R., "Formulas for Bed Load Transport,"”
Proceedings, Second Meeting of International Association for
Hydraulic Structures Research, Stockholm, 1948, 26 pp.

Milhous, R.T., "Sedi{ment Transport in a Gravel-Bottomed Stream,"”
PhD thesi{s, Oregon State University, 1973, 232 pp.

Mutter, Douglas Gerald, "A Flume Study of Alluvial Bed
Configurations,” Masters thesis submitted to the Faculty
of Graduate Studies, University of Alberta, 1971.

NEDECO, "Rio Magdalena and Canal del Dique Project, Mission Twccnica
Colombo-Holandesa,” NEDECO Report, NEDECO, the Hague, 1973.

Neill, C. R., "Laboratory Study of Scour of Coarse Uniform
Bed Material,” Personal Communication, Research Council of

Alberta, 1967.

Nordin, C. F., Jr., "Flume Studies with Fine and Coarse Sands,”
Open File Report 76-762, U.S. Geological Survey, Washington,
b.C., 1976, 18 pp.

Nordin, C. F. and Beverage, J. P., "Sediment Transport in the
Rio Grande, New Mexico," Professional Paper 462-F, U.S.
Geological Survey, Washington, D.C. 1965, 35 pp.

O'Brien, M. P., "Notes on the Transportation of Silt by Streams,’
Transactions of the Annual Meeting 17, American Geophysical

Union, 1936, pp. 431-436.



Onishi, Y., Jain, S. C. and Kennedy, J. R., "Effects of Meandering in
Alluvial Channels,” Journal of the Hydraulics Division, ASCE,

Vol. 102, No. HY?, July 1976, pp. 899-917.

Paintal, A. S., "Concept of Critical Shear Stress in Loose Boundary
Open Channels,” Journal of Hydraulic Research, No. 1, 1971,
pp. 90-113.

Peterson, A. W., and Howells, R. F., "A Compendium of Solids Transport
Data for Mobile Boundary Channels,” Report No. HY-1973~-ST3,
Department of Civil Engineering, University of Alberta, Canada,

January 1973.

Pratt, .C. J., "Summary of Experimental Data for Flume Tests over
0.49 om Sand,” Department of Civil Engineering, University of

Southampton, 1970.

Samide, G. W., "Sediment Transport Measurements,” Masters thesis pre-
sented to the University of Alberta, June 1971.

Sato, S., Kikkawa, H. and Ashida, K., "Research on the Bed Load
Transportation,” Journal of Research, Public Works Research
Institute, Vol. 3, Research Paper 3, Construction Ministry,

Tokyo, Japan, March 1958, 21 pp.

Seitz, H. R., "Suspended and Bedload Sediment Transport in the Snake
and Clearwater Rivers in the Vicinity of Lewiston, Idaho,”
File Report 76-886, U.S. Geological Survey, Boise, Idaho, 1976,

77 pp.

Shen, H. W., Mellema, W. J. and Harrison, A.S., "Temperature and
Missouri River Stages Near Omaha,” Journal of the Hydraulics
Division, ASCE, Vol. 104, No. HY1l, January 1978, pp. 1-20.

Shinochara, Kinji and Tsubaki, Toichiro, "On the Characteristics of
Sand Waves Formed Upon Beds of the Open Channels and Rivers,”
Reprinted from Reports of Research Institute of Applied
Mechanics, Kyushu University, Vol. VII, No. 25, 1959.

Simons, D. B., "Theory of Design of Stable Channels in Alluvial
Materials, PhD thesis, Colorado State University, May 1957.

Singh, B., "Transport of Bed-Load in Channels with Special Reference
to Gradient Form,"” PhD thesis presented to the University of

London, London, England, 1960.

Soni, J. P., "Short Statistical Analysis of Total Load Concentration,’
Journal of the Hydraulics Divisfon, ASCE, Vol. 106, No. HYS,
August 1980, pp. 1383-1389.




Stein, R. A., "Laboratory Studies of Total Load and Apparent Bed
Load,” Journal of Geophysical Research, Vol. 70, No. 8, 1965,
pp. 1831-1842.

Straub, L. G., "Transportation Characteristics Missouri River
Sediment,” M.R.D. Sediment Series No. 4, St. Anthony Falls
Hydraulic Laboratory, Minneapolils, Minnisota, April 1954.

Straub, L. G., Anderson, A. G. and Flammer, G. H., "Experiments on the
Influence of Temperature on the Sediment Load,” M.R.D. Sediment
Series No. 10, St. Anthony Falls Hydraulic Laboratory,
Minneapolls, Minnisota, January 1958.

Taylor, B. D., "Temperature Effects in Alluvial Streams,” W. M. Keck
Laboratory of Hydraulics and Water Resources Report KH-R-27,
California Institute of Technology, Pasadena, California,

August 1971, 204 pp.

Toffaleti, F. B., "A Procedure for Computation of the Total River Sand
Discharge and Detailed Distribution, Bed to Surface,” Technical
Report No. 5, Committee of Channel Stabilization, Corps of
Engineers, U.S. Army, November 1968.

United States Department of the Interior, Bureau of Reclamation,
"Interim Report, Total Sediment Transport Program, Lower
Colorado River Basin,” January 1958, 175 pp.

United States Army Corps of Engineers, U.S. Waterways Experiment
Station, Vicksburg, Mississippi, “Studies of River Bed Materials
and Their Movement with Special Reference to the Lower
Mississippl River, Paper 17, 19354, 161 pp.

United States Army Corps of Engineers, U.S. Waterways Experimeut
Station, Vicksburg, Mississippi, "Effect of Turbidity on Sand
Movement,"” unpublished report of experiments, 1935B.

United States Army Corps of Engineers, U.S. Waterways Experiment
Station, -Vicksburg, Mississippl, "Flume Tests Made to Develop a
Synthetic Sand Which Will Not Form Ripples When Used 1in
Movable-Bed Models,” Technical Memorandum 99-1 (unpublished),

19364, 21 pp.

United States Army Corps of Engineers, U.S. Waterways Experiment
Station, Vicksburg, Mississippi, "Flume Tests of Synthetic
Sand Mixture (Sand No. 10)," Technical Memorandum 95-1
(unpublished), 1936B, 21 pp.




United States Army Corps of Engineers, U.S. Waterways Experiment
Station, Vicksburg, Mississippl, "Studles of Light-Weight
Materials, with Special Reference to their Movement and use as
Model Bed Material,” Technical Memorandum 103-1 (unpublished),

1936C, 56 pp-

Vanoni, V. A., and Brooks, N. H., "Laboratory Studies of the Roughness
and Suspended Load of Alluvial Streams,” M.R.D. Sediment Series
No. 11, California Institute of Technology Sedimentation

Laboratory, 1957, 121 pp.

Vanoni, V. A., and Hwang, L1 San, "Relation Between Bed Forms and
Friction in Streams,” Journal of the Hydraulics Division, ASCE,
Vol. 93, No. HY3, Proc. Paper 5242, May 1967, pp. 121-144.

West Bengal, Government of, "Study on the Critical Tractive Force
Various Grades of Sand,” Annual Report of the River Research
Institute, West Bengal, Publication No. 26, Part I, 1965,

pp. 5-12.

Williams, G. P., "Flume Width and Water Depth Effects in Sediment
Transport Experiments,™ U.S. Geological Survey, Professional
Paper 562-H, 1970.

Willis, J. C., Coleman, N. L. and Ellis, W. M., "Laboratory Study of
Transport of Fine Sand,” Journal of Hydraulics Division, ASCE,
Vol. 98, HY3, Proc. Paper 8765, March 1972, pp. 489-501.

Willis, J.C., "Suspended Load from Error-Function Models,” Journal of
the Hydraulics Division, ASCE, Vol. 105, No. HY7, July 1979,

pp. 801-816.

Znamenskaya, N. S., "Experimental Study of the Dune Movement of
Sediment,” Transactions of the State Hydrologic Institute
(Trudy GGI) No., 108, 1963, pp. 89-111. Translated by L. G.

Robbins.



REFERENCES
Shulits (1968)

American Geophysical Union, Trans. Report of the subcommittee
on sediment terminology, Vol. 28, No. 6, pp. 93€-938 (1947).

Albertson, M. L., J. R. Barton, and D. B. Simons, Fluid
mechanics for engineers, Prentice-Hall, Inc., Englewood
Cliffs, N, J. (1960).

Axelsson, V., The Laitaure delta--a study of deltaic morphology
and processes, GCeografiska Annaler, Vol. 49, Ser. A 1967

(1)

Barnes, H. H., Jr., Roughness characteristics of natural chan-
nels, U. S. G. S. Water-Supply Paper 1849 (1967).

Bagnold, R. A., An approach to the sediment transport problem
from general physics, U. S. G. S. Prof. Paper 422-1I (1966).

Burz, J., Schwebstoff- und Geschiebefuhrung in den Staurggmen
des Inn. Mitteilungen der Bayer. Landesstelle fur Gewas-
serkunde und der Innwerk AG, Munich (1954).

Burz, J., Deltabildung im Ammersee und Chilemsee. Mitfeilung
aus dem Arbeitsbereich der Bayer. Landesstelle fur Gewas-

serkunde, Munich (1956).

Casey, H. J., Uber Geschiebebewegung. Doctoral Dissertation,
Technische Hochschule, Berlin, Germany (1935). Preussische
Druckerei~ und Verlags-Aktiengesellschaft Berlin. Transla-
tion No. 35-1, U. S. Army Waterways Experiment Station,

Vicksburg, Miss.

Colebrook, C. F., Turbulent flow in pipes, with particular
reference to the transition region between smooth and
rough pipe laws, Paper No. 5204, J. Inst. C. E., pp. 133-
156 (Feb. 1939).

Chow, V. T., Open-channel hydraulics, McGraw-Hill Book Co.,
‘ New York (1959). '

Chien, N., Meyer-Peter formula for bedload transport and Einstein
bedload function, Missouri River Div. Sediment Series No. 7
(March, 1954),



Chang, Y. L., Laboratory investigation of flume traction and
transportation, Trans. A. S. C. E., Vol. 104, pp. 1246~
1313 (1939).

Colby, B. R. and C. H, Hembree, Computations of total sediment
discharge--Niobrara River near Cody, Nebraska, U. S. G. S,
Water-Supply Paper 1357 (1955).

Chien, N., The present status of research on sediment trans-
port, Trans. A. S. C. E., Vol. 121, pp. 833-884 (1956).

Chebotarev, N. P., Theory of stream runoff. Translated from
the Russian for the U. S. Dept. of Agriculture and the
National Science Foundation. Available as TT65-50027
from U. S. Dept. of Commerce, Clearinghouse for Federal
Scientific and Technical Information, Springfield, Va.

(1966) .

Du Boys, P., Le Rhone and les Riviéres a Lit Affouillable.
Annales des Ponts et Chausées, 5 Ser., Vol. 18, pp. 141-
195 (1879).

Einstein, H. A., Der hydraulische oder Profilradius, Schweizer-
ische Bauzeitung, Vol. 103, No. 8 (Feb. 24, 1934).

Einstein, H. A., The bed-load function for sediment transporta-
tion in open channel flows, U. S. D. A., Soil Conservation
Service, Washington, D. C., Tech. Bulletin No. 1026 (Sept.

1950).

Einstein, H. A., Section 17-1I, River sedimentation, Handbook
of Applied Hydrology, edited by V. T. Chow, McGraw-Hill
Book Co. (1964).

Einstein, H. A., and R. D. Banks, Linearity of friction in open
channels, Int. Assn. of Scientific Hydrology, Publ. 34,
Vol. 3, pp. 488-498 (1951).

Eck, B., Technische Stromungslehre, 6th Edition, Verlag Springer,
Berlin (1961).

Einstein, H. E. and N. L. Barbarossa, River channel roughness,
Trans. A. S. C. E., Paper No. 2528, Vol. 117, pp. 1121-1146

(1952).

Elzerman, J. J. and H. C. Frijlink, Present state of the inves-
tigations on bedload movement in Holland, IXth Assembly of
the International Union of Geodesy and Geophyvsics, Brussels,

No. 1-4, pp. 100-116 (1951).



Einstein, H. A., Formulas for the transportation of bedload,
Trans. A. S. C. E., Vol. 109, p. 561 (1942).

Einstein, H. A. and N. Chien, Transport of sediment mixtures
with large ranges of grain sizes, Missouri River Div.
Sediment Series No. 2 (June 1953).

El-Samni, Ahmed El-Sayed, Hydrodynamic forces acting on par-
ticles in the surface of a stream bed, Univ. of Calif.
(Berkeley), Ph.D. Thesis (1949).

Ehrenberger, R., Direkte Geschilebemessungen an der Donau bei
Wien und deren bisherige Ergebnisse. Die Wasserwirtschaft,
No. 34 (1931).

Eidgenossisches Amt fur Wasserwirtschaft. Untersuchungen in
der Natur uber Bettbildung, Geschiebe- und Schwebstoffuhrung.
Mitteilung No. 33 (1939).

Einstein, H. A., Bedload transportation in Mountain Creek. U,
S. Soll Conservation Service, TP No. 55 (1944).

Frijlink, H. C., Discussion des formules de débit solide de
Kalinske, d'Einstein et de Meyer-Peter et Muller, (Zurich).
Transport Hydraulique et Décantation des Matériaux Solides,
Compte Rendu des Deuxiémes Journées de L'Hydraulique,
Grenoble, France, published by La Houille Blanche (June

1952).

Gilbert, G. K., Transportatlion of debris by running water, U,
S. G. S. Prof. Paper 86 (1914).

Garde, R. J. and M. L. Albertson, Bedload transport in alluvial
channels, La Houille Blanche, Vol. 16, pp. 274-286, with
French translation (May-June 1961).

Haywood, 0. G., Jr., Flume experiments on the transportation by
water of sands and light-weight materials, Dissertation,
D.Sec., Mass. Inst. of Tech. (1940).

Hansen, E, Bedload investigation in Skive-Karup River, Hydraulic
Lab., Technical University of Denmark, Bulletin No. 12,
Copenhagen (1966).

Hubbell, D. W., Apparatus and techniques for measuring bedload,
U. S. Geol. Survey Water-Supply Paper 1748 (1964).



Johnson, J. W., Laboratory investigations on bed-load transpor-
tation and bed roughness, U S. D. A., Soil Conservation
Service, Washington, D. C. (1943).

Keulegan, G. H., Laws of turbulent flow in open channels, Res,
Paper RF1151, J. of Res., National Bureau of Standards,
Vol. 21, pp. 707-741 (Dec- 1938).

Kramer, H., Modellgeschiebe und Schleppkraft, Mitteilung der
Preuss. Versuchsanstalt fur Wasserbau und Schiffbau (VWS),

Heft 9 (1932).

Kalinske, A. A., Movement of sediment as bedload in rivers,
Trans. Am. Geophys. Un , Vol. 28, No. 4 (Aug. 1947).

Kramer, H., Sand mixtures and sand movement in fluvial models,
‘Trans. A. §. C. E., Vol. 100 (1935).

Laursen, E. M., Sediment-transport mechanics in stable-channel
design, Trans, A. S. C. E., Vol, 123, pp. 195-203 (1958),.

Liu, K. T-H., Effect of sediment discharge on the performance
of a V-type measuring flume, M.Sc., Thesis, University of

Idaho (1964).

Laursen, E M., An investigation of the total sediment load,
Final Report to O.N.R., Iowa Inst, of Hydraulic Res., Iowa
City, Iowa (June 1957).

Laursen, E. M., The total sediment load of streams, Proc. A.
S. C. E., J. Hyd. Div., No. HYl, Vol. 84, pp. 1530-1 to

1530-36 (Feb. 1858).

Lawson, J. D., Sediment transport in alluvial channels, p. 465
of Hydraulics and Fluid Mechanics, edited by R. Silvester,
Pergamon Press-McMillan Co., New York (1964).

Meyer-Peteér, E., H. Favre and A. Einstein, Neuere Versuchsresul-
tate uber den Geschiebetrieb. Schweizerische Bauzeitung,
Vol. 103, No. 13, pp. 147-150 (March 41, 1934),.

Meyer-Peter, E. and C. Lichtenhahr, Altes und Neueres uber den
Flussbau mit besonderer Rerucksichtigung der sanktgallischen
Rheintales. Eidg. Departement des Innern, Vercffentlichungen
des Eidg. Amtes fur Strassen- und Flussbau. Bern, Switzer-

land (1963).



Johnson, J. W., Laboratory investigations on bed-load transpor-
tation and bed roughness, U S. D. A., Soil Conservation
Service, Washington, D. C. (1943).

Keulegan, G. H., Laws of turbulent flow in open channels, Res,
Paper RF1151, J. of Res., National Bureau of Standards,
Vol. 21, pp. 707-741 (Dec. 1938).

Kramer, H., Modellgeschiebe und Schleppkraft, Mitteilung der
Preuss. Versuchsanstalt fur Wasserbau und Schiffbau (VWS),

Heft 9 (1932).

Kalinske, A. A., Movement of sediment as bedload in rivers,
Trans. Am. Geocphys. Un , Vol. 28, No. 4 (Aug. 1947).

Kramer, H., Sand mixtures and sand movement in fluvial models,
‘Trans. A. S. C. E., Vol. 100 (1935).

Laursen, E. M., Sediment-transport mechanics in stable-channel
design, Trans, A. S. C. E., Vol., 123, pp. 195-203 (1958).

Liu, K. T-H., Effect of sediment discharge on the performance
of a V-type measuring flume, M.Sc. Thesis, University of

Idaho (1964).

Laursen, E M., An 1nvestigation of the total sediment load,
Final Report to O.N,R.,, Iowa Inst., of Hydraulic Res., Iowa
City, Iowa (June 1957).

Laursen, E. M., The total sediment load of streams, Proc. A,
S. C. E., J. Hyd. Div., No. HY1l, Vol, 84, pp. 1530-1 to
1530-36 (Feb. 1958).

Lawson, J. D., Sediment transport in alluvial channels, p. 465
of Hydrauliecs and Fluid Mechanics, edited by R. Silvester,
Pergamon Press-McMillan Co., New York (1964).

Meyer-Peter, E., H. Favre and A. Einstein, Neuere Versuchsresul-
tate uber den Geschiebetrieb. Schweizerische Bauzeitung,
Vol. 103, No. 13, pp. 147-150 (March 1, 1934).

Meyer-Peter, E. and C. Lichtenhahr, Altes und Neueres tber den
Flussbau mit besonderer Rerucksichtigung der sanktgallischen
Rheintales. Eidg. Departement des Innern, Veroffentlichungen
des Eidg. Amtes fur Strassen- und Flussbau. Bern, Switzer-

land (1963).



Muller, R., Theoretische Grundlagen der Fluss- und Wildbachver-
bauungen. Dissertation, Mitteilungen aus der Versuchsanstalt
fur Wasserbau an der Eidgenossischen Technische Hochschule,
No. 4, Zurich (.943).

Meyer-Peter, E., H. Favre and R. Muller, Beitrag zur Berechnung
der Geschiebefuhrung und der Normalprofilbreite von Gebirgs-
flussen. Schweizerische Bauzeitung, Vol. 105, No. 9, pp. 95-
113 (March 2, 1935).

Meyer-Peter, E. and R. Muiler, Formulas for bed-load transport,
Int. Assn., for Hydraulic Res., Stockholm (1948).

Moss, M. E., Effects of operational procedures in flumes with
movable beds, Preliminary draft of unpublished paper pre-
sented at A. S. C. E, Hydraulics Di-. Conf., Tucson, Ariz,

(Aug. 1965).

Mavis, F. T., Liu, T-Y, and Soucek, E., The transportation of
detritus by flowing water-II. Univ. of Iowa Studies,
Studies in Eng'g. Bull. 11, New Series No. 341, Sept. 1,

1937.

Meyer-Peter, E. and Muller, R., Eine Formel zur Berechnung des
Geschiebetriebs. Schweizerische Bauzeitung. Vol, 67, No.
3, January 15, 1949, pp. 29-32.

Muller, R., Die Entwicklung der flussbaulichen Hydraulik,
Wasser- und Energiewirtschaft, No. 8/9/10, (1960).

O0'Brien, M. P., Notes on the transportation of silt by streams,
Trans. Am. Geophys. Un., Part II (1936).

Pernecker, L. and H. Vollmers, Neue Betrachtungsmoglichkeiten
des Feststofftransportes in offenen Gerinnen. Die Wasser-
wirtschaft, Vol. 55, No. 12, p. 386 (Dec. 1965).

Rouse, H., Fluid mechanics for hydraulic engineers, Eng. Soc.
Monograph, McGraw-Hill Book Co., New York (1938) and Dover

Publ., New York (1961).

Rouse, H., Editor, Engineering hydraulies, J. Wiley & Somns,
New York (1950).



Rottner, J., Entrainement des matériaux par charriage., La
Houille Blanche, Vol. 14, No. 3, pp. 285-307, with English

translation (May-June 1959).

Richter, W., Zur Flussbettumbildung unterhalb von Flusskraft-
werken. Doktor-Ingenieur Dissertation, Technical University,

Berlin, Germany (July 1964).

Straub, L. G., Missouri River Report, Appendix XV, U. S. Serial
No. 9829, House Document No. 238, 73rd Congress, 2nd Session,

(1935).

Straub, L. G., Terminal report on transportation characteristies--
Missouri River sediment, University of Minnesota, St. Anthony
Falls Hydraulic Lab., Minneapolis, Minnesota, Missouri River
Div. Sediment Series No. 4 (April 1954).

Shulits, S., Discussion: sediment-transport mechanics in stable-
channel design, Trans. A. S. C. E., Vol. 123, pp. 204-206
(1958} .

Shields, A., Anwendung der Aehnlichkeitsmechanik und der Turbulenz-
forschung auf die Geschiebebewegung. Mitteilungen der Preus-
sischen Versuchsanstalt fur Wasserbau und Schiffbau, Berlin
(1936). Translation, W. P. Ott and J. C. Van Uchelen, Soil
Conservation Service, Calif. Inst. of Tech., Pasadena, Calif.

Schober, R., Versuch uber den Reibungswiderstand zwischen
fliessendem Wasser und benetztem Umfang, Dresden (1916).

Shulits, S., C. D. Sims and D. J. Stull, The dilemma of bedload
formulas, unpublished, presented at 36th Annual Mtg., Am.
Geophys. Un., Washington, D. C. (May 1955).

Shulits, S., The Schoklitsch bedload formula, Engineering, pp.
644 and 687 (June 21 and 28, 1935).

Schoklitsch, A., Handbuch des Wasserbaues, Springer-Verlag,
Vienna, 2nd Ed., Vol. I (1950).

Stall, J. B., N. L. Rupani and P. K. Kandaswamy, Sediment trans-
port in Money Creek, Proc. A. S. C. E., J. Hyd. Div. HY1,
Vol. 84, (Feb. 1958).

Sheppard, J. R., Investigation of Meyer-Peter, Muller Bedload
Formulas, U. S. Bureau of Reclamation, June 1960.

Schoklitsch, A., Der Geschiebetrieb und die Geschiebefracht,
Wasserkraft and Wasserwirtschaft, Vol., 29, No. 4, pp. 37-
43 (Feb. 16, 1934).



Schoklitsch, A., Stauraumverlandung und Kolkabwehr, Verlag von
Julius Springer, Vienna (1935).

Schoklitsch, A., Berechnung der Geschiebefracht, Wasser- und
Energiewirtschaft, No. 1 (1949).

United Nations Economic Commission for Asia and the Far East,
The sediment problem, Flood Control Series, No. 5, Bangkok

(1953).

Vennard, J. K., Elementary fluid mechanics, 4th edition, J.
Wiley & Sons, New York, p. 286 (1961).

Vanoni, V. A., N. H, Brooks and J F. Kennedy, Lecture notes
on sediment transportation and channel stability, W. H.
Keck Lab of Hydraulics and Water Resources, Calif. Inst.
of Techn., Pasadena, Calif., Report No. KH-R-1 (Jan. 1961).

Waterways Exper:ment Station, U. S. Studies of river bed mate-
rials and their movement, with special reference to the
lower Mississippi River, Paper 17 (1935).

White, C. M , Equilibrium of grains on bed of stream, Proc.
R. Soc. London. Vol. 174A, pp. 322-334 (1940).

Willi, W., Anwendung einiger Geschiebetriebformeln auf den
Rhein !m Fussacher-Durchstich und dem Niobrara River bei
Cody, Nebraska, U. S. A., fur den Fall gleichformigen
Abflusses und Geschiebetriebes, Internal Report TS5, Swiss
Federal Inst. of Technology, Zurich (May 1963).

Yassin, A. M., Mean roughness coefficlent .n open channels with
different roughnesses of bed and side walls, Mitteilungen
aus der Versuchsans alt fur Wasserbau und Erdbau, No. 27,
Eidg. Technische Hochschule, Zurich, Verlag Leeman.

Yalin, S., Die theoretis he Analyse der Mechanik der Geschie-
bebewegung. Mitteilungsblatt der Bundesanstalt fur Wasserbau,

No. 8, Karlsruhe (March 1957).

Yalin, S , Sur la mecanique du mouvement des matériaux solides,
La Houille Blanche, Nu. 6, p. 607 (Nov. 1958).



Yalin, S., An expression for bedload transportation, Proc. A. S.
C. E., J. Hyd. Div., HY3, Vol. 89 (May 1963); HY1l, Vol. 90
(Jan. 1964). Abstract in Trans. A, S. C. E., Vol. 129,

p. 665 (1964).

Zernial, G. A. and E. M, Laursen, Sediment-transporting charac-
teristics of streams, Proc. A. S. C. E., J. Hyd. Div., No.
HY1l, Vol. 89 (Jan. 1963),.

Zeller, J. Einfuhrung in den Sedimenttransport offener Gerinne.
Schweizerische Bauzeitung, Vol. 81, Nos. 34, 35 and 36 of
Aug. 22, 29 and Sept. 3, 1963, resp.



SELECTION OF SEDIMENT
TRANSPORT RELATIONS

by
David T. Williams

WEST Consultants, Inc.

INTRODUCTION
Need

Presently, there are numerous sediment transport relations developed under
various river and flume conditions. In fact, Alonso (1980) identified 14 bedload
formulas and 17 total bed material load formulas that have been used to some extent.
There are many more that have not attained prominence and more formulas will
continue to be developed. The sediment modeler is then confronted with which of
these sediment transport relations is the best for the river under investigation.

Selection of an appropriate sediment transport relation is very important in
modeling of a river’s response to existing and project conditions. Ideally, one would
measure the sediment transport of a river for a wide range of flow conditions and
compare the results with computed values using various sediment transport relations.
The relation that best fits the data for the full range is then selected. Two problems
come into mind, however. Often there is not sufficient data, either in time and/or in
space, to fully evaluate the effectiveness of a transport relation. Another problem is
that we are often required to simulate future conditions involving significant changes
in the flow and sediment conditions. For instance, a future upstream impoundment
may completely change the flow range and the amount of sediment entering the reach
of concern. A channel shortening could completely change the bed material, slope,
and channel geometry. Calibration of a sediment relation for existing conditions may
not be valid if the described future conditions are anticipated.

In order to properly determine the appropriate sediment transport relation for
any given river condition, a physically and process based selection method is required.
This presentation shows some commonly used qualitative selection procedures and
references a paper by this writer regarding an attempt at a quantitative procedure.




SEDIMENT TRANSPORT RELATION
SELECTION PROCESS

Selection Process

Sediment transport rates depend on such variables as particle size and
gradation, stream dimensions and configuration, amount of washload, bedforms,
turbulent intensity, and bed armoring. The macroscale variables such as differing
hydrology, geology, and climate also affect the transport rate. Because of the large
range and number of influencing variables, it is not possible to select a sediment
transport relation that satisfactorily encompasses all the stream conditions that the
sediment engineer would encounter. However, a stream may be analyzed using
certain transport functions if the selection of these functions is performed under a
systematic selection procedure and their limitations are fully understood.

