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LIST OF SYMBOLS

surface area

cross-sectional area for the fluid entering the control volume
cross-sectional area for the fluid leaving the control volume
normal cross-sectional area at the bridge crossing
projected area of a pier normal to the flow

area of a sediment particle

acceleration or pier width or embankment length

thickness of the bed layer, the unmeasured zone of flow
embankment length for relief bridge

acceleration component normal to a streamline
embankment length for main bridge

amplitude of wave

coefficient of width relationship

dimensionless constants in Meyer-Peter, Miller equations
bridge opening length

exponent of width relationship

sediment concentration

Chezy coefficient

Chezy coefficient for steady uniform flow

constant for free vortex flow

constant for forced vortex flow

drag coefficient on a particle

concentration of fine material

overtopping discharge coefficient

bed material sediment concentration

coefficient of shear

average suspended sediment concentration

wave celerity

coefficient of the flow depth relationship

culvert diameter or sediment size

sediment riprap size for which 50% by weight of the particles are smaller;
similarly Dgs, Dg4, Dy represent sizes for which 65, 84, and 90% of the particles
are smaller

mean sediment size a distance x downstream from reference location
mean sediment size at the reference section

effective mean diameter of sediment or riprap

sediment size or riprap size

differential area for the fluid entering the control volume
differential area for the fluid leaving the control volume
thickness of riprap layer

displacement of a fluid particle during time dt

scour depth

differential time interval

energy of a system

ratio of bed layer thickness to flow depth aly,

energy per unit mass

moment arms of forces acting on a rock particle
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e = eccentricity coefficient

Fi,F, = pressure force acting at section one and two

Fi(h),

Fa(h) = functions for the transverse velocity distribution in bends
Fs = buoyant force on a particle

Fo = force exerted at the boundary

F. = critical Froude number for the beginning of motion of sediment
Fo = drag force on a particle

Fq = drag force on a rock particle

Ft = fluid force on a particle

Fq = gravitational force on a patrticle

Fp = lift force on a rock particle

Fn = external forces between particles

Fr = Froude number

Fs = shear force

Fy = shear force on a particle

Fx = force acting in the x direction

f = Darcy-Weisbach friction factor

'y = Darcy-Weisbach friction factor for the grain roughness
fs = seepage force

f = exponent of the flow depth relationship

G = gradation coefficient

g = acceleration due to gravity

H = total energy

He = entrance loss of head

He = average head loss over a cross-section

H; = friction loss of head

Hpin = minimum total energy at a critical section

H+ = total head

H, = velocity head

HW, = headwater at a culvert

Hs = horizontal side slope related to one unit vertically

h, = head loss in a hydraulic jump

he = head loss

h* = total backwater elevation

Wh = drop in water surface elevation through bridge opening
I, I, = integrals in the Einstein method

ib = fraction of the bed load for given equation

Is = fraction of the suspended load for a given equation

it = fraction of total load for a given equation

J = ratio of projected area of piers to the gross constricted area An,
| = exponent of the bed sediment discharge relationship
K = coefficient of the Meyer-Peter and Miiller equation

Ky, Ky = coefficient for the area and volume of sediment particles
Kg, K = coefficient in Meyer-Peter, Miller equation

Kp = base backwater coefficient

Ke = entrance loss coefficient for culverts

Ky = conversion constant (SI/English units)

Ks = height of roughness elements

k = coefficient of the velocity relationship
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length of control volume
length of culvert

lengths for sloping sill drop structure

length of abutment

length of a channel along the thalweg

length of embankment

length of hydraulic jump

upstream length of a guide bank

length of the roadway crest for overspill

pier length

mixing length

longest axis of particle

intermediate axis of particle

shortest axis of particle

bridge opening ratio

exponent of the velocity relationship

ratio of lift to drag moments on a patrticle
Manning's resistance coefficient

Manning's resistance coefficient of the bed
Manning's resistance coefficient for steady uniform flow
Manning's resistance coefficient of the walls
wetted perimeter of the flow

pressure of fluid at sections one and two

wetted perimeter of the bed

coefficient in the Einstein's total sediment discharge method
pressure of fluid inside and outside the bend
wetted perimeter of the banks

percentage by weight of a size fraction of sediment
coefficient of the total bed sediment discharge relationship
average pressure over a cross section

discharge (flow rate)

rate at which heat is added to the system

bed load discharge in weight units

water discharge quantity determining the bed load transport
approach channel flow discharge

approach flow discharge on the embankment
formative discharge for a particular phenomena
uncorrected bed sediment discharge

overtopping discharge

total suspended sediment discharge

maximum suspended sediment discharge

total bed sediment discharge

total discharge

unit discharge

unit bed load discharge

uncorrected unit bed sediment discharge

unit suspended sediment discharge

unit total bed sediment discharge

hydraulic radius
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R'y = hydraulic radius due to grain roughness

Re = Reynolds number

Re, = Reynolds number of falling particle

R = vector R of the direction of particle movement

r = radius of curvature

re = radius of curvature at the center of the stream

h,ro = radius of curvature for inner and outer banks in a bend
r = coefficient of Manning's n relationship

S = channel slope

Sc = shape factor of a cross-section

St = friction slope (also called the energy slope)

S’ = friction slope to overcome grain resistance

Sm = ratio of tangents of friction angle to side slope angle
Sh = channel sinuosity

So = bed slope

S, = shape factor of sediment particle

Sk = shape factor of a river reach

Ss = specific gravity of sediment particle

Sy = bed slope at a distance x downstream of a reference location
Sw = slope of water surface

s = direction tangential to streamline

T = wave period

T = time

Té = temperature

t = coefficient of the friction slope relationship

u = internal energy associated with fluid temperature

Y = velocity vector

Vv = volume

Ve Vo = critical velocity

Vy = depth-average velocity at the vena contracta

Vi = mean stream velocity

Vimax = maximum velocity

Vo = average velocity at the bridge opening

V, = tangential velocity in a bend

Vo = volume of a patrticle, or average velocity on a spillslope
V, = reference velocity

Vs = velocity against the stone

Vi = depth-average velocity at the toe of an embankment
Vi = velocity of the wave

Vs = shear velocity

Ve = shear velocity in the channel

V' = shear velocity due to grain roughness

V' = shear velocity due to form roughness

vy, Vi = velocity of the fluid entering a control volume

Vo, Vo = velocity of the fluid leaving a control volume

Vg, Vp = velocity components in the s and n directions

Vi, Vy = velocity components along x and y

Vi, Vy = average velocity components along x and y

Vi, Vy = velocity fluctuations

w = width of control volume or channel free surface width
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rate at which a fluid system does work on its surroundings
rate of pressure work done by system

Buoyant weight of sediment particle

lateral location in a cross-section

Einstein's multiplication factor

function of W/w' in Einstein's method

pressure correction factor, a function of Dgs/w' in Einstein's method
vertical distance

critical depth of flow

maximum depth of flow

normal depth of flow

total flow depth

scour depth due to contraction

vertical distance above bed at which the velocity is zero
exponent of the Manning's n relationship

exponent of the Rouse equation

superelevation of flow in bends

drop in water surface elevation along a channel
elevation above arbitrary reference level

water surface elevation at inside and outside of bend
exponent of the friction slope relationship
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GREEK SYMBOLS

energy correction factor

coefficient of the downstream decrease in slope

energy correction factor for unit width

momentum correction factor

angle between the particle movement direction and the vertical
angle of the hydraulic jump in bends

momentum correction factor for a unit width

coefficient of the downstream decrease in sediment size
correction term in Einstein's Method

specific weight of the fluid

specific weight of the sediment

apparent roughness of the bed

dimensionless bend angle

angle between the drag force and the particle movement direction
thickness of the laminar sublayer in turbulent flow
exponent in Laursen's equation

stability number for particles on a plane bed

stability number for particles on side slopes

side slope angle

inclination angle of a channel

bend angle in supercritical flows

angle of orientation of the embankment

von Karman velocity constant

wave length

angle between the horizontal and the drag force vector
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gy < T

dynamic viscosity of a fluid

kinematic viscosity of a fluid

correction factor, a function of D¢/X in Einstein's method
function of other parameters (Eq. 5.3.31)

fluid density

density of a fluid entering a control volume
density of a fluid leaving a control volume
density of sediment particles

correction coefficient for piers

shear stress

bed shear stress

critical shear stress

dimensionless sediment transport function

uncorrected entrainment function
entrainment function

fall velocity of a sediment particle
angle of the abutment
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abrasion:

aggradation:

alluvial channel:

alluvial fan:

alluvial stream:

alluvium:

alternating bars:

anabranch:

anabranched stream:

anastomosing stream:

angle of repose:

annual flood:

apron:

apron, launching:

GLOSSARY

Removal of stream bank material due to entrained sediment,
ice, or debris rubbing against the bank.

General and progressive buildup of the longitudinal profile of a
channel bed due to sediment deposition.

Channel wholly in alluvium; no bedrock is exposed in channel
at low flow or likely to be exposed by erosion.

A fan-shaped deposit of material at the place where a stream
issues from a narrow valley of high slope onto a plain or broad
valley of low slope. An alluvial cone is made up of the finer
materials suspended in flow while a debris cone is a mixture of
all sizes and kinds of materials.

A stream which has formed its channel in cohesive or
noncohesive materials that have been and can be transported
by the stream.

Unconsolidated material deposited by a stream in a channel,
floodplain, alluvial fan, or delta.

Elongated deposits found alternately near the right and left
banks of a channel.

Individual channel of an anabranched stream.

A stream whose flow is divided at normal and lower stages by
large islands or, more rarely, by large bars; individual islands or
bars are wider than about three times water width; channels
are more widely and distinctly separated than in a braided
stream.

An anabranched stream.

The maximum angle (as measured from the horizontal) at
which gravel or sand particles can stand.

The maximum flow in one year (may be daily or
instantaneous).

Protective material placed on a streambed to resist scour.

An apron designed to settle and protect the side slopes of a
scour hole after settlement.
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armor (armoring):

articulated concrete
mattress:

average velocity:

avulsion:

backfill:

backwater:

backwater area:

bank:

bank, left (right):

bankfull discharge:

bank protection:

bank revetment:

bar:

base floodplain:

bed:

Surfacing of channel bed, banks, or embankment slope to
resist erosion and scour. (a) Natural process whereby an
erosion- resistant layer of relatively large particles is formed on
a streambed due to the removal of finer particles by
streamflow; (b) placement of a covering to resist erosion.

Rigid concrete slabs which can move without separating
as scour occurs; usually hinged together with corrosion-
resistant cable fasteners; primarily placed for lower bank
protection.

Velocity at a given cross section determined by dividing
discharge by cross sectional area.

A sudden change in the channel course that usually occurs
when a stream breaks through its banks; usually associated
with a flood or a catastrophic event.

The material used to refill a ditch or other excavation, or the
process of doing so.

The increase in water surface elevation relative to the elevation
occurring under natural channel and floodplain conditions. Itis
induced by a bridge or other structure that obstructs or
constricts the free flow of water in a channel.

The low-lying lands adjacent to a stream that may become
flooded due to backwater.

The sides of a channel between which the flow is normally
confined.

The side of a channel as viewed in a downstream direction.

Discharge that, on the average, fills a channel to the point of
overflowing.

Engineering works for the purpose of protecting stream banks
from erosion.

Erosion-resistant materials placed directly on a stream bank to
protect the bank from erosion.

An elongated deposit of alluvium within a channel, not
permanently vegetated.

The floodplain associated with the flood with a 100-year
recurrence interval.

The bottom of a channel bounded by banks.
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bed form:

bed layer:

bed load:

bed load discharge
(or bed load):

bed material:

bedrock:

bed sediment discharge:

bed shear
(tractive force):

bed slope:

blanket:

boulder:
braid:

braided stream:

bridge opening:

bridge waterway:

A recognizable relief feature on the bed of a channel, such as
a ripple, dune, plane bed, antidune, or bar. Bed forms are a
consequence of the interaction between hydraulic forces
(boundary shear stress) and the bed sediment.

A flow layer, several grain diameters thick (usually two)
immediately above the bed.

Sediment that is transported in a stream by rolling, sliding, or
skipping along the bed or very close to it; considered to be
within the bed layer (contact load).

The quantity of bed load passing a cross section of a stream in
a unit of time.

Material found in and on the bed of a stream (May be
transported as bed load or in suspension).

The solid rock exposed at the surface of the earth or overlain
by soils and unconsolidated material.

The part of the total sediment discharge that is composed of
grain sizes found in the bed and is equal to the transport
capability of the flow.

The force per unit area exerted by a fluid flowing past a
stationary boundary.

The inclination of the channel bottom.

Material covering all or a portion of a stream bank to prevent
erosion.

A rock fragment whose diameter is greater than 250 mm.
A subordinate channel of a braided stream.

A stream whose flow is divided at normal stage by small
mid-channel bars or small islands; the individual width of bars
and islands is less than about three times water width; a
braided stream has the aspect of a single large channel within
which are subordinate channels.

The cross-sectional area beneath a bridge that is available for
conveyance of water.

The area of a bridge opening available for flow, as measured

below a specified stage and normal to the principal direction of
flow.
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bulk density:

bulkhead:

bulking:

catchment:
causeway:
caving:
cellular-block

mattress:

channel:

channelization:

channel diversion:

channel pattern:

channel process:

check dam:

choking (of flow):

clay (mineral):

clay plug:

Density of the water sediment mixture (mass per unit volume),
including both water and sediment.

A vertical, or near vertical, wall that supports a bank or an
embankment; also may serve to protect against erosion.

Increasing the water discharge to account for high
concentrations of sediment in the flow.

See drainage basin.
Rock or earth embankment carrying a roadway across water.

The collapse of a bank caused by undermining due to the
action of flowing water.

Interconnected concrete blocks with regular cavities placed
directly on a stream bank or filter to resist erosion. The
cavities can permit bank drainage and the growth of vegetation
where synthetic filter fabric is not used between the bank and
mattress.

The bed and banks that confine the surface flow of a stream.
Straightening or deepening of a natural channel by artificial
cutoffs, grading, flow-control measures, or diversion of flow into

an engineered channel.

The removal of flows by natural or artificial means from a
natural length of channel.

The aspect of a stream channel in plan view, with particular
reference to the degree of sinuosity, braiding, and
anabranching.

Behavior of a channel with respect to shifting, erosion and
sedimentation.

A low dam or weir across a channel used to control stage or
degradation.

Excessive constriction of flow which may cause severe
backwater effect.

A particle whose diameter is in the range of 0.00024 to 0.004
mm.

A cutoff meander bend filled with fine grained cohesive
sediments.
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clear-water scour:

cobble:

concrete revetment:

confluence:

constriction:

contact load:

contraction:

contraction scour:

Coriolis force:

countermeasure:

crib:

critical shear stress:

crossing:

Cross section:
current:
current meter:

cut bank:

Scour at a pier or abutment (or contraction scour) when there
is no movement of the bed material upstream of the bridge
crossing at the flow causing bridge scour.

A fragment of rock whose diameter is in the range of 64 to 250
mm.

Unreinforced or reinforced concrete slabs placed on the
channel bed or banks to protect it from erosion.

The junction of two or more streams.

A natural or artificial control section, such as a bridge crossing,
channel reach or dam, with limited flow capacity in which the
upstream water surface elevation is related to discharge.

Sediment particles that roll or slide along in almost continuous
contact with the streambed (bed load).

The effect of channel or bridge constriction on flow
streamlines.

Contraction scour, in a natural channel or at a bridge crossing,
involves the removal of material from the bed and banks
across all or most of the channel width. This component of
scour results from a contraction of the flow area at the bridge
which causes an increase in velocity and shear stress on the
bed at the bridge. The contraction can be caused by the
bridge or from a natural narrowing of the stream channel.

The inertial force caused by the Earth's rotation that deflects a
moving body to the right in the Northern Hemisphere.

A measure intended to prevent, delay or reduce the severity of
hydraulic problems.

A frame structure filled with earth or stone ballast, designed to
reduce energy and to deflect streamflow away from a bank or
embankment.

The minimum amount of shear stress required to initiate soil
particle motion.

The relatively short and shallow reach of a stream between
bends; also crossover or riffle.

A section normal to the trend of a channel or flow.
Water flowing through a channel.
An instrument used to measure flow velocity.

The concave wall of a meandering stream.
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cutoff:

cutoff wall:

daily discharge:

debris:

degradation (bed):

depth of scour:

design flow (design flood):

dike:

dike (groin, spur, jetty):

discharge:

dominant discharge:

(a) A direct channel, either natural or artificial, connecting two
points on a stream, thereby shortening the original length of
the channel and increasing its slope; (b) A natural or artificial
channel which develops across the neck of a meander loop
(neck cutoff) or across a point bar (chute cutoff).

A wall, usually of sheet piling or concrete, that extends down to
scour-resistant material or below the expected scour depth.

Discharge averaged over one day (24 hours).

Floating or submerged material, such as logs, vegetation, or
trash, transported by a stream.

A general and progressive (long-term) lowering of the channel
bed due to erosion, over a relatively long channel length.

The vertical distance a streambed is lowered by scour below a
reference elevation.

The discharge that is selected as the basis for the design or
evaluation of a hydraulic structure.

An impermeable linear structure for the control or containment
of overbank flow. A dike-trending parallel with a stream bank
differs from a levee in that it extends for a much shorter
distance along the bank, and it may be surrounded by water
during floods.

A structure extending from a bank into a channel that is
designed to: (a) reduce the stream velocity as the current
passes through the dike, thus encouraging sediment
deposition along the bank (permeable dike); or (b) deflect
erosive current away from the stream bank (impermeable
dike).

Volume of water passing through a channel during a given
time.

(a) The discharge of water which is of sufficient magnitude and
frequency to have a dominating effect in determining the
characteristics and size of the stream course, channel, and
bed; (b) That discharge which determines the principal
dimensions and characteristics of a natural channel. The
dominant formative discharge depends on the maximum and
mean discharge, duration of flow, and flood frequency. For
hydraulic geometry relationships, it is taken to be the bankfull
discharge which has a return period of approximately 1.5 years
in many natural channels.
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drainage basin:

drift:

eddy current:

entrenched stream:

ephemeral stream:

equilibrium scour:

erosion;

erosion control matting:

fabric mattress:

fall velocity:

fascine:

fetch:

fetch length:

fill slope:

An area confined by drainage divides, often having only one
outlet for discharge (catchment, watershed).

Alternative term for vegetative "debris."

A vortex-type motion of a fluid flowing contrary to the main
current, such as the circular water movement that occurs when
the main flow becomes separated from the bank.

Stream cut into bedrock or consolidated deposits.

A stream or reach of stream that does not flow for parts of the
year. As used here, the term includes intermittent streams with
flow less than perennial.

Scour depth in sand-bed stream with dune bed about which
live bed pier scour level fluctuates due to variability in bed
material transport in the approach flow.

Displacement of soil particles due to water or wind action.

Fibrous matting (e.qg., jute, paper, etc.) placed or sprayed on a
stream- bank for the purpose of resisting erosion or providing
temporary stabilization until vegetation is established.

Grout-filled mattress used for stream bank protection.

The velocity at which a sediment particle falls through a column
of still water.

A matrix of willow or other natural material woven in bundles
and used as a filter. Also, a stream bank protection technique
consisting of wire mesh or timber attached to a series of posts,
sometimes in double rows; the space between the rows may
be filled with rock, brush, or other materials.

The area in which waves are generated by wind having a
rather constant direction and speed; sometimes used
synonymously with fetch length.

The horizontal distance (in the direction of the wind) over which
wind generates waves and wind setup.

Side or end slope of an earth-fill embankment. Where a

fill-slope forms the streamward face of a spill-through
abutment, it is regarded as part of the abutment.
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filter:

filter blanket:

filter fabric (cloth):

fine sediment load:

flanking:

flashy stream:

flood-frequency curve:

floodplain:

flow-control structure:

flow hazard:

flow slide:

Layer of fabric (geotextile) or granular material (sand, gravel,
or graded rock) placed between bank revetment (or bed
protection) and soil for the following purposes: (1) to prevent
the soil from moving through the revetment by piping,
extrusion, or erosion; (2) to prevent the revetment from sinking
into the soil; and (3) to permit natural seepage from the stream
bank, thus preventing the buildup of excessive hydrostatic
pressure.

A layer of graded sand and gravel laid between fine-grained
material and riprap to serve as a filter.

Geosynthetic fabric that serves the same purpose as a
granular filter blanket.

That part of the total sediment load that is composed of particle
sizes finer than those represented in the bed (wash load).
Normally, the fine-sediment load is finer than 0.062 mm for
sand-bed channels. Silts, clays and sand could be considered
wash load in coarse gravel and cobble-bed channels.

Erosion around the landward end of a stream stabilization
countermeasure.

Stream characterized by rapidly rising and falling stages, as
indicated by a sharply peaked hydrograph. Typically
associated with mountain streams or highly disturbed
urbanized catchments. Most flashy streams are ephemeral,
but some are perennial.

A graph indicating the probability that the annual flood
discharge will exceed a given magnitude, or the recurrence
interval corresponding to a given magnitude.

A nearly flat, alluvial lowland bordering a stream, that is subject
to frequent inundation by floods.

A structure either within or outside a channel that acts as a
countermeasure by controlling the direction, depth, or velocity
of flowing water.

Flow characteristics (discharge, stage, velocity, or duration)
that are associated with a hydraulic problem or that can
reasonably be considered of sufficient magnitude to cause a
hydraulic problem or to test the effectiveness of a
countermeasure.

Saturated soil materials which behave more like a liquid than a

solid. A flow slide on a channel bank can result in a bank
failure.
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fluvial geomorphology:

fluvial system:

freeboard:

Froude Number:

gabion:

general scour:

geomorphology/
morphology:

grade-control structure
(sill, check dam):

graded stream:

gravel:

groin:

The science dealing with the morphology (form) and dynamics
of streams and rivers.

The natural river system consisting of (1) the drainage basin,
watershed, or sediment source area, (2) tributary and
mainstem river channels or sediment transfer zone, and (3)
alluvial fans, valley fills and deltas, or the sediment deposition
zone.

The vertical distance above a design stage that is allowed for
waves, surges, drift, and other contingencies.

A dimensionless number that represents the ratio of inertial to
gravitational forces in open channel flow.

A basket or compartmented rectangular container made of wire
mesh. When filled with cobbles or other rock of suitable size,
the gabion becomes a flexible and permeable unit with which
flow- and erosion-control structures can be built.

General scour is a lowering of the streambed across the
stream or waterway at the bridge. This lowering may be
uniform across the bed or non-uniform. That is, the depth of
scour may be deeper in some parts of the cross section.
General scour may result from contraction of the flow or other
general scour conditions such as flow around a bend.

That science that deals with the form of the Earth, the
general configuration of its surface, and the changes that take
place due to erosion and deposition.

Structure placed bank to bank across a stream channel
usually with its central axis perpendicular to flow) for the
purpose of controlling bed slope and preventing scour or
headcutting.

A geomorphic term used for streams that have apparently
achieved a state of equilibrium between the rate of sediment
transport and the rate of sediment supply throughout long
reaches.

A rock fragment whose diameter ranges from 2 to 64 mm.

A structure built from the bank of a stream in a direction
transverse to the current to redirect the flow or reduce flow
velocity. Many names are given to this structure, the most
common being "spur," "spur dike," "transverse dike,
etc. Groins may be permeable, semi-permeable, or
impermeable.

jetty,”
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grout:

guide bank:

hardpoint:

headcutting:

helical flow:

hydraulics:

hydraulic model:

hydraulic problem:

hydraulic radius:

hydraulic structures:

hydrograph:

hydrology:

imbricated:

A fluid mixture of cement and water or of cement, sand, and
water used to fill joints and voids.

A dike extending upstream from the approach embankment at
either or both sides of the bridge opening to direct the flow
through the opening. Some guide banks extend downstream
from the bridge (also spur dike).

A stream bank protection structure whereby "soft" or erodible
materials are removed from a bank and replaced by stone or
compacted clay. Some hard points protrude a short distance
into the channel to direct erosive currents away from the bank.
Hard points also occur naturally along stream banks as
passing currents remove erodible materials leaving nonerodible
materials exposed.