Qualitative Selection Procedure

The following selection procedure is suggested by Shen (1971).

If field data is available:

1. Use the Modified Einstein Method (Colby and Hembree, 1955) to estimate the
measured suspended load and bedload based on measured data. There is a
question of whether Einstein’s intensity of bedload transport should be
arbitrarily divided by a factor of two.

2. Separate bed material load from the washload and analyze them separately.

3. Decide which available sediment transport equation best agrees with the
measured data and use it to estimate the sediment transport rate for the
design flow, where actual measurement is not available.

If no measured data are available:

1. Use Einstein’s (1950) procedure if bedload is a significant portion of the total
bed material load. Otherwise see 4 below.

2. Use Colby’s (1964) method for rivers with flow depths less than or about 10
feet: also see 4 below.

3. Use Toffaleti’s (1968) method for large rivers.



4. Use Shen and Hung (1971) method for flume data and small rivers.

Yang (1986) makes these further suggestions for no measured data:

1. Use Meyer-Peter and Miiller’s (1948) formula when the bed material is coarser
than 5mm.

2. Use Yang’s (1973) sand formula for sand bed laboratory flumes and natural
rivers with washload excluded. Use Yang’s (1984) gravel formula for gravel
transportation when the bed material is between 2 and 10mm.

3. Use Ackers and White (1973) or Engelund and Hansen’s (1967) equation for
suberitical flow in the lower flow regime.

4, Use Laursen’s (1958) formula for laboratory flumes and shallow rivers with
fine sand or coarse silt.

5. A regime or regression equation can be applied to a river only if the flow and
sediment conditions are similar to that from which the equation was derived.

The above procedures and recommendations are useful but no guidance is given
on what criteria must be satisfied to decide which transport equation best agrees with
the data. Also, the range of conditions to be analyzed is often larger than the range
of data used to develop the transport equation. This does not necessarily preclude
the use of the relation but no guidance is given to evaluate the confidence one should
have in these transport functions if applied beyond their data range and there is no
field data for verification.

Quantitative Selection Procedure

Because of the lack of a systematic procedure to quantify the applicability of
a sediment transport relation’s ability to emulate a river situation, Williams (1986)
proposed a procedure to give relative weightings to sediment transport relations as
they apply to a given river system. An abbreviated version of the paper is enclosed.
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ON THE SELECTION OF SEDIMENT TRANSPORT EQUATIONS

David T. Williams', M.ASCE, and Pierre Y. Julien’, M.ASCE

ABSTRACT

Existing sediment transport relationships have been calibrated
under a certain range of experimental conditions which can be described by
the dimensionless grain size, the mobility number, and the dimensionless
flow depth. For given stream flow conditions an index describing the
number of parameters within the range of experimental values is defined.
The applicability of four sediment transport equations for sand-bed
channels under limited flow conditions (Slope = 0.0005 ft/ft and n= 0.02)can
be assessed from the value of this index. Higher applicability is found at
flow depths less than 2 ft. |.ow applicability is observed either at flow
depths larger than 10 ft or for sediment sizes smaller than 0.125 mm.

METHODOLOGY

In the analysis of the alluvial river response to natural and
man-induced changes, engineers and modelers are often confronted with
the selection of an appropriate sediment transport equation. The
complexity of the selection process has been recognized by most
investigators and existing guidelines include those of Shen (1971) and Yang
(1986).

Existing sediment transport relationships are based upon
calibration against flume and river data. It is believed that an analysis
highlighting the range of applicability and the inherent limitations of
sediment transport relationships should be conducive to an implementation
of existing quidelines. The interesting results of a preliminary
investigation limited in scope to four sediment transport equations applied
to hypothetical flow conditions are presented.

Research Hydraulics Engineer, Hydraulics l.aboratory, USAE
Waterways Experiment Station, Vicksburg, MS.

Asst. Prof., Department of Civil Engineering, Colorado State
University, Fort Collins, Colorado 80523.



In spite of the complexity of sediment transport due to the large
number of variables involved, the dominant processes can be described with
fewer dimensionless parameters. Among the key dimensionless parameters
selected in this analysis, the relative roughness (or submergence) Z, the
mobility number F c and the dimensionless grain sizes dgr defined below

g .
are common to several transport equations.

d = d [_‘i_(_Q_;_l)_] (1
F = — (2)

(3

The parameter d r indicates the ratio of gravity to viscous forces

applied on sediment particles and involves the following variables: the
sediment size d, the gravitational acceleration g, the specific gravity of
sediments G and the kinematic viscosity v. The parameter F is

equivalent to the Shields number; and depends on the shear velocity U,.

The relative submergence Z, describes resistance to flow and varies with
flow depth D.

The four sediment transport equations selected are those of Ackers
and White (1973), Shen and Hung (1971), Toffaleti (1968) and Yang (1973).
The range of applicability for each of the three dimensionless parameters
for these equations is shown in Table 1. Note that these values were

obtained using the combinations of variables that maximized or minimized
the parameters.

Table | - Range of the Parameters dgr' Fgr and Z

Equation dgr Fgr Z
Ackers-White 4 - 60 < 5.7 20-2500
Shen-Hung 3.3-33.3 <7.2 23-3400
Toffaleti 2.2-24 <9.5 41-92500
Yang 2.6-43.8 <5.8 20-19500

2 Williams et al.




Under given field conditions, the three parameters,d , F__and Z can

be calculated from Egs. 1, 2 and 3 and compared with the ranggeg presented
in Table 1. An applicability index is defined as the sum of the number of
parameters within the range of values in Table 1 (High = 3 parameters;
Medium = 2 or | parameter; Low = 0 parameter). Of course, best results
are expected for high values of the index because the field conditions are
within the flow conditions used for calibration of the sediment transport
equation. Low values of the index indicate that the sediment transport
calculations involve extrapolation beyond the range of applicability of the .
sediment transport equation, which may yield either accurate or incorrect
results.

Hypothetical flow conditions have been selected to test the usefulness
of the applicability index to sand bed channels. Steady uniform flow in
wide channels was considered with keeping the slope constant at 0.0005
ft/ft, Manning's n = 0.02, water temperature at 70°F, and specific gravity
of the sediments G = 2.65. Sediment transport capacity was calculated for
flow depth ranging from 0.5 to 20 feet assuming uniform sand bed with
sediment size ranging from 0.0625 to 2mm. In spite of these flow
limitations, the variabilities of the three parameters are:

(1) 1.6 or <51.3; (2) 0.045< Fgr < 57.3; (3) 76 <Z < 100000.
RESULTS

The results of this analysis are shown in terms of applicability tables
showing the values of the applicability index in a matrix of sediment size
and flow depth. As an example, the applicability table for each of the four
sediment transport equations are shown in Table 2. The results obtained
from this analysis of limited flow conditions are rather instructive: (1)
Most equations have a relatively high applicability at flow depth less than 2
ft; (2) None of these equations shows high applicability for sediment sizes
less than 0.125 mm; and (3) the applicability index for these equations at
flow depths larger than 10 ft are in general relatively low.

Additional information on the comparison of sediment transport
capacity of these four equations has been compiled by Williams (1986).
Extension of this investigation to a wide range of slope and roughness
values has been undertaken.
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Table 2.
Applicability tables of four sediment transport equations
(at slope = 0.0005 ft/ft, n = 0.02)

Method Sediment Size Depth, Feet
(mm)
0.5 2.0 5.0 10.0 20.0
0.0625 L L L L L
Ackers 0.125 M M L L L
and 0.25 H H H M L
White 0.5, L H M i L
1.0 L H M L L
2.0 L M M M L
Shen 0.0625 M M M M M
and 0.125 M M M M M
Hung 0.25 H H M M L
0.5 H H H M L
1.0 H H M L L
2.0 H H M L L
0.0625 M M M M M
0.125 H H H H H
0.25 H 4 H i+ M
Toffaleti 0.5 H H M M L
1.0 M M M L L
2.0 M M L L L
0.0625 L L L L L
0.125 H M M M
Yang 0.25 H M M M L
0.5 H H M L L
1.0 I H M L L
2.0 H M M M L

4 Williams et al.
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DEVELOPMENT OF BED MATERIAL AND INFLOWING LOAD DATA

BED MATERIAL DATA

A. ] i £ , ¢ Ri l Bed M ial
1. Cohesive

a. Particle diameter

b. Specific Weight of material

c. Threshold of particle deposition

d. Shear stress threshold for particle erosion
e. Shear stress threshold for mass erosion

f. erosion rate for particle erosion

g. erosion rate for mass erosion

h. unit weight of initial deposit

i. compaction rate

j. unit weight of compacted deposit

2. Non-cohesive

a. Particle diameter and distribution
b. Specific weight

B. o st f Non-cohesi ! bed

1. Sand~bed streams are characterized by bedforms
a. dunes
b. antidunes
c. plain bed

2. Gravel-bed streams
a. riffles and pools
b. gravel bars

3. Boulder-bed streams
a. pools
b. steps

c. B ial Di i .
1. Cumulative frequency curves
a. Uniform distributions are characteristic of many large

sand-bed streams

b. Heterogeneous distributions are characteristic of
coarser bed

c. Bimodal distributions occur in sand and gravel streams

2. Standard Deviation applies to uniform distributions

L-1321



: ial Variati

Longitudinally : Expect a steady decrease in grain size
in the downstream direction. This is generally
attributed to decrease in slope. Longitudinal
oscillations are due to variations in river cross-
sections and meandering.

Laterally : Due to meandering and variation in depth.

Vertically : Due to variations in hydraulic conditions
with hydrograph.

Temporally : Due to change in supply from watershed or
change in hydraulic conditions upstream.

Input to HEC-6

2.

Identify study objective and focus bed material data
collection on appropriate size material.

a. Maintenance is usually concerned with sediment
accumulation - focus on deposits

b. Degradation and scour studies are dependant on
armoring process - be sure armoring sizes are
included in sampling program.

N Card

Field 1: Comment

Field 2: SAE -~ The fraction of the bed surface are
exposed. Used as a means of providing artificial armor.
1.0 = total area exposed
blank 1.0
.000001 armored

Field 3: DMAX - Maximum grain size in feet Usually
larger than maximum grain size class in model.

Field 4: DXPI - Grain size of upper break point in
gradation curve in feet

Field 5: XPI -~ Percent finer for DXPI
Field 6: Total grain size fraction in bed

0 = Sums fractions on subsequent fields
1.0 = Normalizes subsequent fractions to 100 percent



PF

Field 7: Fraction in smallest model size class
Fields 8-10: Fractions for subsequent size classes

Fields 2-10: Continuation card for additional size class
fractions

Card

Field 1: Comment

Field 2: Cross Section Location (from X1 card)
Field 3: SAE | |
Field 4: DMAX in mm

Field 5: Grain Size on grgdation curve in mm
Field 6: Corresponding Percent finer

Continuation on PFC card starting in Field 1



SEDIMENT INFLOW DATA

A. nginirign of Sediment Load

1. By sampling technigue

a. Measured Load
b. Unmeasured Load

2. By primary transport driving force

a. Turbulence: Suspended Load
b. Shear Stress: Bed Load

3. By primary sediment source

a. Watershed: Wash Load
b. Streambed: Bed Material Load

4. By source and force

a. Suspended Bed Material Load
b. Bed Load

B. Sanpled Suspended Load as input data for HEC-6
1. - Requires data for a full range of discharges: beware of
simple power regression fits!
2. Expect data scatter

a. Long-term changes occur due to watershed development

b. Short-term changes occur due to construction or flood-
drought cycles

c. Changes during the rise and fall of the hydrograph
occur due to changes in bed form or bed material

gradation

3. Conduct sensitivity analysis using envelope of sampled
data



4. Determine size class distribution
a. Separate wash load and bed-material load
b. Percentage in each size-class varies with discharge
c. Estimate size-class percentage
1) Calculations

2) Use limited sample data and sediment transport
weighted average

n
_ > Pij osj
Pl ’

]
-
[

v =i

where: Pi Weighted average percent in size class i

n = Nunber of samples
Qsj = Sediment discharge of sample j
Pij = Percentage of sediment sample j in size

class 1

C. Sampled Bed Load

1. In sand-bed streams can usually be estimated or
ignored

2. Requires extensive sampling program over a wide. range
of discharges to obtain reliable results

D. Transferring Data from Adijacent Basin

0.8

Se Sm ( Ae / Am )

where: Se Sediment Yield from project basin

Sm = Sediment Yield from gaged basin
Ae = Drainage area from Project basin
Am = Drainage area from gaged basin



E. lculati cedj Inflow 2 . {1ibri

1. Identify a stable upstream reach with a definable
average bed rmaterial gradation representative of the

study reach

Apply several transport functions

3. Calculate by size class

F. Use as an Adjustment parameter

1. Need surveys with aggradation or degradation trends

2. Hydrology in between surveys

3. Assume stable channel

G. Iributary Inflow

1. Sampled data

2. Assume same concentrations as main sten

3. Calculate equilibrium potential

H. Bank Erosion

1. Compare upstream and downstream sampled data

2. Historical'data

a. aerial photos

b. surveys



Development of Sediment Data

Note: This workshop was originally developed by W. A. Thomas, Mobile Boundary
Hydraulics, Vicksburg, MS

Objective: The student will know a method for developing the sedimentary data set for
HEC-6.

References: US Army Corps of Engineers, "Channel Stability Assessment for Flood Control
Projects," Engineering Manual 1110-2-1418, October 31, 1994.

1. Instructions for coding the sedimentary data are found in Appendix A, Section 2 in
the HEC-6 User’s Manual. Record names are also listed in Appendix A, pgs. v
and vi. Tasks in this workshop are presented in the order that follow.

The following records will be required:

T4 A-23(Page in HEC-6 Manual)
TS 1 ’
T6 "

T7 n

T8 "

I1 A-24

14 A-31 - 33
LQ CFS 80000 A-37

LT T/D 2?7?7727 A-38

LF VFS A-39

LF FS "

LF MS "

LF CS "

LF VCS "

LF VFG "

LF FG "

LF MG "

LF CG "

LF VCG "

PF cmt A-40

PFC "

2. Classify the Stream. A stream can be classified as a bed load, a suspended load or a
wash load stream depending on the properties of the sediment in the boundary
material. If the boundaries are primarily clay, the stream is a wash load stream. If

wk2prob.fxt Page-1
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2.3

2.4

the boundaries are sand, the stream can be simulated as a suspended, bed-material
load stream. If the bed is primarily sand with a thin gravel surface layer, it is
probably a sand bed stream with armoring. If the bed is gravel, the stream is a
gravel bed stream. When the bed is predominately gravel with a secondary (relatively
small) mode of sand deposits in the samples, it is a gravel bed stream with a sand
through put.

The Bed Material Gradation curve for the stream in this example is shown in figure
2. 1.

Dmax is mm
Dmin is mm
D50 is mimn

How much cohesive sediment was found in the bed samples?

How much sand?

Therefore, the stream channel in this example can be classified as [wash load,
sand bed, sand and gravel bed] channel.

Non-cohesive Sediment Transport theory [can,  can not] be used to
calculate the inflowing sediment load at this study area.

Is HEC6 applicable?

(HEC6 can be applied to all of the above streams, but it can not calculate its
inflowing sediment load if the stream is a clay boundary-wash load type
stream. In wash load type of streams the only way to determine the transport
rate for the sediment entering the study area is to measure it.)

Selection of a Transport Function. Use the Corps of Engineers Table attached to

this workshop (Figure 6.2) and select the transport function .

wk2prob.txt Page-2
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4. Code the PF-Record.
Type Menu6 and select the basic data file: H6WRKSHI1.DAT.

4.1  Geometric Data and Hydraulic Data have been coded. Locate where Sedimentary
Data should be placed in the file.

4.2  Following the instructions for the PF record, code the SECID of the first X1 record.

SAE leave blank
Dmax - Start with Dmax and code enough points along the Gradation Curve
(Fig. 2.1) to approximate it with a series of straight lines.

Only 1 PF record will be required. The data will be applied to every cross section in the
model.

3. Code the I4-Record. Code the number of the transport function that you selected in
I14-2(MTC). (i.e. the notation I4-2 means the 14 record, field 2)

5.1  Number of grain sizes. Choose the number of grain sizes to code using the table on p
A-31 of the HEC-6 User’s Manual and Figure 2.1. Code the ID NUMBER (Column
1, Table A2-2, page A-32) for the smallest grain size in I4-3, and the ID NUMBER

for the largest grain size in 14-4.

5.2 Let the other variables on this record default. (This is the usual case.)

6. Code the I1-Record. The only pertinent field on the I1-Record is the I1-2(SPI).
Type in for this example to decrease computer running time, but in the actual

case use 20.

wk2prob.txt Page-3
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7.1

7.1.1

7.1.2

7.1.3

Calculate the Inflowing Load.

Code the LO-LT-LF Records, TRIAL 1. The LQ - LT Records form a table which

defines the inflowing sediment discharge for any water discharge in the Hydrologic
Data Set. The water discharge is read in and the sediment discharge is found by log-
log interpolation from this table. The sediment load is found by multiplying the
sediment discharge by the fractions on the LF-Records which follow.

This work shop will calculate the inflowing sediment load for only 1 water discharge:
Q = 80,000 cfs.

(Note: This discharge, 80,000 cfs, was selected because it is about the bank
full flow. In the general case at least 2 discharges - one low and one high,
are needed, and usually more than 2 discharges should be calculated to define
the shape of the inflowing load curve. However, the procedure is the same

for each.)

First Trial. Code the 80,000 cfs in LQ-2. Code only the record types on the LT
and LF records which follow. Note: There must be one LT-Record, and there
must be one LF-Record for each grain size class which was selected on the I-

Records.

Execute

View the output on Console. Search for the string $VOL

Locate the first TABLE SB-2 above this print out (i.e. Page Up) and record the Time

TIME = days

Locate the table below the $VOL print out entitled:

SUMMARY TABLE: MASS AND VOLUME OF SEDIMENT

and record the Total Sediment Inflow ' tons

Total Sediment passing Section 0.78 tons

wk2prob.txt Page-4
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Calculate the discharge rate passing
Section 0.78 by dividing mass by time tons/day

Code the sediment discharge rate passing Section 0.78 on the LT record for Trial 2.

Locate the next table: (titled)
TOTAL SEDIMENT - per grain size - THROUGH EACH CROSS SECTION (tons)

and record the sediment load for each grain size class, for cross sections 0.92 and 0.78, in
the following table. Calculate the fraction of each size class in this table. (Col E.)

Trial 1. Calculate Inflowing Bed Material Load

TOTAL BY FRACTION
SIZE CROSS CROSS SIZE CLASS
CLASS SECTION SECTION TONS = COL COL (D)

0.92 0.78 B+C e e m e
COL D (TOTAL)

A B C D E
TONS TONS TONS

VFS

FS
MS
CSs
VvCs
VFG
FG
MG
CG

VCG
TOTAL

7.2 Code LQ-LT-LF Records, TRIAL 2. Code the fractions from column E on the LF

records in the field below the 80,000 cfs water discharge. Rerun HEC6 with this new
data set.
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7.2.1 View the output on Console. Search this new output for the string $VOL and repeat

7.1
Record the Time TIME = Days
Record the Total Sediment Inflow tons
Total Sediment passing Section 0.78 tons

Calculate the discharge rate passing
Section 0.78 by dividing mass by time tons/day

Locate the "TOTAL SEDIMENT - per grain size ..." table and calculate the new
fractions for each size class.

Trial 2. Calculate Inflowing Bed Material Load

TOTAL BY FRACTION
SIZE CROSS CROSS SIZE
CLASS SECTION SECTION CLASS COL (D)

0.92 0.78 TONS = = m----------
COL B+C COL D (TOTAL)

A B C D
E

TONS TONS TONS

VFS

FS

MS

CS
VCS
VFG

FG

MG

CG
VCG
TOTAL

wk2prob.txt Page-6
February 6, 1995



8.0  Check Long Term Behavior. Replace the TRIAL 1 LF values with the fractions
from table 2. Create a long period hydrology by adding the following records to the
workshp2.dat input file just above the $VOL record.

* B RUN 6.

Q 80000

X 30 .25

* B RUN 7.

Q 80000

X .25 30
* B RUN 8.

Q 80000

X .25 30
* B RUN 9.

Q 80000

X .25 30

Execute this data set and fill in the following table using the SB-2 results at TIME = '120
days.

Table 6.3 Status of the Bed Profile and Sand Transport

SECTION BED CHANGE Q TRANSPORT RATE
NUMBER ft cfs tons/day
1.160 80,000
0.920 80,000
0.780 80,000
0.670 80,000

There is no physical reason why the bed elevation should change in this study reach. (i.e.
Why the BED CHANGE column should show such large plus/minus values.) Reduce the
inflowing sediment discharge (LT-Record) until the BED CHANGE at Section 0.67 is
approximately 0. Record your final Inflowing Sediment Discharge, Q,, in the space below:

Inflowing Sediment Discharge for Q,, = 80,000 cfs tons/day.

Convert the Sediment Discharge to Concentration mg/1
(i,e. Qg = 0.0027*C*Q,)
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Development of Sediment Data
Solutions

Note: This workshop was originally developed by W. A. Thomas, Mobile Boundary
Hydraulics, Vicksburg, MS

Objective: The student will know a method for developing the sedimentary data set for
HEC-6.

References: US Army Corps of Engineers, "Channel Stability Assessment for Flood Control
Projects,” Engineering Manual 1110-2-1418, October 31, 1994.

Solution file 1s HGWRK2S.DAT
1. Instructions for coding the sedimentary data are found in Appendix A, Section 2 in

the HEC-6 User’s Manual. Record names are also listed in Appendix A, pgs. v
and vi. Tasks in this workshop are presented in the order that follow.

The following records will be required:

T4 A-23 (Page in HEC-6 Manual)
TS "

T6 n

T7 "

T8 "

I1 A-24

I4 A-31 - 33
LQ CFS 80000 A-37

LT T/D ???27?7 A-38

LF VF'S A-39

LF FS "

LF MS "

LF CSs "

LF VCSs "

LF VFG "

LF FG "

LF MG "

LF CG "

LF VCG "

PF cmt A-40

PFC "

2, Classify the Stream. A stream can be classified as a bed load, a suspended load or a

wk2prob.ans Page-1
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2.2

2.3

24

wash load stream depending on the properties of the sediment in the boundary
material. If the boundaries are primarily clay, the stream is a wash load stream. If
the boundaries are sand, the stream can be simulated as a suspended, bed-material
load stream. If the bed is primarily sand with a thin gravel surface layer, it is
probably a sand bed stream with armoring. If the bed is gravel, the stream is a
gravel bed stream. When the bed is predominately gravel with a secondary (relatively
small) mode of sand deposits in the samples, it is a gravel bed stream with a sand
through put.

The Bed Material Gradation curve for the stream in this example is shown in figure
2. 1.

Dmax is 128 mm

Dmin is 0.0625 mm

D50 is 11 mm

How much cohesive sediment was found in the bed samples? 0
How much sand? 18%

Therefore, the stream channel in this example can be classified as [wash load,
sand bed, sand and gravel bed] channel.

Non-cohesive Sediment Transport theory can, can not] be used to
calculate the inflowing sediment load at this study area.

Is HEC6 applicable? YES

(HECS6 can be applied to all of the above streams, but it can not calculate its
inflowing sediment load if the stream is a clay boundary-wash load type
stream. In wash load type of streams the only way to determine the transport
rate for the sediment entering the study area is to measure it.)

Selection of a Transport Function. Use the Corps of Engineers Table attached to

this workshop (Figure 2.2) and select the transport function .

Toffaleti plus Meyer-Peter and Mueller Combination
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4, Code the PF-Record.

Type Menu6 and select the basic data file: H6WRKSH1.DAT

4.1  Geometric Data and Hydraulic Data have been coded. Locate where Sedimentary
Data should be placed in the file.

4.2  Following the instructions for the PF record, code the SECID of the first X1 record.

SAE leave blank
Dmax - Start with Dmax and code enough points along the Gradation Curve
(Fig. 2.1) to approximate it with a series of straight lines.

PF .67 1.0 128 64 99 32 98 16 78
PFC 8 38 4 25 2 17 1 4 .5 .1
PFC.0625 0

Only 1 PF record will be required. The data will be applied to every cross section in the
model.

5. Code the I4-Record. Code the number of the transport function that you selected in
14-2(MTC). (i.e. the notation I4-2 means the 14 record, field 2)

5.1  Number of grain sizes. Choose the number of grain sizes to code using the table on p
A-31 of the HEC-6 User’s Manual and Figure 2.1. Code the ID NUMBER (Column
1, Table A2-2, page A-32) for the smallest grain size in I4-3, and the ID NUMBER
for the largest grain size in 14-4.

5.2  Let the other variables on this record default. (This is the usual case.)

Record. The only pertinent field on the I1-Record is the I1-2(SPI).
for this example to decrease computer running time, but in the actual

6. Code the
Type in :
case use

I4 12 1 10
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7.1

7.1.1

Calculate the Inflowing Load.

Code the LQ-LT-LF Records, TRIAL 1. The LQ - LT Records form a table which

defines the inflowing sediment discharge for any water discharge in the Hydrologic
Data Set. The water discharge is read in and the sediment discharge is found by log-
log interpolation from this table. The sediment load is found by multiplying the
sediment discharge by the fractions on the LF-Records which follow.

This work shop will calculate the inflowing sediment load for only 1 water discharge:

Q = 80,000 cfs.

(Note: This discharge, 80,000 cfs, was selected because it is about the bank
full flow. In the general case at least 2 discharges - one low and one high,
are needed, and usually more than 2 discharges should be calculated to define

the shape of the inflowing load curve. However, the procedure is the same
for each.)

First Trial. Code the 80,000 cfs in LQ-2. Code only the record types on the LT
and LF records which follow. Note: There must be one LT-Record, and there
must be one LF-Record for each grain size class which was selected on the I-

Records.

TRIAL
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7.1.2 Execute
7.1.3 View the output on Console. Search for the string $VOL

Locate the first TABLE SB-2 above this print out (i.e. Page Up) and record the Time

TIME = 1.25 days

Locate the table below the $VOL print out entitled:
SUMMARY TABLE: MASS AND VOLUME OF SEDIMENT

and record the Total Sediment Inflow 0 tons

Total Sediment passing Section 0.78 147,947 tons

Calculate the discharge rate passing
Section 0.78 by dividing mass by time 118.357 tons/day

Code this new sediment discharge rate on the LT record for Trial 2.

Locate the next table: (titled as follows)
TOTAL SEDIMENT - per grain size - THROUGH EACH CROSS SECTION (tons)

and record the sediment load for each grain size class, for cross sections 0.92 and 0.78, in
the following table. Calculate the fraction of each size class in this table. (Col E.)
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Trial 1. Calculate Inflowing Bed Material Load

TOTAL BY FRACTION
SIZE CLASS CROSS CROSS SIZE CLASS
SECTION SECTION | TONS = COL COL(D)
0.92 0.78 B+C = eeeee
COL D(TOTAL)
A B C D E
TONS TONS TONS
VFS 73 126 199 0.0008
FS 73 126 199 0.0008
MS 73 126 199 0.0008
CS 7534 10879 18,413 0.0751
VCS 18541 26592 45,133 0.1841
VFG 10279 14813 25,092 0.1023
FG 14966 21911 36,877 0.1504
MG 36354 55912 92,266 0.3763
CG 9364 17366 26,730 0.1090
VCG 1 93 94 0.0004
TOTAL 97,258 147,944 245,202 1.0000
TABLE SB-2: STATUS OF THE BED PROFILE AT TIME = 1.250 DAYS
"'SECTION | BED CHANGE WS ELEV  THALWEG o TRANSEORT RATE (tons/day)
NUMBER (ft) (fr) (ft) (cfs) SAND
1.160 -3.04 725.69 704.86 80000. 43860.
0.920 -0.33 722.66 706.37 80000. 81867.
0.780 -1.61 720.03 703.69 80000. 101409.
0.670 0.05 719.00 701.05 80000. 97954.

7.2 Code LQ-LT-LF Records, TRIAL 2. Code the fractions from column E on the LF
records in the field below the 80,000 cfs water discharge. Rerun HEC6 with this new

~ data set.
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7.2.1 View the output on Console. Search this new output for the string $VOL and repeat

7.1

Record the Time

Record the Total Sediment Inflow

TIME =

Total Sediment passing Section 0.78

Calculate the discharge rate passing
Section 0.78 by dividing mass by time

Locate the

fractions for each size class.

"TOTAL SEDIMENT - per grain size ..."

1.25 Days
147,946 tons
150,806 tons
120.645 tons/day

table and calculate the new

Trial 2. Calculate Inflowing Bed Material Load

TOTAL BY FRACTION
SIZE CROSS CROSS SIZE
CLASS SECTION SECTION CLASS COL (D;)
0.92 0.78 TONS = = —-----
COL B+C COL D(TOTAL)
A B c D E
TONS TONS TONS
VFS 187 238 425 0.0017
FS 187 235 422 0.0016
MS 174 208 382 0.0015
cs 9514 11763 21,277 0.0828
vCs 20643 27228 47,871 0.1862
VFG 11121 15025 26,146 0.1017
FG 15968 22139 38,107 0.1483
MG 38397 56340 94,737 0.3686
CG 10040 17533 27,573 0.1073
VCG 2 97 99 0.0004
TOTAL 106,233 150,806 257,039 1.0001
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TABLE SB-2: STATUS OF THE BED PROFILE AT TIME = 1.250 DAYS

SECTION BED CHANGE WS ELEV THALWEG Q TRANSPORT RATE (tons/day)
NUMBER (ft) (fr) (ft) (cfs) SAND

1.160 0.83 726.33 708.73 80000. 112522.

0.3%20 0.41 722.76 707.11 80000. 95977.

0.780 -1.41 720.03 703.89 80000, 107627.

0.670 0.20 719.00 701.20 80000. 100912.

8.0  Check Long Term Behavior. Replace the TRIAL 1 LF values with the fractions from
table 2. Create a long period hydrology by adding the following records to the
workshp2.dat input file just above the $VOL record.

* B RUN 6.

Q 80000

X 30 .25

* B RUN 7.

Q 80000

X .25 30
* B RUN 8.

Q 80000

X .25 30
* B RUN 9.

Q 80000

X .25 30

Execute this data set and fill in the following table using the SB-2 results at TIME = 120
days.

Table 6.3 Status of the Bed Profile and Sand Transport, TIME = 120 Days

SECTION BED CHANGE Q TRANSPORT RATE

NUMBER ft cfs tons/day
1.160 2.03 80,000 120,656
0.920 2.17 80,000 120,653
0.780 -0.92 80,000 120,653
0.670 0.51 80,000 120,653
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The channel in this study is in equilibrium, and there is no physical reason why the bed
elevation should change over time. Therefore, the BED CHANGE column should not
show such large plus/minus values. Reduce the inflowing sediment discharge (LT-Record)
until the BED CHANGE at Section 0.67 is approximately 0. Record your final Inflowing
Sediment Discharge, Qg, in the space below.

Inflowing Sediment Discharge for Q,, = 80,000 cfs 100,010 tons/day.

Convert the Sediment Discharge to Concentration 463 mg/1
(i.e. Qg = 0.0027*C*Q,)

wk2prob.ans Page-9
February 6, 1995



CALIBRATION AND VERIFICATION TECHNIQUES

OBJECTIVE: Establishment of steps for calibrating and verifying HEC-6

Definition of calibration: The development of representative data and model

parameters based on known or deduced prototype behavior.

Definition of verification: The demonstration of the calibrated model's ability

to simulate prototype behavior for a time record different from that used

in calibration. A calibrated model is not necessarily a verified model.
I. Understanding the historic behavior of the system.
A. Assemble all pertinent records
B. Determine data deficiencies
1. Assess effect of deficiencies on ability to.model
2. Establish program of data acquisition

C. Gain knowledge on system response to extreme events in terms of

channel changes and sediment transported.

D. Establish the impacts of impoundments, land use, etc,, outside the

study area, present and future,

E. Locate anomalies in geometric, hydrologic, hydraulic, and sediment

characteristics,

F. View the study area with a person familiar with the historic

behavior of the area.

1. Note scour and deposition locations

P.74n/UTHT TAMS/RN



2. Locate and identify
a. encroachment areas
b. man-made and natural levees
c. cutoffs
d. ineffective flow areas
e. rock outcrops or areas resistant to scour
£, sand bars
g. changes in bed gradation
h. bed roughness
i. bed forms
3. Locate and interview people who have observed the system during
extreme events,
I1. Hydraulics - Fixed ?ed Mode
A. Geometry

1, Check data 'busts' by computer plots of the cross sections

and comparing them to hand plotted or previously plotted (e.g., HEC-2

plots) cross sections.

2. Be willing to modify surveyed geometry if the modification is

representative of the reach.



3. Obtain detailed printout of geometry and look for any unusual

behavior of the hydraulic parameters.
B. Test with a range of discharges using fixed bed mode.
1. ILow flow
a. Use an extremely low flow that is in the records.

b. Check for extreme changes in velocity, depth, or width
of flow.

2. Bankfull flow

a. Plot bank elevations versus calculated water surface

elevation.
b. Adjust geometry to "smooth out' irregularities.
3. Flood flow

a. Use highest flow of record or highest flow in study if

larger than maximum historical flood.

b. Plot water surface and velocity profiles and verify that

all drastic changes, either increases or decreases, are valid,

c. Compare changes in valley width with water surface slope

and adjust geometry if needed.
C. Calibration of n-values

1. Compare calculated water surface profiles with rating curves

and observed profiles.



2. If ﬁecessary, change n-values by discharge if bed for. s predominate.
3. Change n-values with distance, if needed.
4, Establish performance criteria - suggested
a. +5 percent of the water depth
b. Lesser of (a) and + 0.5 ft
HEC-6 limitations and capabilities on n-values
1. May vary with elevation or discharge
2, May change at each section
3. Must be specified for each subsection
4, Not related to water temperatures
S. Not related to béd gradation
6. Cannot ;hange wi£h time during a run
Other adjustments
1. Expansion and contraction losses
2. Channel and overbank limits
3. Expansion, contraction, raising, or lowering of cross sections
4. Ineffective flow areas when water surface is below levee height

5. Placement of weirs and head loss of weirs



F. Flow distribution

1. Verify that the model conveys the correct percentage of total

flow in the channel for all flood discharges.

2. When adjusting this distribution, check ineffective flow area

first.

3. Make final adjustment for percentage of flow in channel by

using n-values,

4. The A-level printout (column 5 on *-Cards in Hydrology) prints

flow distribution.
I1I. Hydrology
A. Determine computational intervals (w-card)
1. Dependent on:
a. water discharge
b. sediment lqad
c. cross section spacing
2. Test for each low, bank full, and peak flood flow
a. Check for oscillating bed change

b. Adjust time intervals to the largest but still stable

intervals

c. Repeat for several cross sections



4. Check model performance against expected protot) ,e behavior

5. Extend hydrograph at the established interval and check for

equilibrium conditions
B. Establish discharge histogram
1. Insure that peaks are represented
2. Check for-annual mass continuity
a, water
b. sediment

3. Time interval should be long enough to allow the water to

pass through the longest reach.

4. Utility program "Sediment Weighted Historgam Generator,"
HYHIS

IV. Sediment data calibration - movable bed mode
A. Inflowing sediment load
1. Develop inflowing sediment load curve
a. Measured (suspended) load - 90 to 95% of total
b. Unmeasured load
c. Total load

d, Check for proper annual sediment volume by integrating

with the annual water hydrograph



(1) measured for project
(2) water quality papers
(3) regional analysis of sediment yield

(4) sediment yield models such as USLE, MUSLE, and other

erosion type models
2. Develop gradation curve of inflowing load

a. Plot fraction of total load for clay, silt, and sand

versus discharge using suspended measurement.

b. Using both suspended measurements and bed material gradation,

subdivide sands into class intervals.
¢. If bed gradations are accurate and the assumption of
'equilibrium conditions is valid, have the program calculate inflowing

gradation by iteration of outflow gradation as inflow gradation until

both are identical.
B. Bed gradation
1. Plot profilés of bed gradation along river mile
a. Compare gradation changes with hydraulic changes

b. Use for interpolation of bed gradation of unmeasured

cross section

2, If the gradation of the inflowing sediment load is accurate,
have the program calculate the bed gradation required to transport the

sediment load.



3. In cross sections with continual deposition (such s in reservoirs)

detailed bed gradations are not necessary.

V. Full calibration run

A. Minor adjustments for simulation of calibration time period and

compare results to prototype behavior.

B. If major adjustments are required, repeat calibration procedures

previously described.
VI. Verification

A. Compare calibrated model performance with observed prototype

behavior for verification time period.
1. Evaluate changes over time
a, Water surface profile
b, Average bed elevation
c. Sediment yield

2. Check discrepancies by comparison with any prototype anomalies

that the program cannot.simulate.
a. Make adjustments, if necessary

Bb. If the anomalies are severe (e.g., multi-dimensional),

develop approximation techniques.

B. Recalibrate 1if required changes for verification are severe



SEDIMENT WEIGHTED HISTOGRAM GENERATOR (SWHG)

Introducticon
SWHG is a utility progranm that processes mean daily data and, using
various criteria, develops a histogram that lumps mean daily events into

representative discharges and time periods. How the representative discharge

is determined is discussed in the theory section. The program also sums water
and sedipent discharge volumes by month and time interval as specified by the

H card. If gage cr tecperature records are ipput immediately after the first

H card, minimums, maximums and averages are displayed by month,

Discharge/Stage Input

Mean daily data for the cain stem can be in the form of discharges in cfs

or stages. If stages are used, a rating curve must be provided. Up to

9 tributaries may be input after the main stem input; however, they must be in

cfs. If there are no mean daily discharges available for a tributary, they

can be generated by insertion of F cards. The F cards generate tributary

e
‘flow by using a relationship (specified by user) of main stem flow to

tributary flow. Tributary data is not displayed on the printout, only the data
input immediately after the first H card and before the first ER card is dis-
played. VWhen calculaticn of a hiétogram is requested (IDH on H card), the

histogram time intervals are determined by main stem input only and the

representative tributary discharges are the average of discharges in the time

interval.

Gage Record Input

Sometimes sediment transpect is significantly affected by sudden or rapid

change in water surface elevation which may not be related to discharge (e.g.,

H-880



backwater effects, weir operaticn, e:c(). Meau .J.:iy v2ge records may be input
and a criterion of maximum change in wacter surface elevation within a time
interval can be specified. When this criterion is exceeded, the tice 1s zut
off and, if histogram calculation is specified, the average gage elevatien is
computed and output as R cards for HZC-6 hydrologic inmput. If the study area
is between two gage stations, two gage reccrds may be input and a weighting

of each gage record specified to represent the actual cean daily water surface

elevation in the study area.

Temperature Record Input

Terperature changes can change sedizent transpert rates If the changes

are significant, temperature records may be input and a criterion of maxirum

change in temperature can te specified. The data may be entered as average

monthly temperatures, one year of mean daily temperatures to be used for the
of actvel meta daily fraperatnres for e bntise recer{perieq.

entire record period, When the temperature criterion is exceeded, the tice

is cut off and, if histog:iam calculaticn is specified, the average termperature

is computed and cutput as T caris for HEC-5 hydroleogic input.

Allowable Data Size and Tize Intervals

The total number cf =zezn daily data for wz2in zrem, tritutaries, 2nd gages
must not exceed 22,000. The total nuzber of mean daily temperatures input cust

not exceed 9200. If cnly a main stem 2rnalysis is o be zmade, 60 years cf record
can be input. If a main sten and two tributaries are to be analyzed, the record
length can be up to 20 yecars. If cune of the tributary discharges was generated
by the F card option, 30 years of record can be input. The maxioum time interval
for each H card is 366 days. Analysis by water year can be done by inputting 10
in field 5 and 9 on field 6 on the H cards and starting with October input. No

gaps are allowable between H czrd tire Iintervals.

Suggested Sequence of Analysis

Each data set of main stem, ctributaries, gages, and tewmperatures should be



analyzed separately before merging together and calculating the histogram.

3.

Main stem check (exclude F, T, and B cards).

1. On H cards, leave fields 2, 3, 4, 7, 9, and 10 blank and run

program with main stem discharges or stages and a sediment load
curve (G card).

2. Check daily, monthly, and time interval totals against published
records and make any corrections.

3. Run progranm again.and, if satisfied with the data, change
field 10 (NGSF) on the H card.

4. If an average annual sediment yield is being calibrated, adjusé

the sediment load curve (G card) until the right yileld is obtained,

5. Afrer the data are corrected and a satisfactory sediment load
curve obtained, change field 10 cn the H cards to 0 and make a

production run. Plotting the data is recomuended.
Tributary check.
Do the same as for the rain stem analysis but using tributary data.
Analyze each tributary separately. Leave field 2 on H card blank.
Gage check (exclude F, T, G, and B cards).

l. 1f wore than one gage is to be used, analyze separately. Place

the gage data afrer the first H card and end with an ER card

follcwed by additional H cards.
2. On H cards, leave fields 2, 3, 4, 7, 9, and 10 blank and run
progran.

3. Check maxinums, minimums and averages by month and time interval

against published records and make any corrections. Pliotting of

the data is recommended.
4. Repeat Steps 1 through 3 for second gage if applicable.
Temperature check (exclude F, T, G, and B cards).

If mean daily temperatures are used, go through the same steps as in

the gage check.



Combined check.

1.

After all components have been corrected, include F cards if
tributaries are to be generated, G cards for sediment load
curve, T cards if temperatures are input, B cards if gage
records are input. On the H cards, input the number of
tributaries (exclude the number of tributaries generated by
F cards) in field 2 (ITRB), input O in field 9 (IDH) and
input 1 in field 10 (NGSF).

Place rmain stem, tributary, gage(s) and temperature data
separated by ER cards immediately after the first H card.
After the last ER card, place the remaining H cards. Run

the program.

Check for any error messages and make appropriate corrections

and rerun.

Select appropriate tolerances for temperature and gage changes
on the B card and sediment accumulation (see theory section)
on the H cards. Input 1l in field 9 (IDPH) on the H cards and

Yun program.

Check output and adjust histogram criteria as needed and rerun

until satisfied with the histogram being generated.

Input 1 in field 7 (PUN) to generate HEC-6 hydrology on I/O

unit 7 (tape 7). Rename and save the I/0 unit. Plot the

HEC-6 hydrology and overplot with the mean daily data to assure
that significant events are properly represented but a histogram
is generated with as few events as possible. Programs have been

made to easily do this plotting. If there are too many histogram

events or significant events are being "smoothed over,' repeat

steps 4 through 6.

Run HEC-6 with the generated histogram and do the analysis as

described in the theory section.



7-LCOI)

The generalized computer program HEC-6, ''Scour and Deposition in

Rivers and Reservoirs,' uses a sequence of discrete discharges (a histogram)

to calculate sediment transport for the time period to be modeled.
Simulation runs of 50 years or more are sometimes needed for evaluation
of prototype behavior. A 50 year simulation would require 18,250 backwater
profiles 1f mean daily flow records were used. This number of computations
could be reduced if the actual mean daily flows could be grouped into
periods of longer duration and still maintain the importaat properties

of the water discharge vs. sedixzent transport process. Such is the

purpose of the "Sediment Weighted Histogram Generator" (SWHG).

It has been found from many sediment studies that sediment discharge

is generally related to vater discharge in the form:
G = KQ°© Eq. 1
where
G = sediment discharge (usually in tons/day)

Q = water discharge (usually in cfs)

a factor vhich can be tzken as an index of relative erodibility

~
]

slope of the curve on logarithmic paper measured in units of
logarithmic cycles.

Histograms are usually generated by time incrementing a continuous
hydrograph and obtaining average discharges for the time increments such
that the areas under the hydrograph and histogram are equal. If this
procedure is used, water volume i{s conserved. If a sediment hydrograph
and a sediment histogram generated by the water histogram and Equation 1

were compared, the area under actual sediment hydrograph and the generated



sediment histogram would not be equal because of the nonlinearity of

Equation 1.

Example 1:
K=1
c =2
g e

Day Q G tons/day Qx G

1 1 1 1

2 4 16 64

3 8 64 512

4 10 100 1000
z 23 181 1577
ave. 5.75 45.25 394.25

If the average discharge i{s used as the governing parareter,
G = (5.75)% = 33.06 tons/day
Total G for 4 déys = 33.06 x 4 = 132,24 tons

The actual G.for 4 days 1s 181 tons (27% error)

If the average sediment discharge is used as the governing parameter,

Qye ™ ,j Cve - J45.25 = 6.73 cfs

Total Q for 4 days = 6.73 x 4 = 26.92 cfs-days

The actual Q for 4 days is 23 cfs-days (17X error)

It can be seen that 1f a time period is to be represented by one discharge



and actual duratiocn, both water volume and sediment volume cannot be
conserved. In sedi{ment studies, conservation of input sediment volume
{s essential because it is the only source of sediment other than the bed.
However, conservation of water volume 1s also important because of the
influence it has cn hydraulic conditions; which, in turm, afgect the sediment
transport capacities. Because of the importance of both water and sediment
conservation (with sediment conservation being the most important), it is
proposed that the product of the water and sediment discharge (sediment
weighted discharge) best describes the influence of both. For each dis-
charge this product (Q x G) is calculated and averaged over the time
period. A Q vs. Q x G table can be generated and a Q can be obtained for
the averaged Q x G.

Example 2:

G = KQ

¢ x q = kQ°*!

)
Q = c* £xQ for this case, Q = 3 G xQ

(Q x G)ave = 394,25

_,3' . -
Qe © 394.25 7.33 cfs/day

2
G ye = (7.33)7 = 53.77 tons/day

Since total sediment is to be conserved, the time duration is changed so
that for the interpolated G, total sediment volume is conserved. This 1is

the computational duration but repres:nts the real time duration.



181 tons
Computational duration 53.77 tons/day 3.37 days

Total G = 3.37 days x 53.77/day = 181 (0X error)

Total Q = 7.33 x 3,37 days = 24.7

Actual average Q is 23 (7.4X error)

However, 7.4% error is much less than 17% error in Example 1
The 4 days of water and sediment flow is now represented by a Q of 7.3
for a duration of 3.37 days with OZ error in sediment volume and 7.4% error
in water volume (compared to 17%).

The "Sediment Weighted Histogram Generator" program will produce
representative events of discharge and the associated duration in days
with a maximum event duration of 30 days. In some cases, however,
averaging the flow hydrograph for a month filters out important hydraulic
events or produces time periods which are too long for the HEC-6 model.

A second constraint i{s introduced to sccommodate these considerations.

Ihis constraint sets a linmit, AMAGIC in tons, on the naximum amount of
inflowing sediment discharge accumulated during a single histogran

event. Daily sediment weights (tons) are accumulated until the quantity
exceeds AMACIC. At that point, the representative water discharge for

the time pericd is calculated as described above. An approach for
assigning AHAGIC 1is to calculate the weight of sediment that would be .
required to £111 the bed of the shortest reach lifoot deep. Another way

to establish AMAGIC is estimate the sediment discharge, tons/day, at

which the stream bed begins to significantly change from the G vs. Q curve.

The final test for AMAGIC i{s whether or not the HEC-6 code will execute

properly with the calculated Histogram.



The test in HEC-6 can be conducted by selecting a relatively short

but highly variable Q time period (e.g. 2 mo.) in which one model is run

with the actual rean daily flows and an other with a generated histogram.
Significant differences in model performance (i.e. magnitude and temporal
trend of computed bed profiles) suggests AHAGIC {s too largb. A couple

of trials and checks will usually be sufficient.



I. Get data from "HYDRODATA".

II. Run "HYDTOHIS": Converts hydrodata to a file that will go
into "HISTGRAM".

Ed{t "HYDTOHIS" output file following HYHIS documentation.
Must add following card: G, T, 3, H. First H card will
appear in top of file after B card. Others will asppear at bottom

of file. Remember to also add input on H cards at bottom of
file.

IN: OUTFILE FROM "HYDTOHIS"
OUT: FILEl.DAT
OUT: HG6INPUT.DAT

HYDRODATA

HYDRO.DAT
OUTHYD.DAT
HISTGRAM

FILE1.DAT

H6INPUT.DAT



T Card ~ Title Cards — 3 Required

Fleld Variable Value Description
0 1D T Card identification.

1-10 AN Alphanumeric title or description.



R Card — Rating Curve - Required if mean daily stages (S cards) are input

Field Variable Value

0 ID R

1 NPTS +

2 SZERO +

3 QT(1) +

4 ST(1) +
S5 QT(2)...

6 ST(2)...

10 etc.

instead of mean daily discharge (Q cards) for the main stem.

Descrigtion
Card identification in column 1.

The. number of water surface values that will be read.

If the rating table is a stage-discharge curve rather
than elevation-discharge, enter gage zero here.

Lowest flow in cfs, subsequent flows must be
increasing.

Lowest water surface elevation, or stage, correspond-
ing to lowvest flow.

Enter up to 20 points using field 1-10 on subsequent
cards. Put R in column 1 on all cards.

Continue entering up to NPTS pairs of numbers.



F CARD Tributary flow generation card. Optional., Used for calculating
ributary flow as a ratio of main stem flow for HEC-6 hydrologic inmput

«n the absence of tributary flow data. Up to 3 tributaries cam be generated

oy placing sets of F cards in sequence. If, for instance, there is data on

Q or S cards for the first and third tributary upstream from the downstream

boundary and the second tributary is to be generated, then NTRB(NFT) 1s 2

and Q or S cards for tributary one and three would be right after each other,

Field Variable Value ' Description
0 ID F Card identification in column 1.
1 NTRB (N¥T) + Tributary number that this tributary generation
corresponds to, counting from downstream to upstream.
2 NFPT(NFT) + Number of points (up to 20) defining the relation-
ship of main stem flow to tributary flow.
3 LOGEQ(NFT) i Main stem flow interpolation is arithmetic.
1 Main sten flow interpolation is logarithmic, loglo.
4 LOGFQT(NFT) P Tributary flow interpolation is arithmetic.
1 Tributary flow interpolation is logarithmic, 1°g10'
5 QFM(NFT, 1) + Lowvest discharge of main stem, subsequent discharges
nust be increasing.
6 QFT(NFT, 1) + Tributary discharge corresponding to zain stem
discharge.
7 QFM(NFT, 2) + Enter up to 20 points using fields 1-10 on subsequeat
‘ cards.

Put F in column 1 on all cards.

8 QFT(NFT,2) + Continue entering up to NFPT(NFT) pairs of points.

10 etc.



G Card - Sediment Load Curve - Required

Field Varisble Value Description
0 ID G Card identification in column l.
1 INPTS + Number of sediment load values that will be
‘ read (up to 20).
2 LOGQ 4 Flow interpolation is arithrmetic
1 Flow {nterpolation is logarithmic, 10810' (recommended)
3 LOGQS 9 Sediment load interpolation is arithmetic.
1 Sediment load interpolation is logarithzic, 10810'
(recomnended).
4 XMULT Blank Default to 1.0.
+ Multiplying factor of sediment load (e.g., to
increase sediment load by 7%, input 1.07).
5 FLT(1) + First discharge (in cfs) of the table, subsequent
discharges cust be increasing.
6 Qs (1) + Sediment load (in tons/day) corresponding to first
discharge.
7 FLT(2) + Enter up to 20 points using fields 1-10 on

subsequent cards. Put G in column 1 on all cards.

8" Qs(2) + Continue entering up to INPTS pairs of points.

10 etc.



T CARD ~ Water Temperature = Required if temperature cards are input and T-cards
ire to be output with the histogram for use in HEC-6 hydrologic inmput.

Field Variable Value
9 ID T
1 JTT 4]
1
2 NT o)
1
2
3 TB(I) +
Note:

Field

8

1

2-19

Description

Card identification in column 1.

Water temperature is input in units of Farenheit
degrees. '

Water temperature is input in units of Celsius
degrees.,

Average monthly water temperature will be input.

366 days of average dally water temperature.
(Include February 29) will be input. See note below
for encoding details. This data will be reused as
many times as necessary to provide a daily water
temperature for each mean daily water discharge on

Q or S cards.

Input a continuous record of mean daily water
temperatures equal in length to Q or S cards of the

main stem.

Input average monthly temperature for January if
NT = 0. Follow with monthly temperatures for
February, March, etc. using fields 4-10 and con-
tinuing on another T card starting in Field 1.

If NT = 1 or 2, the following form should be used for all additional
T-cards, and the last T-card should be followed by an ER card. This set
of T cards is to be placed after the Q, S or Y cards (after the cor-
responding ER card), whichever is input last.

Variable Value

ID T
o AN
DWT(I) +

Description

Card identification in column 1.

Time identification (e.g., February 1972
is 1972-02).

Hean daily water temperature. Subsequent cards
use fields 2-19 for values of DWT. Must have four
cards for each month.



B—CARD -~ Parameter Definition Card - Required if K-cards or X-cards are to be
utput with the histogram for use in HEC-6 hydrologic input. Required if gage
‘ecords are input.

Field Variable Value Description
i) 1D - B Card identification in column 1.
1 NGAGE Number of gaging stations used in determining the

starting elevations for water surface profile calcula-
tions (HEC-€ R-card) cannot be changed on subsequent

B cards.
g R cards are not output with the histogram.
1,2 Enter number of gaging statfons (sets of Y-cards)

input to coczpute R-card values.

2 Gzl -, 0,+ Gage zero of first gaging station 1f stages are input.
3 GS2 -,0,+ Gage zero of second gaging station if stages are input.
4 GWFE Weighting factor applied to first gaging station
vhen computing representative stage between two gages.
9 Defaults to $.5. (equal weighting for each gage)
+ Enter value between @ and 1.
5 DYH + Maximum allowable change in starting downstreanm

wvater suyrface elevation. When DYM is equaled or
exceeded, a new histogram event will be started.

¢ Defaults to 99599.90.
6 XDiv The computational time step on the X-card (HEC-6 hy-

drologi{c input) is approximately equal to the number
of days in the histogram event divided by XDIV.

) Defaults to 1.0. W-cards will be output.

+ Enter an integer value greater than 1. X-cards
will be output.

7 DTH + Maximum allowable change in water temperature in input
units. When DTM is equalled or exceeded, a new
histogram event will be started.

o) Defaults to 99.



H card - Input control card. Required for each tize period up to one year in
length. The first H card comes before the Q or S cards. The rest of the H
cards go after the last ER card. Place a blank H card after the last H card to

terminate the job.

Field Variable Value Description
Col 1 ID H Card identification.
Col 5-8 IYR + Year of hydrograph.
2 ITRB g No tributaries are present.
+ Indicate number of tributary Q or S card sets of

mean daily flow hydrograph are input (Note: Exclude
the numbers of tributaries calculated using the
F-card option). Stack the hydrographs in sequence
from downstream to upstream. Place on ER card after

each tributary hydrograph.

3 SWSED + Specific weight of sediment, lbs/cf.
g Default = 93 1b/cf.
4 AMAGIC + Weight of accumulated sediment for determining each
histogram interval, tonms.
S SH + Number of first month of hydrograph time period
(e.g. 2 {s for February).
g Defaults to 1 (January).
6 B + Number of last month of hydrograph time period.
9 Default is 12 (December)
7 PUN 3 Create output file (I/0 unit 10) of histogram for
HEC-6 hydrologic input. IDH (H-9) must be 1 or 3.
9 " Do not create output file.
8 STZ + Elevation of gage zero if stages are input (S-cards).
9 IDH [y Process data and display but do not calculate
histecgram or dominate discharge.
1 Calculate histogram only and display.
2 Calculate dominate discharge only and display.
3 Calculate both histogram and dominate discharge only

and display.