Channel degradation associated with abrupt changes in the
bed elevation (headcut) that generally migrates in an upstream
direction.

Three-dimensional movement of water particles along a spiral
path in the general direction of flow. These secondary-type
currents are of most significance as flow passes through a
bend; their net effect is to remove soil particles from the cut
bank and deposit this material on a point bar.

The applied science concerned with the behavior and flow of
liquids, especially in pipes, channels, structures, and the
ground.

A small-scale physical or mathematical representation of a flow
situation.

An effect of streamflow, tidal flow, or wave action such that the
integrity of the highway facility is destroyed, damaged, or
endangered.

The cross-sectional area of a stream divided by its wetted
perimeter.

The facilities used to impound, accommodate, convey or
control the flow of water, such as dams, weirs, intakes,
culverts, channels, and bridges.

The graph of stage or discharge against time.

The science concerned with the occurrence, distribution, and
circulation of water on the earth.

In reference to stream bed sediment particles, having an
overlapping or shingled pattern.
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icing:

incised reach:

incised stream:

invert:

island:

jack:

jack field:

jetty:

lateral erosion:

launching:

levee:

live-bed scour:

Masses or sheets of ice formed on the frozen surface of a river
or floodplain. When shoals in the river are frozen to the bottom
or otherwise dammed, water under hydrostatic pressure is
forced to the surface where it freezes.

A stretch of stream with an incised channel that only rarely
overflows its banks.

A stream which has deepened its channel through the bed of
the valley floor, so that the floodplain is a terrace.

The lowest point in the channel cross section or at flow control
devices such as weirs, culverts, or dams.

A permanently vegetated area, emergent at normal stage, that
divides the flow of a stream. Islands originate by establishment
of vegetation on a bar, by channel avulsion, or at the junction
of minor tributary with a larger stream.

A device for flow control and protection of banks against lateral
erosion consisting of three mutually perpendicular arms rigidly
fixed at the center. Kellner jacks are made of steel struts
strung with wire, and concrete jacks are made of reinforced
concrete beams.

Rows of jacks tied together with cables, some rows generally
parallel with the banks and some perpendicular thereto or at an
angle. Jack fields may be placed outside or within a channel.

(a) An obstruction built of piles, rock, or other material
extending from a bank into a stream, so placed as to induce
bank building, or to protect against erosion; (b) A similar
obstruction to influence stream, lake, or tidal currents, or to
protect a harbor (also spur).

Erosion in which the removal of material is extended
horizontally as contrasted with degradation and scour in a
vertical direction.

Release of undercut material (stone riprap, rubble, slag, etc.)
downslope or into a scoured area.

An embankment, generally landward of top bank, that confines
flow during high-water periods, thus preventing overflow into
lowlands.

Scour at a pier or abutment (or contraction scour) when the

bed material in the channel upstream of the bridge is moving at
the flow causing bridge scour.
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load (or sediment load):

local scour:

longitudinal profile:

lower bank:

mathematical model:

mattress:
meander or full
meander:

meander amplitude:

meander belt;
meander length:
meander loop:
meander ratio:
meander radius
of curvature:

meander scrolls:

meander width:

Amount of sediment being moved by a stream.

Removal of material from around piers, abutments, spurs, and
embankments caused by an acceleration of flow and resulting
vortices induced by obstructions to the flow.

The profile of a stream or channel drawn along the length of its
centerline. In drawing the profile, elevations of the water
surface or the thalweg are plotted against distance as
measured from the mouth or from an arbitrary initial point.

That portion of a stream bank having an elevation less than the
mean water level of the stream.

A numerical representation of a flow situation using
mathematical equations (also computer model).

A blanket or revetment of materials interwoven or otherwise
lashed together and placed to cover an area subject to scour.

A meander in a river consists of two consecutive loops, one
flowing clockwise and the other counter-clockwise.

The distance between points of maximum curvature of
successive meanders of opposite phase in a direction normal
to the general course of the meander belt, measured between
center lines of channels.

The distance between lines drawn tangent to the extreme limits
of successive fully developed meanders.

The distance along a stream between corresponding points of
successive meanders.

An individual loop of a meandering or sinuous stream lying
between inflection points with adjoining loops.

The ratio of meander width to meander length.

The radius of a circle inscribed on the centerline of a meander
loop.

Low, concentric ridges and swales on a floodplain, marking the
successive positions of former meander loops.

The amplitude of a fully developed meander measured from
midstream to midstream.
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meandering stream:

median diameter:

mid-channel bar:

middle bank:

migration:

mud:

natural levee:

nominal diameter:

nonalluvial channel:

normal stage:

overbank flow:

oxbow:

pavement:

paving:

A stream having a sinuosity greater than some arbitrary value.
The term also implies a moderate degree of pattern symmetry,
imparted by regularity of size and repetition of meander loops.
The channel generally exhibits a characteristic process of bank
erosion and point bar deposition associated with systematically
shifting meanders.

The particle diameter of the 50th percentile point on a size
distribution curve such that half of the particles (by weight,
number, or volume) are larger and half are smaller (Ds)

A bar lacking permanent vegetal cover that divides the flow in a
channel at normal stage.

The portion of a stream bank having an elevation
approximately the same as that of the mean water level of the
stream.

Change in position of a channel by lateral erosion of one bank
and simultaneous accretion of the opposite bank.

A soft, saturated mixture mainly of silt and clay.

A low ridge that slopes gently away from the channel banks
that is formed along stream banks during floods by deposition.

Equivalent spherical diameter of a hypothetical sphere of the
same volume as a given sediment particle.

A channel whose boundary is in bedrock or non-erodible
material.

The water stage prevailing during the greater part of the year.

Water movement that overtops the bank either due to stream
stage or to overland surface water runoff.

The abandoned former meander loop that remains after a
stream cuts a new, shorter channel across the narrow neck of
a meander. Often bow-shaped or horseshoe-shaped.

Stream bank surface covering, usually impermeable, designed
to serve as protection against erosion. Common pavements
used on stream banks are concrete, compacted asphalt, and
soil-cement.

Covering of stones on a channel bed or bank (used with
reference to natural covering).
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peaked stone dike:

perennial stream:

phreatic line:

pile:

pile dike:

piping:

point bar:

poised stream:

probable maximum flood:

quarry-run stone:

railbank protection:

rapid drawdown:

reach:

recurrence interval:

Riprap placed parallel to the toe of a stream bank (at the
natural angle of repose of the stone) to prevent erosion of the
toe and induce sediment deposition behind the dike.

A stream or reach of a stream that flows continuously for all or
most of the year.

The upper boundary of the seepage water surface landward of
a stream bank.

An elongated member, usually made of timber, concrete, or
steel, that serves as a structural component of a river-training
structure.

A type of permeable structure for the protection of banks
against caving; consists of a cluster of piles driven into the
stream, braced and lashed together.

Removal of soil material through subsurface flow of seepage
water that develops channels or "pipes" within the soil bank.

An alluvial deposit of sand or gravel lacking permanent vegetal
cover occurring in a channel at the inside of a meander loop,
usually somewhat downstream from the apex of the loop.

A stream which, as a whole, maintains its slope, depths, and
channel dimensions without any noticeable raising or lowering
of its bed (stable stream). Such condition may be temporary
from a geological point of view, but for practical engineering
purposes, the stream may be considered stable.

A very rare flood discharge value computed by
hydrometeorological methods, usually in connection with major
hydraulic structures.

Stone as received from a quarry without regard to gradation
requirements.

A type of countermeasure composed of rock-filled wire fabric
supported by steel rails or posts driven into streambed.

Lowering the water against a bank more quickly than the bank
can drain without becoming unstable.

A segment of stream length that is arbitrarily bounded for
purposes of study.

The reciprocal of the annual probability of exceedance of a
hydrologic event (also return period, exceedance interval).



regime:

regime change:

regime channel:

regime formula:

reinforced-earth
bulkhead:

reinforced revetment:

relief bridge:

retard (retarder
structure):

revetment:

riffle:

riparian:

riprap:

The condition of a stream or its channel with regard to stability.
A stream is in regime if its channel has reached an equilibrium
form as a result of its flow characteristics. Also, the general
pattern of variation around a mean condition, as in flow regime,
tidal regime, channel regime, sediment regime, etc. (used also
to mean a set of physical characteristics of a river).

A change in channel characteristics resulting from such things
as changes in imposed flows, sediment loads, or slope.

Alluvial channel that has attained, more or less, a state of
equilibrium with respect to erosion and deposition.

A formula relating stable alluvial channel dimensions or slope
to discharge and sediment characteristics.

A retaining structure consisting of vertical panels and
attached to reinforcing elements embedded in compacted
backfill for supporting a stream bank.

A stream bank protection method consisting of a continuous
stone toe-fill along the base of a bank slope with intermittent
fillets of stone placed perpendicular to the toe and extending
back into the natural bank.

An opening in an embankment on a floodplain to permit
passage of overbank flow.

A permeable or impermeable linear structure ina channel
parallel with the bank and usually at the toe of the bank,
intended to reduce flow velocity, induce deposition, or deflect
flow from the bank.

Rigid or flexible armor placed to inhibit scour and lateral
erosion. (See bank revetment).

A natural, shallow flow area extending across a streambed in
which the surface of flowing water is broken by waves or
ripples. Typically, riffles alternate with pools along the length of
a stream channel.

Pertaining to anything connected with or adjacent to the banks
of a stream (corridor, vegetation, zone, etc.).

Layer or facing of rock or broken concrete which is dumped

or placed to protect a structure or embankment from erosion;
also the rock or broken concrete suitable for such use. Riprap
has also been applied to almost all kinds of armor, including
wire-enclosed riprap, grouted riprap, sacked concrete, and
concrete slabs.



river training:

rock-and-wire mattress:

roughness coefficient:

rubble:

runoff:

sack revetment:

saltation load:

sand:

scour:

sediment or fluvial
sediment;:

sediment
concentration:

sediment discharge:

sediment load:

sediment yield:

Engineering works with or without the construction of
embankment, built along a stream or reach of stream to direct
or to lead the flow into a prescribed channel. Also, any
structure configuration constructed in a stream or placed on,
adjacent to, or in the vicinity of a stream bank that is intended
to deflect currents, induce sediment deposition, induce scour,
or in some other way alter the flow and sediment regimes of
the stream.

A flat wire cage or basket filled with stone or other suitable
material and placed as protection against erosion.

Numerical measure of the frictional resistance to flow in
a channel, as in the Manning's or Chezy's formulas.

Rough, irregular fragments of materials of random size used to
retard erosion. The fragments may consist of broken concrete
slabs, masonry, or other suitable refuse.

That part of precipitation which appears in surface streams of
either perennial or intermittent form.

Sacks (e.g., burlap, paper, or nylon) filled with mortar,
concrete, sand, stone or other available material used as
protection against erosion.

Sediment bounced along the streambed by energy and
turbulence of flow, and by other moving particles.

A rock fragment whose diameter is in the range of 0.062 to 2.0
mm.

Erosion of streambed or bank material due to flowing water;
often considered as being localized (see local scour,
contraction scour, total scour).

Fragmental material transported, suspended, or deposited by
water.

Weight or volume of sediment relative to the quantity of
transporting (or suspending) fluid.

The quantity of sediment that is carried past any cross section
of a stream in a unit of time. Discharge may be limited to
certain sizes of sediment or to a specific part of the cross
section.

Amount of sediment being moved by a stream.
The total sediment outflow from a watershed or a drainage
area at a point of reference and in a specified time period. This

outflow is equal to the sediment discharge from the drainage
area.



seepage:

shear stress:
shoal:

sill;

silt:
sinuosity:
slope (of channel

or stream):

slope protection:

sloughing:

slope-area method:

slump:

soil-cement:

sorting:

spill-through
abutment:

spread footing:

The slow movement of water through small cracks and pores
of the bank material.

See unit shear force.
A relatively shallow submerged bank or bar in a body of water.

(a) A structure built under water, across the deep pools of a
stream with the aim of changing the depth of the stream; (b) A
low structure built across an effluent stream, diversion channel
or outlet to reduce flow or prevent flow until the main stream
stage reaches the crest of the structure.

A particle whose diameter is in the range of 0.004 to 0.062
mm.

The ratio between the thalweg length and the valley length of a
stream.

Fall per unit length along the channel centerline or thalweg.

Any measure such as riprap, paving, vegetation, revetment,
brush or other material intended to protect a slope from
erosion, slipping or caving, or to withstand external hydraulic
pressure.

Sliding or collapse of overlying material; same ultimate effect
as caving, but usually occurs when a bank or an underlying
stratum is saturated.

A method of estimating unmeasured flood discharges in a
uniform channel reach using observed high-water levels.

A sudden slip or collapse of a bank, generally in the vertical
direction and confined to a short distance, probably due to the
substratum being washed out or having become unable to bear
the weight above it.

A designed mixture of soil and Portland cement compacted at
a proper water content to form a blanket or structure that can
resist erosion.

Progressive reduction of size (or weight) of particles of the
sediment load carried down a stream.

A bridge abutment having a fill slope on the streamward side.
The term originally referred to the "spill-through” of fill at an
open abutment but is now applied to any abutment having such
a slope.

A pier or abutment footing that transfers load directly to the
earth.



spur:

spur dike:

stability:

stable channel:

stage:

stone riprap:

stream:

stream bank erosion:

stream bank failure:
stream bank
protection:

suspended sediment
discharge:

sub-bed material:
subcritical,
supercritical flow:

tetrahedron:

A permeable or impermeable linear structure that projects into
a channel from the bank to alter flow direction, induce
deposition, or reduce flow velocity along the bank.

See guide bank.

A condition of a channel when, though it may change slightly at
different times of the year as the result of varying conditions of
flow and sediment charge, there is no appreciable change from
year to year; that is, accretion balances erosion over the years.

A condition that exists when a stream has a bed slope and
cross section which allows its channel to transport the water
and sediment delivered from the upstream watershed without
aggradation, degradation, or bank erosion (a graded stream).

Water-surface elevation of a stream with respect to a reference
elevation.

Natural cobbles, boulders, or rock dumped or placed as
protection against erosion.

A body of water that may range in size from a large river to a
small rill flowing in a channel. By extension, the term is
sometimes applied to a natural channel or drainage course
formed by flowing water whether it is occupied by water or not.

Removal of soil particles or a mass of particles from a bank
surface due primarily to water action. Other factors such as
weathering, ice and debris abrasion, chemical reactions, and
land use changes may also directly or indirectly lead to bank
erosion.

Sudden collapse of a bank due to an unstable condition such
as removal of material at the toe of the bank by scour.

Any technigue used to prevent erosion or failure of a
stream bank.

The quantity of sediment passing through a stream cross
section above the bed layer in a unit of time suspended by the
turbulence of flow (suspended load).

Material underlying that portion of the streambed which is
subject to direct action of the flow. Also, substrate.

Open channel flow conditions with Froude Number less
than and greater than unity, respectively.

Component of river-training works made of six steel or
concrete struts fabricated in the shape of a pyramid.

liv



tetrapod:

thalweg:

tieback:

timber or brush mattress:

toe of bank:

toe protection:

total scour:

total sediment load:

tractive force:

trench-fill revetment:

turbulence:

ultimate scour:

Bank protection component of precast concrete consisting of
four legs joined at a central joint, with each leg making an
angle of 109.5° with the other three.

The line extending down a channel that follows the lowest
elevation of the bed.

Structure placed between revetment and bank to prevent
flanking.

A revetment made of brush, poles, logs, or lumber interwoven
or otherwise lashed together. The completed mattress is then
placed on the bank of a stream and weighted with ballast.

That portion of a stream cross section where the lower bank
terminates and the channel bottom or the opposite lower bank
begins.

Loose stones laid or dumped at the toe of an embankment,
groin, etc., or masonry or concrete wall built at the junction of
the bank and the bed in channels or at extremities of hydraulic
structures to counteract erosion.

The sum of long-term degradation, general (contraction) scour,
and local scour.

The sum of suspended load and bed load or the sum of bed
material load and wash load of a stream (total load).

The drag or shear on a streambed or bank caused by passing
water which tends to move soil particles along with the
streamflow.

Stone, concrete, or masonry material placed in a trench dug
behind and parallel to an eroding stream bank. When the
erosive action of the stream reaches the trench, the material
placed in the trench armors the bank and thus retards further
erosion.

Motion of fluids in which local velocities and pressures fluctuate
irregularly in a random manner as opposed to laminar flow
where all particles of the fluid move in distinct and separate
lines.

The maximum depth of scour attained for a given flow
condition. May require multiple flow events and in cemented or
cohesive soils may be achieved over a long time period.



uniform flow:

unit discharge:

unit shear force

(shear stress):

unsteady flow:

upper bank:

velocity:

vertical abutment:

vortex:

wandering channel:

wandering thalweg:

wash load:

watershed:

waterway opening
width (area):

weephole:

Flow of constant cross section and velocity through a reach of
channel at a given time. Both the energy slope and the water
slope are equal to the bed slope under conditions of uniform
flow.

Discharge per unit width (may be average over a cross section,
or local at a point).

The force or drag developed at the channel bed by flowing
water. For uniform flow, this force is equal to a component of
the gravity force acting in a direction parallel to the channel bed
on azunit wetted area. Usually in units of stress, Pa (N/m?) or
(Ib/ft7).

Flow of variable discharge and velocity through a cross section
with respect to time.

The portion of a stream bank having an elevation greater than
the average water level of the stream.

The time rate of flow usually expressed in m/s (ft/sec). The
average velocity is the velocity at a given cross section
determined by dividing discharge by cross-sectional area.

An abutment, usually with wingwalls, that has no fill slope on its
streamward side.

Turbulent eddy in the flow generally caused by an obstruction
such as a bridge pier or abutment (e.g., horseshoe vortex).

A channel exhibiting a more or less non-systematic process of
channel shifting, erosion and deposition, with no definite
meanders or braided pattern.

A thalweg whose position in the channel shifts during floods
and typically serves as an inset channel that conveys all or
most of the stream flow at normal or lower stages.

Suspended material of very small size (generally clays and
colloids) originating primarily from erosion on the land slopes of
the drainage area and present to a negligible degree in the bed
itself.

See drainage basin.

Width (area) of bridge opening at (below) a specified stage,
measured normal to the principal direction of flow.

A hole in an impermeable wall or revetment to relieve the
neutral stress or pore pressure in the soil.

Ivi



windrow revetment:

wire mesh:

A row of stone placed landward of the top of an eroding stream
bank. As the windrow is undercut, the stone is launched
downslope, thus armoring the bank.

Wire woven to form a mesh; where used as an integral part of
a countermeasure, openings are of suitable size and shape to
enclose rock or broken concrete or to function on fence-like
spurs and retards.
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CHAPTER 1

INTRODUCTION

The purpose of this chapter is to lay the groundwork for application of the concepts of
open-channel flow, fluvial geomorphology, sediment transport, and river mechanics to the
design, maintenance, and environmental problems associated with highway crossings and
encroachments.

This manual is a basic reference for related Federal Highway Administration (FHWA) hydraulic
publications and National Highway Institute (NHI) Hydraulics Courses. Some of these
publications are: "Hydraulics of Bridge Waterways" (Bradley 1978), "Design of Riprap
Revetment" (Brown and Clyde 1989), "Evaluating Scour at Bridges" (Richardson and Davis
2001), "Stream Stability at Highway Structures" (Lagasse et al. 2001), "Bridge Scour and
Stream Instability Countermeasures - Experience, Selection and Design Guidance" (Lagasse
et al. 2001). Related NHI courses include: (1) River Engineering for Highway Encroachments,
(2) Stream Stability and Scour at Highway Bridges, and (3) Finite Element Surface Water
Modeling System (FESWMS).

Basic definitions of terms and notations adopted for use in this document have been presented
in the preceding section (Glossary) for rapid reference. Additionally, these important terms and
variables are defined and explained as they are encountered.

1.1 CLASSIFICATION OF RIVER CROSSINGS AND ENCROACHMENTS

The objective in this document is to consider the fluvial, hydraulic, geomorphic, sediment
transport, and environmental aspects of highway encroachments, including bridge locations,
alignments, longitudinal encroachments, stabilization works and road approaches.
Encroachment is any occupancy of the river and floodplain for highway use. Encroachments
usually present no problems during normal stages, but require special protection against
floods. Flood protection requirements vary from site to site.

Some bridges and culverts must accommodate the passage of livestock and farm equipment
during periods of low flow. Other bridges require low embankments for aesthetic appeal,
especially in populated areas. Still other bridges require short spans with long approaches and
numerous piers for economic reasons. All of these factors, and many more, contribute to the
difficulty in generalizing the design for all highway encroachments.

A classification of encroachments based on prominent features is helpful. Classifying the
regions requiring protection, the possible types of protection, the possible flow conditions, the
possible channel shapes, and the various geometric conditions aids the engineer in selecting
the design criteria for the conditions encountered.
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1.1.1 Types of Encroachment

In the vicinity of rivers, highways generally must impose a degree of encroachment. In some
instances, particularly in mountainous regions or in river gorges and canyons, river crossings
can be accomplished with absolutely no encroachment on the river. The bridge and its
approaches are located far above and beyond any possible flood stage. More commonly, the
economics of crossings require substantial encroachment on the river and its floodplain, the
cost of a single span over the entire floodplain being prohibitive. The encroachment can be in
the form of earth fill embankments on the floodplain or into the main channel itself, reducing
the required bridge length; or in the form of piers and abutments or culverts in the main
channel of the river.

Longitudinal encroachments may exist that are not connected with river crossings. Floodplains
often appear to provide an attractive low cost alternative for highway location, even when the
extra cost of flood protection is included. As a consequence, highways, including
interchanges, often encroach on a floodplain over long distances. In some regions, river
valleys provide the only feasible route for highways. This is true even in areas where a
floodplain does not exist. In many locations the highway must encroach on the main channel
itself and the channel is partly filled to allow room for the roadway. In some instances, this
encroachment becomes severe, particularly as older highways are upgraded and widened.
Often, a stretch of the river must be straightened to eliminate meanders to accommodate the
highway.

1.1.2 Geometry of Bridge Crossings

The bridge crossing is the most common type of river encroachment. The geometric
properties of bridge crossings illustrated in Figure 1.1 are commonly used depending on the
conditions at the site. The approaches may be skewed or normal (perpendicular) to the
direction of flow or one approach may be longer than the other, producing an eccentric
crossing. Abutments used for the overbank-flow case may be set back from the low-flow
channel banks to provide room to pass the flood flow or simply to allow passage of livestock
and machinery, or the abutments may extend up to the banks or even protrude over the banks,
constricting the low-flow channel. Piers, dual bridges for multi-lane freeways, channel bed
conditions, spurs and guide banks add to the list of geometric classifications.

The design procedures in this document have been derived from laboratory and field
observations of bridge crossings. The design procedures include allowances made for the
effects of skewness, eccentricity, scour, abutment setback, channel shape, submergence of
the superstructure, debris, spurs, wind waves, ice, piers, abutment types, and flow conditions.
These design procedures take advantage of the large volume of work that has been done by
many people in describing the hydraulics and scour characteristics of bridge crossings.

1.2 DYNAMICS OF NATURAL RIVERS AND THEIR TRIBUTARIES
Frequently, hydraulic engineers, and those involved in transportation, navigation, and flood

control mistakenly consider a river to be static; that is, unchanging in shape, dimensions, and
pattern. However, an alluvial river generally is continually changing its position and shape as a
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consequence of hydraulic forces acting on its bed and banks. These changes may be slow or
rapid and may result from natural environmental changes or from changes by human activities.
When an engineer modifies a river channel locally, this local change frequently causes
modification of channel characteristics both up and down the stream. The response of a river
to human-induced changes often occurs in spite of attempts by engineers to keep the
anticipated response under control. The points that must be stressed are that a river through
time is dynamic and that human-induced change frequently sets in motion a response that can
be propagated upstream or downstream for long distances.

Figure 1.1. Geometric properties of bridge crossings.

In spite of their complexity, all rivers are governed by the same basic forces. The design
engineer must understand, and work with these natural forces:

o Geological factors, including soil conditions

o Hydrologic factors, including possible changes in flows, runoff, and the hydrologic effects of
changes in land use

o Geometric characteristics of the stream, including the probable geometric alterations that
will be activated by the changes a project and future projects will impose on the channel

o Hydraulic characteristics such as depths, slopes, and velocity of streams and what
changes may be expected in these characteristics in space and time.