10 NGSF ) Print daily calculations for time period.

1 Print summary (monthly and yearly only) for time period.



Q or S Card ~ Input hydrograph, mean daily flow. or mean daily elevations/stages.
Required.

Field Variable Value Description
Col 1 ID Q Discharge in c¢fs are input.
S Stage in ftr. are input.
Col 2-3 — AN Tirme identification (e.g. Februafy 1972 {s 1972-02).
2-10 Q(1) + Discharges or stages., Subsequent cards use fields

2-10 for values of Q or S. HMust have four cards for
each month,

If stage is input, there must be R cards present. A set of Q or S cards,
terminated by an ER card, {s required for the main stem and each tributary. If
Q cards are changed to S cards, R cards must be placed before the H cards
representing the S card time interval. Tributaries must use Q cards - S cards
are not allowed.



ER - Card ~ Separator for sets of data. Required after each set of Q, S, T,
or Y cards.

Field Variable Value Description
0 ID ER Card identification.

1-10 - AN Alphanumeric description of data set.
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B B /NGAGEGZL' | GZ2 J GWF |DYM | XD | DRM| | | WL:
" - .
B T fotT )Nt emQyemay . lUP lol mr(llz) ON Tou.owﬁnc T Qa0 |
Q
2 *G /INPTS) LOGQ [LOGQS]MTTIFLT(IH'QS(I), FP TO F\*PTS iiAms y
” )
F /NTRE| NFPT |LOGFQ LOGFQj QW(L‘)QFT(II‘)...U?ITO an"r PAIRS )
N
mrslszsnolqr(l)] STQ)| - oo ]UP TO NPTS II’AIRS | )
~
' L/
CARD PRESENTLY NOT USED
c/ O TESENTRYNOTESER ) p 1| \
5 *13 HIRD TITLE GARD )
g /AN il i W RN NS B S
sSa *T2 saco:\'ri ’IITLF] CA2D | §
2T L I S B N
§° *T FIRST TITLﬁ CARD y
8 %
y
|
Y
v
~ _J

Any job control parameters can be changed for any H-card time period by placing
the appropriate job control card before the H-card it applies to.

* Indicates cards required for basic application
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T KUCHESTER/»MN SEOIHENT STUDY

e LOAD CURVE IS 052,00XQ (EXP 1.55)
13 BAVID WILLIAMS, WES, MARCH 1962
6 2 ! l 1 1. .08 30000. 696030,
T il 60 78 90 45 32 76 90
) ue 97 6 95 94 93
& 15
H o 19u2 ! 10000 1 12 i 1 1
a1§52- 1 gs. 55, 8s, g5, 85, bn 85, 85, 87.
ur?s2- 1 83, 01 . B3, 83, 91, 91, 935, 92U, i
a1952- 1 104, 70, 85. B3, 78. 7C, 79, o1, 70,
aIs52- 1 74, 7 72, 78.
01§32- 2 79, 79, 79, o1, 81, 79, 01, 1. 79,
a1952- 2 g3, 63, 09, 93. 5. 90, 104, 102, 102,
ares2- 2 74, 78, 7. 3. 7. 03, 1. 7. 7.
Q15— 2 arz. 0y,
arss2- 3 ul. B5. 83, 86, 72, 70. 76, 76, 74,
ar¥52- 3 u3. s 104, 115, 124, 131, 150, 109, 360,
a1e52- 3 459, 534, 468, 343, 160, 222, 200. 170, 171,
urgs2- 3 168. 22, 3260. 7300,
a1952- 4 S300.  342c. 1100, a72. 900, 760, 912, 084, 806,
01952~ 4 510, a7y, Aus, 432, A12. 937, gos. 880, 501,
.n1ss2- 4 520, 459, a12, A36. 370, 314, 204, 284, . 2%0.
u1952- 4 236, 2235, 214,
a1552- 5 203, 194, 197, 106, 176, 183, 106, 300, 270,
Q1952- 5 238, 220. 223, 204, 191, 191, 176. 184, 156,
a19s2- s 148, 146, 140, 138, 146, 140, 143, 133, 143,
ur9s2- 5 140, 133, 143, 136,
w9sa- & 123, 110, 116, 113, 118, 111, 106, 101, 94,
19352- & 88, 106, 94, 104, 118, 101. 96, 94, B4,
01952~ & 78, 86, 88, 80, 2340,  4730.  2230. 1090, 739,
01952- & 798, ABY ., 379,
a1952- 7 318, 295, 310., 279, 233, 207, 223, 220, 199,
arss2- 7 184, 173, 171, 158, 168, 170, 160, 150, 140,
a1es2- 7 197, 1340, 761, 333, 246, 212, 186, 140, 163,
ui9s2- 7 a4, S1é. 243, 197,
a19s2- 8 173, 166, 184, 254, 101, 180, 133, 237, 1040,
01952- 8 513, 273, . 223, 199. 184, 205, 840, 302, 273,
A19s2- o 273, 295, a2, 236. 202, 101, 140, 160, 136
01952~ 8 148, 140, 166, 173,
01932~ ¢ 153, 140. 138, 130, 123. 120. 118, 118, 111,
019352~ ¢ 106, 104, 99, 99, 106, 26, 94, 94, 98,
a1952- 9 94, 0. 90, 0o, 6. 0é. B4, 82, 2.
u1gs2- 9 go. 71, 66,
Q155210 74, 71, 71, 6%, 69, 69, 71, 72, 74,
QI952-10 74, 74, 2, 2, 72, 71, 89, 69, 89,
01952-10 48, 66, 66, 86, 664 e 66, 66, 86,
N1952-10 86, 64, 66, 86,
a1952-11 864 64, 4. 64, 66, 63, 83, 83, 81,
01§52-11 61, 81, 63. 83, 81, 81, 43, e, 2.
a1952-11 8. b6, 3. 83, 14 61, Iy 61, 50,
w1952-11 56, 55, 55, A )
n1952-12 58, s0. 83. 53, 64, I 81, 88, 0.
n1952-12 69, 86, 88, 58, 50, 60, 61, 58, 55,

a19s52-12 56, Su, 30, 80, 61, 80, S52. S0 33,



T1 ROCHESTERsHN SEDIMENT STUDY

T2 LOAD CURVE IS 05=,00XQ (EXF 1.53)
T3 DAVID WILLIAHS, WES, HARCH 1982

THE THIUT SEDINENT LOAD CURVE HAS 2 POINTS AND THE SEDIHENT IS TO KE HULTIFLIED RY 1.0 LOGA = 1 AND LOGOS =
THE SEDIHENT LOAD CURVE TARLE FOLLOWS

FLOW Il CFS 1.0 J0000.0

LUAD TH TONS/DATY 080 4946030,0

TIE FOLLOUING HONTHLY TEHFERATURES (F) WILL PE USED
JAHUARY FEULRUAGRY MARCH AFKIL HAY JUNE JULY AUGUST SEFT. OCIOBER HOVLHILCK ute.
71.0 64 .90 70.0 90.0 45.0 2.0 76.0 90.0 9?.0 ?7.0 73.0 2%.0

INFORMATION FROH B CARD
HGNGE GZ1 Gz2 GuWF DYH XpIv DTH!F
0 92.00 0.00 30 99999.00 1.00 15.00

BERELRARBAR AR RO A ARRRENRRARRRRRRRRRRRRERSRETRBRtERRRSRRRRRRRBRRREtRRRRBRIRERNEARRUBRERRBIRRERtRRULRERRROERtRIitORERLBialsittoe
TEARABA43 400K AR RARRRARAEREARARERERRIRRARRRRRARLRERRRARRAARARRRRERRRNNRRRRRRRRARRRERIRERARERRIRRARRRERNtNINOittItttansttins

START YEAR = 19352 START MONTH = 1 END HONTH = 12 ANAGIC = 10060, UNIT WT OF SED., = 93.0 ITRB = 1 1OH =+ 1
ASAAIALA RS ARt ARIRRRARRBR AR ERERARIRRATARRIRRIRRRRRRRRASSRRLIRERRAtRRRRRRtRitaR RN RRtERBatARRRRetRitUintdtsiitatatness
- CFS=DAYS ACRE-FECT TONS ACKE-FEET
10TAL WATER DISCHARGE §22¢92. 183058.5 ¢ TOTAL SEDIMENT DISCHARGE 342615.6 177.0
CUMHULATIVE DISCHARGE 72292.0 103050.5 & CUMMULATIVE DISCHARGE 3624615.4 172¢.0

HUHKER OF DISCHARGE EVENTS IH THE HYDROGRAFH= Jé6

HAX. WATER DISCHARGE 15 7300.0

HWIN. WATER DISCHARGE 1S 50,0

HEAN WATER UISCHARGE 1S 252.2

HONTHLY VALUES

HOUTH JANUARY FEDRUARY HARCH AFRIL HAY JUNE JULY AUGUST SEFT, OCTURER MNOVEHULR LEG,
0 C+sh QLY. 2487, 15825, 242353, 3495, 15012, 9430, 82635, 304, 21490, 1492, 1354,
0 ACFT 3143, 4933, 31380, 481035, 10099, *+ 29774, 10704, 16393. 6034, 42435, 3753, 36835,
(s THS 2374, 2310, 109023, 115276, 2756, 70351315, 22506, 17034. 3140, 1759, 1485, 14135,

Qs AFT A 1.1 33.8 56,9 J.8 3o.8 1.1 B.4 1.4 9 o7 o7




accun Ay TIHE DS WSE INTPL O ALT NATER YIELD SEDUIHENT

[0y NIHAX 41N W-CARD  X-CARR  R-CAKD @-CAR[t T-CARD  ACTUAL  HISTOGRAM YIELD CRITERINDN EXCEELED
30 194, 70, 29,82 29.824 0.0 04. 71.0 2515, 2515. 2306, 30 0AYS
86 104, 74. 29,01 29.006 0.0 84, 0.1 2585, 25485, 2370, 30 bavs
gy 334, 66 1472 21.717 0.0 247, 70.0 52465, 3336, 6062, AMOGLC
v 3260, 3260, 1,00 1.000 0.0 3240, 78.0 3240. 3240, 22314, ARNGLC
91 2300, 7300, 1.00 1.000 0.0 7300. 78.0 7300. 7300, 77047, AHAGYC
Y2 5300, 5300, 1.00 1.000 0.0 5300, 90.0 5300, 5300, 47393, ARAG T
93 3420. 3420, 1.00 1.000 0.0 3420, 90.0 3420, 3420, 24034, . AMNGIC
V5 1100, N P 1.98 1.900 0.0 994, 90.0 1972, 1972, 7032, ARGGIC
s 912, 760, 2.99  2.98% 0.0 6862, 90.0 2572, 2572, 0468, . ABAGLC

104 864, 432, S.61 5.413 0.0 629, 90.0 527, 520, 9787, AHAG 1L
108 ?37. 412, J.79 3.709 0.0 7467, 90.0 2097, 2900, 0vuvA., ANAGLIC
1 S0, 214, 12,013 2,032 0.0 300, ?0.0 4585, AT, 95%48. TEnt .
151 308. 133, 20,73 20.732 0.0 106, 45.0 5359. 3354, 7594, 30 1ATS
14 134, 76, 22,44 22,4841 0.0 104, 32.4 2353, 2313, 2421, ARALIIC
175 2449, 2540, 1,00 1.000 0.0 2340, 2.0 2340, 2340. 13347, AHGBLLC
178 4730, a730. 1.00 1,000 0.0 4730. 32.0 A730. 4730. 39731, ARABTL
197 2230. 2230, 1.90 1.000 0.0 2230, 32.0 2230, 2230, 12307, AHALIC
1uo 1690, 739, 2,93 2.930 0.0 8Y7. 2.0 2427, 2827, ne3y. ANALIC
12 409, 379. 1.98 1,976 0.0 439, 2.0 840, 840 . 19723, TEHE .
Hol 310, 148, 18.09 10.0¢9} 0.0 220. 76 .0 J?701. J?200. GI0N. ARALG T
104 15490, 333, 2.51 2.511 0.0 1070, 76,0 2634, 2607, 9760, AnNGLC
P 804, 153, 12.16 2,182 0.0 347, 2.4 AQ99, A219. BABG. LGRS
20y 1060, 104, 8,07 6,072 0.0 591, 90.0 3497, 3504, 593, ANAGLL
259 382, 95, 26,25 26,250 0.0 192, U9.5 5043, 5037, 7240, 30 1avYs
299 96, 88, 29.69 29.488 0.0 79, 93.0 2350, 2338, 2092, 10 LATYS
J1y 69, 8t 29.97 29,971 0.0 85, 98,5 1940, 1940, 1540, 30 DAYS
3ag ve, 50, 29.74 29,741 0.0 &4, 95.3 1895, 1893, 1497, 30 DAYS
368 &1, s2. 16,97 16,973 0.0 7. 95.0 972, 972, 720, END TIHE
NO. OF EVENTS . 28

TOTAHLS OF HISTOGRAN

TOTAL DAYS = 342,
TOMAL SEUIHENT IN TOUNS = J62614.,
BESRDERERRF SRR AB R AR PR RRRRRAR RN AR AR RN RRRBRIERABNIRORRRRSRRBEBRSRERRORARERERRBERNRRBRIREBAERNNRERRBANIESRORIBORSRATEMILS

Y RS S P F T R S R SRR S P R F P R R T R S N P S R N R R RS N N R P R RS SR RN R RN RN R R R R R R R R R R R R R S s R R SR AR R AR R R S R R R R RN R R R 2
SREE3 0000822002000 RRRRRRRRRRRIRRBRRRSIRRARRRBRERSRIRBRABRRNRBRBRREACRRRREREREBARBRRNARIRENRRNRRRENERNNRNIENRBRIRBRORGLRNNSS

START YEAR = 1933 START HONTH = 1 END HONTH = 12 AHBADIC = 10000, UNIT WT OF SED. = 93.0 ITRR » 1 IDW - 1

CARKAIIRA X AR R RRERRRS MR NRERRRRRRIRRRBARRRRERRRRRRERRRARNRRRARBRRERKEARBRRNRRRBERRRREIERSARANIRERTANRBUSRABANDNRIRIO DRI ISOENEINRENIRS
CFS~DAYS NCRE~FEET & TUNS ACRE-FEE]

10TAL WATER DISCHAKRGE 3978%.0 118309.7 & TOTAL SEDIMENT DISCHARGE 127300.3 82.9

CUNNULATIVE [ISCHARGE 152001.0 Jo1440.2 % CUHMULATIVE DISCHARGE 490004.0 241.9

NUHBER OF DISCHARGL EVENTS IN THE HYDROORAFH= 345
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VERIFICATION OF HEC-6

Note: This workshop was originally developed by W. A. Thomas, Mobile Boundary
Hydraulics, Vicksburg, MS

References:

[1] HEC-6 User Manual.
[2] Guidelines for the Calibration and Application of Computer Program HEC-6, The
Hydrologic Engineering Center, US Army Corps of Engineers, Davis, CA.

Objective: The student demonstrates skill in interpreting HEC-6 print out and adjusting input
to reproduce field observations.

Input file is HOWRKSH3.DAT

1. PROBLEM.

A HEC-2 data set is being converted for HEC-6 computation. Sediment and hydrology data
have already been added, and a trial execution has been made. The HEC6 model is now ready
for verification.

2. END PRODUCT

The end product of this workshop will be an HEC-6 model that is verified for one water
discharge.

3. MODEL VERIFICATION.

3.1 Diagnosis. The following diagnosis is made using printout from the trial #1 Run. The last
event in that printout is shown on the next page.

3.1.1 End of Run Results. The first tables to scan to find out how well the sediment
calculations represent the prototype are the SA- and SB-tables in the HEC=6 print out. These
2 tables will be printed for each hydrologic event which has a B in column 6 . The final event
in this verification run is reproduced below. Notice the rather large trap efficiency, 9%, in the
SA-1 table on the next page. This model is of a river which is in equilibrium. What should the
trap efficiency be?

wk3prob.txt Page-1
February 6, 1995



In this case, 9% trap efficiency is too large; there is a problem which must be resolved before
this model is verified. The following steps illustrate the process.

3.1.2 Most Active Cross Section. First, scan every SB-2 table in the printout for the cross
section having the largest BED CHANGE value. This cross section is referred to as "the most

active section."

TIME STEP # 10
* B RUN 10

Workshop Problem VII. VERIFICATION OF HEC6 MODEL
ACCUMULATED TIME {(yrs).... 0.027
FLOW DURATION (days)...... 1.000

UPSTREAM BOUNDARY CONDITIONS

Stream Segment # 1 | DISCHARGE | SEDIMENT LOAD | TEMPERATURE
Section No. 4570.000 ! (cfs) | (tons/day) } (deg F)
INFLOW | 90000.00 | 21942.14 | 50.00

TABLE SA-1. TRAP EFFICIENCY ON STREAM SEGMENT # 1
Workshop Problem VII. VERIFICATION OF HEC6 MODEL
ACCUMULATED AC-FT ENTERING AND LEAVING THIS STREAM SEGMENT

X2 XSRS ER AR R R RRRR 2222 R RRZ 2R R 2R 2R R 22l il 2R )

TIME ENTRY * SAND *
DAYS POINT * INFLOW QUTFLOW TRAP EFF *
10.00 4570.000 * 108.33 *
TOTAL= 0.000 * 108.33 98.96 0.095 *

2SR S R 22 R R R R R 2 A S R 2 RS2SRRSR R R R Xy d

TABLE SB-1: SEDIMENT LOAD PASSING THE BOUNDARIES OF STREAM SEGMENT # 1

SEDIMENT INFLOW at the Upstream Boundary:

GRAIN SIZE LOAD (tons/day) | GRAIN SIZE LOAD (tens/day)
VERY FINE SAND.... 1797.84 | FINE GRAVEL....... 1693.78
FINE SAND......... 1973.84 MEDIUM GRAVEL..... 2619.76
MEDIUM SAND....... 2586.06 COARSE GRAVEL...... 3081.76
COARSE SAND....... 2102.98 VERY COARSE GRAVEL 4180.00
VERY COARSE SAND.. 594.66 SMALL COBBLES..... 0.22
VERY FINE GRAVEL.. 911.24 | LARGE COBBLES..... 0.00

TOTAL = 21942.14
SEDIMENT OUTFLOW from the Downstream Boundary

GRAIN SIZE LOAD (tons/day) | GRAIN SIZE LOAD (tons/day)
VERY FINE SAND.... 1885.65 FINE GRAVEL....... 1172.45
FINE SAND......... 2088.63 MEDIUM GRAVEL..... 1790.50
MEDIUM SAND....... 3093.14 COARSE GRAVEL..... 2143.77
COARSE SAND....... 2214.00 VERY COARSE GRAVEL 2962.60
VERY COARSE SAND.. 515.22 SMALL COBBLES..... 0.00
VERY FINE GRAVEL.. 654.71 LARGE COBBLES..... 0.00

TOTAL = 18520.66
TABLE SB-2: STATUS OF THE BED PROFILE AT TIME = 10.000 DAYS

SECTION BED CHANGE WS ELEV THALWEG Q TRANSPORT RATE (tons/day)

NUMBER (ft) (ft) (ft) (cfs) SAND

4570.000 2.09 729.14 709.99 90000. 13718.

2870.000 -1.63 726.07 701.57 90000. 17698.

2280.000 0.54 725.55 703.24 $0000. 17370.

590.000 -0.92 723.04 704.38 90000. 18184.

0.000 0.07 722.30 702.07 90000. 18521.

wk3prob.txt Page-2
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Which is the most active cross section?

3.1.3 Numerical Stability Test. The next step is to determine whether or not the most active
cross section is numerically stable by plotting a bed change hydrograph, i.e. BED CHANGE
vs TIME.

(HINT: There is no single table showing such a hydrograph. It has to be compiled by scanning
the printout with an editor. In this case, scan the printout for cross section 4570, view every
SB-2 table, and write the BED CHANGE value and its TIME in the spaces provided in Table
1 below. There are 10 events in the hydrograph, and each event flowed for 1 day. All 10
events are for the same water discharge - 90000 cfs and have SA & SB- tables. The BED
CHANGE values are accumulative. All other values in table SB-2 are instantaneous. Plot the
BED CHANGE values which you have just recorded in Table 1 on the graph below the table.)

Is the model numerically stable?

Table 1. Scan all SB-2 Tables Using Editor

SECTION BED CHANGE WS ELEV THALWEG Q TRANSPORT RATE (tons/day) TIME
NUMBER (ft) (ft) (£r) (cfs) SAND DAYS
4570.000 (1) 729.83 708.12 90000. 11740.
4570.000 729.77 708.36 90000. 11210.
4570.000 729.64 708.59 90000. 11288.
4570.000 729.55 708.81 90000. 11637.
4570.000 729.41 709.03 50000. 12083.
4570.000 729.34 709.23 90000. 124438.
4570.000 729.27 709.43 90000. 12785.
4570.000 : 729.23 709.62 90000. 13060.
4570.000 729.18 709.81 90000. 13391.
4570.000 (10)729.14 709.99 90000. 13718.
Notes:
(1) This is the bed change at the end of day 1
(10) This is the accumulated bed change at the end of day 10
2j----- EE R Fm———— - Fom—-—- - - tom———- - Fm———
B
E
D
Clj----- t-—-- +----- +----- +m---- t----- +----- +----- +----- Fm——-—-
H
A
N
G
EQOj----- t-=—--- +----- $m———- +----- +-=--- teo--—- tm-———- tem——- -
0] 1 2 3 4 5 6 7 8 S 10

TIME IN DAYS
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3.1.4 Hydraulic Calculations. The next step is to check hydraulic computations for flow
distribution. The following values were collected by scanning the HEC-6 print out for the
string /FLOW DISTR/ using the utility "grep." Notice the hydraulic computations proceed
from DOWNSTREAM TO UPSTREAM in direction whereas the sediment results in Table
SB-2 are from UPSTREAM TO DOWNSTREAM in direction. (I added the Cross Section
column for reference.)

Table 2. Calculated Flow Distribution, Initial Trial

Cross Left Main Right
Section Overbank Channel Overbank
0 FLOW DISTRIBUTION (%) = 0.000 100.000 0.000
590 FLOW DISTRIBUTION (%) = 0.000 100.000 0.000
2280 FLOW DISTRIBUTION (%) = 12.171 87.829 0.000
2870 FLOW DISTRIBUTION (%) = 0.000 100.000 0.000
4570 FLOW DISTRIBUTION (%) = 30.719 69.281 0.000

3.2 Potential Problems. There is a flow distribution problem at sections 2280 and 4570.
For example, only 69.3% of the water is conveyed within the channel portion of cross
section 4570, and 90,000 cfs is suppose to be the bank full flow. List some possible causes

of such a problem.

3.3 Task 2. In this case the problem is a HEC-2 data set which has no X3-records. Insert
X3-Records into the data set given to you. Use Method 1 option for defining ineffective
flow area(X3-1, p A-10). A listing of the existing data set is shown in Table 3. Execute
and tabulate the new flow distributions in Table 4.

Table 3. The HEC-6 Input Data File.

T1 Workshop Problem III. VERIFICATION OF HEC6 MODEL
T2 WORKSHOP TO DEMONSTRATE HEC-6 MODEL VERIFICATION
T3 Sediment Transport in Rivers and Reservoirs

NC .080 .080 .03 .3 .5

wk3prob.txt Page-4
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X1 4] 20 653

GR 743.1 0 710 68 710 120 710.2 150
GR 711.6 214 711.9 264 710.5 320 709 360
GR 706 415 703.3 450 703.1 492 702 530
GR 703.1 610 705 635 711 647 715 649
H

X1 590 19 696 5390 590 550

GR 743.1 ] 711.5 62 710.3 78 711.7 102
GR 711 173 712.5 208 714.6 270 713.3 320
GR 708.8 402 707.3 458 706.3 475 706 493
GR 706 558 707.8 611 709 625 743.1 696
H

X1 2280 13 620 1122 1690 1690 1690

GR 743.1 0 717 53 717 550 730 620
GR 703.5 740 703.9 780 702.7 840 702.8 878
GR 705.8 $90 717.4 1046 743.1 1122

H

X1 2870 13 570 1182 590 550 590

GR 743.1 0 743 53 743 500 740 570
GR 704.0 740 704.4 780 703.2 840 703.3 878
GR 708.8 930 717.4 1046 743.1 1182

H

X1 4570 17 1040 1593 1700 1700 1700

GR 743.3 0 717 52 717 964 715 1008
GR 710 1074 708 1080 708.1 1140 707.9 1190
GR 710 1304 711.7 1324 713.5 1360 715 1395
GR 717 1540 743.3 1593

H

EJ

T4 Workshop Problem III. Sediment Data

TS A. Inflowing Load is Calculated from the Bed Gradation:
T6 B. Bed Gradations from Field Samples of Top 1-ft.

T7 C. Transport Method is Laursen (Madden-1985)

T8 D. Sediment Model # 1 Dated 1 June 1988, WA Thomas,
I1 20

I4 13 1 12

IQ Q 1000 10000 90000

LT QS 200 1200 22000

LF VFS 0.49999 0.50000 0.08172

LF FS 0.1706S 0.03577 0.08972

LF MX 0.21649 0.04672 0.13573

LF Cs 0.05499 0.07747 0.09559

LF VCS 0.00624 0.04373 0.02703

LF VFG 0.00147 0.00665 0.04142

LF FG 0.00460 0.02099 0.07699

LF MG 0.02008 0.06456 0.11908

LF CG 0.02548 0.10284 0.14008

LF VC 0.00000 0.10126 0.19000

LF sC 0 0 0.00001

LF LC 0 0 0

PF [¢] 150 128 95 64 53.3017
PFC 16 11.9206 8 §5.7197 4 3.1665 2 2.6834
PFC S 2.2526 25 1.0636 .125 0.4569 .0625 0
PF 590 150 128 94 64 56.4491
PFC 16 9.5599 8 3.6605 4 1.6432 2 1.2737
PFC S 1.0523 .25 0.4937 .125 0.2132 .0625 o]
PF 2280 150 128 96 64 66.9754
PFC 16 16.0606 8 7.4191 4 3.5252 2  2.4365
PFC 5 1.6181 .25 0.8359 0.125 0.3613 .0625 0
PF 4570 150 128 95 64 69.5031
PFC 16 19.4004 8 9.8218 4 4.9831 2 3.5241
PFC S 2.0968 .25 1.1474 .125 0.4842 .0625 "]
$SHYD

SRATING

RC 6 20000. 10000 [o] 711.5 715 719
RC 723.6

* AB RUN 1 STABILIZE THE MODEL FOR A WATER DISCHARGE =

Q 90000

T S0

W 1

* B RUN 2

Q 90000

W 1

* B RUN 3

Q 90000

W 1

2-YR FLOOD PEAK

709.1

707
703.9
743.1

710.9
711.3
705.3

704
704.2

707
704.7

735
708.2
717

178
390
570
653

137
340
513

710
910

710
910

1040
1230
1450

DATASET # 1
DATASET # 1

WES

32 22.6062

1 2.6189

32 21.6422

1 1.211

32 30.7065

1 2.2003

32 34.2786

1 3.1602
720.6 722.3
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B

RUN 4

90000

B

RUN S

90000

B

RUN 6

90000
1

B

RUN 7

90000

B

RUN 8

90000

B

RUN 9

90000
1

B

RUN 10

90000
1

$END

IO +ZO0 *[O +RO0 *FTO FZO + O +
[

Cross

Section

0
590
2280
2870
4570

Table 4 Calculated Flow Distribution, Task 2

FLOW DISTRIBUTION
FLOW DISTRIBUTION
FLOW DISTRIBUTION
FLOW DISTRIBUTION
FLOW DISTRIBUTION

(%)
(%)
(%)
(%)
(%)

Left Main Right
Overbank Channel Overbank
0.000 100.000 0.000
0.000 100.000 0.000
0.000

0.000 100.000 0.000
0.000

3.4 Calculated Hydraulic and Sedimentation Values.

3.4.1 End of 10 days. Fill in the calculated values in the space provided in table 5. These

results are available for comparison with any measured data.