1.2.1 Historical Evidence of the Natural Instability of Fluvial Systems

In order to emphasize the inherent dynamic qualities of river channels, evidence is cited below
to demonstrate that most alluvial rivers are not static in their natural state. Indeed, scientists
concerned with the history of landforms (geomorphologists), vegetation (botanists), and the
past activities of man (archaeologists), rarely consider the landscape as unchanging. Rivers,
glaciers, sand dunes, and seacoasts are highly susceptible to change with time. Over a
relatively short period of time, perhaps in some cases up to 100 years, components of the
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landscape may be relatively stable. Nevertheless, stability cannot be automatically assumed.
Rivers are, in fact, the most actively changing of all geomorphic forms.

Evidence from several sources demonstrates that river channels are continually undergoing
changes of position, shape, dimensions, and pattern. In Figure 1.2 a section of the Mississippi
River as it was in 1884 is compared with the same section as observed in 1968. In the lower
9.6 km (6 mi) of river, the surface area has been reduced approximately 50 percent during this
84-year period. Some of this change has been natural and some has been the consequence
of river development work.

Figure 1.2. Comparison of the 1884 and 1968 Mississippi River
Channel near Commerce, Missouri.

In alluvial river systems, it is the rule rather than the exception that banks will erode, sediments
will be deposited and floodplains, islands, and side channels will undergo modification with
time. Changes may be very slow or dramatically rapid. Fisk's (1944) report on the Mississippi
River and his maps showing river position through time are sufficient to convince everyone of
the innate instability of the Mississippi River. The Mississippi is our largest and most
impressive river, and because of its dimensions it has sometimes been considered unique.
This, of course, is not so. Hydraulic and geomorphic laws apply at all scales of comparable
landform evolution. The Mississippi may be thought of as a prototype of many rivers or as a
much larger than prototype model of many sandbed rivers.

Rivers change position and morphology (dimensions, shape, pattern) as a result of changes of
hydrology. Hydrology can change as a result of climatic changes over long periods of time, or
as a result of natural stochastic climatic fluctuations (droughts, floods), or by human
modification of the hydrologic regime. For example, the major climatic changes of recent
geological time (the last few million years of earth history) have triggered dramatic changes in
runoff and sediment loads with corresponding channel alteration. Equally significant during this
time were fluctuations of sea level. During the last continental glaciation, sea level was on the
order of 120 m (400 ft) lower than at present, and this reduction of baselevel caused major
incisions of river valleys near the coasts.

1.4



In recent geologic time, major river changes of different types occurred. These types are deep
incision and deposition as sea level fluctuated, changes of channel geometry as a result of
climatic and hydrologic changes, and obliteration or displacement of existing channels by
continental glaciation. Climatic change, sea level change, and glaciation, which are interesting
from an academic point of view, may also be causes of modern river instability, particularly
when the 50- 100-year design life of a bridge is considered. The movement of the earth's crust
is one geologic agent causing modern river instability.

The earth's surface in many parts of the world is undergoing continuous measurable change
by upwarping, subsidence or lateral displacement. As a result, the study of these ongoing
changes (called neotectonics) has become a field of major interest for many geologists and
geophysicists. Such gradual surface changes can affect stream channels dramatically. For
example, Wallace (1967) has shown that many small streams are clearly offset laterally along
the San Andreas Fault in California. Progressive lateral movement of this fault on the order of
25 mm (an inch) per year has been measured. The rates of movement of faults are highly
variable, but an average rate of mountain building has been estimated by Schumm (1963) to
be on the order of 7.6 m (25 ft) per 1,000 years. Seemingly insignificant in human terms, this
rate is actually 7.6 mm (0.3 in) per year or 76 mm (3 in) per decade. For many river systems, a
change of slope of 76 mm (3 in) would be significant. For example, the slope of the energy
gradient on the Lower Mississippi River is about 47 to 95 mm/km (3 to 6 in/mi).

Of course, the geologist is not surprised to see drainage patterns that have been disrupted by
uplift or some complex warping of the earth's surface. In fact, complete reversals of drainage
lines have been documented. In addition, convexities in the longitudinal profile of both rivers
and river terraces (these profiles are concave under normal development) have been detected
and attributed to upwarping. Further, the progressive shifting of a river toward one side of its
valley has resulted from lateral tilting. Major shifts in position of the Brahmaputra River toward
the west are attributed by Coleman (1969) to tectonic movements. Hence, neotectonics should
not be ignored as a possible cause of local river instability.

Long-term climatic fluctuations have caused major changes of river morphology. Floodplains
have been destroyed and reconstructed many times over. The history of semi-arid and arid
valleys of the western United States is one of alternating periods of channel incision and arroyo
formation followed by deposition and valley stability which have been attributed to climatic
fluctuations.

It is clear that rivers can display a remarkable propensity for change of position and
morphology in time periods of a century. Hence, rivers from the geomorphic point of view are
unquestionably dynamic, but does this apply to modern rivers? It is probable that during a
period of several years, neither neotectonics nor a progressive climate change will have a
detectable influence on river character and behavior. What then causes a river to appear
relatively unstable from the point of view of the highway engineer or the environmentalist? It is
the slow but implacable shift of a river channel through erosion and deposition at bends, the
shift of a channel to form chutes and islands, and the cutoff of a bend to form oxbow lakes.
Lateral migration rates are highly variable; that is, a river may maintain a stable position for
long periods and then experience rapid movement. Much, therefore, depends on flood events,
bank stability, permanence of vegetation on banks and the floodplain and watershed land use.
A compilation of data by Wolman and Leopold shows that rates of lateral migration for the Kosi
River of India range up to approximately 760 m/yr (2,500 ft/yr). Rates of lateral migration for
two major rivers in the United States are as follows: Colorado River near Needles, California, 3
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to 46 m/yr (10 to 150 ft/yr); Mississippi River near Rosedale, Mississippi, 48 to 192 m/yr (158 to
630 ft/yr).

Archaeologists have also provided clear evidence of channel changes that are completely
natural and to be expected. For example, the number of archaeologic sites of the floodplains
decreases significantly with age because the earliest sites are destroyed as floodplains are
modified by river migration. Lathrop (1968), working on the Rio Ycayali in the Amazon
headwaters of Peru, estimates that on the average a meander loop on this river begins to form
and cuts off in 5,000 years. These loops have an amplitude of 3.2 to0 9.7 km (2 to 6 mi) and an
average rate of meander growth of approximately 12 m/yr (40 ft/yr).

A study by Schmuddle (1963) shows that about one-third of the floodplain of the Missouri River
over the 274 km (170 mi) reach between Glasgow and St. Charles, Missouri, was reworked by
the river between 1879 and 1930. On the Lower Mississippi River, bend migration was on the
order of 0.6 m/yr (2 ft/yr), whereas in the central and upper parts of the river, below Cairo, it
was at times 305 m/yr (1,000 ft/yr) (Kolb 1963). On the other hand, a meander loop pattern of
the lower Ohio River has altered very little during the past thousand years (Alexander and
Nunnally 1972).

Although the dynamic behavior of perennial streams is impressive, the modification of rivers in
arid and semi-arid regions and especially of ephemeral (flowing occasionally) stream channels
is startling. A study of floodplain vegetation and the distribution of trees in different age groups
led Everitt (1968) to the conclusion that about half of the Little Missouri River floodplain in
western North Dakota was reworked in 69 years.

Historical and field studies by Smith (1940) show that floodplain destruction occurred during
major floods on rivers of the Great Plains. As exceptional example of this is the Cimarron
River of Southwestern Kansas, which was 15 m (50 ft) wide during the latter part of the 19th
and first part of the 20th centuries (Schumm and Lichty 1957). Following a series of major
floods during the 1930s it widened to 366 m (1,200 ft) and the channel occupied essentially the
entire valley floor. During the decade of the 1940s a new floodplain was constructed, and the
river width was reduced to about 152 m (500 ft) in 1960. Equally dramatic changes of channel
dimensions have occurred along the North and South Platte Rivers in Nebraska and Colorado
as a result of control of flood peaks by reservoir construction, decrease in annual flow by
irrigation and restriction of channel width by bridges. In their natural state the rivers were 600
to 1,500 m (2000 to 5,000 ft) wide but now are less than 300 m (1,000 ft). Changes of this
magnitude due to changes in flow are perhaps exceptional, but emphasize the mobility of
rivers and their ability to adapt to changing conditions.

Another somewhat different type of channel modification, which testifies to the rapidity of fluvial
processes, is described by Shull (1922, 1944). During a major flood in 1913, a barge became
stranded in a chute of the Mississippi River near Columbus, Kentucky. The barge induced
deposition in the chute and an island formed. In 1919, the island was sufficiently large to be
homesteaded, and a few acres were cleared for agricultural purposes. By 1933, the side
channel separating the island from the mainland had filled to the extent that the island became
part of Missouri. The island formed in a location protected from the erosive effects of floods
but susceptible to deposition of sediment during floods. For these reasons the channel filling
was rapid and progressive. It cannot be concluded that islands will always form and side
channels fill at such rapid rates, but island formation and side-channel filling appear to be the
normal course of events in any river transporting moderate or high sediment loads regardless
of the river size. These topics are discussed in detail in Chapter 5.
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In addition to changes in planform location and size with time, the bed configuration of a river
can change with temperature, discharge, and concentration of silts and clays. At low flow or
with warm water the bed of a sand bed stream can be dunes, but at large flows or cold
temperature the bed may become plane or have antidune flow. With dunes, resistance to flow
is large and bed material transport is low. Whereas, with plane bed or antidune flow the
resistance to flow is small and the bed material transport is large. This topic is discussed in
detail in Chapter 3.

In summary, archaeological, botanical, geological, and geomorphic evidence supports the
conclusion that most rivers are subject to constant change as a normal part of their
morphologic evolution. Therefore, stable or static channels are the exception in nature.

1.2.2 Introduction to River Hydraulics and River Response

In the previous section, it was established that rivers are dynamic and respond to changing
environmental conditions. The direction and extent of the change depends on the forces
acting on the system. The mechanics of flow in rivers is a complex subject that requires
special study, which is unfortunately not included in basic courses of fluid mechanics. The
major complicating factors in river mechanics are: (a) the large number of interrelated variables
that can simultaneously respond to natural or imposed changes in a river system and (b) the
continual evolution of river channel patterns, channel geometry, bars and forms of bed
roughness with changing water and sediment discharge. In order to understand the responses
of a river to the actions of humans and nature, a few simple hydraulic and geomorphic
concepts are presented here.

River forms are broadly classified as straight, meandering, braided or some combination of
these classifications; but any changes that are imposed on a river may change its form. The
dependence of river sinuosity on the slope, which may be imposed independent of the other
river characteristics, is illustrated schematically in Figure 1.3. By changing the slope, it is
possible to change the river from a meandering one that is relatively tranquil and easy to
control to a braided one that varies rapidly with time, has high velocities, is subdivided by
sandbars and carries relatively large quantities of sediment. Such a change could be caused
by a natural or artificial cutoff. Conversely, it is possible that a slight decrease in slope could
change an unstable braided river into a meandering one.

The significantly different channel dimensions, shapes, and patterns associated with different
guantities of discharge and amounts of sediment load indicate that as these independent
variables change, major adjustments of channel morphology can be anticipated. Further, if
changes in sinuosity and meander wavelength as well as in width and depth are required to
compensate for a hydrologic change, then a long period of channel instability can be
envisioned with considerable bank erosion and lateral shifting of the channel before stability is
restored. The reaction of a channel to changes in discharge and sediment load may result in
channel dimension changes contrary to those indicated by many regime equations. For
example, it is conceivable that a decrease in discharge together with an increase in sediment
load could actuate a decrease in depth and an increase in width.
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Figure 1.3. Sinuosity vs. slope with constant discharge.

Changes in sediment and water discharge at a particular point or reach in a stream may have
an effect ranging from some distance upstream to a point downstream where the hydraulic and
geometric conditions will have absorbed the change. Thus, it is necessary to consider a
channel reach as part of a complete drainage system. Atrtificial controls that could benefit the
reach may, in fact, cause problems in the system as a whole. For example, flood control
structures can cause downstream flood damage to be greater at reduced flows if the average
hydrologic regime is changed so that the channel dimensions are actually reduced. Also,
where major tributaries exert a significant influence on the main channel by introducing large
guantities of sediment, upstream control on the main channel may allow the tributary to
intermittently dominate the system with deleterious results. If discharges in the main channel
are reduced, sediments from the tributary that previously were eroded will no longer be carried
away and serious aggradation with accompanying flood problems may arise.

An insight into the direction of change, the magnitude of change, and the time involved to
reach a new equilibrium can be gained by:

e Studying the river in a natural condition

¢ Having knowledge of the sediment and water discharge

o Predicting the effects and magnitude of future human activities

o Applying knowledge of geology, soils, hydrology, and hydraulics of alluvial rivers

The current interest in ecology and the environment have made people aware of the many
problems that humans can cause. Prior to this interest in environmental impacts, very few
people interested in rivers ever considered the long-term changes that were possible. It is
imperative that anyone working with rivers, either with localized areas or entire systems, have
an understanding of the many factors involved, and of the potential for change existing in the
river system.
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Two methods of predicting response are physical and mathematical models. Engineers have
long used small-scale hydraulic models to assist them in anticipating the effect of altering
conditions in a reach of a river. With proper awareness of the large-scale effects that can
exist, the results of hydraulic model testing can be extremely useful for this purpose. An
alternative method of predicting short-term and long-term changes in rivers involves the use of
mathematical computer models. To study a transient phenomenon in natural alluvial channels,
the equations of motion and continuity for sediment laden water and the continuity equation for
sediment can be used as discussed in Chapters 2, 3, 4, and 5.

1.3 EFFECTS OF HIGHWAY CONSTRUCTION ON RIVER SYSTEMS

Highway construction can have significant general and local effects on the geomorphology and
hydraulics of river systems. Hence, it is necessary to consider induced short-term and
long-term responses of the river and its tributaries, the impact on environmental factors, the
aesthetics of the river environment and short-term and long-term effects of erosion and
sedimentation on the surrounding landscape and the river. The biological response of the river
system should also be considered and evaluated.

1.3.1 Immediate Response of Rivers to Encroachment

Let us consider a few of the numerous and immediate responses of rivers to the construction
of bridges, channel stabilization, and countermeasures.

Local changes made in the geometry or the hydraulic properties of the river might be of such a
magnitude as to have an immediate impact upon the entire river system. At bridges,
contraction due to the construction of encroachments usually cause contraction and local
scour, and the sediments removed from this location are usually dropped in the immediate
reach downstream. In the event that the contraction is extended further downstream, the river
may be capable of carrying the increased sediment load an additional distance, but only until a
reduction in gradient and a reduction in transport capability is encountered. The increased
velocities caused by encroachments may also affect the general lateral stability of the river
downstream.

In addition, the development of crossings and the contraction of river sections may have a
significant effect on the water level in the vicinity and upstream of the bridge. Such changes in
water level upstream of the bridge are called backwater effects. The highway engineer must
be in a position to accurately assess the effects of the construction of crossings upon the water
surface profile.

In many instances, to offset increased velocities and to reduce bank instabilities and related
problems, the river is stabilized or channelized to some degree. When it is necessary to do
this, every effort should be made to accomplish the channelization in a manner which does not
degrade the river environment, including the river's aesthetic value.

As a consequence of construction, many areas become highly susceptible to erosion. The

transported sediment is carried from the construction site by surface flow into the minor rills,
which combine within a short distance to form larger channels leading to the river. The water
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flowing from the construction site is usually a consequence of rain. The surface runoff and the
accompanying erosion can significantly increase the sediment yield to the river channel unless
careful control is exercised. The large sediment particles transported to the main channel may
remain in the vicinity of the construction site for a long period of time or may be slowly moved
away. On the other hand, the fine sediments are easily transported and generally disperse into
the whole cross section of the river. The fine sediments are transported downstream to the
nearest reservoir or to the sea. As will be discussed later, the sudden injection of the larger
sediments into the channel may cause local aggradation, thereby steepening the channel,
increasing the flow velocities and possibly causing instability in the river at that site.

The suspended fine sediments can have very significant effects on the biomass of the stream.

Certain species of fish can only tolerate large quantities of suspended sediment for relatively
short periods of time. This is particularly true of the eggs and fry. This type of biological
response to development normally falls outside of the competence of the engineer. Yet,
engineering works may be responsible for the discharge of these sediments into the system.
In this regard, the engineer should utilize adequate technical assistance from experts in
fisheries, biology, and other related areas to assess the consequences of sediment in a river.
Only with such knowledge can one develop the necessary arguments to "sell" the case that
erosion control measures must be exercised to avoid significant deterioration of the stream
environment not only in the immediate vicinity of the bridge but in many instances for great
distances downstream.

Another possible immediate response of the river system to construction is the loss of the
recreational use of the river. In many streams, there may be an immediate drop in the quality
of the fishing due to the increase of sediment load or other changed hydraulic characteristics
within the channel. Some natural rivers consist of a series of pools and riffles. Both form an
important part of the environment for fish. The introduction of larger quantities of sediment into
the channel and changes made in the geometry of the channel may result in the loss of these
pools and riffles. Along the same lines, construction work within the river may cause a loss of
food essential to fish life and often it is difficult to get the food chain reestablished in the
system. In contrast, construction of barbs, spurs, and other river control works to stabilize the
river channel and protect a bridge crossing can decrease erosion, provide a better habitat for
fish and in general improve the environment.

Construction and operation of highways in water supply watersheds present very real problems
and may require special precautionary designs to protect the water supplies from highway
runoff or accidental spills. Runoff from highway construction may increase sediment and
turbidity of the water.

The preceding discussion is related to only a few immediate responses to construction along a
river. However, they are responses that illustrate the importance of considering the
environment in the design of highway encroachments.

1.3.2 Delayed Response of Rivers to Encroachment

In addition to the examples of possible immediate response discussed above, there are
important delayed responses of rivers to highway development. As part of this introductory

1.10



chapter, consideration is given to some of the more obvious effects that can be induced on a
river system over a long time period by highway construction.

Sometimes it is necessary to employ training works in connection with highway encroachments
to align the flow with bridge or culvert openings. When such training works are used, they
generally straighten the channel, shorten the flow line, and increase the local velocity within the
channel. Any such changes made in the system that cause an increase in the gradient may
cause an increase in local velocities. The increase in velocity increases local and contraction
scour with subsequent deposition downstream where the channel takes on its normal
characteristics. If significant lengths of the river are trained and straightened, there can be a
noticeable decrease in the elevation of the water surface profile for a given discharge in the
main channel. Tributaries emptying into the main channel in such reaches are significantly
affected. Having a lower water level in the main channel for a given discharge means that the
tributary streams entering in that vicinity are subjected to a steeper gradient and higher
velocities which cause degradation in the tributary streams. In extreme cases, degradation can
be induced of such magnitude as to cause failure of structures such as bridges, culverts or
other encroachments on the tributary systems. In general, any increase in transported
materials from the tributaries to the main channel causes a reduction in the quality of the
environment within the river. More specifically, as degradation occurs in the tributaries, bank
instabilities are induced and the sediment loads are greatly increased. Increased sediment
loads usually result in a deterioration of the environment.

1.4 EFFECTS OF RIVER DEVELOPMENT ON HIGHWAY ENCROACHMENTS

Some of the possible immediate and delayed responses of rivers and river systems to the
construction of bridges, approaches, culverts, channel stabilization, longitudinal
encroachments, and the utilization of training works have been mentioned. It is necessary also
to consider the effects on highway encroachments of river development works. These works
may include, for example, water diversions to and from the river system, construction of
reservoirs, flood control works, cutoffs, levees, navigation works, and the mining of sand and
gravel. It is essential to consider the probable long-term plans of all agencies and groups as
they pertain to a river when designing crossings or when dealing with the river in any way. Let
us consider a few typical responses of a crossing to different types of water resources
development.

Cutoffs may develop naturally in the river system or they may be the result of human activity.
The general consequence of cutoffs is to shorten the flow path and steepen the gradient of the
channel. The local steepening can significantly increase the velocities and sediment transport.
Also, this action can induce significant instability such as bank erosion and degradation in the
reach. The material scoured in the reach affected by the cutoff is probably carried only to an
adjacent downstream reach where the gradient is flatter. In this region of slower velocities, the
sediment drops out rapidly. Deposition can have significant detrimental effect on the
downstream reach of river, increasing the flood stage in the river itself and increasing the base
level for the tributary stream, thereby causing aggradation in the tributaries.

Consider a classic example of a cutoff that was constructed on a large bend in one of the

tributaries to the Mississippi. Along this bend, small towns had developed and small tributary
streams entered the main channel within the bendway. It was decided to develop a cutoff
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across the meander to shorten the flow line of the river, reduce the flood stage and generally
improve poor hydraulic conditions in that location. Several interesting results developed.

In the vicinity of the cutoff, the bankline eroded and degradation was initiated. Within the
bendway, the small tributaries continued to discharge their water and sediment. Because of
the flat gradient in the bend, this channel section could not convey the sediment from these
small stream systems and aggradation was initiated. Within a short period of time, sufficient
aggradation had occurred so as to jeopardize water intakes and sewage outfalls. As a
consequence of the adverse action in the vicinity of the cutoff and within the bendway itself, it
was finally decided that it would be more beneficial to restore the river to its natural form
through the bend. This action was taken and the serious problems were alleviated.

In such a haphazard program of river development, the highway engineer would be hard
pressed to maintain and plan for the highway system along and over this reach of river.

Another common case occurs with the development of reservoirs for storage and flood control.
These reservoirs serve as traps for the sediment normally flowing through the river system.
With sediment trapped in the reservoir, essentially clear water is released downstream of the
dam site. This clear water has the capacity to transport more sediment than is immediately
available. Consequently the channel begins to supply this deficit with resulting degradation of
the bed or banks. This degradation may significantly affect the safety of bridges in the
immediate vicinity. Again, the degraded or widened main channel causes steeper gradients on
tributary streams in the vicinity of the main channel. The result is degradation in the tributary
streams. It is entirely possible, however that the additional sediments supplied by the tributary
streams would ultimately offset the degradation in the main channel. Thus, it must be
recognized that downstream of storage structures the channel may either aggrade or degrade
and the tributaries will be affected in either case.

Significant responses can be induced upstream of reservoirs as well as downstream. When
the stream flowing into a reservoir encounters the ponded water, its sediment load is deposited
forming a delta. This deposition in the reservoir flattens the gradient of the channel upstream.
The flattening of the upstream channel induces aggradation causing the bed of the river to rise,
threatening highway installations and other facilities. For example, Elephant Butte Reservoir,
built on the Rio Grande in New Mexico, has caused the Rio Grande to aggrade many miles
upstream of the reservoir site. This change in bed level can have very significant effects upon
bridges, other hydraulic structures and all types of training and stabilization works. Ultimately
the river may be subjected to a flow of magnitude sufficient to overflow existing banks, causing
the water to seek an entirely new channel. With the abandonment of the existing channel
there would be a variety of bridges and hydraulic structures that would also be abandoned at
great expense to the public.

The clear-water diversion into South Boulder Creek in Colorado is another example of river
development that affects bridge crossings and encroachments as well as the environment in
general. Originally the North Fork of South Boulder Creek was a small but beautiful scenic
mountain stream. The banks were nicely vegetated; there was a beautiful sequence of riffles
and pools, which had all the attributes of a good fishing habitat. Years ago, water was diverted
from the Western Slope of the Rockies through a tunnel to the North Fork of South Boulder
Creek. The normal stage in that channel was increased by a factor of 4 to 5. The extra water
caused significant bank erosion and channel degradation. In fact, the additional flow gutted
the river valley, changing the channel to a straight raging torrent capable of carrying large
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guantities of sediment. Degradation in the system had reached as much as 5 to 6 m (15 to 20
ft) before measures were taken to stabilize the creek.

Stabilization was achieved by flattening the gradient by constructing numerous drop structures
and by reforming the banks with riprap. The system has stabilized but it is a different system.
The channel is straight, much of the vegetation has been washed away, and the natural
sequence of riffles and pools has been destroyed. The valley may never again have the
natural form and beauty it once possessed. We should bear in mind that diversions to or from
the natural river system can greatly alter its geometry, beauty and utility. The river may
undergo a complete change, giving rise to a multitude of problems in connection with the
design and maintenance of hydraulic structures, encroachments and bridge crossings along
the affected reach.

In the preceding paragraphs, possible immediate and long-term responses of river systems to
various types of river development have been described, but no guidance has been given on
how to determine the magnitude of these changes. This important aspect of the response of
rivers to development is treated in detail in later chapters.

1.5 TECHNICAL ASPECTS

Effects of river development, flood control measures and channel structures built during the
last century have proven the need for considering delayed and far-reaching effects of any
alteration humans make in a natural alluvial river system.

Because of the complexity of the processes occurring with natural channel flows and the
accompanying erosion and deposition of material, an analytical approach to the problem can
be very difficult and time consuming. Most of our river process relations have been derived
empirically. Nevertheless, if a greater understanding of the principles governing the processes
of river formation is to be gained, the empirically derived relations must be put in the proper
context by employing an analytical approach.

Attempts at controlling large rivers have often led to the situation described by J. Hoover
Mackin (1937) when he wrote:

"The engineer who alters natural equilibrium relations by diversion or damming
or channel improvement measures will often find that he has the bull by the tail
and is unable to let go. . . . . . as he continues to correct or suppress
undesirable phases of the chain reaction of the stream to the initial 'stress' he
will necessarily place increasing emphasis on study of the genetic aspects of
the equilibrium in order that he may work with rivers, rather than merely on
them."

Through such experiences, one realizes that, to prevent or reduce the detrimental effects of
any modification of the natural processes and state of equilibrium on a river, one must gain an
understanding of the physical laws governing them and become knowledgeable of the
far-reaching effects of any attempt to control or modify a river's course.
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1.5.1 Variables Affecting River Behavior

Variables affecting alluvial river channels are numerous and interrelated. Their nature is such
that, unlike rigid boundary hydraulic problems, it is extremely difficult to study the role of any
individual variable.

Major factors affecting alluvial stream channel forms are: (1) stream discharge, viscosity,
temperature; (2) sediment discharge; (3) longitudinal slope; (4) bank and bed resistance to
flow; (5) vegetation; (6) geology, including types of sediments; and (7) human activity.

The fluvial processes involved are very complicated and the variables of importance are
difficult to isolate. Many laboratory and field studies have been carried out in an attempt to
relate these and other variables. The problem has been more amenable to an empirical
solution than an analytical one.

In an analysis of flow in alluvial rivers, the flow field is complicated by the constantly changing
discharge. Significant variables are, therefore, quite difficult to relate mathematically. One
approach is to list measurable or computable variables which effectively describe the
processes occurring and then to reduce the list by making simplifying assumptions and
examining relative magnitudes of variables. When this is done, the basic equations of fluid
motion may be simplified (on the basis of valid assumptions) to describe the physical
processes within an acceptable balance between accuracy and limitations of obtaining data.

It is the role of the succeeding chapters to present these variables, define them, show how they
interrelate, quantify their interrelations where feasible, and show how they can be applied to
achieve the successful design of river crossings and encroachments.

1.5.2 Basic Knowledge Required

In order for engineers to cope successfully with river engineering problems, it is necessary to
have an adequate background in engineering with an emphasis on hydrology, hydraulics,
erosion and sedimentation, river mechanics, soil mechanics, structures, economics, the
environment and related subjects. In all aspects of bridge inspection, maintenance, design and
construction an interdisciplinary approach is needed. In fact, as the public demands more
comprehensive treatment of river development problems, the highway engineer must further
improve his or her knowledge, and the application of it, by soliciting the cooperative efforts of
the hydraulic engineer, hydrologist, geologist, geomorphologist, meteorologist, mathematician,
statistician, computer programmer, systems engineer, soil physicist, soil chemist, biologist,
water management staff and economist. In addition, professional organizations representing
these disciplines should be encouraged to work cooperatively to achieve long-range research
needs and goals relative to river development.

1.5.3 Data Requirements
Large amounts of data pertaining to understanding the behavior of rivers have been acquired

over a long period of time. Nevertheless, some data collection efforts have been sporadic and
unfocused. Agencies should take a careful look at present data requirements needed to solve

1.14



practical problems along with existing data. A careful analysis of data requirements would
make it possible to more efficiently utilize funds to collect data in the future. The basic type of
information that is required includes: water discharge hydrograph, sediment discharge
hydrograph, the characteristics of the sediments being transported by streams, the
characteristics of the channels in which the water and sediment are transported, and the
characteristics of watersheds and how they deliver water and sediment to the stream systems.
Environmental data is also needed so that proper assessment can be made of the impact of
river development upon the environment and vice versa. The problem of data requirements at
river crossings is of sufficient importance that it is treated in greater detail in Chapter 8.

1.6 FUTURE TECHNICAL TRENDS

When considering the future, it is essential to recognize the present state of knowledge
pertaining to river hydraulics and then identify inadequacies in existing theories and our
understanding of the physical processes involved, and encourage further research to help
correct these deficits of knowledge. In order to correct such deficits there is a need to take a
careful look at existing data pertaining to rivers, future data requirements, research needs,
training programs and methods of developing staff that can apply this knowledge to the
solution of practical problems.

Advances have been made in developing computational software to establish hydraulic
variables for scour computations, including 1- and 2-dimensional, steady and unsteady
models. Most, if not all, of the commonly used scour prediction equations have been
incorporated into these models. However, applications methodologies are required to
facilitate the use of more appropriate hydraulic variables that can be obtained from more
sophisticated computer models. World wide web sites providing hydraulic models applicable
to scour computations include:

o www.fhwa.dot.gov/bridge/hydsoft.htm
. I software/index himl

1.6.1 Adequacy of Current Knowledge

The basic principles of fluid mechanics involving application of continuity, momentum and
energy concepts are well known and can be effectively applied to a wide variety of river
problems. Considerable work has been done on the hydraulics of rigid boundary open
channels and excellent results can be expected if the principles are applied properly. The
steady-state sediment transport of nearly uniform sizes of sediment in alluvial channels is well
understood. There is good understanding of stable channel theory in non-cohesive materials
of all sizes. The theory is adequate to enable us to design stable systems in the existing bed
and bank material or, if necessary, designs can be made for appropriate types of stabilization
treatments so that canals and rivers behave in a stable manner. There have been extensive
studies of the fall velocity of non-cohesive sediments in static fluids to provide knowledge about
the interaction between the particle and fluid so essential to the development of sediment
transport theories.
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The use of computers and the development of computer programs have greatly helped the
hydraulic engineer to solve problems on highway crossings and encroachments. The level of
effort required to apply these models to bridge and hydraulic structure design has been greatly
reduced with the availability of graphical user's interfaces. These interfaces are used for model
development, troubleshooting, output presentation, and review. The one-dimensional
WSPRO (FHWA) or HEC-RAS (Corps of Engineers) computer programs are extremely useful
to determine the water surface elevation and the velocity of the flow in a river at a highway
crossing. Both the Corps' and HEC-RAS (Version 3x) and UNET models are particularly useful
in unsteady flow problems. FHWA'’s BRI-STARS program can be used to determine flow of
water and sediment through a bridge crossing. FHWA's FESWMS and the Corps of Engineers
RMA-2V 2-dimensional models provide water surface elevation and local velocities in two
dimensions for unsteady flows for complex problems such as tidal flows. The Corps of
Engineers HEC 1 and related HEC HMS programs are of particular importance in routing water
from an upstream gaging station downstream to a bridge, taking into account any increase or
decrease in flow that might occur in between the station and the bridge.

Thus, available concepts and theories, which can be applied to the behavior of rivers, are
extensive. However, in many instances only empirical relationships have been developed and
these are pertinent to specific problems only. Consequently, a more basic theoretical
understanding of flow in the river systems needs to be developed.

With respect to many aspects of river mechanics, it can be concluded that knowledge is
available to cope with the majority of river problems. On the other hand, the number of
individuals who are cognizant of existing theory and can apply it successfully to the solution of
river problems is limited. Particularly, the number of individuals involved in the actual solution
of applied river mechanics problems is very small. There is a specific reason for this deficit of
trained personnel. Undergraduate engineering educators in the universities in the United
States, and in the world for that matter, devote only a small amount of time to teaching
hydrology, river mechanics, channel stabilization, fluvial geomorphology, and related problems.
It is not possible to obtain adequate training in these important topics except at the graduate
level, and only a limited number of universities and institutions offer the required training in
these subject areas. There is great need for adequately trained and experienced practitioners
to cope with river problems.

1.6.2 Research Needs

As knowledge of river hydraulics is reviewed, it becomes quite obvious that many things are
not adequately known. Some research needs are particularly urgent and promise a rather
quick return. Stabilization of rivers and bank stability of river systems needs further
consideration. Also, the study of bed forms generated by the interaction between the water
and sediment in the river systems deserves further study. The types of bed forms have been
identified, but theories pertaining to their development are inadequate. Simple terms have
been used to describe the characteristics of alluvial material of both cohesive and
non-cohesive types; a comprehensive look at the characteristics of materials is warranted.

Other important research problems include the fluid mechanics of the motion of particles,

secondary currents, two-dimensional velocity distributions, fall velocity of particles in turbulent
flow and the application of remote sensing and geographic information system techniques to
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hydrology and river mechanics. The physical modeling of rivers followed by prototype
verification, mathematical modeling of river response followed by field verification,
mathematical modeling of water and sediment yield from small watersheds, and studies of
unsteady sediment transport are areas in which significant advances can be made.

A primary research need is the collection of field data on the flow variables and depth of scour
at bridges, embankments and at river control structures. Studies are needed to better define
the planform of rivers and their response to changing flow conditions. In addition, laboratory
and field studies are needed to improve the equations for estimating total scour at piers and
abutments.

Operational research on decision making, considering cost and risk criteria to determine the
hydrologic and hydraulic design of highway structures and project alternatives, is another
pressing research area. Insufficient data is frequently a problem of river mechanics analysis.
A comprehensive study on information theory is needed to cope with such difficulties.

Finally the results of these efforts must be presented in such a form that it can be easily taught
and easily put to practical use.

1.6.3 Training

As pointed out in Section 1.6.1, engineering training is often inadequate in relation to
understanding the dynamics of rivers. Better ways to train engineers and to disseminate
existing knowledge in this important area need to be considered. The curriculum of university
education made available to engineers should be improved, particularly at the undergraduate
level. At the very minimum, such a curriculum should strive to introduce concepts of fluvial
geomorphology, river hydraulics, erosion and sedimentation, environmental considerations and
related topics.

Formal training should be supported with field trips and laboratory demonstrations. Laboratory
demonstrations are an inexpensive method of quickly and effectively teaching the
fundamentals of river mechanics and illustrating the behavior of structures. These
demonstrations should be followed by field trips to illustrate similarities and differences
between phenomena in the laboratory and in the field.

1.7 OVERVIEW OF MANUAL CONTENTS

In the following sections a brief overview of each chapter will be given.

1.7.1 Chapter 2 - Open Channel Flow

This chapter describes the fundamentals of rigid boundary open channel flow. In open
channel flow, the water surface is not confined; surface configuration, flow pattern and
pressure distribution within the flow depend on gravity. In rigid boundary open channel flow,
no deformation of the bed and banks is considered. Mobile boundary hydraulics refers to
flow, which can generate deformation of the boundary through scour and fill. Mobile
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boundary hydraulics will be discussed in Chapters 3, 4, and 5. Chapter 2 is restricted to a
1-dimensional analysis of rigid boundary open channel flow, where velocity and acceleration
are large only in one direction and are so small as to be negligible in all other directions.

The three basic equations of flow: continuity, energy, and momentum are derived and used.
The characteristics of uniform or nonuniform, steady or unsteady, laminar or turbulent, and
tranquil or rapid (subcritical or supercritical) open channel flow are described, equations
derived and problems for highways in the river environment are solved. Example problems
are solved at the end of the chapter in both SI and English units of measurement.

1.7.2 Chapter 3 - Fundamentals of Alluvial Channel Flow

Most streams that a highway will cross or encroach upon are alluvial. That is, the rivers are
formed in cohesive or non-cohesive materials that have been, and can still be, transported
by the stream. The non-cohesive material generally consists of silt, sand, gravel, or cobbles,
or any combination of these sizes. Silt generally is not present in appreciable quantities in
streams having non-cohesive boundaries. Cohesive material consists of clays (sizes less
than 0.004 mm) forming a binder with silts and sand

Chapter 3 presents the fundamentals of alluvial channel flow. It covers properties of alluvial
material, methods of measuring these properties; describes flow in sandbed channels and
associated bed forms; presents methods for prediction of bed forms, and Manning's n for
sandbed and other natural streams; describes how bed-form changes affect highways in the
river environment; presents equations, tables and figures for determining the beginning of
motion of non-cohesive sediments; and describes the methods used for the physical
measurement and calculation of sediment discharge. These fundamentals of alluvial
channel flow are used in later chapters to develop design considerations for highway
crossings and encroachments in river environments. Example problems are solved at the
end of the chapter in both SI and English units of measurement.

1.7.3 Chapter 4 - Sediment Transport

The quantity and quality of the sediments that a stream can transport is an important
consideration for highways in the river environment. Scour at a bridge or culvert is a sediment
transport process. Streambed erosion and movement is the result of sediment transport. The
amount of sediment transported or deposited in a stream under a given set of conditions is the
result of the interaction of two groups of variables. In the first group are those variables that
determine the quantity and quality of the sediment brought down to that section of the stream
(bed and bank material). In the second group are the variables that determine the capacity of
the stream to transport that sediment.

Chapter 4 presents the terms that describe sediment transport, discusses the methods and
fluid forces that move sediment, derives and explains the basic equations, and presents
eguations and computer models that other practitioners have developed. Example problems to
determine the quantity and quality of sediment transport are solved at the end of the chapter in
Sl and English units of measurement.

1.18



1.7.4 Chapter 5 - River Morphology and River Response

Rivers have different alignments and geometry. There are meandering rivers, braided rivers,
and rivers that are essentially straight. In general, braided rivers are relatively steep and
meandering rivers have more gentle slopes. Meandering rivers that are not subject to rapid
movement, are reasonably predictable in behavior; however, meandering rivers are generally
unstable with eroding banks which may result in destruction of productive land, bridges, bridge
approaches, control works, buildings, and urban properties during floods. Bank protection
works are often necessary to stabilize reaches of many rivers and to improve them for other
aspects of flood control and navigation.

Chapter 5 presents the fluvial geomorphology of rivers and methods to predict river response
to external forces such as a bridge crossing or other natural or human induced changes.
Terms such as fluvial cycles, meandering, alluvial fans, geomorphic thresholds, nick points,
and head cuts are described. A simple river classification scheme is presented. A variety of
methods to predict a river's response to change are given. Additional information on stream
stability at highway structures can be found in HEC-20 (Lagasse et al. 2001). Example
problems to determine river classification and response are given at the end of Chapter 5.

1.7.5 Chapter 6 - River Stabilization and Bank Protection

Numerous types of river control and bank stabilization devices have evolved through past
experience. Concrete, brick, willow and asphalt mattresses, sacked concrete and sand, riprap
grouted slope protection, sheet piles, timber piles, steel jack and brush jetties, angled and
sloped rock-filled, earth-filled, and timber dikes, automobile bodies, and concrete tetrahedrons
have all been used in the practice of training rivers and stabilizing river banks.

The study of river morphology and river response in Chapter 5 makes it clear that both short-
and long-term changes can be expected on river systems as a result of natural and human
influences. Recommended structures and design methods for river control are presented in
Chapter 6. The integrated and interactive effects of these structures with the river are
discussed in Chapter 9. Detailed guidelines for selection and design of stream instability and
bridge scour countermeasures are presented in HEC-23 (Lagasse et al. 2001). Example
problems related to riprap are solved at the end of Chapter 6 in SI and English units of
measurement. However, HEC-23 has detailed design guidelines for river stabilization and
protection countermeasures.

1.7.6 Chapter 7 - Scour at Bridges

Scour at highway structures is the result of the erosive action of flowing water removing bed
material from around the abutments and piers which support the bridge and bed and bank
material of the stream the structure crosses. Both scour at highway structures and stream
migration (instability) can cause a bridge failure.

All material in a streambed will erode with time. However, some material such as granite may

take hundred's of years to erode, while sandbed streams may erode to the maximum depth of
scour in hours. Sandstone, shales, and other sedimentary bedrock materials can erode to the
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extent that a bridge will be in danger unless the substructures are founded deep enough.
Cohesive bed and bank material such as clays, silty clays, silts and silty sands or even coarser
bed material such as glacial tills, which are cemented by chemical action or compression, will
erode. The erosion of cohesive and other cemented material is slower than sand bed material,
but their ultimate scour will be as deep if not deeper than the scour depth in a non-cohesive
sandbed stream. It might take the erosive action of several major floods, but the effects of
scour can be cumulative in both cohesive and non-cohesive materials.

Scour at bridge crossings is a sediment transport process. Long-term degradation, general
scour, and local scour at piers and abutments result when more sediment is removed from
these areas than is transported into them. If there is no transport of bed material into the
bridge crossing, clear-water scour exists. Transport of appreciable bed material into the
crossing results in live-bed scour. In this latter case the transport of the bed material limits
the scour depth. Whereas, with clear-water scour the scour depths are limited by the critical
velocity or critical shear stress of a dominant size in the bed material at the crossing.

Chapter 7 presents the basic definitions of scour at bridges, and develops the basic equations
for determining the scour components. However, a more detailed analysis of scour at highway
bridges and detailed example problems in Sl and English systems of measurement are
presented in HEC-18 (Richardson and Davis 2001).

1.7.7 Chapter 8 — Data Need and Data Sources

The purpose of Chapter 8 is to identify data needed for calculations and analyses for
highway crossings and encroachments of rivers. The types and amounts of data needed for
planning and designing river crossings and lateral encroachments depend upon the class of
the proposed highway. In addition to identifying data needed, Chapter 8 identifies sources of
data.

1.7.8 Chapter 9 - Design Considerations for Highway Encroachment
and River Crossings

Chapter 9 presents applications of the fundamentals of hydraulics, hydrology, fluvial
geomorphology, sediment transport, and river mechanics to the hydraulic and environmental
design of river crossings and highway encroachments. The principal factors to be considered
in design are presented, followed by a discussion of the procedures recommended for the
evaluation, analysis and design of river crossings and encroachments. The design of most
complex problems in river engineering can be facilitated by a qualitative evaluation combined
with a quantitative analyses. In most cases, the systematic approach of a qualitative
assessment of channel response, followed by a gquantitative estimate, is necessary for a
meaningful analysis of complex river response problems.

Chapter 9 contains a series of conceptual examples (cases) of river environments and their
response to crossings and encroachments based upon geomorphic principles given in Chapter
5. These cases indicate the trend of change in river morphology for given initial conditions.
The hypothetical cases are followed by practical examples (actual case histories) for river
crossings in the United States. These histories document river response to highway crossings
and encroachments and illustrate river response qualitatively.
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1.7.9 Chapter 10 - Overview Examples of Design for Highways in the River Environment

The objective of Chapter 10 is to present overview examples of the use of the principles
presented in this manual in the design of highway encroachments and crossings in the river
environment. A three-level design procedure is emphasized in these designs. The designs
use the geomorphic, hydrologic, hydraulic, and river mechanics principles described in this
manual to design safe and economical crossings that protect, maintain and restore the river
environment.

Three examples are given to illustrate the application of the principles, methods, and
concepts given in this manual. In the examples, the designs are determined by well-
established numerical procedures; however, they also depend heavily on the judgment of the
engineer.

1.7.10 Chapter 11 - References

Chapter 11 contains an alphabetical listing of the references cited throughout the document.

1.7.11 Appendices

The appendices present a discussion of the metric (SI) system (Appendix A), analysis of
additional sediment transport relationships (Appendix B), and an Index (Appendix C).

1.8 DUAL SYSTEM OF UNITS

This manual uses dual units (SI metric and English). In Appendix A, the metric (SI) unit of
measurement is explained. The conversion factors, physical properties of water in SI system
of units, sediment particle size grade scale, and some common equivalent hydraulic units
are also given. This edition uses for the unit of length the meter (m) or foot (ft); of mass the
kilogram (kg) or slug; of weight/force the newton (N) or pound (Ib); of pressure the Pascal
(Pa, N/m2) or (Ib/ftz); and of temperature the degree centigrade (°C) or Fahrenheit (°F). The
unit of time is the same in Sl as in English system (seconds, s). Sediment particle size is
given in millimeters (mm), but in calculations the decimal equivalent of millimeters in meters
is used (1 mm = 0.001 m) or for the English system feet (ft). The value of some hydraulic
engineering terms used in the text in Sl units and their equivalent English units are given in
Table 1.1.

Table 1.1. Commonly Used Engineering Terms in S| and English Units.
Term S| Units English Units

Length 1m 3.28 ft
Volume 1m’ 35.31 ft°
Discharge 1m’ls 35.31 ft's
Acceleration of Gravity 9.81 m/s’ 32.2 ft/s”
Unit Weight of Water 9800 N/m° 62.4 Ib/ft’
Density of Water 1000 kg/m® 1.94 slugs/ft’
Density of Quartz 2647 kg/m® 5.14 slugs/ft°
Specific Gravity of Quartz 2.65 2.65
Specific Gravity of Water 1 1
Temperature °C =5/9 (°F - 32) °F
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CHAPTER 2

OPEN CHANNEL FLOW

2.1 INTRODUCTION

In this chapter, the fundamentals of rigid boundary open channel flow are described. In open
channel flow, the water surface is not confined; surface configuration, flow pattern and pressure
distribution within the flow depend on gravity. In rigid boundary open channel flow, no
deformation of the bed and banks is considered. Mobile boundary hydraulics refers to flow which
can generate deformation of the boundary through scour and fill. Mobile boundary hydraulics will
be discussed in later chapters. In this chapter, the discussion is restricted to a one-dimensional
analysis of rigid boundary open channel flow where velocity and acceleration are large only in
one direction and are so small as to be negligible in all other directions.

Open channel flow can be classified as: (1) uniform or nonuniform flow; (2) steady or unsteady
flow; (3) laminar or turbulent flow; and (4) tranquil or rapid flow. In uniform flow, the depth and
discharge remain constant with respect to space. Also, the velocity at a given depth does not
change. In steady flow, no change occurs with respect to time at a given point. In laminar flow,
the flow field can be characterized by layers of fluid, one layer not mixing with adjacent ones.
Turbulent flow on the other hand is characterized by random fluid motion. Tranquil flow is
distinguished from rapid flow by a dimensionless number called the Froude number, Fr. If Fr<1,
the flow is subcritical; if Fr > 1, the flow is supercritical, and if Fr = 1, the flow is called critical.

Open channel flow can be nonuniform, unsteady, turbulent and rapid at the same time. Because
the classifying characteristics are independent, sixteen different types of flow can occur. These
terms, uniform or nonuniform, steady or unsteady, laminar or turbulent, rapid or tranquil, and the
two dimensionless numbers (the Froude number and Reynolds number) are more fully explained
in the following sections.

2.1.1 Definitions

Velocity: The velocity of a fluid particle is the time rate of displacement of the particle from one
point to another. Velocity is a vector quantity. That is, it has magnitude and direction. The
mathematical representation of the fluid velocity is a function of the increment of length ds during
the infinitesimal time dt; thus,

ds
V=

=% (2.1)

Streamline: Animaginary line within the flow which is everywhere tangent to the velocity vector is
called a streamline.

Acceleration: Acceleration is the time rate of change in magnitude or direction of the velocity
vector. Mathematically, acceleration a is expressed by the total derivative of the velocity vector or

dv
a=— 2.2
pm (2.2)
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The vector acceleration, a, has components both tangential and normal to the streamline, the
tangential component embodying the change in magnitude of the velocity, and the normal
component reflecting the change in direction

a=—=>=—"+_—= (2.3)

o v, _ov, Vv (2.4)

The first terms in Equations 2.3 and 2.4 represent the change in velocity, both magnitude and
direction, with time at a given point. This is called the local acceleration. The second term in
each equation is the change in velocity, both magnitude and direction, with distance. This is
called convective acceleration.