Table 5.

SECTION BED CHANGE WS ELEV

NUMBER

4570

2870

2280

590

0

ft

THALWEG Q
ft ft

722.30

Results from Sediment Calculations, TIME = 10 days

SEDIMENT LOAD IN TONS/DAY

cfs
90000.
90000.
90000.
90000.

90000.

SAND
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3.4.2 Test for Equilibrium, Task 3. Ten days may not be long enough to develop the
equilibrium case. Use XS5 records and extend the hydrograph period to 50, 100, 200 and 300
days. How many days passed before the sediment transport rate at all cross sections became
constant and equal to the inflow.

4. SENSITIVITY TESTS.

4.1 Check Sensitivity to Hydraulic Roughness, Task 4. Test sediment calculations to
stream bed roughness using the Limerinos Method for calculating bed surface n-values. That
option is selected by placing a $KL- Record after the SHYD. Modify your data file and
execute the program producing C-Level print out in the Sediment Module for events 1 and
10. Using that C- Level print out, plus data from Table 3, fill in the following table. Did
model performance improve when the n-value was calculated by Limerinos Method?

Table 6. n-Value Test

n-values used in HEC-2 Channel n-values,
X-Section LOB ROB CH Limerinos Method
Event #1 Event #10

0
590
2280
2820
4570

4.2 Sensitivity to Tailwater Boundary Condition, Task 5. Increase the tailwater +2.0
feet using a Shift Record (S-Record). The Hydrologic Data sequence is

SHNWO *
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Did the model behave as expected?

5. OTHER WATER DISCHARGES. Assuming the model is now calibrated for 90,000,
is it also calibrated for all flows?
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VERIFICATION OF HEC-6
SOLUTIONS

Note: This workshop was originally developed by W. A. Thomas, Mobile Boundary
Hydraulics, Vicksburg, MS

References:

[1] HEC-6 User Manual
[2] Guidelines for the Calibration and Application of Computer Program HEC-6, The
Hydrologic Engineering Center, US Army Corps of Engineers, Davis, CA.

Objective: The student demonstrates skill in interpreting HEC-6 print out and adjusting input
to reproduce field observations.

Solution output files are: ~ H6WRK31S.DAT, H6WRK32S.DAT, H6WRK33S.DAT,
H6WRK34S.DAT, H6WRK35S.DAT

1. PROBLEM.

A HEC-2 data set is being converted for HEC-6 computation. Sediment and hydrology data
have already been added, and a trial execution has been made. The HEC6 model is now ready

for verification.

2. END PRODUCT

The end product of this workshop will be an HEC-6 model that is verified for one water
discharge.

3. MODEL VERIFICATION.

3.1 Diagnosis. The following diagnosis is made using printout from the trial #1 Run. The last
event in that printout is shown on the next page.

3.1.1 End of Run Results. The first tables to scan to find out how well the sediment
calculations represent the prototype are the SA- and SB-tables in the HEC=6 print out. These
2 tables will be printed for each hydrologic event which has a B in column 6 . The final event
in this verification run is reproduced below. Notice the rather large trap efficiency, 9%, in the
SA-1 table on the next page. This model is of a river which is in equilibrium. What should the

trap effeciency be? It should be 0 %.
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In this case, 9% trap efficiency is too large; there is a problem with the model which must be
resolved before proceeding.

3.1.2 Most Active Cross Section. First, scan every SB-2 table in the printout for the cross
section having the largest BED CHANGE value. This cross section is referred to as "the most
active section."”

TIME STEP # 10
* B RUN 10

Workshop Problem VII. VERIFICATION OF HEC6 MODEL
ACCUMULATED TIME (yrs).... 0.027
FLOW DURATION (days)...... 1.000

UPSTREAM BOUNDARY CONDITIONS

Stream Segment # 1 | DISCHARGE | SEDIMENT LOAD TEMPERATURE
Section No. 4570.000 (cfs) {tons/day) (deg F)
INFLOW i $0000.00 = 21942.14 i 50.00

TABLE SA-1. TRAP EFFICIENCY ON STREAM SEGMENT # 1
Workshop Problem VII. VERIFICATION OF HEC6 MODEL
ACCUMULATED AC-FT ENTERING AND LEAVING THIS STREAM SEGMENT

Fdkdhwdkhrkderb bbbk bbb r bbb bbb bbb dridr

TIME ENTRY * SAND *
DAYS POINT * INFLOW OUTFLOW TRAP EFF *
10.00 4570.000 * 108.33 *
TOTAL= 0.000 ~« 108.33 98.96 0.09 *

Fhhkkwhhh b hhh kbbb bbb rdbrbrrbrobddrr

TABLE SB-1: SEDIMENT LOAD PASSING THE BOUNDARIES OF STREAM SEGMENT # 1

SEDIMENT INFLOW at the Upstream Boundary:

GRAIN SIZE LOAD (tons/day) | GRAIN SIZE LOAD (tons/day)
VERY FINE SAND.... 1797.84 FINE GRAVEL....... 1693.78
FINE SAND......... 1973.84 MEDIUM GRAVEL..... 2619.76
MEDIUM SAND....... 2986.06 COARSE GRAVEL..... 3081.76
COARSE SAND....... 2102.98 VERY COARSE GRAVEL 4180.00
VERY COARSE SAND.. 594.66 SMALL COBBLES..... 0.22
VERY FINE GRAVEL.. 911.24 LARGE COBBLES..... 0.00

TOTAL = 21942.14
SEDIMENT OUTFLOW from the Downstream Boundary

GRAIN SIZE LOAD (tons/day) | GRAIN SIZE LOAD (tons/day)
VERY FINE SAND.... 1885.65 FINE GRAVEL....... 1172.45
FINE SAND......... 2088.63 MEDIUM GRAVEL..... 1790.50
MEDIUM SAND....... 3093.14 COARSE GRAVEL..... 2143.77
COARSE SAND....... 2214.00 VERY COARSE GRAVEL 2962.60
VERY COARSE SAND.. 515.22 SMALL COBBLES..... 0.00
VERY FINE GRAVEL.. 654.71 | LARGE COBBLES..... 0.00

TOTAL = 18520.66
TABLE SB-2: STATUS OF THE BED PROFILE AT TIME = 10.000 DAYS

SECTION BED CHANGE WS ELEV  THALWEG Q TRANSPORT RATE (tons/day)

NUMBER (£t) (ft) (££) (cfs) SAND

4570.000 2.09 729.14 709.99 90000. 13718.

2870.000 -1.63 726.07 701.57 90000. 17698.

2280.000 0.54 725.55 703.24 90000. 17370.

590.000 -0.92 723.04 704 .38 90000. 18184.

0.000 0.07 722.30 702.07 90000. 18521.
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Which is the most active cross section? 4570

3.1.3 Numerical Stability Test. The next step is to determine whether or not the most active
cross section is numerically stable by plotting a bed change hydrograph, i.e. BED CHANGE
vs TRME.

(HINT: There is no single table showing such a hydrograph. It has to be compiled by scanning
the printout with an editor. In this case, scan the printout for cross section 4570, view every
SB-2 table, and write the BED CHANGE value and its TIME in the spaces provided in Table
1 below. There are 10 events in the hydrograph, and each event flowed for 1 day. All 10
events are for the same water discharge - 90000 cfs and have SA & SB- tables. The BED
CHANGE values are accumulative. All other values in table SB-2 are instantaneous. Plot the
BED CHANGE values which you have just recorded in Table 1 on the graph below the table.)

Is the model numerically stable? YES

Table 1. Scan all SB-2 Tables Using Editor

SECTION BED CHANGE WS ELEV THALWEG Q TRANSPORT RATE (tons/day) TIME
NUMBER (ft) (ft) (ft) (cfs) SAND DAYS
4570.000 0.22(1) 729.83 708.12 90000. 11740. 1
4570.000 0.46 729.77 708.36 90000. 11210. 2
4570.000 0.69 729.64 708.59 90000. 11288, 3
4570.000 0.91 729.55 708.81 90000. 11637. 4
4570.000 1.13 729.41 709.03 90000. 12083. S
4570.000 1.33 729.34 709.23 90000. 12448. 6
4570.000 1.53 729.27 709.43 50000. 12785. 7
4570.000 1.72 729.23 709.62 90000. 13060. 8
4570.000 1.91 729.18 709.81 90000. 13391. 9
4570.000 2.09(10) 729.14 709.89 90000. . 13718. 10

Notes:

(1)  This is the bed change at the end of day 1
(10)  This is the accumulated bed change at the end of day 10

2)----- $o=m-- O $o---- +--=-- +~---- $----- +----- +----- R |
*
N |
E | ! | | l l * | |
D | | | | ? | * l | l |
{ I | | | * I l | l I
cC1l)----- - et s N +o=--- R +----- $e---- !
*
H | | ! | ! I ; II Il Il
A | l * l l |
N I * | l 3 | ! l i |
G | * | | l l | | | l |
E O*----- et +---=-- +----- $o---- +----- $mm——- e F----- $omm-= |
0 1 2 3 4 5 6 7 8 9 10

TIME IN DAYS
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3.1.4 Hydraulic Calculations. The next step is to check hydraulic computations for flow
distribution. The following values were collected by scanning the HEC-6 print out for the
string /FLOW DISTR/. Notice the hydraulic computations proceed from DOWNSTREAM
TO UPSTREAM in direction whereas the sediment results in Table SB-2 are from
UPSTREAM TO DOWNSTREAM in direction. (I added the Cross Section Column for
reference.)

Table 2. Calculated Flow Distribution, Initial Trial

Cross Left Main Right
Section Overbank Channel Overbank
0 FLOW DISTRIBUTION (%) = 0.000 100.000 0.000
590 FLOW DISTRIBUTION (%) = 0.000 100.000 0.000
2280 FLOW DISTRIBUTION (%) = 12.171 87.829 0.000
2870 FLOW DISTRIBUTION (%) = 0.000 100.000 0.000
4570 FLOW DISTRIBUTION (%) = 30.719 69.281 0.000

3.2 Potential Problems. There is a flow distribution problem at sections 2280 and 4570.
For example, only 69.3% of the water is conveyed within the channel portion of cross
section 4570, and 90,000 cfs is suppose to be the bank full flow. List some possible causes
of such a problem.

3.3 Task 2. In this case the problem is a HEC-2 data set which had no X3-records. Insert
X3-Records into the data set given to you. Use Method 1 option for defining ineffective
flow area(X3-1, p A-10). A listing of the data set is shown in Table 3. Execute and
tabulate the new flow distributions in Table 4.

Table 3. The HEC-6 Input Data File.

Tl Workshop Problem III. VERIFICATION OF HEC6 MODEL

T2 WORKSHOP PROBLEM TO DEMONSTRATE HEC-6 MODEL VERIFICATION
T3 Sediment Transport in Rivers and Reservoirs

NC .080 .080 .03 .3 .5

X1 0 20 653
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0 710 68 710 120 710.2 150
GR 711.6 214 711.9 264 710.5 320 709 360
GR 706 415 703.3 450 703.1 492 702 530
GR 703.1 610 705 635 711 647 715 649
19 696 590 590 590
0 711.5 62 710.3 78 711.7 102
173 712.5 208 714.6 270 713.3 320
402 707.3 458 706.3 475 706 493
558 707.8 611 709 625 743.1 696
13 620 1122 1690 1690 1650
.1 ] 717 53 717 550 730 620
GR 703.5 740 703.9 780 702.7 840 702.8 878
GR 705.8 990 717.4 1046 743.1 1122
H
X1 2870 13 570 1182 590 590 590
X3 10
GR 743.1 o] 743 S3 743 500 740 570
GR 704.0 740 704 .4 780 703.2 840 703.3 878
GR 708.8 290 717.4 1046 743.1 1182
17 1040 1593 1700 1700 1700
0 717 52 717 964 715 1008
GR 710 1074 708 1080 708.1 1140 707.9 1190
GR 710 1304 711.7 1324 713.5 1360 715 1395
GR 717 1540 743.3 1593
H
EJ
T4 Workshop Problem III. Sediment Data
TS A. Inflowing Load is Calculated from the Bed Gradation:
Té6 B. Bed Gradations from Field Samples of Top 1-ft.
T7 C. Transport Method is Laursen {(Madden-1985)
T8 D. Sediment Model # 1 Dated 1 June 1988, WA Thomas,
I1 20
I4 13 1 12
LQ Q 1000 10000 90000
LT QS 200 1200 22000
LF VFS 0.49999 0.50000 0.08172
LF FS 0.17065 0.03577 0.08972
LF MX 0.21649 0.04672 0.13573
LF CS 0.05499 0.07747 0.09559
LF VCS 0.00624 0.04373 0.02703
LF VFG 0.00147 0.00665 0.04142
LF FG 0.00460 0.02099 0.07699
LF MG 0.02008 0.06456 0.11908
LF CG 0.02548 0.10284 0.14008
LF VC 0.00000 0.10126 0.19000
LF SC 0 0 0.00001
LF LC 0 v} 0
PF ] 150 128 95 64 53.3017
PFC 16 11.9206 8 5.7197 4 3.1665 2 2.6834
PFC 5 2.2526 .25 1.0636 .125 0.4569 .0625 0
PF 590 150 128 94 64 56.4491
PFC 16 9.5599 8 3.6605 4 1.6432 2 1.2737
PFC S 1.0523 .25 0.4937 .125 0.2132 .0625 0
PF 2280 150 128 96 64 66.9754
PFC 16 16.0606 8 7.4191 4 3.5252 2 2.4365
PFC .5 1.8181 .25 0.8359 0.125 0.3613 .0625 [¢]
PF 4570 150 128 95 64 69.5031
PFC 16 19.4004 8 9.8218 4 4.9831 2 3.5241
PFC 5 2.0968 25 1.1474 .125 0.4842 .0625 0
$HYD
SRATING
RC 6 20000. 10000 0 711.5 715 719
RC 723.6
* AB RUN 1 STABILIZE THE MODEL FOR A WATER DISCHARGE =
Q 90000
T S0
W 1
* B RUN 2
Q 90000

2-YR FLOOD PEAK

709.1

707
703.9
743.1

710.9
711.3
705.3

704
704.2

707
704.7

735
708.2
717

178
3380
570
653

137
340
513

710
910

710
910

1040
1230
1450

DATASET # 1
DATASET # 1

WES

32 22.6062
1 2.6189

32 21.6422

1

1.211

32 30.7065

1

2.2003

32 34.2786

1

720.6

3.1602

722.3
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B RUN 3
90000

B RUN 4
90000

B RUN 5
90000

B RUN 6
90000

B RUN 7
90000
1

O+ DO +RO0 +ZO0 + 20 =

B RUN 8
90000

B RUN 9
90000
1

B RUN 10
90000
1

WEO + 0 +» RO *

$SEND

Table 4 Calculated Flow Distribution, Task 2

Cross Left Main Right
Section Overbank Channel Overbank
0 FLOW DISTRIBUTION (%) = 0.000 100.000 0.000
5590 FLOW DISTRIBUTION (%) = 0.000 100.000 0.000
2280 FLOW DISTRIBUTION (%) =
2870 FLOW DISTRIBUTION (%) = 0.000 100.000 0.000
4570 FLOW DISTRIBUTION (%) =

3.4 Calculated Hydraulic and Sedimentation Values.

3.4.1 End of 10 days. Fill in the calculated values in the space provided in table 5. These
results are available for comparison with any measured data.

Table 5. Results from Sediment Calculations, TIME = 10 days

SECTION BED CHANGE WS ELEV THALWEG Q SEDIMENT LOAD IN TONS/DAY
NUMBER ft ft ft cfs SAND
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3.4.2 Test for Equilibrium, Task 3. Ten days may not be long enough to develop the

equilibrium case. Use X35 records and extend the hydrograph period to 50, 100, 200 and 300
days. How many days passed before the sediment transport rate at all cross sections became
constant and equal to the inflow.

4. SENSITIVITY TESTS.

4.1 Check Sensitivity to Hydraulic Roughness, Task 4 . Test sediment calculations to
stream bed roughness using the Limerinos Method for calculating bed surface n-values. That
option is selected by placing a $KL- Record after the $HYD. Modify your data file and
execute the program producing C-Level print out in the Sediment Module for events 1 and
10. Using that C- Level print out, plus data from Table 3, fill in the following table. Did
model performance improve when the n-value was calculated by Limerinos Method?

Table 6. n-Value Test

n-values used in HEC-2 Channel n-values,
X-Section LOB ROB CH Limerinos Method
Event #1 Event #10

4.2 Sensitivity to Tailwater Boundary Condition, Task 5. Increase the tailwater +2.0
feet using a Shift Record (S-Record). Did model behave as expected?
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5. OTHER WATER DISCHARGES. If the model is calibrated for 90,000, is it now
ready for all flows?
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USE OF FEATURES OF HEC-6

Note: This workshop was originally developed by W. A. Thomas, Mobile Boundary
Hydraulics, Vicksburg, MS

Reference:
[1] HEC-6 User Manual
Objective: The student demonstrates skill in combining existing main stem and tributary

data sets into a stream network model for HEC-6.

Input file is HOWRKSH4.DAT

1. END PRODUCT

The end product is an example execution.

2. PROBLEM

One Main stem and one tributary data set have been formed and debugged for HEC-6. A
schematic of the system is shown in figure 1. The main stem data set starts at River Mile
100.67 and goes to 101.16. The tributary data set starts at the confluence with the main
stem and contains cross sections at River Mile 0.67, 0.78, 0.92 and 1.16. Combine these

into a stream network model and provide the special output according to instructions in
paragraph 3, Procedure.

- 101.16
- 100.92

- 100.78

- 100.67

Figure 1. Schematic of the Stream Network
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3. PROCEDURE

3.1 Summary of Tasks. Locate the basic, HEC-6, data file provided for this workshop,
H6WRKSH4.DAT. A copy is shown below.

3.2 HEC-6 Input Data File.

Tl Workshop Problem IV. USE OF FEATURES OF HEC-6, Main Stem Branch

T2 STREAM NETWORK EXAMPLE PROBLEM

T3 Sediment Transport in Rivers and Reservoirs

NC .080 .080 .03 .3 .S

X1100.67 20 653

X3 10

GR 743.1 0 710 68 710 120 710.2 150 709.1 178
GR 711.6 214 711.9 264 710.5 320 709 360 707 390
GR 706 415 703.3 450 703.1 492 702 530 703.9 570
GR 703.1 610 705 635 711 647 715 649 743.1 653
H 100.67 697.0 64 648

X1100.78 19 696 590 590 530

X3 10

GR 743.1 0 711.5 62 710.3 78 711.7 102 710.9 137
GR 711 173 712.5 208 714.6 270 713.3 320 711.3 348
GR 708.8 402 707.3 458 706.3 475 706 493 705.3 513
GR 706 558 707.8 611 709 625 743.1 696

H 100.78 700.3 S6 638

X1100.92 13 1122 690 690 690

X3 10

GR 743.1 [¢] 717 53 717 550 715 573 715 630
GR 707.5 740 707.9 780 706.7 840 706.8 878 708.2 910
GR 708.8 930 707.4 1046 743.1 1122

H 100.92 701.7 40 1066

X1101.16 17 1593 1290 1290 1290

X3 10

GR 743.3 0 717 52 717 964 715 1008 710 1040
GR 710 1074 708 1080 708.1 1140 707.9 1190 708.2 1230
GR 710 1304 711 1310 713.5 1360 715 1395 717 1450
GR 717 1540 743.3 1593

H 101.16 702.9 40 1542

EJ

T4 Workshop Problem IV. MAIN STEM SEDIMENT DATA.

T5 A. Inflowing Load is Calculated from the Bed Gradation: DATASET # 1
Té B. Bed Gradations from Field Samples of Top 1-ft. DATASET # 1
T7 C. Transport Method is Laursen (Madden-1985)

T8 D. Sediment Model # 1 Dated 1 June 1988, WA Thomas, WES

I1 20

I4 13

LQ CFS 1000 10000 100000 200000

LT T/D 2.9 100 25000 185227

LF VFS .0917 .0917 .0917 .0917

LF FS L1016 .1016 .1016 .1016

LF MS .1515 .1515 .1515 .1515

LF CS .1428 .1428 .1428 .1428

LF VCS .1462 .1462 .1462 .1462

LF VFG L1717 L1717 L1717 L1717

LF FG .1383 .1383 .1383 .1383

LF MG .0386 .0386 .0386 .0386

LF CG .0173 .0173 .0173 .0173

LF VCG .0004 .0004 .0004 .0004

PF AVG 100.67 150 95 128 61 64 27 32
PFC 14 16 6.65 8 3.32 4 2.48 2 2.30 1
PFC 1.75 0.5 0.89 0.25 0.38 0.125

SHYD

SRATING

RC 6 20000. 10000 0 711.5 715 719 720.6 722.3
RC 723.6

* AB RUN 1.

Q 100000

T 50

W .5
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20

Workshop Problem IV. TRIBUTARY GEOMETRY
STREAM NETWORK EXAMPLE PROBLEM

Sediment Transport in Rivers and Reservoirs

Workshop Problem IV.

B. Bed Gradations from Field Samples of Top 1-ft.
C. Transport Method is Laursen (Madden-1985)
D. Dated 1 June 1988,

.03

710
711.9
703.3

705

64

711.
712.
707.
707.
56
710

o wuwun

717
707.9
707.4

40
1040

717
708
711.7
743.3
40

.3
653

68
264
450
635
648
696

62
208
458
611
638

1122

53
780
1046
1066
1593

s2
1080
1324
1593
1542

Sediment Model # 1

* B RUN 2

Q 100000

W .5

* B RUN 3

Q 100000

W .5

* B RUN 4

Q 100000

W .5

* B RUN S

Q 100000

W .5

* B RUN 20

Q 100000

X 20 .5
* B RUN 40

Q 100000

X .5
$JOB

T1

T2

T3

NC .080 .080
X1 0.67 20
X3 10

GR 743.1 0
GR 711.6 214
GR 706 415
GR 703.1 610
H 0.67 697.0
X1 .78 19
X3 10

GR 743.1 0
GR 711 173
GR 708.8 402
GR 706 558
H 0.78 700.3
X1 .92 13
X3 10

GR 743.1 0
GR 707.5 740
GR 708.8 990
H 0.92 701.7
X1 1.16 17
X3 10

GR 743.3 0
GR 710 1074
GR 710 1304
GR 717 1540
H 1.16 702.9
EJ

T4

TS

T6

T7

T8

I1 20
I4 13
IQ Q 1000
LT QS 200
LF VFS .0017
LF FS .1516
LF MS .1515
LF Cs .0828
LF VCS .1862
LF VFG .1617
LF FG .1483
LF MG .1086
LF CG .0073
LF VC .0004
PF AVG 0.67
PFC 14 16
PFC 1.75 0.5
$HYD

* AB RUN 1.

Q 80000

10000

1200
.0017
.1516
.1515
.0828
.1862
.1617
.1483
.1086
.0073
.0004

6.65
0.89

90000
25000
.0017
.1516
L1515
.0828
.1862
.1617
.1483
.1086
.0073
.0004
150

8
0.25

.5

710
710.5
703.1

711

590

710.3
714.6
706.3

709

1690

717
706.7
743.1

2290

717
708.1
713.5

95
3.32
0.38

120
320
492
647
705
590

78
270
475
625
705

1650

550
840
1122
705
2290

964
1140
1360

705

128
4
0.125

710.2
709
702
715
320
590

711.7
713.3
706
743 .1
208
1690

715
706.8

740
2290

715
707.9
715

1074

TRIBUTARY SEDIMENT DATA
A. Inflowing Load is Calculated from the Bed Gradation:

61
2.48

150
360
530
649
570

102
320
493
696
258

673
878
990
1008
1190
1395

1324

WA Thomas,

64

709.1 178
707 390
703.9 570
743.1 653
2.0
710.9 137
711.3 340
705.3 513
2.0
735 710
©708.2 910
2.0
735 1040
708.2 1230
717 1450
2.0
DATASET # 1
DATASET # 1
WES
27 32
2.30 1
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A. Geometric Data Set: Cut and paste the HEC-6 file to form the geometric model for a
stream network model.

B. Sediment Data Set: Cut and paste the HEC-6 file to form the sediment data set for the
stream network model.

C. Hydrologic Data Set: Form the hydrologic data set to run the 5 events shown below.
Each has a duration of 1 day. Request an A-level print out from hydraulics for the first
event. Request a B-level print out from sediment for first 4 events, and request a C-level
print out from sediment for the 5’th event. '

Event Discharge CFS, Water Starting Water
No at the D/S Boundary Temperature Surface Elevation
Degrees F
Main Tributary Main Tributary
Stem Stem

1 100,000 90,000 50 50 (Main Stem Rating
2 100,000 90,000 50 50 Curve- provided)
3 100,000 90,000 50 50 "

4 100,000 10,000 50 50 "

S 100,000 10,000 S0 50 "

- Add the necessary data records to calculate dredging after the 5°th event in the
Hydrologic Data Set. The dredging template is already coded in the geometric data
(H-Cards).

- Add the data cards necessary for restricting the detailed print out, requested for event
#5, to X-Section #2 on the tributary(See $PRT-CP-PN-END coding instructions).

- Execute the job, highlight the requested output in the printed results from the run,
and be prepared to discuss the results in the review.
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USE OF FEATURES OF HEC-6
Solution

Note: This workshop was originally developed by W. A. Thomas, Mobile Boundary
Hydraulics, Vicksburg, MS

1. Conipleted Input Data File.

Workshop Problem IV,

USE OF FEATURES OF HEC-6, Main

STREAM NETWORK EXAMPLE PROBLEM

Sediment Transport in Rivers and Reservoirs

.080
20

0

214
41s
610
€97.0
19

0

173
402
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Workshop Problem IV. TRIBUTARY GEOMETRY
STREAM NETWORK PROBLEM

T1

T2

T3

NC .080
X1100.67
X3 10
GR 743.1
GR 711.6
GR 706
GR 703.1
H 100.67
X1100.78
X3 10
GR 743.1
GR 711
GR 708.8
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H 100.78
QT 2
X1100.92
X3 10
GR 743.1
GR 707.5
GR 708.8
H 100.92
X11l01l.16
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GR 743.3
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GR 710
GR 717
H 101.16
EJ
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T1

T2

T3

NC .080
X1 0.67
X3 10
GR 743.1
GR 711.6
GR 706
GR 703.1
H 0.67
X1 .78
X3 10
GR 743.1
GR 711
GR 708.8
GR 706
H 0.78
X1 .92
X3 10
GR 743.1
GR 707.5
GR 708.8
H 0.92
X1 1.16
X3 10
GR 743.3

Sediment Transport in Rivers and Reservoirs
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GR 710 1074 708 1080 708.1 1140 707.5 1150
GR 710 1304 711.7 1324 713.5 1360 715 1395
GR 717 1540 743.3 1593

H 1.16 702.9 40 1542 708 1074 1324
EJ

T4 Workshop Problem IV. MAIN STEM SESDIMENT DATA.

TS A. Inflowing Load is Calculated from the Bed Gradation:
T6 B. Bed Gradations from Field Samples of Top 1-ft.

T7 C. Transport Method is Laursen (Madden-1985)

T8 D. Sediment Model # 1 Dated 1 June 1988, WA Thomas,
Il 20

I4 13

LQ CFS 1000 10000 100000 200000

LT T/D 2.9 100 25000 185227

LF VFS .0917 .0917 .0917 .0917

LF FS L1016 .1016 .1016 .101s6

LF MS .1515 .1515 .151s .1515

LF CS .1428 .1428 .1428 .1428

LF VCS .1462 .1462 .1462 .1462

LF VFG L1717 L1717 L1717 21717

LF FG .1383 .1383 .1383 .1383

LF MG .0386 .0386 .0386 .0386

LF CG .0173 .0173 .0173 .0173

LF VCG .0004 .0004 .0004 .0004

PF AVG 100.67 150 95 128 61 64
PFC 14 i¢6 6.65 8 3.32 4 2.48 2
PFC 1.75 0.5 0.89 0.25 0.38 0.125

STRIB

T4 Workshop Problem IV. TRIBUTARY SEDIMENT DATA

TS A. Inflowing Load is Calculated from the Bed Gradation:
T8 B. Bed Gradations from Field Samples of Top 1-ft.

T7 C. Transport Methed is Laursen (Madden-1985)

T8 ., D. Sediment Model # 1 Dated 1 June 1888, WA Thomas,
I1 20

I4 13

Lo Q 1000 10000 90000

LT QS 200 1200 25000

LF VFS .0017 0017 .0017

LF FS L1516 .1516 .1516

LF MS 1515 .1515 .1515

LF CS .0828 .0828 .0828

LF VCS .1862 .1862 .1862

LF VFG L1617 L1617 .1617

LF FG .1483 .1483 .1483

LF MG .1086 .1086 .1086

LF CG .0073 .0073 .0073

LF VC .0004 .0004 .0004

PF AVG 0.67 150 $5 128 61 64
PFC 14 16 6.65 8 3.32 4 2.48 2
PFC 1.75 0.5 0.89 0.25 0.38 0.125

SHYD

$RATING

RC 6 20000. 10000 [+} 711.5 715 719
RC 723.6

* AB RUN 1.

Q 100000 50000

T 50 50

W 1

w B RUN 2

Q 100000 50000

W 1

- B RUN 3

Q 100000 50000

w 1

i B RUN 4

Q 100000 10000

W 1

$PR

cp 2

PS 0.78

END

* C RUN 5

Q 100000 10000

W 1

$SDREDGE

$NO DREDGE

$$END

708.2 12
717 14

DATASET $# 1
DATASET # 1

WES

27
2.30

DATASET # 1
DATASET # 1

WES

27
2.30

720.6 722

30
S0

.3
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Chapter 3

Methods for Estimating Sediment Yield

3.1 Background

In the United States, soil erosion and soil losses from watersheds were first
investigated intensively in association with agriculture. Tillage was found to dramatically
increase erosion rates and thus loss of valuable agricultural soils. Early estimates were
based on observations that various cultural and land use practices differed in their ability to
control soil erosion. These initial estimating procedures involved single factor equations to
represent local conditions where other contributing factors were nearly constant. Multiple
factor relationships were developed as more data became available and researchers were
able to describe multiple contributing factors. A variety of field-plot erosion studies were
carried out beginning in 1917 (Smith, 1966), to attempt to quantify erosion rates based on
precipitation, crop patterns, soils, and slope characteristics. Zingg (1940) related soil loss to
slope steepness and length. Soil erodibility and land management practices were later
incorporated into quantitative techniques (Smith, 1941, Smith and Whitt, 1947, and Van
Doren and Bartelli, 1956). Musgrave (1947) added a rainfall parameter to develop an
empirical relation using factors for erodibility and vegetative cover, the land slope and slope

length, and the 30-minute, 2-year frequency rainfall amount.

The Universal Soil Loss Equation (Wischmeier and Smith, 1960) was developed to
overcome deficiencies in Musgrave's equation in predicting erosion rates by storm, season,
or crop year based on average annual rainfall patterns. The USLE became the basic
equation for estimating soil loss from sheet erosion, and data for estimating the various
factors were tabulated for a wide variety of field conditions and geographic locations.
Revisions of the USLE (MUSLE, RUSLE) have been developed to extend its applicability
(Williams, 1975 and Weltz et al., 1987). The general accuracy of the USLE equation for
estimating soil loss from field plots has been confirmed by a large number of data in various
environmental conditions (Vanoni, 1975), however, its applicability to complex watersheds

has been questioned (Haan et al., 1994).

Although sheet and rill erosion are primary sources of sediment in most watersheds,
other sources as described in Chapter 2 may be significant. In addition, transport of eroded
sediments downstream to a specified point is influenced by a complex set of interacting
geomorphic processes including erosion, entrainment, transportation, deposition and

compaction.

Researchers have focused on development of physically-based relations to replace
the empirical form of the USLE for computation of sheet and rill erosion. However, the
application of physically-based models to complex watersheds is not a common practice.
Physically-based models typically contain equations with constants and exponents which
must be determined for each watershed or basin and location-specific hydrologic conditions,
and the data requirements are often overwhelming. A variety of empirical and semi-
empirical models have also been developed and utilized. Refer to Appendix A *Progress
Report on Land Surface Erosion," for a summary of several of the more common models.
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Attempts are currently underway by researchers to combine soil loss and hydrologic models
so that sediment movement within and from watersheds can be estimated. However, no
single numerical modeling technique has emerged as a suitable technology for use in
estimating sediment yield for the purposes of river or reservoir sedimentation studies.

Many of the existing models were developed for application to agricultural lands and
have limited applicability in other types of watersheds. Furthermore, calibration data is often
unavailable, or available only for moderate hydrologic conditions. The applicability of these
models to extreme hydrologic events, typically required in many Corps of Engineers
analyses, would be extremely limited due to the lack of calibration data. Because erosion
and sediment transport processes are not fully described as yet, a process-based sediment
yield estimation procedure is not likely to be developed for some time.

3.2 Recommended Approach to Sediment Yield Estimation

In practice, sediment yield must often be estimated on an average annual or single
event basis for complex watersheds with limited available data. A general approach in use
by many investigators is to utilize a number of techniques to estimate yield, and then cross-
check results against one another and against engineering judgement. In the absence of a
verified, widely applicable specific technique, this approach is recommended.

Investigators should select techniques for estimation of sediment yield based on an
understanding of the dominant geomorphic and hydrologic processes occurring in a
watershed. Particular attention should be given to determining which sources of sediment
are likely to be predominant, and the ability of the drainage system to transport produced
sediment to the point at which yield must be estimated.

Selected techniques will vary depending on the purpose of the investigation and the
availability of measured data. For example, estimation of single event sediment loads in a
river channel for an extreme hydrologic event may differ significantly from average annual

estimates.

In general terms, total sediment yield can be estimated by summing potential sources
and then reducing the estimate to reflect the transport capability in the fluvial system. This
general approach is illustrated in Figure 3.1.

3.3 Estimating Sediment Sources

For each of the categories shown in Figure 3.1, several potential methods are
available for use in qualitative estimates. Multiple methods should be selected for
comparative purposes. Selection of methods should be based on their applicability to
particular type of problems, or geographic areas, and the investigators' familiarity with the
methods. Because all of the methods involve judgement in selection of parameters,
familiarity with application of a particular method is an impertant consideration.
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Figure 3.1 — Schematic Representation of Estimating Sediment Yield




Table 3.1 lists estimation techniques that may be considered for particular
applications. The table includes several empirical computation methods, two comparative
methods (aerial photography and topographic surveys), and three regional relationship
methods (Dendy and Bolton, 1976, Strand and Pemberton, 1982, and SCS Yield Rate Maps
and local or regional soil loss/yield rate estimates from soil and water conservation
agencies). Several of the methods are briefly described below.

Table 3.1
Sediment Source Estimation Techniques

Method Sheet Gully Channel Mass Average Single
and Rill Erosion Bed and Movement Annual Event
Erosion Bank Yield Yield
Erosion
USLE "
MUSLE
BUSCLE *
PSIAC .
Aendal Photograohy .

Topoaraphic Surveys

Thompscn or SCS
TR32

Dendy and Bolton

Strand and
Pemberion, USBR

SCS Yizld Rate Map

3.4 USLE Method

The Universal Soil Loss Equation (USLE) is perhaps the most widely used method for
estimating soil erosion. The equation was originally developed for application to agricultural
fields, but its use has been greatly extended in practice. The USLE was derived for
estimating average annual yield, and not single event volumes. In spite of its wide historical
application, investigators should be careful to recall that the equation was intended for
estimation of sheet and rill erosion, on relatively small agricultural plots. [ts accuracy for
application to complex watersheds, especially for forest and rangeland, depends on the
experience of the user. However, the method has the advantage that large amounts of data
are available for parameter estimation based on practice. (See Kirkby and Morgan, 1980,
Haan et al., 1994 and Bartield et al., 1981.) The equation has the form

A=R*K*LS*C"*P (3.1)

where:
A = average annual sheet and rill erosion (mass/area)

R = Rainfall erosion index (length*mass/area’intensity)
K = soil erodibility factor (mass/area/unit of R)
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LS = slope length and steepness factor (dimensionless)
C = vegetative cover factor (dimensionless)
P = erosion control practice factor (dimensionless)

The equation has traditionally been applied in English units, and the various factors
contain some embedded units based on experimental methodology. Therefore, application
of the equation in English units, and conversion of the results to metric units may be more
practical than conversion of all the factors to metric units. To calculate erosion, each of
these factors is assigned a numerical value. Mitchell and Bubenzer (in Chapter 2 of Kirkby
and Morgan, 1980) discuss the application of the USLE using metric units.

3.5 MUSLE Method

The Modified Universal Soil Loss Equation (MUSLE) was developed by Williams
(1975), and Williams and Berndt (1976) to predict erosion from a single storm event.
Williams modified 'R' in the USLE to be a storm runoff energy factor. The value of Williams'
modified R represents the product of runoff volume and peak discharge for an event, and is

given by:
R.=a+(V*Q)° : (3.2)

where: R, = Williams' modified R factor
V = the storm event runoff volume
Q = the storm event peak discharge
a and b = empirical constants

Williams and Berndt (1972) used data from experimental watersheds from 3 acres to
7 mi? in size to estimate a = 95 and b = 0.56 (for V and Q in English units). These values are
widely used. Typical accuracy of the MUSLE is shown in Figure 3.2 from Williams (1975).
The spread in the data is typical of most predictive procedures and can be even larger
depending on basin complexity and significance of episodic processes. Williams' MUSLE
Method is simple to use; however, like the other methods described here, it does not predict
a time distribution (sedigraph) or a size distribution of sediment. Mass wasting, gullying,
floodplain erosion and channel erosion processes are also not considered.

3.6 RUSLE Method

The Revised Universal Soil Loss Equation (RUSLE) was developed by Weltz et al.
(1987) to extend and update the USLE for non-agricultural applications, and to incorporate
data collected in a variety of geographic areas since the development of the USLE.

Various improvements are incorporated into the calculation of the equation factors,
but the form of the equation remains that of the USLE. Revisions include new methods for
estimating R in the western United States, adjustments for splash erosion on flat slopes,
development of a seasonally variable Kterm, a subfactor method for calculating C, new LS
calculation methods based on rill/interrill erosion ratio, and new methods for calculating A.
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Figure 3.2 — Comparison of Observed and Predicted Sediment Yields for

Watersheds W—3 and W—-5 (From Willioms, 1975)
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Readers should refer to Chapter 8 in Haan et al. (1994) for further information on the
limitations and application of RUSLE.

3.7 PSIAC Method

The Pacific Southwest Interagency Committee Method (PSIAC, 1968) provides a
guide for estimating yields from a watershed rating procedure based on climatic and physical
characteristics. The method is intended primarily for planning purposes and results in a
range of expected annual sediment yield values. The procedure was developed for basins

in the western United States and is typically applicable for areas greater than 30 km?
(10 mi?); however, it has been successfully applied to smaller basins.

Nine factors are used to account for land use, channel erosion and transport, runoff,
geology, topography, upland erosion, soils, ground cover, and climate. The PSIAC
technigue has compared well with actual watershed data (Shown, 1970, and Renard, 1980).
Unlike the USLE and its variations, the PSIAC method estimates total annual sediment yield,
rather than sheet and rill erosion. The method can be used to estimate changes in sediment

yield due to land use changes.

3.8 Aerial Photography and Topographic Surveys

Comparison of sets of historical photos and surveys to present watershed conditions
can often provide a means to estimate special types of sediment production such as
gullying, channel bank erosion, and mass wasting. "It is important to separate and quantify
slow accretionary processes from more rapid and episodic avulsionary processes. Channel
cross sections are necessary to make accurate estimates of bed degradation or

aggradation.

Where historical aerials are not available, current aerial photography may still provide
valuable supportive information such as length of eroding banks, extent of gullying, or exient

and location of mass wasting processes.

Sequences of aerial photographs can be used to estimate channel bank or gully
erosion by measuring aerial differences between sets of photos and computing volume
based on average bank heights from field reconnaissance. Aerial photographs may also be
useful in estimating bank erosion losses for single hydrologic events or longer term erosion
and bank migration rates, if photos are available for periods before and after comparable
historical events. Examination of historical aerial photographs is recommended for all levels
of sedimentation investigations. Sediment production rates and volumes estimated from
examining historical photographs can be compared to values obtained from empirical
estimation formulas discussed above.

3.9 Gully Erosion Estimates

Estimates of gully erosion are best developed from field surveys, examination of
historical cross section data or the examination of detailed aerial photographs if they are
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available. If no data are available, gully erosion estimates can be made using an equation
developed by Thompson (1964) or the procedure outlined in Technical Release 32 (SCS,
1966). Both are empirical methods that estimate gully head advancement based on
drainage area and rainfall parameters. In both cases, the average depth and width of gullies
must be estimated to compute the volume for a single gully, and this value must be
multiplied by the number of gullies in the watershed to estimate total gully erosion.

These methods have obvious limitations in accuracy, but may be effectively used in
concert with aerial photography and field reconnaissance and geomorphic assessments.
Where gullying is a significant fraction of total sediment production, more detailed field
measurements may be necessary. Consultation with the local SCS is advised.

3.10 Regional Analysis

Regional sediment yield analyses have been conducted for some areas of the United
States. As shown in Figure 3.1, these methods are recommended as a check on other
computations rather than as primary computation methods. They are also useful in
providing quick preliminary estimates of yield. Discussions of several of the more widely
applied regional methods are presented in Chapter 3 and Appendix C of the EM 1110-2-

4000 (USACE, 1989).

Dendy and Bolton (1976) developed two regression equations relating unit sediment
yield to drainage area and mean annual runoff based on sedimentation data from about 800
reservoirs throughout the continental United States. Strand and Pemberton (1982)
developed a similar regional relationship for use in the semi-arid areas of the United States.
The Soil Conservation Service (SCS, 1974) has developed a map of generalized sediment
yield rates for the Western United States. Tatum (1963) proposed a method for computing
sediment yield and debris volumes from arid, brush-covered mountainous areas in Southern
California. Calculations are made from nomographs using an equation with adjustment
factors for size, shape and slope of the drainage area, 3-hour precipitation, the portion of the
area that may have burned and the years since the last burn and flood. Refer to Appendix C
of EM 1110-2-4000 (USACE, 1989). All of these regional relationships are useful in
providing general estimates for relatively large areas for the purpose of establishing a range
of reasonable values. However, they should be used with caution for specific sites,
especially where watershed conditions are unique or extreme.

3.11 Effects of Disturbance

Watershed sediment production, transport and yield are influenced by a complex set
of geomorphic processes that are spatially and temporally dynamic. As a completely
integrated system, the watershed sediment and water flow budgets represent a complex
balance of forces. Once disturbed, erosion forces can outweigh erosion resistant and
stabilizing forces resulting in dramatic increases in sediment production and yield. Typical
events and activities that most often lead to increases in sediment yield include logging,
mining, clearing and cultivation for agriculture, grazing, road construction, clearing and
grading associated with urbanization, brush and forest fires, and extreme drought followed

by extreme runoff events.
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The effects of urbanization can lead to a number of sediment problems. Urbanization
usually involves site preparation, grading, and excavation activities. Accelerated soil loss in
the project area with sediment deposition in downstream fiood control channels is common
during construction. Therefore, during the construction phase of urbanization projects, the
soil surface is typically exposed and disturbed leading to measurable increases in erosion
and sediment production. Once constructed, paved and landscaped, however, sediment
production from an urbanized area may drop below its original undisturbed amount,
especially in basins utilizing concrete-lined drainage channels and local storm water
detention ponds or debris basins.

3.12 Adjustment for Transport Capacity

Usually, a part of the soil eroded in a watershed is temporarily or permanently stored
so that sediment yield out of a catchment is less than the amount of sediment production.
The ratio of yield to gross production (erosion) is called the sediment delivery ratio (SDR).
SDR is a dimensionless number less than or equal to one. The gross erosion and sediment
delivery ratio method for estimating sediment yield is a two-step procedure. First the gross
erosion (sediment production) in a catchment of given area is computed. Gross erosion
includes interill, rill, gully and stream erosion. Then a sediment delivery ratio is estimated
from empirical curves available in the literature (Kirkby and Morgan, 1980, and Barfield et al,,
1981). Sediment yield from the catchment is obtained from the product of gross erosion and

SDR.

Typically, specific sediment yield is observed to decease with increasing area. There
are a few locations in the world, however, where yield is observed to increase with area.
This anomalous condition has been observed in the Middle Yellow River Basin in China
(Vanoni, 1975), where fine loessol soils are easily eroded and carried by runoff of even low
intensity. There is greater production in the lower watershed with little loss resuiting in an
increase in specific yield and delivery ratio with area. The same anomalous condition has
been reported for catchments in Canada and North America comprised of fine glacial
materials. Urbanized catchments that are highly channelized with very efficient concrete
lined drainage channels also tend to have higher sediment delivery ratios.

Sediment delivery ratio equations have been developed from studies of watersheds in
particular regions, but have limited applicability elsewhere. Reservoir sedimentation data
may be useful in estimating SDRs for watersheds with similar hydrologic and geomorphic
characteristics to the study watershed. Sediment delivery ratio adjustments must normally
be applied to methods where sheet and rill erosion are estimated using USLE or RUSLE.

Measured flow sediment data may be utilized to check the accuracy of sediment
yields computed, based on erosion sources (see Section 3.13). Even where data are
limited, an estimate of yield from flow and suspended sediment concentration data can
assist in establishing reasonable bounds. For single event analyses, computed results
should be checked against practical limits for maximum suspended sediment concentration.
Where a maximum expected suspended sediment concentration can be selected, maximum

yield can be calculated as:
Y ,max = Cmax V (3.3)

where:
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Y,max is the maximum sediment yield (mass),
Cmax is the maximum expected concentration (mass/volume)
and V is the volume of clear water runoff (volume)

3.13 Use of Measured Flow and Sediment Load Data

Rigorous determination of sediment yield requires that field data be utilized for
hydrologic, hydraulic, and sediment characteristics of the study area. The empirical methods
described above should only be relied upon to establish trends or make reasonable
estimates of expected ranges of yields. Unfortunately, detailed historical water and sediment
discharge data are seldom available, and collection of data is often beyond the budgetary
limitations of investigations. Limited data, in conjunction with empirical or regional analysis,
will significantly improve the accuracy of estimates. A good discussion of estimating
sediment yield based on field measurements, is provided in EM 1110-2-4000 (USACE,
1989). Direct measurements are divided into categories of in-stream sampling and reservoir
sedimentation investigations.

In-stream sampling is the most reliable approach for determining sediment yield,
provided sufficient data are available over a suitable time period and range of hydrologic
conditions. Where available, long-term sediment gage records provide a reliable means of
calculating yield. It is the measured suspended sediment load that is usually reported.
Therefore, an adjustment must be made to account for larger materials moving as bed load,
and sediment moving within about 0.2m of the bed. Field sampling methods are discussed
in Guy and Norman (1976), Vanoni (1975), and USGS (1978). The unmeasured portion of
the load is usually between 5 and 15 percent of the measured load, and can be estimated by
empirical techniques (Colby, 1957). Adjusted long-term sediment discharge records can be
used directly to estimate average annual yield and single event yield. However, adjustments
may be necessary to account for watershed changes and hydrologic variation.

One of the most common methods used to estimate average annual yield is the flow-
duration sediment-discharge rating curve method. The flow duration curve is integrated with
the sediment discharge rating curve at the basin outflow point. This procedure can be easily
utilized to predict changes in sediment yield due to changes in hydrologic regime via the flow
duration curve or due to changes in watershed sediment production via the sediment-
discharge rating curve. The sediment-discharge rating curve can also be modified to
account for only those particles within a specific size range (e.g., sand and gravel).
Unfortunately, the sediment-discharge rating curve is very difficult to develop without
extensive flow and measured sediment load data. Sediment-discharge rating curves are not
linear and often display looped curve characteristics making them very difficult to estimate
without measured data from the basin being studied. The general flow-duration sediment-
discharge curve procedure is illustrated in Figure 3.3. A detailed discussion of this
computational technique is provided in EM 1110-2-4000 (USACE, 1989). The manual also
provides a number of cautions regarding use of the method, and provides guidance on
appropriate methods for analysis of data.
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3.14 Reservoir Sedimentation Data

Several regional sediment yield equations are based on relationships derived from
reservoir sedimentation measurements (e.g., Tatum, 1963, Dendy and Bolton, 1976, and
Strand and Pemberton, 1982). In some cases, reservoir sedimentation data may be
available within the study watershed or in an adjacent watershed with similar characteristics.
Care should be taken to ensure that soils, topography, precipitation, land use, agricultural
development, and other basic characteristics are similar enough to warrant transfer of data
from one watershed or region to another.

For areas east of the Rocky Mountains, the USDA (1978) has a developed procedure
for transferring data. Specific sediment yield is adjusted for basin size according to the
following guidelines, where A, = area of the basin for which yield will be estimated and A, =

area of the basin for which measured data exists:

for0.5<A,/A,<2.0 direct transfer
forA,/A,<010rA,/A,>10.0 no transfer
for other ratios of A,/ A, Y, =Y, (A /A2 (3.4)

where: Y, = the total annual estimated yield in the unmeasured basin
and Y, =the total annual measured yield at the reservoir site.

These guidelines do not apply to mountainous areas or other watersheds which,
based on dominant geomorphic processes, would not be expected to exhibit a relatively
smooth relationship between specific sediment yield and drainage area. Examples of these
types of areas are sites where significant deposition may occur upstream of the estimate
point, or where channel bank erosion contributes significantly to sediment yield in the lower
portions of a watershed.

As with other methods, accuracy in transfer of reservoir data is limited by variability
between watersheds, but is often useful in establishing reasonable bounds for estimates.
Investigators should utilize all available data and compare results from as many different
estimating procedures as possible. Comparison of results from regional procedures, yield
maps, reservoir measurements and empirical formulas should establish reasonable bounds

for yield (MacArthur et al., 1990).

3.15 Transfer of In-Stream Data

In-stream sampling data from various points in a study watershed may be integrated
to give annual yield. This procedure will normally result in a relationship between annual
yield and drainage area which may be extrapolated to other points in the basin. In the case
where considerable scatter in the plotted yield vs. drainage area plots are evident,
investigators should look for geomorphic factors that could influence the data and attempt to
isolate those factors. These techniques, plus limited in-stream sampling at the estimate
point, may provide a reasonable basis for both annual yield and single event estimates.
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Transfer of in-stream data between watersheds can be attempted using a procedure
similar to that described in Section 3.14, but with low expected accuracy. Cautions relating
to watershed characteristics similar to those for transfer of reservoir sedimentation data
should be applied. Data should be transferred only for annual sediment yield and not for

single event measurements.

3.16 Temporal and Spatial Variability

Regardless of the analyses used or the watershed type, it is essential that temporal
and spatial variability of sediment yield be considered in making estimates. These
considerations should be based on watershed reconnaissance, and a basic understanding
of basin geomorphology. The following hypothetical examples illustrate the need for
thoughtful application of estimates based on variability.

1)

2)

3)

In-stream sampling in a mountain gorge is used to calculate average annual
and event-based sediment yields for a small stream. Just downstream of the
gorge, the stream becomes braided as the gradient decreases on an alluvial
fan. Sediment yield estimates based on upstream measurements, will likely
be significantly in error below the alluvial fan for specific events due to
temporary storage of sediments at low flow, and the potential for avulsive
changes in channel location during extreme flows.

Reservoir sedimentation data from the past 50 years are used to estimate
sediment yield for a new reservoir in a forested watershed. More careful
examination of historical land use patterns would reveal that grazing was
initiated in the last 10 years, and that urban development is expected to
increase by 100% over the next 10 years. A long-term estimate of sediment

" storage volume for a reservoir might be significantly in error.

An empirical method is used to estimate average annual sediment yield for a
chaparral watershed. The following years, a fire occurs in the watershed
which increases sediment yield by a factor of 8. Analysis of historical data
might indicate that the watershed could experience a fire on the average of
once every 50 years, thus significantly affecting ‘average' annual sediment
yield, and drastically affecting yield from individual events.

These examples are intended only to illustrate the potential for temporal and spatial
variability in watershed yield estimates, and not to typify specific design conditions. Each
watershed will have a unique set of characteristics which vary in space and time, and the
investigator must apply engineering judgement to arrive at a reasonable estimate.

3.17 Comparison and Engineering Judgement

Although the state of the science in computer modeling of erosion and sediment
transport processes continues to advance, variability between watersheds is extremely high,
and data requirements for calibration are often out of reach. Therefore, methods with
recognized limitations in accuracy are often adopted. As outlined in Figure 3.1, one of the
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most important elements in making reasonable estimates of sediment yield is utilization of
several methods or techniques based on as much measured information as one can find,
and comparison of all the results. This approach is essential where in-stream data is limited

or lacking.

In any sediment yield estimate, engineering judgement will play a part in screening
data and selecting computational factors. In addition, judgement must often be applied to
account for temporal and spatial variability in the watershed characteristics which affect
sediment yield. Judgement must also applied to account for the effects of watershed
disturbances or the coincidence of hydrologic events with other events or processes (e.g.,
fire, landslides, channel avulsion) which significantly effect sediment production and yield.
Investigators should always visit the project area, review the areas upstream and
downstream from the project site and examine as much of the drainage basin above the site
as possible. If possible, it is advisable to make an aerial reconnaissance of the basin prior to
making yield estimates so that otherwise unnoticeable basin geomorphic or land use
characteristics might be observed. Investigators should consider the historical and
geomorphic evolution of the basin and determine whether the system is reasonably stable or

adjusting to an imbalance of forces or past activities.
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Chapter 4

Estimating Basin Sediment Yield
and Total Inflowing Load Characteristics

4.1 Background

Sediment transport computer models for streams and reservoirs require the
specification of the inflowing sediment load as an upstream boundary condition. For models
such as HEC-6 it is necessary not only to know total inflowing sediment load for a range of
discharges (the sediment-discharge rating curve), but also to subdivide the load into various
grain size classes. Obviously, it is most desirable to obtain measured sediment load and
gradation data for various flow conditions, and to base model input on measured data.
However, these data are frequently unavailable or incomplete. This chapter describes the
steps required to develop the total inflowing sediment load and gradation assuming liitle
measured data are available for the study site.

4.2 General Procedures

The first step is to acquire relevant background information for the subject watershed
including basin geomorphology, soil characteristics, dominant erosion and transport
processes, descriptions of historical events and past floods. Measured flow and sediment
load data are often not available for the study site, but may be available for adjacent basins
and watersheds. Available data and reports should be obtained and carefully examined. It
is also beneficial to contact people who actually collected and prepared that data to discuss
what they saw, and any difficulties, shortcomings or limitations in the data. Occasionally, the
data may be of the quality that it can be transposed to the study area for use in calibrating or
circumnstantiating the basin yield and total load relationships. Effort spent early in a study to
establish what sediment production and yields are reasonable or not reasonable for various
flood magnitudes, is critical to the rest of the investigation.

Prior to adopting a method for calculating sediment yield, it is very important to
conduct a field reconnaissance of the project site and of the general watershed area
upstream from the site. It is important to determine whether significant portions of the
annual yield are coming from individual localized mechanisms such as gullying, bank caving
or mass wasting. Has the basin been burned, clear cut, over-grazed or altered by other
disturbances that can affect sediment production? . The field reconnaissance allows the
engineer to determine the main source of sediment entering the project. It is very beneficial
to involve an experienced fluvial geomorphologist in the initial field reconnaissance studies.
From that inspection and a review of available data for the basin, the most appropriate
method or methods for estimating sediment yield and grain size distributions can be
selected. If sedimentation is critical to the recommended project alternative, a rigorous
sediment yield analysis is recommended early in the project planning process.
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Once the initial data review and field reconnaissance are accomplished, procedures
outlined herein and in Chapter 3 of Engineering Manual 1110-2-4000 (USACE, 1989) can be
applied to estimate basin yield. The following outline can be used for general study
purposes. Because every basin and river system is unique, specific study procedures may
require adjustment and refinement to accomplish the objectives of the investigation. The
procedures presented herein are discussed in more detail and illustrated with an example

problem in Chapter 6.