Uniform flow: In uniform flow the convective acceleration terms are zero.

2 2
Ny =0 and v 0 (2.5)
0s r

Nonuniform flow: In nonuniform flow, the convective acceleration terms are not equal to zero.

2

wV, #0 and V—¢O (2.6)
0s r

Flow around a bend (v /r # 0) and flow in expansions or contractions [g_v # Oj are examples of
S

nonuniform flow.

Steady flow: In steady flow, the velocity at a point does not change with time

Vs _0and?n — 0 @2.7)
at ot

Unsteady flow: In unsteady flow, the velocity at a point varies with time

% #0 and v,
ot ot

#0 (2.8)

Examples of unsteady flow are channel flows with waves, flood hydrographs, and surges.

Laminar flow: In laminar flow, the mixing of the fluid and momentum transfer is by molecular
activity.

Turbulent flow: In turbulent flow the mixing of the fluid and momentum transfer is related to
random velocity fluctuations. The flow is laminar or turbulent depending on the value of the
Reynolds number (Re = pVL/u), which is a dimensionless ratio of the inertial forces to the viscous
forces. Here p and p are the density and dynamic viscosity of the fluid, V is the fluid velocity, and
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L is a characteristic dimension, usually the depth (or the hydraulic radius) in open channel flow. In
laminar flow, viscous forces are dominant and Re is relatively small. In turbulent flow, Re is
large; that is, inertial forces are very much greater than viscous forces. Turbulent flows are
predominant in nature. Laminar flow occurs very infrequently in open channel flow.

Tranquil flow: In open channel flow, the free surface configuration, in response to changes in
channel geometry depends on the Froude number (Fr = V/\/g_L), which is the ratio of inertial
forces to gravitational forces. The Froude number is also the ratio of the flow velocity V to the
celerity (c = \/g_L) of a small gravity wave in the flow (this concept is detailed in Section 2.5).

When Fr < 1, the flow is subcritical (or tranquil), and surface waves propagate upstream as well
as downstream. The boundary condition that controls the tranquil flow depth is always located at
the downstream end of the subcritical reach.

Rapid flow: When Fr > 1, the flow is supercritical (or rapid) and surface disturbances can
propagate only in the downstream direction. The control section of rapid flow depth is always at
the upstream end of the rapid flow region. When Fr = 1.0, the flow is critical and surface
disturbances remain stationary in the flow.

2.2 THREE BASIC EQUATIONS

The basic equations of flow in open channels are derived from the three conservation laws.
These are: (1) the conservation of mass; (2) the conservation of linear momentum; and (3) the
conservation of energy. The conservation of mass is another way of stating that (except for
mass-energy interchange) matter can neither be created nor destroyed. The principle of
conservation of linear momentum is based on Newton's second law of motion which states that a
mass (of fluid) accelerates in the direction of and in proportion to the applied forces on the mass.

In the analysis of flow problems, much simplification can result if there is no acceleration of the
flow or if the acceleration is primarily in one direction, the accelerations in other directions being
negligible. However, a very inaccurate analysis may occur if one assumes accelerations are
small or zero when in fact they are not. The concepts explained in this chapter assume
one-dimensional flow and the derivations of the equations utilize a control volume. A control
volume is an isolated volume in the body of the fluid, through which mass, momentum, and
energy can be convected. The control volume may be assumed fixed in space or moving with
the fluid.

2.2.1 Conservation of Mass
Consider a short reach of river shown in Figure 2.1 as a control volume. The boundaries of the
control volume are the upstream cross-section, designated section 1, the downstream

cross-section, designated section 2, the free surface of the water between sections 1 and 2, and
the interface between the water and the wetted perimeter (banks and bed).
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Controt @
Volume

Figure 2.1. Ariver reach as a control volume.

The statement of the conservation of mass for this control volume is

Mass flux Mass flux Time rate of change
out of the - | into the + | in mass in the =0
control volume control volume control volume

Mass can enter or leave the control volume through any or all of the control volume surfaces.
Rainfall would contribute mass through the surface of the control volume and seepage passes
through the interface between the water and the banks and bed. In the absence of rainfall,
evaporation, seepage and other lateral mass fluxes, mass enters the control volume at section 1
and leaves at section 2.

At section 2, the mass flux out of the control volume through the differential area dA; is p, v, dA,.
The values of p, and v, can vary from position to position across the width and throughout the
depth of flow at section 2. The total mass flux out of the control volume at section 2 is the
integral of all p, v, dA; through the differential areas that make up the cross-section area A, and
may be written as:

Mass flux
out of the = [a, P2V, dA, (2.9)

control volume
Similarly

Mass flux
into the = [ PV, dA, (2.10)

control volume

The amount of mass inside a differential volume dV inside the control volume is p dV and
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Mass inside
the = jv pdVv (2.12)
control volume

The statement of conservation of mass for the control volume calls for the time rate of change in
mass. In mathematical notation,

Time rate of change

in mass in the % [ypdVv (2.12)

control volume

For the reach of river, the statement of the conservation of mass becomes

0
[a, P2V dA, — [, plvldA1+§jvpdV=0 (2.13)

Itis often convenient to work with average conditions at a cross-section, so we define an average
velocity V such that

V=%1AvdA (2.14)

The symbol v represents the local velocity whereas the velocity V is the average velocity at the
cross-section.

Because water is nearly incompressible the density p of the fluid is considered constant, p; = p, =
p. When the flow is steady

o [ pdv=0 (2.15)
v

and Equation 2.13 reduces to the statement that inflow equals outflow or

pV,A,-pV,A, =0

That is, for steady flow of incompressible fluids

V,A, =V,A,=Q=VA (2.16)
where Q is the volume flow rate or the discharge.

Equation 2.16 is the familiar form of the conservation of mass equation for steady flow in rivers. It

is applicable when the fluid density is constant, the flow is steady and there is no significant
lateral inflow or seepage.

2.5



2.2.2 Conservation of Linear Momentum

The curved reach of the river shown in Figure 2.1 is rather complex to analyze in terms of
Newton's Second Law because of the curvature in the flow. Therefore, as a starting point, the
differential length of reach dx is isolated as a control volume.

For this control volume, shown in Figure 2.2, the pressure terms p; and p. are directed toward
the control volume in a direction normal to the Sections 1 and 2. The shear stress 1, is exerted
along the interface between the water and the wetted perimeter and is acting in a direction
opposite to the axis x. The statement of conservation of linear momentum is:

Sum of the forces
acting on the fluid
in the control volume

Flux of momentum
into the control
volume

Flux of Momentum
out of the control
volume

Time rate of change
of momentum in
the control volume

- + =

Figure 2.2. The control volume for conservation of linear momentum.
The terms in the statement are vectors so we must be concerned with direction as well as
magnitude.
Consider the conservation of momentum in the direction of flow (the x-direction in Figure 2.2). At
the outflow section (section 2), the flux of momentum out of the control volume through the
differential area dA, is:

p2V2 dA; Vo (2.17)

Here p, v, dA; is the mass flux (mass per unit of time) and p, v, dA; v, is the momentum flux
through the area dA..

Flux of momentum
out of the control = [a, P2V, dA, Vv, (2.18)

volume

Similarly, at the inflow section (section 1),
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Flux of momentum
into the = [, PrV DAV, (2.19)
control volume

The amount of momentum in the control volume is [, pv dV so

Time rate of
change of momentum = %{jv pv dV} (2.20)

in the control volume

At the upstream section, the force acting on the differential area dA; of the control volume is p;
dA; where p; is the pressure from the upstream fluid on the differential area. The total force in

the x-direction at section 1is [, p,dA, . Similarly, at section 2, the total forceis [, p,dA,.

There is a fluid shear stress 1, acting along the interface between the water and the bed and
banks. The shear on the control volume is in a direction opposite to the direction of flow and
results in a force -1,P dx where 1, is the average shear stress on the interface area, P is the
average wetted perimeter and dx is the length of the control volume. The term P dx is the
interface area.

The body force component acting in the x-direction is denoted F, and will be discussed in a

subsequent section. The statement of conservation of momentum in the x-direction for the
control volume is:

o)
,[Az P Vg dAz _J.Al plvf dAl""g,[v deV= ,[Al pldAl_J.Az P dAz _J.LToPdX—I—Fb (2-21)

Again, as with the conservation of mass equation, it is convenient to use average velocities
instead of point velocities. We define a momentum coefficient § so that when average velocities
are used instead of point velocities, the correct momentum flux is considered.

The momentum coefficient for incompressible fluids is:

1

BZWJA V2 dA (222)

For steady incompressible flow, Equation 2.21 is combined with Equation 2.22 to give
sz Vz2 Az _pl31 V12 A1 = ,[Al P, dAl - ,[Az P, dAz - _[L To Pdx + Fb (2-23)

The pressure force and shear force terms on the right-hand side of Equation 2.23 are usually
abbreviated as X F, so:

2R = ,[Al p,dA, - J.Az p,dA, - J.LTO Pdx +F, (2.24)
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The conservation of momentum equation becomes:
sz Vz2 A, _pB1 V12 A = Z:Fx (2.25)

for steady flow with constant density. With Equation 2.16 the steady flow conservation of linear
momentum equation takes on the familiar form

pQ(Bz Vv, _Bl V1): ZFX (2.26)

2.2.3 Conservation of Energy

The First Law of Thermodynamics can be written:

. . dE
—W=— 2.27
Q 5t (2.27)
where:
('? = Rate at which heat is added to a fluid system
V°V = Rate at which a fluid system does work on its surroundings
E = Energy of the system

Then dE/dt is the rate of change of energy in the system.
The statement of conservation of energy for a control volume is then:
Flux of energy

into the control
volume

Time rate of change
of energy in the
control volume

out of the + =Q-W

Flux of energy
control volume

The choice of a control volume is arbitrary. To illustrate the procedure, the control volume is
reduced to the size of a streamtube connecting dA; and dA; as shown in Figure 2.3. The
streamtube is bounded by streamlines through which no mass or momentum enters.

Control
Volume

dx

Figure 2.3. The streamtube as a control volume.
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For steady flow of an incompressible fluid in the streamtube

Flux of energy
out of the = p,e,dA,v, (2.28)

control volume
Similarly, at the inflow section (section 1),

Flux of energy

into the = p,e,dA v, (2.29)
control volume

and

Time rate of

change of energy = 0 (2.30)

in the control volume

Here e is the energy per unit mass. Accordingly, the total energy E in a control volume is:
E=|,pedV (2.31)
Unless one is concerned with thermal pollution, evaporation losses, or problems concerning the

formation of ice in rivers, the rate at which heat is added to the control volume can be neglected;
that is:

Q=0 (2.32)
The work done by the fluid in the control volume on its surroundings can be in the form of

pressure work Wy, shear work W, or shaft work (mechanical work) Ws. For the streamtube
shown in Figure 2.3, no shaft work is involved (W = 0).

The rate at which the fluid pressure does work on the control volume surrounding through the
boundary dA; in Figure 2.3 is:

- pl dAl Vl
and on boundary dA,, the rate of doing pressure work is
p2 dAZ V2

At the other boundaries of the streamtube, there is no pressure work because there is no fluid
motion normal to the boundary. Hence, for the streamtube

W, =p,dA, v, —p,dA, v, (2.33)
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Along the interior boundaries of the streamtube there is a shear stress resulting from the
condition that the fluid velocity inside the streamtube may not be the same as the velocity of the
fluid surrounding the streamtube. The rate at which the fluid in the streamtube does shear work
on the control volume is:

W. =1Pdxv (2.34)
where 1 is the average shear stress on the streamtube boundary, P is the average perimeter of
the streamtube, dx is the length of the streamtube and v is the fluid velocity at the streamtube
boundary. The product P dx is the surface of the streamtube subjected to shear stresses.

Then for steady flow in the streamtube, the statement of the conservation of energy in the
streamtube shown in Figure 2.3 is:

p,e,v,dA,—-p,e v,dA =p,v,dA, —p, Vv, dA, —tPvdx (2.35)
The conservation of mass for steady flow in the streamtube is (according to Equation 2.16)

v, dA,=v,dA, =dQ (2.36)
Now Equation 2.35 reduces to

(p,e,+p,)dQ—(p,e,+p,)dQ =1Pvdx (2.37)

The energy per unit mass e is the sum of the internal, kinetic and potential energies or

2

v
e:u+7+gz (2.38)
where:

u = Internal energy associated with the fluid temperature

v = Velocity of the mass fluid

g = Acceleration due to gravity

z = Elevation above some arbitrary reference level

This expression for e is substituted in Equation 2.37 to yield

2 2
U1+V?1+921&=U2+V?2+gzz+p_2+m (239)
p

pdQ
By dividing through by g and defining the head loss h, as follows:

h, = u, —u, N TPvdx (2.40)
g pgdQ
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The energy equation for the streamtube becomes

+&+z _—+p—2+zz+h[ (2.41)

29 v 29 vy

If there is no shear stress on the streamtube boundary and if there is no change in internal
energy (uU; = Uy), the energy equation reduces to:

&+zl —+p—2+z =constant (2.42)
Y

29 Y 29
which is the Bernoulli Equation.

Generally, there is not sufficient information available to do a differential streamtube analysis of a
reach of river, so appropriate changes must be made in the energy equation. A reach of river
such as that shown in Figure 2.1 can be pictured as a bundle of streamtubes. We know the
statement of the conservation of energy for a streamtube. It is Equation 2.41 which can be
written:

(—+&+zljvdA (—+p—2+zjvdA+hI vdA (2.43)
29 vy 29 v

because v, dA; = v, dA, = vdA for the streamtube.

The common form of the energy equation used in open channel flow is derived by integrating
Equation 2.43 over the cross-section area:

2 2 o
JA(V—+B+ZJVdA= oV +Py7 Q (2.44)
29 v 29 vy
where:
o = Kinetic energy correction factor defined by the expression
1 3
= VA jA v® dA (2.45)

to allow the use of average velocity V rather than point velocity v. The average pressure over the
cross-section is p, defined as:

5=—jA pvdA (2.46)
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The term z is the average elevation of the cross-section defined by the expression:

- 1
z=—1|, zvdA 2.47
VA [a (2.47)

and Q is the volume flow rate or the discharge. By definition

Q=[,VvdA (2.48)

Also

H, == [.h, vda (2.49)
L = VA A 14 "

In summary, the expression for conservation of energy for steady flow in a reach of river is written

_ B ) — B
ﬁ+&+21:ﬁ+p—2+22+HL (250)

29 v 29 v

The tendency in river work is to neglect the energy correction factor even though its value may
be as large as 1.5. Usually it is assumed that the pressure is hydrostatic and the average
elevation head z is at the centroid of the cross-sectional area. However, it should be kept in
mind that Equations 2.45, 2.46, and 2.47 are the correct definitions of the terms in the energy
equation. An example problem illustrating the calculation of o and f for a stream is provided in
Section 2.14 (SI) and 2.15 (English).

2.3 HYDROSTATICS

When the only forces acting on the fluid are pressure and fluid weight, the differential equation of
motion in an arbitrary direction X is

i[ng Z] _a, (2.51)
ox\ y g

In steady uniform flow (and for zero flow), the acceleration is zero and we obtain the equation of
hydrostatics

P +z =Constant (2.52)

v

However, when there is acceleration, the piezometric head varies in the flow field. That s, the
piezometric head is not constant in the flow. This is illustrated in Figure 2.4. In Figure 2.4a the
pressure at the bed is hydrostatic and equal to yy, whereas in the curvilinear flow (Figure 2.4b)
the pressure is larger than yy, because of the acceleration resulting from a change in direction.
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Figure 2.4. Pressure distribution in steady uniform and in steady nonuniform flow.

In general, when fluid acceleration is small (as in gradually varied flow) the pressure distribution
is considered hydrostatic. However, for rapidly varying flow where the streamlines are
converging, expanding or have substantial curvature (curvilinear flow), fluid accelerations are not
small and the pressure distribution is not hydrostatic.

In Equation 2.52, the constant is equal to zero for gage pressure at the free surface of a liquid.
For flow with hydrostatic pressure throughout (steady, uniform flow or gradually varied flow), it
follows that the pressure head p/y is equal to the vertical distance below the free surface. In
sloping channels with steady uniform flow, the pressure head p/y at a depth y below the surface
is equal to

P_ y cos6 (2.53)
Y

Note that y is the depth (perpendicular to the water surface) to the point, as shown in Figure 2.5.
For most channels, 6 is small and cos6 ~ 1.

- >~ Total Head
-

/

Figure 2.5. Pressure distribution in steady uniform flow on steep slopes (after Chow 1959).
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2.4 STEADY UNIFORM FLOW

2.4.1 Introduction

In steady, uniform open channel flow there are no accelerations, streamlines are straight and
parallel, and the pressure distribution is hydrostatic. The slope of the water surface S,, and the
bed surface S, and the energy gradient S; are equal. Consider the unit width of channel shown in
Figure 2.6 as a control volume. According to Equation 2.50, the conservation of energy for this
control volume is:

Figure 2.6. Steady uniform flow in a unit width channel.

V2 - _ V2 n —
oy Vy +&+21:%—2+p—2+22+HL (254)
29 vy 29 Y

The pressure at any point y below the surface is y cosd. Then according to Equation 2.46

1
Vlyl

p, = ¥ vy cos6 v, dy (2.55)

Assuming only small variations in the point velocity v with y we have:

51 -~ 7y, cos6 (2.56)
2

Similarly,

p, =222 0 (2.57)
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Also according to Equation 2.47

=7, + y, cos® (2.58)
and
Z5 =z, +%ose (2.59)

With the above expressions for ;_)1, 52, 21, and z the energy equation for this control volume
reduces to

2 2 cos©
o, V; +ylcose+zl+y1cosezazvz +y2C059+22+y2 +H,
29 2 2 29 2 2

(2.60)

or

o, V? , V?

12—gl+ylcose +z, =

+y,C080 +z, + H, (2.61)

For most natural channels 6 is small and y cos® = y. The velocity distribution in the vertical is
normally a log function for which oy = o, = 1. Then the energy equation becomes:

2 2

2; +y, +2, = 2; +y,+2z,+H, (2.62)

and the slopes of the bed, water surface and energy grade line are respectively

S, =sin = (ZlA_Lzz) (2.63)
and

(V12+y +zj (V22+y +ZJ

? 1 1| ? 2 2
S, =i= g g (265)

AL AL

Steady uniform flow is an idealized concept for open channel flow and is difficult to obtain even in
laboratory flumes. For many applications, the flow is steady and the changes in width, depth or
direction (resulting in nonuniform flow) are so small or occur over such a long distance that the
flow can be considered uniform.
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Variables of interest for steady uniform flow are: (1) the mean velocity V, (2) the discharge Q,
(3) the velocity distribution v(y) in the vertical, (4) the head loss H, through the reach, and (5) the
shear stress, both local T and at the bed 1,. These variables are interrelated.

2.4.2 Shear Stress, Velocity Distribution, and Average Velocity

Shear stress tis the internal fluid stress which resists deformation. The shear stress exists only
when fluids are in motion. It is a tangential stress in contrast to pressure, which is a normal
stress.

The local shear stress at the interface between the boundary and the fluid can be determined
quite easily if the boundary is hydraulically smooth; that is, if the roughness at the boundary is
submerged in a viscous sublayer as shown in Figure 2.7.

!“

Velacity Profile

Figure 2.7. Hydraulically smooth boundary.

Here, the thickness of the laminar sublayer is denoted &'. In laminar flow, the shear stress at the
boundary is:

T, = u(d—V] aty =0 (2.66)
dy

The velocity gradient is evaluated at the boundary. The dynamic viscosity p is the proportionality
constant relating boundary shear and velocity gradient in the viscous sublayer.

When the boundary is hydraulically rough, the thickness of the laminar sublayer is very small
compared to the roughness height. The paths of fluid particles in the vicinity of the boundary are
shown in Figure 2.8.

The velocity at a point near the boundary fluctuates randomly about a mean value. The random

fluctuation in velocity characterizes turbulent flows. As shown in Figure 2.9a, the particle has a
vertical component of velocity v, as well as a horizontal component v.
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Figure 2.9. Velocities in turbulent flow.

The two components of velocity in Figure 2.9a can be written as:

V, =V +V, (2.67)
and
v, = vy +V, (2.68)

where vx and vy are the time-averaged mean velocities in the x and y direction and v, and v,/
are the fluctuating components.

Through theoretical investigation it has been found that turbulence generates shear stress given
by

T=—pV,V, (2.69)
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The term v/ v’y is the time-average of the product of v) and v/ ata pointin the flow. Itis
called the Reynolds shear stress.

Prandtl (1925) suggested that v/ and v’y are related to the velocity gradient dv/dy shown in

Figure 2.9b. He proposed to characterize the turbulence with a dimension called the "mixing
length" ¢, which is assumed to be the same in both the x and y directions. Accordingly,

v/, ~£d—v (2.70)
dy
, dv
vV, ~{— 2.71
Y dy (2.71)
and
2
T~pl? [d_v] (2.72)
dy

If it is assumed that the mixing length can be represented by the product of a constant k and y
(i.e., ¢ =xy), then for steady uniform turbulent flow,

2
T=px’y’ (d_v] (2.73)
dy

Using different reasoning von Karman (1930) derived the same equation. Equation 2.73 can be
rearranged to the form:

= (2.74)

where x is the von Karman universal velocity coefficient. For rigid boundaries x has the average
value of 0.4. The term 1, is the bed shear stress. The term (ro/p)”2 has the dimensions of
velocity and is called the shear velocity, V«. Integration of Equation 2.74 yields

Vv
Tio
V' p

Here In is the logarithm to the base e and log is the logarithm to the base 10. The term y' results
from evaluation of the constant of integration assuming v = 0 at some distance y' above the bed.

:llnl,:z'—mlogl
Ky

K y

(2.75)

’

The term y' depends on the flow and has been experimentally determined. The many
experiments have resulted in characterizing turbulent flow into three general types:
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(1) Hydraulically smooth boundary turbulent flow where the velocity distribution, mean velocity
and resistance to flow are independent of the boundary roughness of the bed but depend
on fluid kinematic viscosity. Then with

_11.6v &

& we find y’ =
107

(2.76)
T

[¢]

P

(2) Hydraulically rough boundary turbulent flow where velocity distribution, mean velocity and
resistance to flow are independent of viscosity and depend entirely on the boundary
roughness. For this case, y' = ks/30.2 where ks is the height of the roughness element.

(3) Transition where the velocity distribution, mean velocity and resistance to flow depend on
both fluid viscosity and boundary roughness. Then

’

k
<y < —S 2.77
107 y 30.2 ( )

The boundary roughness effects can be merged into one equation by using y' = ks/(30.2X) where
X is determined from Figure 2.10. As a result, the velocity distribution v, mean velocity V, and
resistance to flow equations can be written in the following dimensionless form which is related to
the above flow types by Figure 2.10.

V _575 log 30.2& =251In 30.2& (2.78)
V. K kg

and

V C XY, Xy

=~ =575log12.27-2° = 2.5|n12.27-2° (2.79)

V. g K, K,

Note that any system of units can be used as long as y, and ks (and V, v and V+) have the same
dimensions. The symbols of Equations 2.78 and 2.79 denote:

X = Coefficient given in Figure 2.10
ks = Height of the roughness elements, for sand channels
v = Local mean velocity at depth y
Yo = Depth of flow
V = Depth-averaged velocity
V. = Shear velocity/t, /p which for steady uniform flow is \/gRS,
%, = Shear stress at the boundary and for steady uniform flow the average is
T, = YRS, (2.80)
R = Hydraulic radius, equal to the cross-sectional area A divided by the

wetted perimeter P
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Figure 2.10. Einstein's multiplication factor X in the logarithmic velocity equations
(Einstein 1950).

St = Slope of the energy gradeline

d' = Thickness of the viscous sublayer
v = Kinematic viscosity of fluid

& =11.6v/V.

C/\/E = Chezy discharge coefficient in the equation

1/2
V=CJRS or C= (i—gj (2.81)
f = Darcy-Weisbach resistance coefficient which is given by the expression
T
f=8—2 2.82
oV (2.82)

Any consistent set of dimensions can be used (m or ft).
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2.4.3 Other Velocity Equations
Because of the difficulties involved in determining the shear stress and hence the velocity

distribution in turbulent flows, other approaches to determine mean velocities in rivers has been
prevalent. Two such equations are in common use. They are Manning's equation:

K
V=—4 R?3 gl? (2.83)
n

and Chezy's equation

V =CR"?S}"? (2.84)
where:

V = Average velocity in the waterway cross-section in m/s, ft/s

n = Manning's roughness coefficient

R = Hydraulic radius in m or ft equal to the cross-sectional area A divided by the

wetted perimeter P of the waterway m, ft

St = Friction slope m/m, ft/ft

C = Chezy's discharge coefficient known as Chezy's C

K. = 1.0 (Sh

Ky = 1.486 (English)

In these equations, the boundary shear stress is expressed implicitly in the roughness coefficient
"n" or in the discharge coefficient C. By equating the velocity determined from Manning's
equation with the velocity determined from Chezy's equation, the relation between the

coefficients is

K
C=—YRY® (2.85)
n

If the flow is gradually varied, Manning's and Chezy's equations are used with the average
friction slope S, . Theterm S, is determined by averaging over a short time increment at a

station or over a short length increment 300 m (1,000 ft ) for example at an instant of time, or
both.

Over many decades, a catalog of values of Manning's n and Chezy's C has been assembled so
that an engineer can estimate the appropriate value by knowing the general nature of the
channel boundaries. An abbreviated list of Manning's roughness coefficients is given in Table
2.1. Additional values are given by Barnes (1967) and Chow (1959). Manning's n for sandbed
and gravel-bed channels is discussed in detail in Chapter 3.
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Table 2.1. Manning's Roughness Coefficients for Various Boundaries.

| Manning's n
Rigid Boundary Channels
Very smooth concrete and planed timber 0.011
Smooth concrete 0.012
Ordinary concrete lining 0.013
Wood 0.014
Vitrified clay 0.015
Shot concrete, untrowelled, and earth channels in best condition 0.017
Straight unlined earth canals in good condition 0.020
Mountain streams with rocky beds 0.040 - 0.050
Minor Streams (top width at flood stage < 30 m (100 ft)
Streams on Plain
1. Clean, straight, full stage, no rifts or deep pools 0.025-0.033
2. Same as above, but more stones and weeds 0.030-0.040
3. Clean, winding, some pools and shoals 0.033-0.045
4. Same as above, but some weeds and stones 0.035-0.050
5. Same as above, lower stages, more ineffective slopes and sections 0.040-0.055
6. Same as 4, but more stones 0.045-0.060
7. Sluggish reaches, weedy, deep pools 0.050-0.080
8. Veryweedy reaches, deep pools, or floodways with heavy stand of timber |  0-075-0.150

and underbush

Mountain Streams, no vegetation in channel, banks usually steep, trees and
brush along banks submerged at high stages
1. Bottom: gravels, cobbles, and few boulders 0.030-0.050
2. Bottom: cobbles with large boulders 0.040.0.070
Floodplains
Pasture, No Brush
1. Short Grass 0.025-0.035
2. High Grass 0.030-0.050
Cultivated Areas
1. No Crop 0.020-0.040
2. Mature Row Crops 0.025-0.045
3. Mature Field Crops 0.030-0.050
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Table 2.1. Manning's Roughness Coefficients for Various Boundaries.

| Manning's n
Floodplains (continued)
Brush
1. Scattered brush, heavy weeds 0.035-0.070
2. Light brush and trees in winter 0.035-0.060
3. Light brush and trees in summer 0.040-0.080
4. Medium to dense brush in winter 0.045-0.110
5. Medium to dense brush in summer 0.070-0.160
Trees
1. Dense willows, summer, straight 0.110-0.200
2. Cleared land with tree stumps, no sprouts 0.030-0.050
3. Same as above, but with heavy growth of sprouts 0.050-0.080
4. Heavy stand of timber, a few down trees, little undergrowth, flood stage 0.080-0.120

below branches

5. Same as above, but with flood stage reaching branches 0.100-0.160

Major Streams (Top width at flood stage > 30 m (100 ft)
The n value is less than that for minor streams of similar description,
because banks offer less effective resistance.

Regular section with no boulders or brush 0.025-0.060
Irregular and rough section 0.035-0.100

Alluvial Sandbed Channels (no vegetation)*

Tranquil flow, Fr< 1

1. Plane bed 0.014 - 0.020
2. Ripples 0.018 - 0.030
3. Dunes 0.020 - 0.040
4. Washed out dunes or transition 0.014 - 0.025
5. Plane bed 0.010-0.013

Rapid Flow, Fr>1

1. Standing waves 0.010-0.015
2. Antidunes 0.012 - 0.020

!Data is limited to sand channels with D5, < 1.0 mm, details to be discussed in Chapter 3.
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The general approach for estimating n values consists of the selection of a base roughness value
for a straight, uniform, smooth channel in the materials involved, then additive values are
considered for the channel under consideration:

n=(n,+n,+n,+n, +n,)m, (2.86)
where:

n, = Base value for straight uniform channels

n; = Additive value due to cross-section irregularity

n, = Additive value due to variations of the channel

n; = Additive value due to obstructions

n, = Additive value due to vegetation

ms = Mulitiplication factor due to sinuosity

Detailed values of the coefficients are found in Cowan (1956), Chow (1959), Benson and
Dalrymple (1967) and Aldridge and Garrett (1973). Typical values are given in Table 2.2.
Arcement and Schneider (1984) proposed a guide for selecting Manning's roughness coefficients
for floodplains. For steeper streams, the reader is also referred to the work of Jarrett (1984,
1985).

The roughness characteristics on the floodplain are complicated by the presence of vegetation,
natural and artificial irregularities, buildings, undefined direction of flow, varying slopes and other
complexities. Resistance factors reflecting these effects must be selected largely on the basis of
past experience with similar conditions. In general, resistance to flow is large on the floodplains.
In some instances, conditions are further complicated by deposition of sediment and
development of dunes and bars which affect resistance to flow and direction of flow.

The presence of ice affects channel roughness and resistance to flow in various ways. When an
ice cover occurs, the open channel is more nearly comparable to a closed conduit. There is an
added shear stress developed between the flowing water and the ice cover. This surface shear
is much larger than the normal shear stresses developed at the air-water interface. The ice-water
interface is not always smooth. In many instances, the underside of the ice is deformed so that it
resembles ripples or dunes observed on the bed of sandbed channels. This may cause overall
resistance to flow in the channel to be further increased.

With total or partial ice cover, the drag of ice retards flow, decreasing the average velocity and
increasing the depth. Another serious effect is its influence on bank stability, in and near water
structures such as docks, loading ramps, and ships. For example, the ice layer may freeze into
bank stabilization materials, and when the ice breaks up, large quantities of rock and other
material embedded in the ice may be floated downstream and subsequently thawed loose and
dumped randomly leaving banks raw and unprotected.

2.4.4 Average Boundary Shear Stress
The average shear stress at the boundary 1, for steady uniform flow is determined by applying

the conservation of mass and momentum principles to the control volume shown in Figure 2.11.
The conservation of mass Equation 2.16 is then:
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Table 2.2. Adjustment Factors for the Determination of n Values.

Conditions n Value Remarks
ng Smooth 0 Smoothest Channel
c
'% *E" Minor 0.001-0.005 Slightly Eroded Side Slopes
L ®©
g s
g‘; 0'3)7 Moderate 0.006-0.010 Moderately Rough Bed and Banks
o £
&) Severe 0.011-0.020 Badly Sloughed & Scalloped Banks
n, Gradual 0 Gradual Changes
2 T:’ c Alternating 0.001-0.005 Occasional Shifts From
258 Occasionally Large to Small Sections
58
§ f= @ Alternating 0.010-0.015 Frequent Changes in
Frequently Cross-Sectional Shape
N3 Negligible 0-0004 Obstructions < 5% of
Cross-Section Area
» Minor 0.005-0.015 Obstructions < 15% of
5 Cross-Section Area
©
% Moderate 0.020-0.030 Obstructions 15-50% of
-8 Cross-Section Area
Severe 0.040-0.060 Obstructions > 50% of
Cross-Section Area
N, Small 0.002-0.010 Flow Depth > 2 x Vegetation Height
_5 Medium 0.010-0.025 Flow Depth > Vegetation Height
©
:).’, Large 0.025-0.050 Flow Depth < Vegetation Height
>
Very Large 0.050-0.100 Flow Depth < 0.5 Vegetation Height
ms Minor 1.00 Sinuosity < 1.2
=) Moderate 1.15 1.2 < Sinuosity < 1.5
o
>
& Severe 1.30 Sinuosity > 1.5
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@ Controi volume

YAL sinf._/

Figure 2.11. Control volume for steady uniform flow.

Py, WV, —py, WV, =0 (2.87)
or
V, =V, (2.88)

The conservation of momentum in the downstream direction is described from Equation 2.25 with
A=A, =Wy, and V; =V,. The pressure forces acting on the control boundary are approximated

by:

2
F=F = y (2.89)

The downstream component of the body force yAL (equal to the weight of fluid in the control
volume) in the X direction is:

F, = yAL sin® (2.90)

where 0 is the slope angle of the channel bed. The average boundary shear stress is 1, acting
on the wetted perimeter P. The shear force Fs in the x-direction is:

F, =1, PL (2.91)

With the above expressions for the components, the statement of conservation of linear
momentum becomes:

2 2
PBWy, VZ —pBWy, VZ =7AL sine+W"2W—¥—ro PL (2.92)
which reduces to
T. =Y — SIn .
. =15 sind (299)
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The term A/P is the hydraulic radius R. If the channel slope angle is small,

sing =S, (2.94)
and for steady uniform flow the average shear stress on the boundary is

T =1RS, (2.95)
If the flow is gradually varied nonuniform flow, the average boundary shear stress is

T, = VRS, (2.96)

where S is the slope of the energy grade line.

2.4.5 Relation Between Shear Stress and Velocity

Measuring the average bottom shear stress directly in the field is tenuous. However, the average
bottom shear stress can be computed from the expression

1, =1RS, (2.97)

For steady uniform flow, the local and average shear stress on the bed can be estimated by
employing the velocity profile equations in Section 2.4.2. If the local velocity v, at depth y; is known
and X =1 for hydraulically rough boundary then, from Equation 2.78 the local shear stress can be
determined. The equation is:

2
T, = PV, (2.98)

o 2
{5.75 log (30.2 i’lﬂ

This equation and the ones given below are valid for fully turbulent uniform flow over a hydraulically
rough boundary in wide channels with a plane bed. Alternatively, if two point velocities in a vertical
profile are known (preferably in the lower 15 percent of the depth) the local shear stress on the bed
can be determined from the following equation:

T, = p(vl _V2)2 (2.99)

s

If the depth of flow y,, the grain roughness ks and the average velocity in the vertical V are known,
then the average shear stress can be determined from Equation 2.79. The equation is:
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2
T = PV (2.100)

o 2
{5.75 log [12.27 Bk’ ﬂ

2.4.6 Energy and Momentum Coefficients for Rivers

In prismatic or constructed channels itis common to assume that the energy coefficient o.and the
momentum coefficient § are unity. In river channels, this is usually not the case. From Equations
2.45 and 2.22:

1

EVEry [aVvidA (2.45)
and
1 2

The velocity distribution in wide channels for turbulent flow over a rough boundary is given by
Equation 2.78 with X =1.0

\Y

=2.5In(30.2y/k,) (2.101)

*

The average velocity in the vertical is

V=l rvdy = 22V pein(yry) dy (2.102)
yo yo_y

Here, the upper limit of integration is y,, the depth of flow and the lower limit is

y = —= (2.103)

the value of y for which Equation 2.78 gives a zero velocity. The integration of Equation 2.102
yields

v =2.5{—y° ,(In(y—‘j]—lj} (2.104)
V. Yo~ ¥ y

For a vertical section of unit width, the momentum coefficient ' is
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B’ 1 ) [V v? dy (2.105)

VA, -y

If we substitute Equations 2.78 and 2.104 into Equation 2.107 and integrate, the result is the
expression

2 ’
B = - 2( Yo ] {(Iny?j —2|n(y‘2]+2—2y} (2.106)
yoj Yo-y' ) Uy y Yo

(In 11.11
k

S

Similarly, the energy coefficient for a vertical section unit width is

’ 1 y 3
o _ vl dy (2.107)
Vi, —Y) b
or
1 3 2 6 ,
g ] o
Yy yo -y y y y yo
In 11.11k70

These equations (Equations 2.106 and 2.108 are rather complex, so a graph of o and B’ vs yo/Ks
has been prepared. The relations are shown in Figure 2.12.

For the entire river cross-section (shown in Figure 2.13) Equation 2.45 can be written

B

where W is the top width of the section, w is the lateral location of any vertical section, y, is the
depth of flow at location w, and v is the local velocity at the position y, w. The total discharge is Q
and the total cross-sectional area is A.

o= [ % v? dy dw] (2.100)
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Figure 2.12. Energy and momentum coefficients for a unit width of river.

Figure 2.13. The river cross section.
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The second integral term in brackets in Equation 2.109 can be written
[ vidy=a" V3 (y, -y (2.110)

Here o' is the energy coefficient for the vertical section dw wide and y, deep, V is the
depth-averaged velocity in this vertical section and y' = ks/30.2.

Now, Equation 2.109 can be written

2
o :% [¥ o'V (y, —y') dw (2.111)

Except for cases of low flow in gravel bed rivers, the term y' is very small compared to y, so

A? ,
0c=§ [0 a'Viy, dw (2.112)
The discharge at a river cross-section is determined in the field by measuring the local depth and

two local velocities at each of approximately 20 vertical sections. In accordance with this general
stream gaging procedure, Equation 2.112 could be written as

2

o=— o VY, Aw,

Q

or
2

o =% T o v AQ, (2.113)

Here, the subscript i refers to the i-th vertical section, and AQ; is the river discharge associated
with the i-th vertical or

AQ; =V Yy, Aw,

In a similar manner, the expression for B is

A ,
B:? 2 BV, AQ (2.114)
Now, with Equations 2.113 and 2.114, and Figure 2.12 we are in a position to compute o and 8
for any river cross-section given the discharge measurement notes. A calculation example is
presented in Section 2.14 (Sl) and 2.15 (English). Itis important to recognize that for river flows
over floodplains, the correction factors oo and B can be significantly larger than o' and p'.
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2.5 UNSTEADY FLOW

Unsteady flows of interest to the designer of waterway crossings and encroachments are: (1)
waves resulting from disturbances of the water surface by wind and boats; (2) waves resulting
from the surface instability that exists for flows with Froude numbers close to 1.0; (3) waves
resulting from flow disturbance due to change in direction of flow with Froude numbers greater
than about 2.0; (4) surges or bores resulting from sudden increase or decrease in the flow by
opening or closing of gates or the movement of tides on coastal streams; (5) standing waves and
antidunes that occur in alluvial channel flow; and (6) flood waves resulting from the progressive
movement downstream of stream runoff or gradual release from reservoirs.

Waves are an important consideration in bridge hydraulics when designing slope protection of
embankments and dikes, and channel improvements. In the following paragraphs, only the basic
one-dimensional analysis of waves and surges is presented. Other aspects of waves are
presented in other sections.

2.5.1 Gravity Waves

The general equation for the celerity ¢ (velocity of the wave relative to the velocity of flow) of a
small amplitude gravity wave (a, << 1) is

1/2
c= %tanh 2ny, (2.115)
2n A

where the terms are defined in Figure 2.14.

Figure 2.14. Definition sketch for small amplitude waves.

For deep water waves (short waves) defined as

Yo >% (2.116)

2.32



the celerity relationship (Equation 2.115) reduces to

}L 1/2
o {9_} 2.117)
21

For shallow water waves (long waves)

VTO< % (2.118)

Then Equation 2.115 reduces to

c=./oy, (2.119)

The time of travel of one water crest to another at a given point is called the period T and can be
defined from the celerity and wave length

c=A/T (2.120)
In Equation 2.117, the celerity is independent of depth and depends on gravity g and wave
length A. This is the celerity of ocean waves. In Equation 2.119, the celerity is a function of
gravity and depth which describes small amplitude waves in open channels. These two
equations apply only to small amplitude waves; that is a,/A << 1.

The celerity of finite amplitude shallow water waves has been determined both analytically using
Bernoulli's equation and experimentally, and is given by the expression

2 1/2
Cc= ngo (2121)
(Yo +a,)Y,

When 2a, is small in comparison to y,

1/2
c= {1+ 2a, gyo} (2.122)
y

[o]

Generally as 2a./y, approaches unity the crest develops a sharp peak and breaks.
In the above equations, ¢ is measured relative to the fluid. If the wave is moving opposite to the

flow then, when ¢ >V, the waves move upstream; when ¢ =V, the wave is stationary; and when c
<V, the wave moves downstream. When V = ¢ for small amplitude flow,

V=c=ay, (2.123)

The ratio of the flow velocity to the celerity of a shallow water wave of small amplitude is defined
by the Froude number:
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Fre—Y_ (2.124)

ay,

When Fr < 1 (subcritical or tranquil), a small amplitude wave moves upstream. When Fr > 1
(supercritical or rapid flow), a small amplitude wave moves downstream and when Fr =1 (critical
flow), a small amplitude wave is stationary. The fact that waves or surges cannot move upstream
when the Froude number is equal to or greater than 1.0 is important to remember when
determining when the stage-discharge relation at a cross-section can be affected by downstream
conditions. The Froude number is not only the ratio of the flow velocity to the celerity of a shallow
water wave, but is also the ratio of the inertia forces to the gravity forces.

2.5.2 Surges

A surge is a rapid increase in the depth of flow. A surge may result from sudden release of water
from a dam, or from an incoming tide. If the ratio of wave height 2a, to the depth y, is less than
unity, the surge has an undulating wave form. If 2a,/y, is greater than one, the first wave breaks
and produces a discontinuous surface. The breaking wave dissipates energy and the previous
equations for wave celerity are invalid. However, by applying the momentum and continuity
equations for a control volume encompassing the surge shown in Figure 2.15, the equation for
the celerity of a surge can be derived for flat slopes as:

c= {gyl E i’/—z (i’/—u 1)}} (2.125)

Negative * 0
Surge
i —

Control volume

e
Positive
Surge
yz Vz =0 —— ————
V=0

T . i,

a) Control Voiume of a Surge b) Surging induced by
Gote Opening

Figure 2.15. Sketch of positive and negative surges.

Equation 2.125 gives the velocity of a surge as it moves upstream as the result of a sudden total
or partial closure of gates, or of an incoming tide, or of a surge that moves downstream as the
result of a sudden opening of a gate. The lifting of a gate in a channel sketched in Figure 2.15b
not only causes a positive surge to move downstream, it also causes a negative surge to move
upstream. Equation 2.125 is approximately correct for the celerity of the negative surge if the
height of the surge is small compared to the depth. As it moves upstream a negative surge
quickly flattens out.
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2.5.3 Hydraulic Jump

When the flow velocity V; is rapid or supercritical the surge dissipates energy through a moving
hydraulic jump. When V; equals the celerity ¢ of the surge the jump is stationary and Equation
2.125 is the equation for a hydraulic jump on a flat slope. Solutions for a hydraulic jump on a
sloping channel are given in HEC-14. Equation 2.125 can be rearranged to the form:

1/2
. Fr, = {1 Ya (V_ZHJ} (2.126)
ay, 2 Y1 \Ys
or
YR
A

The corresponding energy loss in a hydraulic jump is the difference between the two specific
energies. It can be shown that this head loss is:

_ 3
h, :M (2.128)
4y.Y,

Equation 2.128 has been experimentally verified along with the dependence of the jump length L;
and energy dissipation (head loss h,) on the Froude number of the approaching flow. The results
of these experiments are given in Figure 2.16.

When the Froude number for rapid flow is less than 1.7, an undulating jump with large surface
waves is produced. The waves are propagated for a considerable distance downstream. In
addition, when the Froude number of the approaching flow is less than three, the energy
dissipation of the jump is not large and jets of high velocity flow can exist for some distance
downstream of the jump. These waves and jets can cause erosion a considerable distance
downstream of the jump. For larger values of the Froude number, the rate of energy dissipation
in the jump is very large and Figure 2.16 is recommended. The U.S. Bureau of Reclamation
(Chow 1959) classifies the hydraulic jump on a flat slope into various types as illustrated in Figure
2.17. For additional information on hydraulic jumps, see HEC-14, Chow (1959) and Rouse
(1950).

2.5.4 Roll Waves

Under certain conditions on steep slopes, surges of an intermittent nature may occur which are
called roll waves or slug flow (Figure 2.18). Such flow is not at all uncommon with harmless thin
sheets of flow on sloping sidewalks, for example. When these roll waves occur in large open
channels, however, they may cause considerable damage, or force the operation of the channel
at inefficient discharges in order to prevent damage.

Roll waves can be superposed over the normal flow in an open channel. They travel at velocities
greater than the normal flow and grow in size as they progress downstream.

2.35



25

T T 50
o U.S. Bureau of /

ion Data
/ yZ/y‘

/
L2

{ h
15 / d . 30 L

20

>.N b
; JAREEE
= |
o
< 10 20
> /
f na "~ Li/y,
% ¥ o ) r—
5 & ﬂL — Y
/X
0 ///
0 B 10 15 20
Frl

Figure 2.16. Hydraulic jump characteristics as a function of the upstream Froude number.

4

~ = =
~

—— —t ——

-— — — T e

7 77777777 7
F,=1-1.7 Undulor jump

-— —
—_—
—  — —

7

F,=17-2.5 Weok jump

Oscilioting jet
Roller — T

P R :5 — —

2 s .
e S

7777777 77 T 7

F,=2.5-4.5 Oscillating jump

S e gy s
7

/4

Fy=4.5-9.0 Steady jump

o555 —
gy
—_—t T~ — -
TI77277777 7
F,>9.0 Strong jump

Figure 2.17. Various types of hydraulic jump (Chow 1959).

2.36



Y., Fr=l v,

AR IINITIINHINEIIIHIH IS

Figure 2.18. Roll waves or slug flow.

There is no simple criterion for determining the size of roll waves, since their size depends upon
the magnitude of the discharge, the type of flow (laminar or turbulent), the roughness and slope
of the channel, the length of the channel, and the nature and frequency of the initial disturbances
which cause the waves to form. However, a necessary condition required to generate instability
of the free surface and induce the formation of roll waves in turbulent flows when Chezy's
equation is applicable is:

\Y,
gy,

Fr=

>2 (2.129)

which can be expressed in alternate form for a wide channel as

s> 4% (2.130)

for turbulent flow with a rough boundary in which y, is the normal depth, S is the slope of the
channel, and C is the Chezy discharge coefficient.

When the flow in a wide channel is turbulent with a smooth boundary, roll waves can form if

Fr>15 (2.131)

2

s> 2.25Ci (2.132)

and when the flow in a wide channel is laminar, roll waves can form if
Fr>0.5 (2.133)

These conditions indicate that, for turbulent flow in a wide channel with a rough boundary, roll
waves can occur when the flow velocity is greater than twice the celerity of a wave that is, the
Froude number is greater than 2, or when the slope is four times as great as the slope required
for critical depth. They can also form for turbulent flow in a wide channel with a smooth boundary
if the velocity of flow is greater than 1.5 times the celerity of a wave, or the slope is 2.25 times the
slope required for critical depth. By way of contrast, roll waves can form in laminar flow in a wide
channel if the velocity is half the celerity of a gravity wave; in other words, the flow may never
pass through critical flow (Fr = 1.0).
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2.6 STEADY RAPIDLY VARYING FLOW

2.6.1 Flow Through Transitions

Steady flow through relatively short transitions where the flow is uniform before and after the
transition can be analyzed using the Bernoulli equation. Energy loss due to friction may be
neglected, at least as a first approximation. Refinement of the analysis can be made in a second
step by including friction loss (see HEC-14, Chapter 4). For example, the water surface elevation
through a transition is determined using the Bernoulli equation and then modified by determining
the friction loss effects on velocity and depth in short reaches through the transition. Energy
losses resulting from flow separation cannot be neglected, and transitions where separation may
occur need special treatment which may include model studies. Contracting flows (converging
streamlines) are less susceptible to separation than for expanding flows. Also, any time a
transition changes velocity and depth such that the Froude number approaches unity, problems
such as waves, blockage, or choking of the flow may occur. If the approaching flow is
supercritical, a hydraulic jump may result. Unsubmerged flow through bridges or culverts can be
considered as flow through transitions.