4.3 General Steps for Estimating Sediment Yield

Potential methods for estimating sediment yield in ungaged catchments include: (1)
application of regression equations based on detailed basin characteristics like rainfall
intensities, soil properties, ground cover, etc., (2) use of regional relationships based on
global basin characteristics like drainage area, altitude and slope-aspect ratio; (3)
transposition of data from similar basins where reliable data are available; (4) integration of
annual or single event yields from stream sediment rating curves and flow-duration curves or
hydrographs; and (5) application of empirical methods described in Chapter 3. Any estimate
should account for: (1) sheet, rill and interrill erosion from upland land surfaces; (2) gully
erosion, stream bed and bank erosion; and (3) mass wasting processes in the basin. The
following general steps are necessary to estimate basin sediment yield. Several of these
steps may require iterative applications and adjustment in order to develop reasonable

estimates.

(1) Perform field inspection and review of available data. Discuss observations
and results from previous studies with local SCS field office, USGS field
survey people, County flood control and channel maintenance personnel, and

Corps of Engineers hydrology and hydraulics personnel.

(2) If little or no data are available, prepare a field sampling program to at least
collect several bed material and bank material samples from sediment source
areas and stream channel locations upstream and through the study area.
Perform standard sieve analyses and settling tests on the samples.

(3) Examine published long-term daily discharge records and sediment gage
records. The standard procedure used by the USGS is to plot the daily water
discharge hydrograph and the daily sediment concentration graph, then
integrate them as prescribed by Porterfield (1972). Results from this exercise
are expressed in t/day. Before comparing sediment yields, the period-of-
record data should be examined for homogeneity. Adjustments for upstream
reservoirs, hydrologic record, land use changes, and farming practices may be
necessary before the correlation between sediment yield and water yield can

be established.

(4) Develop the daily water discharge - suspended sediment load rating curve
from gage data. Integrate the flow duration curve with the measured sediment
load - discharge rating curve to develop a good representation of the process-
based average annual yield. (Details of how to prepare these curves and
compute these values are summarized in Section 3-6 in EM 1110-2-4000

(USACE, 1989).
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(8)

(9)

(10)

When no field measurements exist, and at least some are required to make
dependable sediment yield estimates, a limited sediment sampling program is
highly recommended early in the planning phases of the study. This level of
short duration sampling is often referred to as "flood water sampling." Caution
is necessary, however, because the short record data set will not necessarily
provide a representative sample of watershed processes for the full range of
possible hydrologic conditions. Therefore, these data are less dependable
than the flow duration sediment discharge rating technique. The lack of large

flood data may bias the yield results.

Apply several regional analysis procedures (Tatum, 1963, Dendy and Bolton,
1976, and PSIAC, 1968) to estimate average annual yield. Compare the
results to published information or reports obtained from other studies in the
area. Compare the yields by plotting yield vs. effective drainage area. Figure
3.1 summarizes a generalized yield estimating procedure. Attempt to
establish upper and lower bounds on the yield - drainage area curve for low,
average and high sediment production years (MacArthur et al., 1990). Use
this range of yield values during the sediment load sensitivity studies.

Use one or more yield estimating equations to estimate the average annual
and single event sediment yields for a range of events (e.g., USLE, RUSLE,

PSIAC, MUSLE).

Multiply your gross sediment yields by an appropriate sediment delivery ratio
(SDR) if necessary to give the net sediment yield at the project location. For
more information on how to estimate the sediment delivery ratio and when to
apply it, please refer to Section 3-14 in EM 1110-2-4000 (USACE, 1989) and
pages 293-294 in Design Hydrology and Sedimentology for Small Catchments

(Haan et al., 1994).

A quick method for estimating single event sediment yields involves
application of several reliable "annual yield" estimating methods to establish
the average annual yield first. Then, assume that an equivalent amount of
sediment to the average annyal yield occurs during a 2-year event. Also
assume that greater single event yields can be approximated by the linear
extrapolation of the annual value by multiplying the annual yield by the ratio of
the peak single event water flow to the 2-year flows,

Yield; = Yield augann © Q/Q, (4.1)

where Yield, is the single event yield for an i*-year storm event and Q; is the
peak water discharge for the i™-year event.

This method is only recommended as a procedure for establishing rough
estimates of single event yields and for cross-checking values developed by

other methods.

Another procedure for estimating single event and average annual yields is
through the application of the MUSLE single event yield method. Use the
MUSLE procedure to develop single event yield estimates for the 5-, 10-, 50-
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(11)

and 100-year events. Convert the single event sediment yields to an average
annual value (if applicable) by integrating the sediment yield vs. probability
curve. Compare this value with observed reservoir annual yield data and/or
computed annual yield values. Select the most reliable value for annual yield.
(This procedure is demonstrated in the example problem discussed in

Chapter 6.)

Decide whether gully, stream bank erosion or mass wasting processes are
active in your study basin. Determine whether your selected annual and
single event estimating procedures adequately account for these processes.
No generalized analytical procedures are presently available to explicitly
calculate these types of sediment production for the full range of possible
events. Measured data are obviously the most reliable source to use;
otherwise application of empirical relationships and the careful examination of

pre- and post-flood event photographs are necessary.

When time, data, and budget permit, process-based erosion and yield models can be
used to develop average annual and single event yields. A review of watershed erosion
models is presented in Appendix A. Application of process-based erosion and yield models
is generally complex and requires detailed data collection for development of model input
parameters and calibration. Application of models of this type is beyond the scope of this

report.

4.4 General Steps for Estimating Sediment Discharge Curves and
Grain Size Distribution Relationships for Use In Mobile Boundary

Models
(1)

(2)

(3)

Collect representative bed material sediment samples through the project
reach (see Chapter 3, USGS, 1978). Develop grain size distribution curves
for each bed and bank sample and plot the representative grain sizes (Dg,, Dg,
and D,) with distance from downstream to upstream.

Develop a sediment gradation curve for the wash load using measured data or
watershed soil surveys. If there are no data, apply Einstein's (1950)
assumption that the largest representative size present in the wash load is
approximately equivalent to the D,, of the bed material load. Using this
assumption and soil survey data regarding the approximate percentages of
sands, gravels, silts, and clays, develop an approximate grain size distribution
curve for the wash load fraction of the total load. (Refer to Chapter 6 for an
example of this procedure.)

Estimate the fraction of the total sediment load that travels as bed material
load and the fraction that travels as wash load. Two methods are presented in
the example problem discussed in Chapter 6. Method one is the presently
preferred method for use with computer program HEC-6. It involves using
HEC-6 through an iterative procedure to synthesize its own inflowing bed
material load and gradation from the grain size distribution curves measured
in the field. Wash load is then computed as the difference of the total
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sediment yield volume or weight (estimated from procedures discussed in
Section 4.3) and the HEC-6 estimated bed material load. Method 2 develops
the bed material load by starting with the estimated total sediment load from
the computed basin yield. The approximate percentage of bed material load to
total load is estimated from information and data measured in the study area.
Because there are no established rules of thumb for the ratio of bed material
load to total load, one assumes a value based on field observations or
measured information and checks to see if that assumption is reasonable (see
step number 6). If it is not, new percentages are assumed and checked until
the estimated bed material load produces reliable results. Chapter 6 presents
an example application of the Method 2 procedure for estimating inflowing
load and the grain size distribution of that load.

Develop a composite total load gradation curve by combining the bed material
gradation data and curves with the wash load gradation data and curves.

Apply the Corps' SAM procedures (Thomas et al., 1992) to estimate bed form-
dependent nvalues. Also utilize SAM to select the most appropriate transport
function for a particular river type. Check to see if the river is capable of
carrying the estimated single event sediment load using SAM or HEC-6.
Determine whether the river through your study reach is "supply limited" during
large events or "transport limited.” If it is sediment supply limited, channel bed
and bank erosion may be important. If it becomes transport limited during
large events, sediment accumulation and possible channel avulsion may

occur.

Once the total inflowing load curve is complete and an appropriate transport
function(s) is selected, use them in HEC-6 or other stream sedimentation
models to determine if the estimated load and gradations are in balance with
the stream hydraulics and basin yield estimates. If significant deposition or
scour occurs in the first few upstream cross sections, then the inflowing load
may require adjustment. Once the model performs properly and the computed
HEC-6 results appear stable, compare the volumes of total load, bed material
load and wash load to observed data. Make adjustments to the load, grain
size distribution or transport function according to procedures outlined in the
HEC-6 User's Manual, CPD-8, (HEC, 1993) and TD-13 (HEC, 1992).

Perform model calibration and sensitivity studies according to guidelines

provided in Chapters 3, 5 and 6 of CPD-6 (HEC, 1993) and Section 3.5 in
TD-13 (HEC, 1992).
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Chapter 5

Evaluation of Sediment Yield Results

5.1 General

Due to the diverse nature of Corps projects and geographic location, a standard
method for estimating sediment yield is not employed throughout the Corps. Instead,
individual district offices select their own procedures based on the type of project being
investigated, the availability of data and the potential significance that sedimentation
processes have on project performance (USACE, 1989). Consequently, a variety of
procedures are used throughout the Corps, but are all related closely to one of three basic
approaches for estimating sediment yield, including: (1) determining sediment yield directly
from sampling and monitoring programs or from river and reservoir surveys, (2) transposition
and/or extrapolation of measured data from watersheds with similar characteristics to the
study area, and (3) application of empirical relationships (predictive equations) and regional
equations to estimate annual or single event yields. The following sections discuss the
inherent difficulties associated with developing yield estimates and offer advuce for checking
and evaluating estimated results.

5.2 Limitations of Sediment Estimating Procedures

Estimating basin sediment yield for average annual and single event conditions
requires the application of several yield estimating procedures in order to establish a
reasonable range of results. Estimation of sediment transport load curves and grain size
distributions for those load relationships may also involve the application of several methods
in order to check and cross-check the sensitivity and reliability of estimates. Ask for input
early in the study from others experienced with the basin being investigated and check your
estimates with measured information from the area or from similar basins to circumstantiate
your results. Some general considerations and limitations to remember:

(1)  The variability of sediment yield from year to year, and perhaps from decade
to decade, is likely to be high. This is especially true in flashy ephemeral
watersheds. In extreme events like a 100-year flood, there may be a wide
range of possible yields depending on antecedent basin conditions. The
occurrence or non-occurrence of infrequent intense storm events can greatly
affect measured annual yield rates. Spatial variability is also likely to be high,
and relatively local sources can contribute large amounts of sediment (e.g.,
disturbed areas or mass wasting processes). Establishment and use of long-
term continuous data records are important, but even long-term data may fail
to account for spatial and temporal variability in extreme events.

(2)  The lack of local data affects estimation of grain sizes as well as yields. Grain
size distributions of delivered sediment loads are difficult to estimate. There
are no presently available direct methods for computing the grain size
distribution of sediment loads estimated directly from basin yields. Direct
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measurement methods are the most reliable; however, soil survey information
can be used to make estimates when no measured data are available. Refer
to Field Methods for Measurement of Fluvial Sediments, by the USGS (Guy
and Norman, 1976).

(3) The geomorphic behavior of the basin during a severe (e.g., 100-year) event,
particularly the response of steep unstable canyon areas and exposed
channel banks is difficult to predict. It is important to attempt to establish an
historical geomorphic understanding of the study basin and how it may have
responded in the past during significant runoff events.

(4) Seismic activity and land surface subsidence can result in significant basin
responses (plan and profile adjustments). This may greatly affect sediment
production, yield and channel stability. Determine whether these processes
are affecting the study area.

(5) In light of these limitations and complications, there will be uncertainty
associated with sediment yield and load estimates. Therefore, always perform
sensitivity tests to evaluate the impact of your assumptions and of the
uncertainty in the yield, load curve, or grain size distribution estimates on the
project evaluations. If halving, doubling or tripling the sediment load does not
greatly affect the performance of the project being evaluated, then additional
data and analysis may not be necessary.

5.3 Evaluation Procedures

When little or no measured yield data are available, it may not be possible to calibrate
or verify estimated values. It therefore becomes necessary to evaluate results using a
variety of checking and sensitivity procedures. The general procedures outlined in Figure
3.1 are recommended. Herein, "calibration” refers to the development of representative data
and model (estimation procedure) parameters based on known or deduced prototype
behavior. “Verification" involves the demonstration of the calibrated model's (or estimation
procedure's) ability to simulate prototype behavior for a time record different from that used
during calibration. A calibrated model (or procedure) is not necessarily a verified model (or
procedure). The following partial list of suggested evaluation procedures may be useful.
Many additional checks and evaluation procedures are described in EM 1110-2-4000
(USACE, 1989), EM 1110-2-1416 (USACE, 1993), CPD-6 (HEC, 1993), and TD-13 (HEGC,
1992).

Evaluation procedures can be generally divided into the evaluation of data and
information during the early stages of an investigation, and the evaluation of computed
results. The following procedures apply to data and information:

(1) Data should be reviewed to assess its accuracy and applicability based on
internal consistency, collection methods, and watershed conditions during

collection.

2) Review of the history and geomorphology of the basin is necessary to interpret
trends in the data and its reliability for use under present conditions. Review of
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(3)

(4)

(5)

(6)

(7)

reports and literature, field reconnaissance, and interviews with individuals
who have previous field and analysis experience in the study area are
essential components of the historical review. Data can also be correlated to
watershed conditions using historical aerial photography.

It is advisable to conduct at least limited field sampling to determine whether
reported data can be duplicated or verified, and to identify changes,
conditions, or sampling techniques which may significantly influence accuracy
or reliability of available data.

Evaluate data in a temporal context to determine whether the period of record
for the data is likely to accurately depict important parameters and meet study
objectives.

Evaluate data needs based on study requirements. For example, river
sedimentation models are likely to require less accuracy in sediment yield

estimates than reservoir sedimentation studies.

Establish reasonable ranges for accuracy in the data, and use these ranges in
sensitivity analyses.

Methods for preparing and checking sediment data for use in computer
program HEC-6 are discussed in Chapters 3, 5, and 6 of CPD-6 (HEC, 1993)
and in Chapters 3 through 7 of TD-13 (HEC, 1992).

The following procedures apply to the evaluation of computed results:

(1)

(2)

(3)

(4)

()
(6)

Compare computed results to measured data, even if available data are
limited. -

Assess the accuracy of computed results based on field observations or
measurements while the fluvial transport system is active (i.e., during a
significant runoff event). If possible, verify computed results with field
measurements.

Evaluate results from a geomorphic perspective to determine whether
computed results are consistent with observed or documented geomorphic

trends.

Evaluate computed results developed from a number of different methods,
and consider potential explanations for the differences. Differences in
computed results for sediment yield are often on the order of 50 to 200
percent. Selection of values for use should be based on their potential impact

on project performance.
Utilize initial results to decide what types of sensitivity tests are appropriate.

Compare results to data or results from previous studies, and for other basins
(e.g., computed results or reservoir sedimentation surveys).
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(7)

(8)

Establish reasonable bounds for sediment estimates, and evaluate results
against this acceptable range. If methods appear to under or over estimate
acceptable values, review the approach to isolate potenual weak areas, and
conduct sensitivity analyses to refine the method.

Present the results with an explanation of expected accuracy and limitations.
Clearly document assumptions, boundary conditions, data analysis, and

methodology.



APPENDIX A

PACIFIC SOUTHWEST INTER-AGENCY COMMITTEE {PSIAC)
METHOD FOR PREDICTING WATERSHED SOIL LOSS

Note: The information presented in APPENDIX A is from the following source:
"Pacific Southwest Inter-Agency Committee, Report of the Water
Management Subcommittee on Factors Affecting Sediment Yield in the
Pacific Southwest Area and Selection and Evaluation of Measures for

Reduction of Erosion and Sediment Yield," October, 1968.

Introduction

The material thaﬁ follows is suggested for use in the evaluation of sedi-
ment yield in the Pacific Southwest. It is intended as an aid to the estima-
tion of sediment yield for the variety of conditions encountered in this
area. |

The classifications and cecmpanion gﬁide material are intended for broad
planning purposes only, rather than for specific projects where more
intensive investigations of sediment yield would be required. For these
purposes it is recommended that map delineations be for areas no smaller than
10 squarxe miles. 7

It is suggested that actual measurements of sediment yield be used to the
fullest extent possible. This descriptive material and the related numerical
evaluation system would best serve its purpose as a means of delineating
boundaries between sediment yield areas and in extrapolation of existing data
to areas where none is available. ,

This may involve a plotting of known sediment yield déta on work maps.
Prepared materials such as geologic and soil maps, topographic, climatic,
vegetative type and other references would be used as aids in delineation of
boundaries separating yield classifications. A study of the general rela-
tionships between known sediment yield rates and the watershed conditions
that produce them would be of substantial benefit in projecting data to areas

without information.



Sed: Yield C1 ifi .
It is recommended that sediment yields in the Pacific Southwest area be

divided into five classes of average annual yield in acre-feet per square

mile. These are as follows:

Classification .0 acre-feet/square mile

vl W N

A OO KV

o NV O W
[}

o W
wo o

Nine factors are recommended for consideration in determining the sedi-
ment yield classification. These are geology, soils, climate, runoff,
topography, ground cover, land use, upland exosion, and channel erosion and
sediment transport.

Characteristics of each of the nine factors which give that factor high,
moderate, or low sediment yield level are shown on Table A-1. The sediment
yield <characteristic of each factor is assigned a numerical value
representing its relative significance in the yield rating. The yield rating
is the sum of values for the appropriate characteristics fbr»each‘ofithe nine

factors. Conversion to yield classes should be as follows:

Rating Class
> 100 1
75 - 100 2
50 - 75 3
25 - 50 4

0 - 25 s

Guidelines which accompany the table are an integral part of the proce-
iure. They describe thé characteristics of factors which influence'sedimen;
rield and these are summarized in the space provided on the table.

The factors are generally described, for purposes of avoiding complexity,
:s independently influencing the amount of sediment yield. The variable
mpact of any one factor is the résult of influence by the others. To
.ccount for this variable influence in any one afea would require much more
ntensive investigational procedures than are available for broad planning

urposes.
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To briefly indicate the interdependence of the factors.discussed separa-
tely, ground cover is used as an example. If there is no vegetation, litterA
or rock fragments protecting the surface, the rock, soil, and topography
express their uniqueness on erosion and sediment yield. If the surface is
very well protected by cover, the characteristics of the other factors are
obscured by this circumstance. In similar vein, an arid region has a high
potential for erosion and sediment yield because of 1little 6r no ground
cover, sensitive soils and rugged topography. Given very low intensity
rainfall and rare intervals of runoff, the sediment yield could be quite low;

Each of the 9 factors shown on Table A-1 are paired influences with the
exception of tcpography. That is, geology and soils are directly related as
are climate and runoff, ground cover and land use, and upland and channel
erosion. Ground cover and land use have a negative influence under average
or better conditions. Their impact on sediment yield is therefore indicated
as a negative influence when affording better protection than this average.

It is recommended that the observer follow a feedback process whereby he
checks the sum of the values on the table from A through G with the sum of E
and I. In most instances high values in the former should correspond to high
values in the latter. If they do not, either special erosion conditions
exist or the A through G factors should be re-evaluated.

Although only the high, moderate and low sediment yield levels are shown

on the attached table, interpolation between these levels may be made.

Surf ) cV

Over much of the southwest area, the effect of surface geology on erosion
is readily apparent. The weaker and softer rocks are more easily eroded and
generally yield more sediment than do the harder more resistant types.
Sandstones and similar coarse-textured rocks that disintegrate to form per-
meable soils erode less than shales and related mudstones and siltstones
under the same conditions of precipitation. On the other hand, because of
the absence of cementing agents in some soils derived from sandstone, large
storms may produce some of the highest sediment yields known.

The widely distributed marine shales, such as the Mancos and shale mem-
bers of-the-Moenkopi Formation, constitute a group of highly erodible for-

mations. The very large areal extent of the shales and their outwash deposits
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gives them a rank of special importance in relation to erosion. Few of the
shale areas are free from ercsion. Occasionally, because of slope or cover
conditions, metamorphic rocks and highly fractured and deeply weathered
granites and granodiorites produce high sediment yield. Limestone and
volcanic outcrop areas are among the most stable found within the western
rands. The principal reasocn for this appears to be the excellent
infiltration characteristics, which allow most precipitation to percolate
into the underlying rocks.

In some areas, all geologic formations are covered with alluvial or
colluvial material which may have no relation to the underlying geology. In

such areas the geologic factor would have no influence and should be assigned

a value of O in the rating.

Soils

Soil formation in the Pacific Southwest generally has not had climatic
conditions conducive to rapid development. Therefore, the soils are in an
immature stage of development and consist essen;ially of physically wéathered
rock materials. The presence of sodium carbonate (black alkali) ié a soil
tends to cause the soil ﬁarticles to'disperse and renders such a soiiMsuscep-
tible to erosion. ;

There are essentially three inorganic properties--sand, silt, and clay--
which may in any combination give soil its physical characteristics. Organic
substances plus clay provide the binding material which tends to hold the
soil separates together and form aggregates. Aggregate formation and
stability of these aggregates are the resistant properties of soil against
arosion. Unstable aggregates or single grain soil materials can be very
arodible.

Climate and living organisms acting on parent material, as conditioned
>y relief or topography 6ver a period of time, are the essential factors for
5011 development. Any one of these factors may overshadow or depress another
‘n a ¢'ven area and cause a difference in soil formation. For instance,
:limat-. determines what type of vegetation and animal population will be
)resent in an area, and this will have a definite influence or determine the
.ype of soil that evolves. As an example, soils developing under a forest
:anopy are much different from soils developing in a grassland community.

The raw, éhaley type areas (marine shales) of the Pacific Southwest have

‘ery little, if any, solid development. Colluvial-alluvial fan type areas are
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usually present at the lower extremities of the steeper sloping shale areas.
Infiltration and percolation are usually minimal on these areas due to the
fine textured nature of the soil material. This material is easily dispersed
and probably has a high shrink-swell capacity. Vegetation is generally
sparse, and consists of a salt desert shrub type.

There are areas that contain soils with definite profile development, and
also, stony soils that contain few fines, which constitutes an improved
physical condition for infiltraticn and plant growth over the fine textured
shaley areas. These areas usually occur at higher and more moist elevations
where bare, hard crystalline rocks provide the soil parent material.
Vegetation and other ground cover, under these circumstances, provide
adequate protection against the erosive forces and thus low sediment yield
results.

In arid and semi-arid areas, an accumulation of rock fragments (desert
pavement) or calcareous material (caliche) is not uncohmon. These layers can
offer substantial resistance to erosion processes.

The two extreme conditions of sediment yield areas have been described.
Intermediate situations would contain some features of the two extremes. One
such situation might be an area of predominately good soil development that

contains small areas of badlands. This combination would possibly result in

an intermediate classification.

C1i i R ff

Climatic factors are paramount in soil and vegetal development and deter-
mine the quantity and discharge rate of runoff. The same factors constitute
tﬁe forces that cause erosion and the resultant sediment yield. Likewise,
temperature, ©precipitation, and particularly the distribution of
precipitation during the growing season, affect the quantity and quality of
the ground cover as well as soil development. The quantity and intensity of
precipitation determine the amount and discharge rates of runoff and
.resultant detachment of soil and the transport media for sediment yield. The
intensity of prevailing and seasonal winds affects precipitation pattern,
snow accumulation and evaporation rate. '

Snow appears to haQe a minor effect on upland slope erosion since
raindrop impact is absent and runoff associated with snow melt is generally

in resistant mountain systems.
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Frontal storms in which periods of moderate to high intensity precipita-
tion occur can produce the highest sediment yields within the Southwest. 1In
humid and subhumid areas the impact of frontal storms on sediment may be
greatest on upland slopes and unstable geclogic areas where slides and other
downhill soil movement can readily occur.

Convective thunderstorm activity in the Southwest has its greatest
influence on eroison (sic) and sedimentation in Arizona and New Mexico and
portions of the adjoining states. High rainfall intensities on low density
cover or easily dispersed soils produces high sediment yields. The average
annual sediment yield is usually kept within moderate bounds by infrequent
occurrence of thunderstorms in any one locality.

High runcff of rare frequency may cause an impact on average annual sedi-
ment yield for a long period of time in a watershed that is sensitive to ero-
sion, or it may have little effect in an insensitive watershed. For example,
sediment that has been collecting in the bottom of a canyon and on side
slopes for many years of low and moderate flows may be swept out during the
rare event, creating a large change in the indicated sediment yield-rate for
the peried of record. . 4

In some areas the action of freezing and thawing becomes important in the
erosion process. Impermeable ice usually forms in areas of fine textured
soils where a supply of moisture is available before the advent 6f cold
weather. Under these conditions the ice often persists throughout the winter
and is still present when the spring thaw occurs. In some instances water
cends to run over the surface of the ice and not detach soil particles, but
it is possible for the ice in a surface layer to thaw during a warm period
and create a very erodible situation. Spring rains with ice at shallow depth
nay wash away the loose material on the surface.

In some areas of the Pacific Southwest, particularly those underlain by
aarine shale, freezing and thawing alters the texture of soil near the sur-
ace, and thus changes the infiltration characteristics. These areas
jenerally do not receive enocugh snow or have cold encugh temperatures to
>uild a snow pack for spring melt. Later in the year soil in a loosened
rondition is able to absorb a large part of the early rainfall. As rains
)ccur during the summer, the soil becomes compacted on the surface, thus

:1lowing more water to run off and affording a greater chance for erosion.
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Topography

Watershed slopes, relief, floodplain development, drainage patterns,
orientation and size are basic items to consider in connection with
topography. However, their influence is closely associated with geoclogy,
soils, and cover. '

Generally, steep slopes result in rapid runoff. .The rimrock and
badlands, common in portions of the Pacific Southwest, consist of steep
slopes of soft shales usually maintained by the presence of overlying cap
rock. As the soft material is eroded, the cap rock is undercut and falls,
exposing more soft shales to be carried away in a continuing process.
However, high sediment yields from these areas are often modified by the
temporary depesition of sediment on the intermediate floocdplains.

The high mountain ranges, although having steep slopes, produce varying
quantities of sediment depending upcon the type of parent materials, soil
development, and cover which directly affect the erosion processes.

Southerly exposed slopes generally erode more rapidly than do the
northerly exposed slopes due to greater fluctuation of air and soil
temperatures, more frequent freezing and thawing cycles, and usua;ly less
ground cover. ' )

The size of the watershed may or may not materially affect the sediment
yield.per unit area. Generally, the sediment yield is inversely'related to
the watershed size because the larger areas usually have less overall slope,
smaller proportions of upland sediment sources, and more opportunity for the
deposition of upstream derived sediments on floodplains and fans. In addi-
tion, large watersheds are less affected by small convective type storms.
Eowever, under other conditions, the sediment yield may not decrease as the
watershed size increases. There is little change in mountainous areas of
relatively uniform terrain. There may be an increase of sediment yield as

the watershed size increases if downstream watersheds or channels are more

susceptible to erosion than upstream areas.

Ground Cover

Ground cover is described as anything on or above the surface of the
ground which alters the effect of precipitation on the soil surface and pro-

file. Included in this factor are vegetation, litter, and rock fragments. A



good ground cover dissipates the energy of rainfall before it strikes the
soil surface, delivers water to the soil at a relatively uniform rate,
impedes the flow of water, and promotes infiltration by the action of roots
within the soil. Conversely, the absence of ground cover, whether through
natural growth habits or the effect of overgrazing or fire, leave the land
surface open to the worst effects of storms.