Transitions are used to contract or expand a channel width (Figure 2.19a); to increase or
decrease bottom elevation (Figure 2.19b); or to change both the width and bottom elevation. The
first step in the analysis is to use the Bernoulli equation (neglecting any head loss resulting from
friction or separation) to determine the depth and velocity changes of the flow through the
transition. Further refinement depends on importance of freeboard, whether flow is supercritical
or approaching critical conditions.

2
——— ¥,

2
A} TEL

(a) Width contraction (b) Bed rise

Figure 2.19. Transitions in open channel flow.

The Bernoulli equation for flow in Figure 2.19b is:

2 2
V_1+y1 :V_2+y2 + AZ (2134)
29 29
or
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H, =H, + Az (2.135)

where
2
H=Y 4y (2.136)
29

The term H is called the specific head, and is the height of the total head above the channel
bed.

2.6.2 Specific Energy Diagram

For simplicity, the following specific energy (often referred to as specific head) analysis is done
on a unit width of channel so that Equation 2.136 becomes:

q2
H= 20y +y (2.137)

For a given q, Equation 2.137 can be solved for various values of Hand y. Wheny is plotted as
a function of H, Figure 2.20 is obtained (Rouse 1946). There are two possible depths called
alternate depths for any H larger than a specific minimum. Thus, for specific energy larger than
the minimum, the flow may have a large depth with small velocity or small depth with large
velocity. Flow cannot occur with specific energy less than the minimum. The single depth of flow
at the minimum specific energy is called the critical depth y. and the corresponding velocity, the
critical velocity V. = gly.. To determine y. the derivative of H with respect to y is set equal to O.

2 q9<9,<q
V2 % 1S 7253
2¢g 2

a3
Ye q

2

\'
H 2 ———
29 Y

Figure 2.20. Specific energy diagram.

2
dH_,_9 g (2.138)

dy gy
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and

a=(ay2)"” (2.139)
or
2 1/3 V2
y. = (q—j = 2-% (see Equation 2.147) (2.140)
g g
Note that
Vi=y.g (2.141)
or
Ve 4 (2.142)
ay.
but
Y Fr (2.143)
Jay
also
V2 3
H.. = 2° +Y. =5 y. (see Equation 2.147) (2.144)
g

Thus, flow at minimum specific energy has a Froude number equal to one. Flows with velocities
larger than critical (Fr > 1) are called rapid or supercritical and flow with velocities smaller than
critical (Fr < 1) are called tranquil or subcritical. These flow conditions are illustrated in Figure
2.21, where a rise in the bed causes a decrease in depth when the flow is tranquil and an
increase in depth when the flow is rapid. Furthermore, there is a maximum rise in the bed for a
given H; where the given rate of flow is physically possible. If the rise in the bed is increased
beyond Az, for Hyin then the approaching flow depth y; would have to increase (increasing H)
or the flow would have to be decreased. Thus, for a given flow in a channel, a rise in the bed
level can occur up to a Az, Without causing backwater.

2.6.3 Specific Discharge Diagram
For a constant H, Equation 2.137 can be solved for y as a function of g. By plotting y as a

function of q, Figure 2.22 is obtained and for any discharge smaller than a specific maximum, two
depths of flow are possible (Rouse 1946).
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Figure 2.21. Changes in water surface resulting from an increase in bed elevation.
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Figure 2.22. Specific discharge diagram.

H =
Constant

To determine the value of y for gmax Equation 2.137 is rearranged to obtain:

q=yy29(h-y) (2.145)

The differential of g with respect to y is set equal to zero.

%zozg% (2.146)
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from which

2
g =22V

2.147
+=3M" g (2.147)

or

V. =.Jay. (2.148)

Thus for maximum discharge at constant H, the Froude number is 1.0, and the flow is critical.
From this:

2 1/3

y.=2H=2Ye _[9mac | (see Equation 2.140) (2.149)
3 29 g

For critical conditions, the Froude number is 1.0, the discharge is a maximum for a given specific

head and the specific head is a minimum for a given discharge.

Flow conditions for constant specific head for a width contraction are illustrated in Figure 2.23
assuming a fixed bed and no geometrical effects such as eccentricity, skew, piers, and
expansion. The contraction causes a decrease in flow depth when the flow is tranquil and an
increase when the flow is rapid. The maximum possible contraction without causing backwater
effects occurs when the Froude number is one, the discharge per foot of width g is a maximum,
and y. is 2H/3. A further decrease in width will cause backwater. That is, an increase in depth
upstream will occur to produce a larger specific energy and increase y. in order to get the flow
through the decreased width.

H Constant

R T IR DS ST
i natomee

T

B-53

Figure 2.23. Change in water surface elevation resulting from a change in width.

2.42



The flow in Figure 2.23 can go from point A to C and then either back to D or down to E
depending on the downstream boundary conditions. An increase in slope of the bed downstream
from C and no separation would allow the flow to follow the line A to C to E. Similarly the flow
can go from B to C and back to E or up to D depending on boundary conditions. Figure 2.23 is
drawn with the side boundary forming a smooth streamline. If the contraction were due to bridge
abutments, the upstream flow would follow a natural streamline to a vena contracta, but then
downstream, the flow would probably separate. Tranquil approach flow could follow line A-C but
the downstream flow probably would not follow either line C-D or C-E but would have an
undulating hydraulic jump. There would be interaction of the flow in the separation zone and
considerable energy would be lost. If the slope downstream of the abutments was the same as
upstream, then the flow could not be sustained with this amount of energy loss. Backwater would
occur, increasing the depth in the constriction and upstream, until the flow could go through the
constriction and establish uniform flow downstream.

2.6.4 Transitions With Super Critical Flows

Contractions and expansions in rapid flows produce cross wave patterns similar to those
observed in curved channels (Ippen 1950 and Chow 1959). The cross waves are symmetrical
with respect to the centerline of the channel. Ippen and Dawson (1951) have shown thatin order
to minimize the disturbance downstream of a contraction, the length of the contraction should be:

L= % (2.150)

where W is the channel width and the subscripts 1 and 2 refer to sections upstream and
downstream from the contraction. The contraction angle is 6 and should not exceed 12°. This
requires a long transition and should not be attempted unless the structure is of primary
importance. A model study should be used to determine transition geometry where a hydraulic
jump is not desired. If a hydraulic jump is acceptable, the inlet structure can be designed using
the procedure in HEC-14, Chapter 4B.

For an expansion, Rouse et al. (1951) found experimentally that the most satisfactory boundary
form is given by:

3/2
ﬂ=1( X ] + 1 (2.151)
W, 2(W,Fr, 2

where X is the longitudinal distance measured from the start of the expansion or outlet section
and w is the lateral coordinate measured from the channel centerline. A boundary developed
from this equation diverges indefinitely. Therefore, for practical purposes, the divergent walls are
followed by a transition to parallel lines. A satisfactory straight transition can be created by flaring
the walls so that tan 6 = 1/3 Fr. This criteria recommended by Blaisdel (1949) avoids creating an
abrupt expansion.
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2.6.5 Flow Over Drop Structures

Subcritical flow over vertical wall drop structures at flat slopes is illustrated in Figure 2.24. As
illustrated, the flow impinging on an apron will continue downstream but at supercritical depth and
velocity. Depending on downstream conditions (bed elevation and slope and down stream flow
depth) the flow will continue to be supercritical or go through a hydraulic jump. If the flow
impinges on an erodible bed it will scour a deep hole. Methods to calculate the depth of this
scour hole are given in Chapter 3. Flow geometry and conditions of interest are:

discharge for unit width, q

drop height, h

distance from drop wall to point of impingement, L4
depth and velocity at impingement, y;, V,

pool depth under nape, y,

sequent depth if a jump forms, y,

Yo
— 2
Q= - C%~\ D H .3‘—.
TR N gh3
Aeroted 4— NN
b A NNy, T
l 4 Yo C.--) --------- ] :2 -
/1/ 77777777777 77777 R 777777777777 777777777777 777 777 R 7777 777777777777
Ly L -

Figure 2.24. Flow characteristics over a drop structure (Chow 1959).

Chow (1959) gives equations to determine the geometric terms as functions of a drop number D.
In English units of measurement these are:

p=—1_ (2.152)
gh

% =4.30 D%¥ (2.153)

% =1.00 D%? (2.154)

% =0.54 D***° (2.155)

% =1.66 D% (2.156)
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Note:

1.

The equations are for a well-aerated nappe. If the nape is poorly or not aerated, the nappe
will move upstream until in contact with the vertical wall.

If the tailwater depth, ys, is less than y., the hydraulic jump will move downstream.

If the tailwater depth, y,, is larger than y,, the jump will move upstream and the jump will be
submerged.

For upstream subcritical flow the brink serves as the control and the subcritical approach flow
goes through critical 3 to 4 y. upstream of the brink (Chow, 1959, p. 44).

For upstream supercritical flow the control for the flow is upstream and the profile for the
nappe is a function of the approach Froude number. Ippen (1950, p. 533) gives a composite
plot of nappe profiles for different values of the Froude number (Figure 2.25).
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Figure 2.25. Nappe profiles for supercritical flow (Ippen 1950).

2.7 FLOW IN BENDS

2.7.1 Types of Bends

Two principal types of bends are deepened or entrenched bends and meandering surface bends.
The first type includes those in which the river bends follow the curves of the valley so that each
river bend includes a promontory of the parent plateau. The second type includes bends which
are formed only by the river on a flat, alluvium covered valley floor, and where the slopes of the
valley are not involved in the formation of such bends. This division of bends is correct and
sufficiently definitive with respect to external forms of the relief and the processes of formation
and development of bends. Itis, however, incomplete from the standpoint of the work of the river
and of the physical nature of this phenomenon. Both of these types of bends can be putinto one
category--the category of freely meandering channels, i.e., meandering determined only by the
interaction of the stream and the bed material. Such meandering when not disturbed by the
influence of external factors, proceeds at an approximately equal rate along the length of the
river.
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Under natural conditions, a third type of bend is often encountered. This bend occurs when the
stream impinging on a erosion-resistant bank forms a forced curve which is gradually
transformed into a river bend of a more constricted shape. In all cases, the effect of the
character (density) of the bank material is important and, to a certain degree, determines the
radius of curvature of the channel in a free bend. The radius of curvature increases with the
density of the material. Considering both the action of the stream and the interaction between
the stream and the channel, as well as the general laws of their formation, one can distinguish
the following three types of bends of a natural river channel:

1. Free bends - Both banks are composed of alluvial floodplain material which is usually quite
mobile; the free bend corresponds to the common concept of a surface bend;

2. Limited bends - The banks of the stream are composed of consolidated parent material
which limits the lateral erosion by the stream. Limited bends are entrenched bends; and

3. Forced bends - The stream impinges onto an almost straight parent bank at a large angle
(60° to 90°).

A typical feature of bends is a close relationship between the type of stream bend and the radius
of curvature. The forced bend has the smallest radius of curvature. Nextin size are the radii of
free bends. The limited bends have the greatest radii. The average values of the ratios of the
radii of curvature to the width of the stream at bankfull stage for the three types of bends are: (1)
free bends 4.5 to 5.0; (2) limited bends 7.0 to 8.0; and (3) forced bends 2.5 to 3.0.

A second characteristic feature of bends is the distribution of depths along the length of the bend.
In free bends and limited bends, the depth gradually increases and the maximum depth is found
some distance below the apex of the bend. In the forced bend, the depth sharply increases at
the beginning of the bend and then gradually diminishes. In forced bends the greatest depth is
located in the middle third of the bend, where there appears to be a concentrated deep scour
hole.

2.7.2 Transverse Velocity Distribution in Bends

The transverse velocities in bends result from an imbalance of radial pressures on a patrticle of
fluid traveling around the bend. In Figure 2.26, a cross section through a typical bend is shown.
The radial forces acting on the shaded control volume are the centrifugal force mv?/r in whichris
the radius of curvature, and the differential hydrostatic force ydz caused by the superelevation of
the water surface dz. As shown in Figure 2.26a, the centrifugal force is greater near the surface
where the fluid velocity v is greater and less at the bed where v is small. The differential
hydrostatic force is uniform throughout the depth of the control volume. As shown in Figure
2.26Db, the sum of the centrifugal and excess hydrostatic forces varies with depth and can cause
a lateral velocity component. The magnitude of the transverse velocity is dependent on the
radius of curvature and on the proximity of the banks. In the immediate vicinity of the banks,
there can be no lateral velocity if the river is narrow and deep.
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Figure 2.26. Schematic representation of transverse currents in a channel bed.

2.7.3 Subcritical Flow in Bends

Because of the change in flow direction which results in centrifugal forces, there is a
superelevation of the water surface in river bends. The water surface is higher at the outside
bank than at the inside bank. The resulting transverse slope can be evaluated quantitatively.
Using cylindrical coordinates (Figure 2.27), the differential pressure in the radial direction arises
from the radial acceleration or:

_ Ve (2.157)

To calculate the total superelevation between the outer and inner bend two assumptions are
made: (1) radial and vertical velocities are small compared to the tangential velocities such that
Vo= V; and (2) pressure distribution in the bend is hydrostatic, i.e., p = y.

—_p = 2P
<86 — »p pré=ar

Channel Section in Bend -

% Az

Figure 2.27. Definition sketch of flow around a bend.
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Then

2
az=1 [e V. ar (2.158)
g

To solve Equation 2.158, the transverse velocity distribution along the radius of the bend must be
known or assumed. The results obtained assuming various velocity distributions follow.

Woodward (1920) assumed V equal to the average velocity Q/A and r equal to the radius to the
center of the stream r., and obtained:

== jfo VE o (2.159)
or

2

AZ=zO—zi=V

(r,-r) (2.160)

Cc

in which z; and r; are the water surface elevation and the radius at the inside of the bend, and z,
and r, are the water surface elevation and the radius at the outside of the bend.

By assuming the velocity distribution to approximate that of a free vortex (Vg = Ci/r), Shukry
(1950) obtained:

02 S Cif1 1
_1 fn . {__r_z} (2.161)

in which C; = rV is the free vortex constant. By assuming flow depth of flow upstream of the
bend equal to the average depth in the bend, Ippen and Drinker (1962) reduced Equation 2.161
to:

2
Az =Y 2W 1 (2.162)

29 2
1—(WJ
2r,

For situations where high velocities occur near the outer bank of the channel, a forced vortex
may approximate the flow pattern. With this assumption and assuming a constant average
specific head, Ippen and Drinker (1962) obtained:
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By assuming that the maximum velocities are close to the centerline of the channel in the bend
and that the flow pattern inward and outward from the centerline can be represented as forced
and free vortices, respectively, then:

AZ (2.163)

1
AZ==[F
i

2.2 2
Coll gy 2w G gy (2.164)
r g cor

andwhenr=r;, V=V

V,
Therefore, C, = r"‘ax and C, =V, I.

c

and Equation 2.164 becomes:
V2 2 2
AZ = Ymax [ _ (r—] - (r—J (2.165)

The differences in superelevation that are obtained by using the different equations are small,
and in alluvial channels the resulting erosion of the outside bank and deposition on the inside
bank leads to further error in computing superelevation. Therefore, it is recommended that
Equation 2.158 be used to compute superelevation in alluvial channels. For lined canals with
strong curvature, superelevation should be computed using Equations 2.162 or 2.165.

An example showing how to calculate superelevation in bends from velocity measurements is
presented in Section 2.14 (Sl) and 2.15 (English) at the end of this chapter. The example also
compares the various approximate equations included in this section.

2.7.4 Supercritical Flow in Bends

Rapid flow or supercritical flow in a curved prismatic channel produces cross wave disturbance
patterns which persist for long distances in a downstream direction. These disturbance patterns
are the result of non-equilibrium conditions which persist because the disturbances cannot
propagate upstream or even propagate directly across the stream. Therefore, the turning effect
of the walls is not felt on all filaments of the flow at the same time and the equilibrium of the flow
is destroyed. The waves produced form a series of troughs and crests in the water surface along
the channel walls.

Two methods have been used in the design of curves for rapid flow in channels. One method is

to bank the floor of the channel and the other is to provide curved vanes in the flow. Banking on
the floor produces lateral forces which act simultaneously on all filaments and causes the flow to
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turn without destroying the flow equilibrium. Curved vanes break up the flow into a series of
small channels and since the superelevation is directly proportional to the channel width, each
small channel has a smaller superelevation. If the bend is not properly shaped or designed a
hydraulic jump may occur or the cross-waves can be amplified. There are design methods in the
literature (Rouse 1950, Ippen 1950, Chow 1959). In most cases a physical model study is
recommended.

2.8 GRADUALLY VARIED FLOW

2.8.1 Introduction

Thus far, two types of steady flow have been considered. They are uniform flow and rapidly
varied nonuniform flow. In uniform flow, acceleration forces are zero and energy is converted to
heat as a result of viscous forces within the flow. There are no changes in cross-section or flow
direction, and the depth (called normal depth) is constant. In rapidly varied flow, changes in
cross-section, direction, or depth take place in relatively short distances; acceleration forces are
not zero; and viscous forces can be neglected (at least as a first approximation).

Different conditions prevail for each of these two types of steady flow. In steady uniform flow, the
slope of the bed, the slope of the water surface and the slope of the energy gradeline are all
parallel and are equal to the head loss divided by the length of the channel in which the loss
occurred. Inrapidly varied flow through short streamlined transitions, resistance is neglected and
changes in depth due to acceleration are dominant. In this section, a third type of steady flow is
considered. In this type of flow, changes in depth and velocity take place slowly over large
distances, resistance to flow dominates and acceleration forces are neglected. This type of flow
is called gradually varied flow.

In gradually varied flow, the actual flow depth y is either larger or smaller than the normal depth y,
and either larger or smaller than the critical depth y.. The water surface profiles, which are often
called backwater curves, depend on the magnitude of the actual depth of flow y in relation to the
normal depth y, and the critical depth y.. Normal depthy, is the depth of flow that would exist for
steady-uniform flow as determined using the Manning or Chezy velocity equations, and the
critical depth is the depth of flow when the Froude number equals 1.0. Reasons for the depth
being different than the normal depth are changes in slope of the bed, changes in cross-section,
obstruction to flow and imbalances between gravitational forces accelerating the flow and shear
forces retarding the flow.

In working with gradually varied flow, the first step is to determine of the general characteristics of
the water surface and what type of backwater curve would exist. The second step is to perform
the numerical computations to determine the elevation of the water surface or depth of flow.

2.8.2 Classification of Flow Profiles

The classification of flow profiles is obtained by analyzing the change of the various terms in the
total head equation in the x-direction. The total head is:
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H. . =—+y+2z 2.166
"= 29 y ( )
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2
H, = Q 5
20A

+y+2z (2.167)

Then assuming a wide channel for simplicity

dH, , q° dy _dy dz

= (2.168)
dx gy® dx dx dx

The term dH+/dx is the slope of the energy gradeline S;, by assumption. For short distances and
small changes in y the energy gradient can be evaluated using the Manning or Chezy velocity
equations.

When Chezy's equation (Equation 2.84) is used the expression for dH/dx is

_OH, o _ a (2.169)

The term dy/dx is the slope of the water surface S,,, and dz/dx is the bed slope -S,. For steady
flow, the bed slope is (from Equation 2.84)

- (12
550 = c:2 y3

(2.170)

where the subscript "0" indicates the steady uniform flow values.

When Equations 2.169 and 2.170 are substituted into Equation 2.168, the familiar form of the
gradually varied flow equation is obtained:

2 3
d 1_(%j (yj
y_g J (2.171)
dx y
a
y
If Manning's equation is used to evaluate S; and S, Equation 2.171 becomes

o . o))

=S v (2.172)

10/3
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The slope of the water surface dy/dx depends on the slope of the bed S,, the ratio of the normal
depth y, to the actual depth y and the ratio of the critical depth y. to the actual depth y. The
difference between flow resistance for steady uniform flow n, to flow resistance for steady
nonuniform flow n is small and the ratio is taken as 1.0. With n = n,, there are twelve types of
water surface profiles. These are illustrated in Figure 2.28 and summarized in Table 2.3.

When y — vy., the assumption that acceleration forces can be neglected no longer holds.
Equations 2.171 and 2.172 indicate that dy/dx is perpendicular to the bed slope wheny — .. For
cross-sections close to the cross-section where the flow is critical (a distance from [3 to 15 m (10
to 50 ft)]), curvilinear flow analysis and experimentation must be used to determine the actual
values of y.
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Cl Horizontat
¥y, © _
e
y %%
N Critical Slops - Y, =

S50, %=y, Horizontal

Horizontai Slope Adverse Slope

%70 %z <0, ¥,z

Figure 2.28. Classification of water surface profiles.

When analyzing long distances 30 to 300 m (100 to 1,000 ft) or longer one can assume
gualitatively that y reaches y.. In general, when the flow is rapid (Fr > 1), the flow cannot become
tranquil without a hydraulic jump occurring. In contrast, tranquil flow can become rapid (cross the
critical depth line). This is illustrated in Figure 2.29.

When there is a change in cross-section or slope or an obstruction to the flow, the qualitative
analysis of the flow profile depends on locating the control points, determining the type of curve
upstream and downstream of the control points, and then sketching the backwater curves. It
must be remembered that when flow is rapid (Fr > 1), the control of the depth is upstream and
the backwater proceeds in the downstream direction. When flow is tranquil (Fr < 1), the depth
control is downstream and the computations must proceed upstream. The backwater curves that
result from a change in slope of the bed are illustrated in Figure 2.29.
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Table 2.3. Characteristics of Water Surface Profiles.

Class Bed Slope Depth Type Classification
Mild S>>0 Y>Yo>Ye 1 M1
Mild S,>0 Yo>Y>Ye 2 M2
Mild S,>0 Vo> Yy 3 M3

Critical S,>0 Y>Yo=Yc 1 C1

Critical S.>0 Y<Yo=Yc 3 C2

Steep So>0 V>Ye>Yo 1 S1

Steep S.>0 Ve>V>Yo 2 S2

Steep So>0 Ve>Yo>Y 3 S3

Horizontal S,=0 V>V 2 H2
Horizontal S,=0 Ye>Y 3 H3
Adverse So<0 V>V 2 A2
Adverse S,<0 Ye>Y 3 A3

Note:

(1) With atype 1 curve (M1, S1, C1), the actual depth of flow y is greater than both the normal
depth y, and the critical depth y.. Because flow is tranquil, control of the flow is
downstream.

(2) Withatype 2 curve (M2, S2, A2, H2), the actual depth y is between the normal depth y, and
the critical depth y.. The flow is tranquil for M2, A2 and H2 and thus the control is
downstream. Flow is rapid for S2 and the control is upstream.

(3) Withatype 3 curve (M3, S3, C3, A3, H3), the actual depth y is smaller than both the normal
depth y, and the critical depth y.. The flow is rapid and control is upstream.

(4) Foramild slope, S, is smaller than S; and y, > ..

(5) For asteep slope, S, is larger than S; and y, < y..

(6) For acritical slope, S, equals Sc and y, = y..

(7) Foran adverse slope, S, is negative.

(8) For ahorizontal slope, S, equals zero.

(9) The case where y — Y, is of special interest. See paragraph preceding Figure 2.28.
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Figure 2.29. Examples of water surface profiles.
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2.8.3 Standard Step Method for the Computation of Water Surface Profiles

The standard step method is a simple computational procedure to determine the water surface
profile in gradually varied flows. Prior knowledge of the type of backwater curve as classified in
Section 2.8.2 is useful to determine whether the analysis should proceed upstream or
downstream.

The standard step method is derived from the energy equation
2 2

A Vv
——+y,+Az=—2+y,+H 2173
2g T 2g Y2t (2.173)

From Figure 2.30

A V?
—+Yy,+S, AL=—+Yy,+S, AL (2.174)
29 29
H,+S,AL=H, +S, AL (2.175)
and
AL = =R (2.176)
S, -S,
dH
ﬁl{ /Sf dx
V//2g A= | he=S;AL
____%__ dx -5 sz/zg
Y, — .
R e cocre o S 3

Figure 2.30. Definition sketch for the standard step method for computation of backwater
curves.