In certain areas, small rocks or rock fragments may be so numerous on the
surface of the ground that they afford excellent protection for any
underlying fine material. These rocks absorb the energy of falling rain and
are resistant enough to prevent cutting by flowing water.

The Pacific Southwest is made up of land with all classes of ground
cover. The high mountain areas generally have the most vegetation, while
many areas in the desert regions have practically none. The abundance of
vegetation is related in a large degree to precipitation. If vegetative
ground cover is destroyed in areas where precipitation is high, abnormally
high erosion rates may be experienced.

Differences in vegetative type have a variable effect on erosion and
sediment yield, even though percentages of total ground cover may be the
same. For instance, in areas of pinyon-juniper forest having the same
percentage of ground cover as an area of grass, the absence of undefstory in
somé of the pinyon-juniper stands would allow a higher erosion raté-than in

the area of grass.

Land Use

The use of land has a widely variable impact on sediment yield, depending
largely on the susceptibility of the soil and rock to erosion, the amount of
stress exerted by climatic factors and the type and intensity of use.
Factors other than the latter have been discussed in appropriate places in
this guide. .

In almost all instances, use either removes or reduces the amount of
1atural vegetative cover which reflects the varied relationships within the
mvironment. Acﬁivities which remove all vegetation for parts of each year
lor several years, or permanently, are cultivation, urban development, and
road construction. Grazing, logging, mining, and fires artifically (sic)
.nduce permanent or tempofary reduction in cover density.

High erosion hazard sites, because of the geology, soils, climate, etc.,

.re also of high hazard from the standpoint of type and intensity of use. For
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example, any use which reduces cover density on a steep slope with erodible
soils and severe climatic conditions will strongly affect sediment yield.
The extent of this effect will depend on the area and intensity of use
relative to the availability of sediment from other causes. Construction of
road or urban development with numerous cut and £ill slopes through a large
area of widespread sheet or gully erosion will ﬁrobably not cause a change in
sediment yield classification. Similar contruction (sic) and continued
disturbance in an area of good vegetative response to a favorable climate can
raise yield by one or more classifications.

Use of the land has its greatest potential impact on sediment yield wherxe
a delicate balance exists under natural conditions. Alluvial valleys of
fine, easily dispersed soils from shales and sandstones are highly vulnerable
to erosion where intensive grazing and trailing by livestock have occurred.
Valley trenching has developed in many of these valleys and provides a large
part of the sediment in high yield classes from these areas.

A decline in vegetative density is not the only effect of livestock on
erosion 'and sediment yield. Studies at Badger Wash, Colorado, which is
underlain by Mancos shale, have indicated that sediment yield from ungrazed
watersheds is appreciably less than from those that are grazed. This dif-
ference is attributed to the absence of soil trampling in the ungrazed areas,
since the density of vegetation has not noticeably changed since exclusion
began. .

Areas in the arid and semi-arid portions of the Southwest that are sur-
faced by desert pavement are much less sensitive to grazing and other use,
since the pavement affords a substitute for vegetative cover.

In certain instances the loss or deterioration of vegetative cover may
have little noticeable on-site impact but may increase off-site erosion by
acceleration of runoff. This could be particularly evident below urbanized
areas where accelerated runoff from pavement and rooftops has increased the
stress on downstream channels. Widespread destruction of cover by poor
logging practices or by brush and timber fires frequently increases channel
erosion as well as that on the directly affected watershed slopes. On the
other hand, cover disturbances under favorable conditions, such as a cool,

moist climate, frequently result in a healing of erosion sources within a few

years.
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Upland Slope Erosion

This erosion form occurs on sloping watershed lands beyond the confines
of valleys. Sheet erosion, which involves the removal of a thin layer of
soil over an extensive area, is usually not visible to the eye. This erosion
form is evidenced by the formation of rills. Experience indicates that soil
loss from rill erosion can be seen if it amounts to about 5 tons or more per
acre. This is equivalent in volume per square mile to aproximately (sic)2
acre-feet.

Wind erosion from upland slopes and the deposition of the eroded material
in stream channels may be a significant factor. The material so deposited in
channels is readily moved by subsecuent runocff.

Downslope soil movement due to creep can be an important factor in sedi-
ment yield on steep slopes underlain by unstable geologic formations.

Significant gully erosion as a sediment contributor is evidenced by the
presence of numerous raw cuts along the hill slopes. Deep soils on

moderately steep to steep slopes usually provide an environment for gully

development.
Processes of slope erosion must be considered in the light of factors

which contribute to its development. These have been discussed in previous

sections.

~ = ; ; -

If a stream is ephemeral, runoff that traverses the dry alluvial bed may
5e drastically reduced by transmission 1losses (absorption by channel
alluvium). This decrease in the volume of flow results in a decreased poten-
tial to move sediment. Sediment may be deposited in the streambed from one
>r a series of relatively small flows only to be picked up and moved on in a
subsequent larger flow. Sediment concentrations, determined from field
1easurements at consecutive stations, have generally been shown to increase
rany fold for instances of no tributary inflow. Thus, although water yield
>er unit area will decrease with increasing drainage area, the sediment yield
>er unit area may remain nearly constant or may even increase with increasing
lrainage area.

In instances of convective precipitation in 2 watershed with perennial
low, the role of transmission losses is not as = -mificant as in watersheds
'ith ephemeral flow, but other channel factors, such as the shape of the

‘hannel, may be important.
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For frontal storm runoff, the flow durations are generally much longer
than for convective storms, ahd runoff is often generated from the entire
basin. In such instances, sediment removed from the land surfaces is
generally carried out of the area by the runoff. Stream channel degradation
and/or aggradation must be considered in such cases, as well as bank scour.
Because many of the stream beds in the Pacific Southwest are composed of
fine-grained alluvium in well defined channels, the potential for sediment
transport is limited only by the amount and duration of runoff. Large
volumes of sediment may thus be mcved by these frontal storms because of the
longer flow durations.

The combination of frontal storms of long duration with high intensity
and limited areal-extent convective activity will generally be in the highest
class for sediment movement in the channels. Storms of this type generally
produce both the high peak flows and the long durations necessary for maximum
s=diment transport.

Sediment yield may be substantially affected by the degree of channel
development in a watershed. This development can be described by the channel
cross sections, as well as by geomorphic parameters such as drainage density,
channel gradients and width-depth ratio. The effect of these geomorphic
parameters is difficult to evaluate, primarily because of the scarcity of
sediment transport data in the Pacific Southwest.

If the cross section of a stream is such as to keep the flow within
defined banks, then the sediment from an upstream point is generally
transported to a downstream point without significant losses. Confinement of
the flow within alluvial banks can result in a high erosional capability of
a flood flow, especially the flows with long return periods. In most
channels with wide floodplains, deposition on the floodplain during floods is
often significant, and the transport is thus less than that for a within bank
flow. The effect of this transport capability can be explained in terms of
tractive force which signifies the hydraulic stress exerted by the flow on
the bed of the stream. This average bed-shear stress is obtained as the
product of the specific weight of the fluid, hydraulic radius, and energy
gradient slope. Thus, greater depth results in a greater bed shear and a
greater potential for moving sediment. By the same reasoning, steep slopes
{the energy slope and bed slope are assumed to be equivalent) also result in
high bed-shear.stress.

The boundary between sediment yield classifications in much of the

Pacific Southwest may be at the mountain front, with the highest yield
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designation on the alluvial plain if there is extensive channel erosion. In
contrast, many mountain streams emerge from canyon reaches and then spread
over fans or valley flats. Here water depths can decrease from many feet to
only a few inches in short distances with a resultant loss of the capacity to
transport sediment. Sediment yield of the highest classification can thus
drop to the lowest in such a transition from a confined channel to one that
has no definition.

Channel bank and bed composition may greatly influence the sediment yield
of a watershed. In many areas within the Pacific Southwest, the channels in
valleys dissect unconsolidated material which may contribute significantly to
the stream sediment load. Bank slcughing during periods of flow, as well as
during dry periods, piping, and bank scour generally add greatly to the sedi-
ment load of the stream and often change upward the sediment yield
classification of the watershed. Field examination for areas of head
cutting, aggradation or degradation, and bank cutting are generally necessary
prior to classification of the transport expectancy of a stream. Geology
plays a significant role in such an evaluation. Geologic controls in
channels can greatly affect the stream regimen by limiting degradation and
headcuts. Thus, the transport capacity may be present, but the supply of
sediment from this source is limited.

Man-made structures can also greatly affect the transport characteristics
of the stream. For example, channel straightening can temporarily upset the
channel equilibrium and cause an increase in channel gradient and an increase
in the stream velocity and the shear stress. Thus, the sediment transport
capacity of the stream may be temporarily increased. Structures such as
debris darns, lined channels, drop spillways, and detention dams may drasti-

cally reduce the sediment transport.
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AN EXPLANATION OF THE USE OF THE RATING CHART (TABLE A-1l) FOR
EVALUATING FACTORS AFFECTING SEDIMENT YIELD IN THE PACIFIC SOUTHWEST FOLLOWS
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Table A.1.

Factors Affecting Sediment Yield in the Pacific Southwest

PSIAC - Table A-1

Sedimant Yield

1
A [ < b 1 4 r G L] CHANNEL EROSION &
vels SURFACE GFOLOGY S01LS CLIMATE RUNOFP TOPOGRAPHY GROUND COVER LAND USE UPLAND EROSION SEDIMENT TRANSPOAT
1103~ 110} 110) 110} 1201 t104 110) 12%) (25)
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Use of the Rating Chart of Factors Affecting
Sediment Yield in the Pacific Southwest

The following is a summary of the sediment yield classification presented

for this methodology.

Sediment Yield

Classification Rating AF/sq. ml.
1 > 100 3.0
2 75 - 100 1.0 - 3.0
3 50 - 75 0.5 -~ 1.0
4 25 - 50 0.2 - 0.5
5 0 - 25 < 0.2

In most instances, high values for the A through G factors should

correspond to high values for the H and/or I factors.
An example of the use of the rating chart is as follows:

A watershed of 15 scuare miles in western Colorado has the following

characteristics and sediment yield levels:

A Surface geolcgy Marine Shales 10
B Soils Easily dispersed, high

shrink-swell characteristics 10
C Climate Infreguent convective

storms, freeze-thaw occurrence 7
D Runoff High peak flows; low volumes 5
E Topography Moderate slopes 10
F Ground cover Sparse, little or no litter 10
G Land use Intensively grazed 10
H Upland erosion More than 50% rill and gully

erosion 25
I Channel erosion Occasionally eroding banks and

bed but short flow duration _5

TOTAL 92

This total rating of 92 would indicate that the sediment yield is in
Classification 2. This compares with a sediment yield of 1.96 acre-feet per

square mile as the average of a number of measurements in this area.
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INTRODUCTION

Purpose

El Paso Natural Gas Company (EPNG) is proposing to replace a gas pipeline that ruptured (2026
line) during the January 1993 floods. The new line would be buried beneath the Gila River near
Coolidge, AZ between Mile Posts 13-15 as measured using EPNG stationing. The purpose of
this study was to determine 100 year flood scour depths due to general and local scour in the
river, and the possible lateral extent of the scour. This was used to obtain recommended pipe
burial depths and limits. An area map is shown in Figure 1 and a project site map in Figure 2.

Scope

WEST Consultants conducted a detailed scour analysis of the pipeline crossing and the results
are documented in this report. This analysis was performed using the sediment transport
computer program, HEC-6, "Scour and Deposition in Rivers and Reservoirs" to compute general
scour. An analytical local scour analysis was then conducted to determine the total scour
potential. Channel migration patterns from aerial photographs were analyzed to estimate
probable lateral movement of the river near the proposed pipeline alignment.
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PROJECT DESCRIPTION

General

The Gila River originates in southeastern Arizona and is tributary to the Colorado River with
the confluence of the two rivers at Yuma, Arizona (Figure 1). The project site is located on the
mainstem Gila River near the town of Coolidge, Arizona. Upstream flow regulation occurs as
a result of Coolidge Dam on the Gila River. Coolidge Dam is used primarily for irrigation and
is owned by the Bureau of Indian Affairs, but is operated by the Bureau of Reclamation.
Approximately half of the drainage area upstream of Coolidge is regulated by Coolidge Dam.
The San Pedro river is the major tributary drainage between the pipeline crossing and the dam.
Completely dry river beds are a common occurrence in the Gila River during portions of the
year. Thunderstorms and flash floods are also common in the summer months. The largest
floods are most likely to occur from mid-December through March and are the result of regional

rain storms, or rain on snow events.

January 1993 Flood

A 6 inch O.D. gas pipeline (2026 line) crossing the Gila River between Mile Posts 13 and 15
near Coolidge ruptured during the early January 1993 storm. This crossing is approximately
twenty-five miles downstream of the USGS stream gage on the Gila River at Kelvin, however,
no major tributaries enter between Kelvin and the pipeline crossing. The contributing drainage
area upstream of Kelvin is 18,011 square miles. The provisional January 1993 storm
hydrograph is presented in Figure 3. The peak at the pipeline crossing would lag that time
shown in Figure 3 by approximately 4 hours, the travel time from Kelvin to Coolidge. The peak
flow should be approximately the same. That peak flow of approximately 50,000 cfs, which
would correspond to a flow slightly greater than the 25 year flood (Roeske, 1978), was estimated
provisionally by the USGS. Figures 4 and 5 show this and other upstream and downstream
flood frequency estimates made below Coolidge Dam (Roeske, 1978).

The meander belt at this crossing, which is at approximately a 30 degree angle to the pipeline
crossing, is approximately 6700 feet across. The stream channel migrated laterally during the
January 1993 flood and during previous floods. Complicating factors caused great changes in
stream location during the January 1993 flood, including failure of the Attaway Road Bridge
(completed by Pinal County in 1988/89) north and south abutments just upstream of the pipeline
crossing, and a chute cutoff of a meander immediately upstream of Attaway Road. The channel
shifted laterally over two thousand feet during the flood. Failure of the pipeline occurred as a
result of the lateral channel shift which undercut the pipe in a location that had previously been
perceived as an overbank area outside of the flood channel. Pipeline burial depth was more
shallow in that location. The proposed pipeline alignment is shown in Figure 2.



Backeround Information and Field Reconnaissance

WEST Consultants conducted a background information survey in order to obtain any pertinent
information conceming the hydraulics, hydrology, and sedimentation issues for the site. The
agencies that provided information were Pinal County, the U.S. Army Corps of Engineers (Los
Angeles District), and the U.S. Geological Survey. In conjunction with this effort, WEST
Consultants conducted a field reconnaissance of the site.

The field reconnaissance crew consisted of sedimentation engineers from WEST Consultants and
geotechnical engineers from Sergent, Hauskins and Beckwith (SHB), the geotechnical
engineering firm that conducted the surface and subsurface soils analyses. The WEST
Consultants personnel determined the locations of surface samples to be taken and used in the
sediment model described later. Exploratory drilling locations were generally along the
proposed burial alignment.

Field and Laboratory Activities

Sediment samples were collected at sites determined in the field by WEST Consultants. SHB
collected and analyzed the samples under separate contract to EPNG. The sediment samples
were analyzed for grain size distribution (sieve analysis) down to approximately 0.0625 mm.
Samples from the borings were characterized and analyzed to determine depth of bedrock or
strongly cemented (flow resistant) soils. This information was documented by boring logs. The
information was helpful in determining the trenching requirements for pipeline placement and
the likely maximum depth of scour. The results of the geotechnical investigation were
documented in a separate report by SHB.



HYDROLOGIC ANALYSIS

General

The long term hydrologic information used in this study was obtained from the USGS stream
gage, Gila River at Kelvin, Arizona. This USGS data was extracted from CD-ROM optical
discs and associated software obtained from U. S. WEST (1988). The development of the 100
year flood used in the sediment transport model is described in detail later.

Historic Streamflows

The USGS stream gage on the Gila River at Kelvin has been in continuous operation since 1913.
Upstream regulation of the river for peak flows has existed since completion of Coolidge Dam
in 1941. The record from 1913 through 1986 was utilized to establish long term hydrologic
trends at the project site. Flows are normally low from April through mid-December with some
thunderstorm peak floods occurring in August through October. The historic wet period begins
in mid to late December and continues through March. In order to present a range of possible
flow conditions during the potential construction season Figures 6-10 are used to portray the
average mean daily flow and the maximum mean daily flow observed during the period of record

for May through September, respectively.

The 100 year flood peak flow of 130,000 cfs for the site was obtained by using the streamflow
record from the Gila River at Kelvin streamgage and the USGS regional flood frequency analysis
which includes Coolidge regulation (Roeske, 1978). The shape of the hydrograph was obtained
by using the USGS provisional estimate for the January 1993 storm which had a peak of 50,000
cfs (USGS provisional estimate). The hydrograph was increased to reflect the difference
between this event and the 100 year flood. The 100-year design hydrograph is shown in Figure
11. For comparative purposes peak annual instantaneous flows of record are presented in Table
L.

Flow During Construction Period

As noted in the previous section, mean daily flows can vary from essentially zero to flood
conditions. Mean daily flow variances possible during a possible construction window from
May to September are presented in Figures 6-10. It is apparent from these figures that the
optimal construction season is from May through June. Large thunderstorms are quite normal
during July, August and September. Peak instantaneous flows can be significantly larger than
mean daily flows particularly during thunderstorm events. In order to provide a better estimate
of the larger flows that can be expected during a construction period, a flood frequency analysis
was performed to determine the 5 and 10 year peak flows. These peaks are 3360 cfs and 3970
cfs in May, 4050 cfs and 4650 cfs in June, 10,990 cfs and 12,060 cfs in July, and 17,330 cfs



and 21,200 cfs in August for the S and 10 year floods, respectively. It is recommended, based
upon historic streamflows, that construction activities be initiated and completed before July, if
possible. Following that date, streamflows increase significantly and can maintain relatively
high levels due to thunderstorms through September and into October. Flows do decrease in
later October and November until increasing again during the regional storm events during the

winter.

Due to dam instability and ongoing construction at Coolidge Dam, the Bureau of Reclamation
is planning to release at high levels until the Coolidge pool level is reduced to one-half the full
pool volume. They plan to release 4200 cfs until May 1, 2000 cfs from May 1 to June 1, and
1500 cfs from June 1 through August, The previous analysis for the 5 and 10 year peak flows
takes this information into account. The aforementioned flows are targets and are variable on

a week to week basis.



SCOUR AND SEDIMENT TRANSPORT MODELING AND ANALYSIS

A detailed scour and sediment transport analysis was conducted at this site in order to provide
criteria for pipeline construction, design and permitting.

Purpose of Sediment Transport Modeling

There are essentially two kinds of scour - general (degradation) and local. General scour is
associated with general streambed lowering over a significant stream reach length. This occurs
under conditions such as depletion of upstream sediment sources (e.g., scour downstream of
reservoirs), and changes in stream gradient. Local scour is associated with streambed erosion
at specific locations across and, to some extent, along the stream. Examples of local scour
include the deepening incision of the low flow channel, constriction or pier scour at bridges or
between bridge abutments, flow concentrations at severe stream bends, and impinging flows at

stream confluences.

Traditional computation of scour depth addresses only the local scour component of the total
scour and does not include the general lowering of the streambed during the design event and/or
long term general scour trends. A more comprehensive approach is to determine the general
scour of the streambed using the design hydrograph (supplemented with a long term hydrograph)
and add the local scour component to the general scour to obtain the total scour depth. The
concept of local and general scour is illustrated in Figure 12. The general scour portion of the
total scour requires information on the geometry of the stream upstream and downstream of the
pipeline crossing, hydraulic parameters (depth ,velocity, width, etc.) of each discharge of the
design hydrograph and long term hydrograph, the sediment gradation of the bed surface, volume
and composition of the sediment entering the reach for each discharge, and the flow and duration
of each portion of the design hydrograph.

This type of analysis requires the use of a numerical sediment transport model. The sediment
transport model, HEC-6, "Scour and Deposition in Rivers and Reservoirs,” (U. S. Corps of
Engineers, 1977) was selected to model the general scour of the stream crossing.

Description of HEC-6 Model

HEC-6 is a one-dimensional, movable boundary, open channel flow model designed to simulate
streambed profile changes over fairly long time periods. Since its initial nationwide distribution
by the Hydrologic Engineering Center (HEC) of the Corps of Engineers in 1973 and again in
1977, 1987 and 1991, it has been the most widely used one-dimensional sediment transport
model in the U. S. and particularly, with the Corps of Engineers.

In general terms, the model first calculates the hydraulics of each discharge increment in a



hydrograph to determine hydraulic parameters such as flow depth, water velocity, and effective
flow width for each cross section. It then computes the sediment transport potential at each
cross section using the hydraulics of the main channel. Sediment contribution at the upstream
end of the reach being modeled is simulated by the use of a sediment vs. discharge relation and
is specified by the user. This load is compared to the sediment transport potential of the cross
section. If the inflowing load is larger than its transport potential, the difference is deposited
in the cross section. If the inflowing load is less than the transport potential, it is picked up
(scoured) from the bed, taking into account the availability of material in the bed (e.g., bedrock,
armoring, etc.). The sediment load leaving the cross section then becomes the inflowing load
to the next downstream cross section. This continues until the most downstream cross section
is simulated. For the next discharge in the hydrograph, the hydraulics are again computed using
the new cross sectional geometry formed by the previous discharge. The cycle is repeated until
the entire hydrograph is simulated. Further details of the model are presented in the HEC-6

User’s Manual (USACOE, 1991) and MacArthur et. al. (1990).

The creation of HEC-6 input files for each river segment containing the pipeline crossing
requires the development of channel geometry from field surveys, hydraulic analysis for the
water discharges being simulated, the input of representative streambed material size
distributions, the creation of an inflowing sediment rating curve, and development of a design
hydrograph containing the design event and a representative long term hydrograph. The
procedures used in developing the HEC-6 inputs are described in the following sections.

Development of Geometry and Hydraulics

The streambed and overbank geometry are required for input in the sediment transport model.
Surveys were conducted by El Paso Natural Gas contract survey crews and provided to WEST
Consultants. A flow of approximately 8000 cfs existed in the river at the time of the survey.
Accordingly, the survey crews were unable to survey the channel bottom that was covered by
water. In order to estimate the actual underwater geometry we assumed a thalweg shape
consistent with previous observations and conducted a normal depth computation for 8000 cfs
at each cross section such that the water surface elevation met that which was observed for this
flow during the field survey. Cross sectional geometry was then input into the HEC-6 model.
Cross sections as surveyed throughout the reach and computed water surface elevations for the

100-year peak flow are presented in Appendix B.

Streambed Gradation

A field sediment data collection program was conducted at the site. Bed sediment samples and
gradations within the study reach are also a requirement for sediment transport modeling. These
streambed gradations were input to the HEC-6 model. At cross sections that do not have
samples taken, the upstream and downstream cross section gradations were linearly interpolated
to produce a representative gradation. This interpolation is performed automatically in HEC-6.



Limits of Erodible Bed

From the field reconnaissance and plots of the cross sections, the lateral limits of scour were
determined and input to the HEC-6 model. The model assumes that erosion is uniform between
these limits but deposition can occur outside these limits but within the wetted portions of the
channel. In general, the limits of scour are within what is termed the "active bed" and are often

located just within the main channel limits.

Inflowing Sediment Load

Generally, no information was available on the sediment entering the stream crossings from
upstream sources. To develop a sediment rating curve (the relation between water discharge and
sediment discharge by grain size), it was assumed that the upstream cross sections were in quasi-
equilibrium. This means that the sediment gradation of the streambed determines the sediment
loads passing the cross sections and the amount of sediment entering the reach is generally equal
to the amount of sediment exiting the reach. For a range of flows, the inflowing sediment for
the HEC-6 model was assumed and the amount of sediment passing the upstream cross sections
noted. The sediment load passing these cross sections was then used as the inflowing sediment
load. This iterative process was continued until the inflowing sediment load is consistent with
the sediment load passing the upstream cross sections and no significant scour or deposition
occurred in these cross sections (consistent with the equilibrium assumption). The inflowing
sediment loads from the last iteration were used as a basis for later analysis.

Development of Streamflow Hydrograph

In order to use HEC-6 for sedimentation analysis, a 100-year flood hydrograph must be
developed which comprises a long term event as well as the hydrograph of the design event.
The 100-year storm hydrograph was developed using the same pattern as observed in the January
1993 hydrograph at Kelvin. The hydrograph was shifted upward to represent the difference
between the observed peak of the 1993 storm of 50,000 cfs as compared to the 100-year peak
flow (Roeske, 1978) of 130,000 cfs. Using an in house computer program called the Sediment
Weighted Histogram Generator, an output file of the representative 100-year flood histogram was
created in HEC-6 input format.

Results of Scour Analysis

The HEC-6 model computed a maximum average scour depth of 6.3 feet at cross section 5000.
Due to the extreme skew of the pipeline crossing to the river, the alignment actually crosses
sections 3000 through 8000 (Figure 2). The maximum general scour at each cross section was
used to compute total scour depth. It must be understood that the results of the simulation are
representative of the general scour and that the actual local scour must be added to the general



scour to obtain the total scour, as depicted in Figure 12. Determination of local scour is
theoretically beyond the capabilities of HEC-6 or any 1-dimensional sediment transport model;
however, analytical methods can be used to approximate it.

Lacey (U.S Bureau of Reclamation, 1984) estimated that the local scour for a straight reach
should be about 25% of the flow depth, 50% for a moderate bend and 75 % for a severe bend.
Blench (USBR, 1984) suggests that this value should be 60% of the flow depth, even for reaches
that range from straight to severe bends. This implies that the local scour is just as great in a
straight reach as in a severe bend. Since the general scour was already conservative (maximized
scour conditions), Lacey’s relation was chosen to determine the local scour and thus the total
scour depth. The pipeline crossing site has moderate flow angles to the main stream and would
be classified as a moderate bend in the Lacey method.

For the peak discharge of the 100-year flood (130,000 cfs), the flow depths along the pipeline
crossing from cross sections 3000 to 8000 vary from approximately 10 to 15 feet. Assuming
Lacey’s relation for a moderate bend, the local scour would vary from 5 to 7.5 feet. A safety
factor of 3 feet was added to reflect the effect of antidunes as were observed during the January

1993 storm.

Using the aforementioned computational techniques the total scour depth for the 100-year design
event at the crossing was estimated along the entire crossing. Due to the extreme skew of the
crossing to the river channel and assuming that the actual incised stream channel can migrate
over the entire width of the meander belt total scour potential in feet mean sea level elevations
are presented below. This crossing, therefore, has a possibility of maximum scour over the
entire meander belt.

EPNG STATION  TOP OF PIPE BURIAL ELEVATION

719+75 1381
732+00 1383
746+00 1385
753+00 1386
760+00 1387
767+00 1388
773+00 1389
780+00 13590
787+00 1391

Lateral Scour

A lateral scour analysis, based upon use of historic aerial photographs and other site specific
information, was then conducted in order to determine the maximum extent of pipe burial depth.

9



Meander belt width and activity were taken into consideration in the assessment of lateral
migration of the alluvial channel. The lateral limits of maximum scour are estimated to occur
between engineering stations 719+75 (approximate centerline of a field road) and 787+00.

10



CONCLUSIONS AND RECOMMENDATIONS

The following conclusions and recommendations are outgrowths of this study.

General scour depth as computed by HEC-6 for the design event is a maximum of 6.3
feet in the vicinity of pipeline crossing.

The local scour was estimated at vary from 5.4 to 6.7 feet, resulting in a total estimated
scour depth at the proposed pipeline crossing varying from 8.6 to 14.7 feet. These total
scour depths include a safety factor to incorporate the effects of antidunes. Based upon
the scour depth, the pipeline should be buried below elevations as presented on page 9.

Lateral movement of the channel is anticipated during large flood events. The active
meander belt width is approximately 6700 feet and extends from engineering stations
719+75 to 787+00.

Construction should begin as soon as possible as there is a greater probability of higher

streamflows during thunderstorms in August and September. Ideally, the construction
should be completed by 1 July.

11
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EXAMPLE OF LOCAL SCOUR
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