The procedure is to start from some known y, which can be obtained from a stage-discharge
relationship, assume another y either upstream or downstream depending on whether the flow is
tranquil or rapid, and compute the distance AL to the assumed depth using Equation 2.176. Itis
recommended that the assumed depth be kept relatively close to the known value of y; in order
to keep the interval AL as short as possible to obtain better accuracy in the calculation.
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2.9 STREAM GAGING

2.9.1 Introduction

The hydrology of the stream at a bridge crossing is determined from records obtained by State
and Federal agencies. The most extensive records of streamflow are by the U.S. Geological
Survey. Their records of stream flow and analysis can be obtained for any State at their District
offices or from their Web Site. The USGS has been collecting stream gaging records since 1888
(Corbet 1962) and maintain over 4,000 sites in the United States in cooperation with other
Federal, State, Counties, and Cities. Often a gaging station will be located near the site of a
bridge crossing. If not, regional or other hydrologic tools can be used to analyze the stations in
the region to obtain the hydrology for the bridge site.

The quality of the hydrologic records at a stream gaging site depends on obtaining an accurate
gage height record and stage-discharge relation. These depend on stream characteristics (bed
material, cross-section, and control) and, in many cases, the magnitude of the sediment
transported by the stream. These terms are defined in the glossary and will be defined later in
this section. For example, the hydrology used for the analysis of the 1987 1-90 bridge failure in
upstate New York was excellent. There was a gaging station located 22.5 km (14 mi) upstream
of the bridge. The stream at the gaging site was in bedrock with an excellent control. Thus, the
stage-discharge relation was well defined with a single curve established with actual discharge
measurements made over many years and large flows. The gage height record was excellent
with few time gaps. The stage record for the 1987 storm was excellent. The discharge was
routed to the bridge from the gage site using the U.S. Corps of Engineers HEC-1 model to obtain
the hydrology of the flow at the bridge.

In contrast, the hydrology for the 1997 I-5 bridge failure in California was not well defined. The
streambed was sand and there was no bed rock control, only channel control. The gage height
record was good, but the stage discharge relation was poorly defined with no consistent curve.
The peak discharge for the flood had to be determined using indirect methods with results that
ranged from to 420 to 1,140 m*/s (14,800 to 40,300 cfs). The range in discharge for the slope
area measurement resulted from assumptions on Manning's n and the amount of degradation.
The discharge used in the final analysis 773 m*/s (27,300 cfs) was determined from the slope-
area measurement, study of the rainfall records and discharge records of other gages in the
drainage basin.

A program to obtain a systematic record of the stream flow consist of (1) establishing and
constructing a streamflow measurement station, (2) operating and maintaining the station, and
(3) computing, compiling and publishing the stream flow data. In addition, analyses of the long-
term stream flow data are made (flood frequency, low flow analysis, trends). The methods of
obtaining water discharge records are described in publications of the USGS (Corbet 1962,
Carter and Davidian 1968, Buchanan and Somers 1968a,b, and Kennedy 1983). In the following
sections a typical gaging station, discharge measurement, stage discharge relation and the
determination of the daily discharge will briefly be explained.

2.9.2 Gaging Station

A gaging station consists of structures and equipment to measure and record the stage and
discharge as a function of time at a given site on a stream. Stage or gage height is the height of
the water surface above a chosen arbitrary datum corresponding to the zero of the gage. The
zero of the gage is related to sea-level elevation. An accurate record of stage is essential for
computing the discharge for any period of time. Discharge is the rate of flow in m*s or cfs.
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Typical gaging stations are illustrated in Figure 2.31 and 2.32. In many gaging stations, a
manometer and gas under pressure bubbling into the stream are used to measure stage instead
of a float, well and pipe intakes (Figure 2.33). The stage versus time is recorded by pen on
paper, or electronically on tape, or both. Figure 2.34 illustrates a stage versus time chart. Also,
at many stations the stage is transmitted over phone lines or satellite to a central location.

Discharge is measured using a current (velocity) meter by wading at low flow and from a
cableway or highway bridge at high flows. The procedure for an actual current meter
measurement is described in the next section. In many cases, large flows are measured by
indirect methods such as a slope-area measurement using Manning's equation; however, the
preferred method is to use a current meter measurement.

Figure 2.31. Gaging station well and shelters (from Buchanan and Somers 1968a).
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Figure 2.32. Typical float recording gaging station (from Buchanan and Somers 1968a).
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Figure 2.33. Typical bubble and manometer recording gaging station (from Buchanan and

Somers 1968a).
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2.9.3 Measuring Water Discharge

Generally the stream cross-section is divided into 20 sections (verticals). At each vertical the
depth and velocity are measured. The velocity is measured using a vertical-axis rotor with cups
(Price is typical), horizontal-axis rotor with vanes (Ott is typical) or a magnetic (Brien-Macnertry is
typical) velocity meter. If the depth is less than 0.8 m (2.5 ft) the velocity is measured at 0.6 the
depth below the water surface. If over 0.8 m (2.5 ft) the velocity is the average of the velocity
measured at 0.2 and 0.8 the depth below the water surface. In complex velocity distributions,
additional point velocities are taken, plotted, and the average velocity determined. The average
velocity in the vertical (one point, two points, and etc measurement) is multiplied by the sub-area
to obtain a unit discharge. The sub-area is determined by multiplying the measured depth by 0.5
times the width to the adjacent sections (Figure 2.35). Total Discharge is the sum of all the unit
discharges.

b,
r"‘
Initial\ Water surface

Y S T

e r e —— = ——— —]

EXPLANATION

1,2,3,...... n Observation points

by, by,by, ... ... by  Distance, in feet, from the initial
point to the observation point

dy.dody, ... dn  Depth of water, in feet, at the
obse,vation point

Dashed lines Boundary of partial sections; one
haavily niitlinad dieriiggert in text

Figure 2.35. Definition sketch of computing area and discharge at a gaging station (from
Buchanan and Somers 1968b).
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2.9.4 Stage-Discharge Relation

From the recorded stage and corresponding discharge measurement of many measurements
over time at a gaging station, a stage vs. discharge relation is developed. Figure 2.36 is an
example of an excellent well-defined stage-discharge relation for a station with a good control.
Figure 2.37 is an example of a poorly defined stage-discharge relation for a gage with a sand
channel and channel control. The discharge for the first would be rated from good to excellent,
and the latter from fair to poor. An additional example of a sand channel stage-discharge
relation is given in Chapter 3.

SCHOHARIE CREEK AT BURTONSVILLE NY
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Figure 2.36. Stage-discharge relation for Schoharie Creek, NY (Butch 2000).

From the recorded stage-time record and the stage-discharge relation the daily, yearly peak, and
minimum flow at the station are determined. If for a given day the stage doesn’'t change
appreciably, the daily discharge is determined using the average gage elevation for that day. If
there is a rapid change in stage with time, daily discharge is determined by converting the time-
stage curve to time-discharge and by integrating over the 24 hours to determine the average
daily discharge.
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Figure 2.37. Stage-discharge relation for a sand channel (Los Gatos Creek at El Dorado
Avenue, CA).

2.10 HYDRAULICS OF BRIDGE WATERWAYS

2.10.1 Introduction

As flow passes through a channel constriction most of the energy losses occur as expansion
losses downstream of the contraction. This loss of energy is reflected by a rise in the water
surface and the energy line upstream from the bridge. The rise in water level is referred to as the
bridge backwater. Hydraulic engineers are concerned about the computation of backwater with
respect to flooding upstream of the bridge. Other concerns discussed in the following chapters
include the stability and scour around embankments, general scour depths due to constriction,
and local scour around piers.
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2.10.2 Backwater Effects on Waterway Openings
It is necessary to distinguish between the following types of backwater effects.

o Backwater on a floodplain resulting from construction of a long, skewed or curved road
embankment as sketched in Figure 2.38a, where the bridge opening is, in effect, located
up-valley from one end of the embankment. The backwater effect along the embankment
arises from ponding of water along a line running obliquely down-valley. In the case of steep
rivers with wide floodplains this effect can be very large, since a large pond is created. This
type of effect can be prevented by choosing a suitable location and alignment, or by providing
dikes (shown on the figure) to close off the affected part of the floodplain from flood waters,
or possibly by providing a relief span.

e Backwater in an incised river channel without substantial overbank flow, resulting in part from
constriction of flow through an opening somewhat smaller than the natural cross section, and
in part from obstructive effects of piers (Figure 2.38b). The backwater effect arising from this
type is seldom large, but may be significant in developed areas.

e Backwater in a river with floodplain where the road crossing is more or less normal to the
valley but the road approaches block off overbank flow (Figure 2.38c). In these cases the
backwater may be significantly greater than in type b. The effect of guide banks shown in
Figure 2.38c is to reduce the backwater effects by improving the hydraulic efficiency of the
opening.

It is advisable to be aware of other unusual backwater effects that might occur in special
circumstances, although they might never arise in ordinary bridge design practice.

2.10.3 Effects of a Submerged Superstructure

If the high-water level reaches the bottom of the superstructure, the bridge will act as a short
culvert. For bridges which are designed to be submersible under certain conditions, it is
advisable to provide a rounded nosing on the leading edge of the girder, in order to improve the
hydraulic efficiency and to reduce the tendency to catch driftwood and ice as illustrated in Figure
2.39. Also, the superstructure must be anchored to counter buoyancy.

2.10.4 Effects of Supercritical Flow

In contrast to the usual drop at a constriction in subcritical flow, in supercritical flow water levels
may rise suddenly at the contracted section. The phenomenon of "choking" is particularly likely if
the Froude number only slightly exceeds 1.0. "Choking" may occur even in subcritical flow if the
constriction is severe enough. Wider or additional openings should be designed if choking
effects are expected to occur.

2.10.5 Types of Flow in Bridge Openings
Three types of flow, | through I, illustrated in Figure 2.40 are often encountered in bridge
waterway design. As the scale of the normal depth is the same for all flow profiles, the

discharge, boundary roughness and slope of the channel must increase from Type | to Type Il
and to Type IlI.
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Pre-construction flood levels at A and B are
approximately equal. ) )
Post-construction level at A is higher than at C, which is

higher than at B because of channel slope and bridge
backwater.

Dike as shown would protect A from backwater.

Figure 2.38. Three types of backwater effect associated with bridge crossings; (a) effect of a

skewed embankment across a floodplain; (b) effect due to constriction of the

channel flow; (c) effect due to constriction of the overbank flow, both without and
with guide banks (after Neill 1975).
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Figure 2.39. Submergence of a superstructure.

In Type | flow, the normal water surface is everywhere above critical depth and the flow is
subcritical. Backwater calculations are obtained by applying the conservation of energy principle
between Sections 1 and 4.

In Type Il flow, subcritical flow upstream of the bridge passes through critical depth in the
constriction. The backwater curve for the water surface elevation upstream from the constriction
is independent of the water surface elevation downstream. An undulating hydraulic jump (with Fr
< 2) is formed when the water surface elevation dips below critical depth downstream from the
contracted section (Type IIB).

Referring to Type Il flow, the flow is supercritical throughout the reach as the normal water
surface is everywhere below critical depth. Such conditions require steep channels as
experienced in, but not limited to, mountainous regions. Backwater should not occur as long as
the flow remains supercritical since the flow is controlled from upstream conditions. However,
significant rise in the water surface might occur in the vicinity of the constriction due to: (1)
changes in the specific energy or specific discharge diagram as indicated in Figures 2.19 and
2.21; (2) cross waves and transitions; and (3) possible hydraulic jumps near the embankments.

Solved problems are presented in Section 2.14 (Sl) and 2.15 (English) to illustrate how to
calculate maximum constrictions without causing backwater and to calculate water surface
elevation upstream of a grade control structure.

2.11 COMPUTER MODELS FOR HIGHWAY BRIDGES

2.11.1 One-Dimensional Computer Models

Many one-dimensional computer models are available for computing water surface profiles,
average depth and velocity for open channel flow. However, three have the most utility for
highway bridge analysis. These are FHWA's WSPRO (Arneson and Sherman 1998). The U.S.
Army Corps of Engineers (2001) HEC-RAS (River Analysis System) and UNET (Barkau 1993).
HEC-RAS is the successor the Corps of Engineers HEC-2 water surface profile program.
WSPRO is for steady, nonuniform flow.
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HEC-RAS performs for steady or unsteady, uniform or nonuniform flow. UNET is for unsteady,
uniform, and nonuniform flow. Although one-dimensional, they can give an approximate
distribution of the velocity in a cross-section. Embankment overtopping flows, in conjunction with
either free surface or pressure flow through the bridge, can be computed. The programs are
capable of computing profiles at stream crossings with multiple openings (including culverts), at
river confluences, and mixed flow regimes. They also, incorporate the effect of wide, wooded,
floodplains into the bridge backwater calculations. In addition, there are two one-dimensional
computer models which include sediment transport. These are FHWA's BRI-STARS (Molinas
2000) and U.S. Army Corps of Engineers HEC-6 (1993) computer programs.

2.11.2 Two-Dimensional Computer Models

Two-dimensional computer models give the water surface profile, and the depth and velocity
along and across the stream. Of the many models, two have the most utility for highway bridge
analysis. They are the FHWA's FESWMS (Froehlich 1996) and the U.S. Army Corps of
Engineer’s (1997) RMA-2V (Thomas and McAnally 1985) models. The models are for steady or
unsteady and nonuniform open channel flow. They have all the capabilities of the one-
dimensional programs and have the utility of giving the velocity and depth distribution along and
across the channel as a function of time and distance. They can and have been used to analyze
tidal flows (Zevenbergen et al. 1997, Ayres Associates 1994 and 1997, and Richardson and
Lagasse 1999 pages 701 to 824) Both models require that a grid system be created for the river
system. However, constructing the grid is greatly aided by the use BYU’s (2000) SMS modeling
system.

2.12 HYDRAULICS OF CULVERT FLOW

2.12.1 Introduction

A culvert is a conduit which conveys stream flow through a roadway embankment. Most culverts
are constructed of concrete, corrugated aluminum, corrugated steel, and sometimes corrugated
plastics. Culvert shapes vary from circular to rectangular, and elliptical, pipe arch, arch and metal
box sections are commonly used.

Two basic types of flow control are recognized depending on the location of the control section:
inlet control or outlet control. The characterization of pressure, as well as subcritical and
supercritical flow regimes play an important role in determining the location of the control section.

Inlet control occurs when the culvert barrel is capable of carrying more flow than the inlet will
accept. Critical flow depth is located at the inlet and the flow is supercritical in the barrel.

Outlet control flow occurs when the culvert barrel is not capable of conveying as much flow as the
inlet opening will accept. Under outlet control conditions, either subcritical or pressure flow exists
in the culvert barrel.

The hydraulic design of culverts is given in HDS 5 (FHWA 1985) and HY8 (FHWA 1998) is a
computer program for the design and analysis of culvert flows.
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2.13 ROADWAY OVERTOPPING

Roadway overtopping will begin as the headwater rises to the elevation of the lowest point of the
roadway. This type of flow is similar to flow over a broad crested weir. The length of the weir can
be taken as the horizontal length across the roadway. The flow across the roadway is calculated
from the broad crested weir equation

Q, =K, k,C, L, (HW,)"® (2.177)
where:

Q, = Overtopping discharge in m¥s (ft/s)

C: = Overtopping discharge coefficient

HW, = Flow depth above the roadway in m (ft)

ki = Submergence factor

Ls = Length of the roadway crest along the roadway in m (ft)

Ky = 1.0 (English)

K = 9.81/4/32.2 or 0.552 (SI)

The charts in Figure 2.41 indicate how to evaluate the correction factors k; and C..

If the elevation of the roadway crest varies, for instance where the crest is defined by a roadway
sag vertical curve, the vertical curve can be approximated as a series of horizontal segments.
The flow over each is calculated separately and the total flow across the roadway is the sum of
the incremental flows for each segment (Figure 2.42).

The total flow across the roadway then equals the sum of the roadway overflow plus the culvert
flow. A trial and error procedure is necessary to separate the amount of water passing through

the culvert, if any, from the amount overtopping the roadway. Performance curves must then
include both culvert flow and road overflow.

2.14 SOLVED PROBLEMS OPEN CHANNEL FLOW (SI)

2.14.1 PROBLEM 1 Evaluation of Correction Factors oo and

Calculate the correction factors o and 3 for a cross-section given the discharge measurement
during the peak flood event for the year. From Table 2.4, the following values are obtained:

Q = 152.41 cms

A = 138.20 m?

w = 49.71m
>VAQ = 180.46 m*/sec?
Vi 2AQ; = 220.88 m°/sec®
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Figure 2.41. Discharge coefficient for roadway overtopping (after Petersen 1986).
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Table 2.4. Discharge Measurement Notes”.

Yoi Az, Vi AA AQ, VinQ VPAQ,

(m) (m) (mps) (sqm) (cms) (m*/sec?) (m°/sec?)
0.80 1.22 0.00 0.0 0.000 0.000 0.000
0.335 2.44 0.300 0.818 0.245 0.074 0.022
.793 2.44 0.165 1.93 .319 .053 .009
1.37 2.44 .195 3.34 .651 127 .025
2.59 2.44 732 6.32 4.626 3.386 2.479
3.35 2.44 .966 8.17 7.892 7.624 7.365
3.54 2.44 1.23 8.64 10.627 13.071 16.078
3.66 2.44 1.24 8.93 11.073 13.731 16.026
3.90 2.44 1.15 9.52 10.948 12.590 14.479
3.84 2.44 1.14 9.37 10.682 12.178 13.882
3.78 2.44 1.15 9.22 10.603 12.194 14.023
3.54 2.44 1.44 8.64 12.442 17.917 25.800
3.47 2.44 1.31 8.47 11.096 12.539 14.169
3.29 2.44 1.49 8.03 11.965 17.828 26.564
3.23 2.44 141 7.88 11.111 15.667 22.090
3.32 2.44 1.32 8.10 10.692 14.113 18.630
3.54 2.44 1.19 8.64 10.282 12.236 14.560
3.60 2.44 .945 8.78 8.297 7.841 7.409
2.99 2.44 921 7.30 6.723 6.192 5.703
1.95 2.13 515 4.15 2.137 1.101 .567
1.16 1.68 0.0 1.95 0.0 0.0 0.0
0.0 .76 0.0 0.0 0.0 0.0 0.0
TOTAL 49.71 138.20 152.411 180.462 220.88

1Simons, D.B., E.V. Richardson, M.A. Stevens, J.H. Duke, and V.C. Duke, "Stream flow, groundwater

and ground response data, Hydrology Report, Vol. Il, Venezuelan International Meteorological and

Hydrological Experiment, Civil Engineering Dept., Colorado State University, August 1971.

The bed material at this gaging station has a Dsg 0f 0.33 mm and a Dgs of 0.45 mm and a gradation
coefficient G of 3.27. If the value of Dgs is used for ks, then for y, = 3.90 m (the maximum depth)

Yo . 39

= =2 _=8700
k. 0.00045

and for y, = .335 m (the smallest non-zero depth)

Yo _ 0335 .
k. 0.00045

Using a mean y/ks of approximately 5,000, then from Figure 2.12 the average values for the energy
and momentum coefficients are:

o' =1.024

and
'=1.008
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As it has been assumed that o and ' are constant across the river (for convenience), Equations
2.113 and 2.114 become:

A’ 2

o =o = >V AQ;
Q-

and

B=pA Y VvaQ
Q i
With the values in Table 2.4

2
o= 1.024% (220.9)=1.221

B =1.008 % (180.5)=1.083

These values for o (1.22) and B (1.094) differ from unity by appreciable amounts. The difference
may be important in many river channel calculations. If no data are available, the assumptions that
o =1.22 and = 1.1 should be used for river channels.

2.14.2 PROBLEM 2 Velocity Profiles and Shear Stress

A velocity and discharge measurement is made on the Missouri River at Sioux City. The total
discharge is 923.1 cms. The average depth is 2.38 meters and the average velocity is 0.738 m/sec
in a vertical section at a point 244 meters from the right bank. The velocity measurements at
various distances from the bottom (y) are shown in Table 2.5.

Also during this measurement the slope of the energy grade line was observed as 0.000206 and
the bed material gradation was determined with Dgy = 0.270 mm, Dgs = 0.315 mm and Dg4 = 0.42
mm.

Table 2.5. Observed Velocity Data.
y Observed Velocity
(m) (m/sec)

0.152 0.518
0.305 0.633
0.457 0.701
0.762 0.762
1.07 0.838
1.37 0.884
1.68 0.945
1.90 0.945
2.29 0.991
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Velocity Profile Analysis

The log and power function velocity distribution functions will be used to obtain a mathematical
description of the velocity profile.

(a) Logarithmic Velocity Distribution Equation

The log velocity relation is Equation 2.75:

vV« = 1/k In (yly') = 2.31/k log (YY)

Determine the value of k and vy

Vi = (g VoSt )Y = (9.81 x 2.38 x 0.000206)? = 0.069 m/sec

Table 2.6 is prepared for both log and power forms with the values shown.

Using regression techniques for the logarithmic form of the equation on the values of v/V<and In y'
with the data in Table 2.6, obtain:

viVx=2.564 (Iny - In 0.009) with a regression coefficient R = 0.996 giving the values of k =0.39 and
y' =0.009. The final equation for the data is

viV: = 2.564 In (y/0.009)

Table 2.6. Velocity Profile Calculations.

y (M) v (m/s) vIV* viV yiYo
0.152 0.518 7.51 0.702 0.064
0.305 0.633 9.17 0.858 0.128
0.457 0.701 10.16 0.950 0.192
0.762 0.762 11.04 1.033 0.321
1.07 0.838 12.14 1.136 0.449
1.37 0.884 12.81 1.198 0.577
1.68 0.945 13.70 1.281 0.705
1.90 0.945 13.70 1.281 0.801
2.29 0.991 14.36 1.340 0.962

(b) Power Velocity Distribution Equation

The power form of the velocity distribution equation is:

VIV =2 (ylyo)".

To simplify the regression calculations take the In transform giving:

Inv/V =Ina+ b In (yly,) using linear regression of In v/V vs In (yly,) calculate the values of a and b.

The results are:

a = 1.368
b = 0.240
R = 0.998
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The resulting power equation is:
v/0.738 = 1.37 (yly,)0.24
Shear Stress Analysis

Using the above information calculate the shear stress on the bed using the several methods given
in Section 2.4.5.

(a) Average Shear Stress on the Bed

Calculate the average shear stress on the bed using Equation 2.97

To = YR S =9800 x 2.38 x 0.000206 = 4.805 N/m?

Using R =Y, (for a wide channel)

(b) Local Shear Stress on the Bed Using Single Point Velocity near the Bed

Using the above information and the logarithmic velocity distribution equation derived from Equation

2.75 (vIV« = 2.564 In (y/0.009)) the shear stress on the bed using a single point velocity near the
bed is:

2 2
- pv 1000 (0518)° g 1\ /me
y 0.152
2.564 In 2.564 In
0.009 0.009

(c) Local Shear Stress on the Bed Using Two Point Velocities near the Bed

For this determination use Equation 2.99

p(v,—v,) _ 1000 (0.633 - 0.518)

v T 0.305 |
5.75log —* 5.75 |09@

Y>

= 4.37N/m?

To =

(d) Shear Stress on the Bed Using Average Vertical Velocity

Using Equation 2.100 and the average depth 2.38 m, average velocity 0.738 m/sec, and a value
for ks determine the average shear stress on the bed.

Taking ksas (30.2) y' = 0.27 m (see Section 2.4.2)

2 2
L p(v) _ 1000 (0.738) 308N/’
1227y, 1227 x2.38 |
575log ———— 5.75log————
Ks 0.27
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(e) Summary

The average shear stress on the boundary from (a) is 4.805 newtons per square meter. Thisis the
average stress on the entire boundary (bed and banks). The shear stress computed using velocity
is the local shear stress on the bed where the velocity profile was taken. This local shear stress is
calculated as 5.11 in (b), 4.37 in (c), and 3.98 in (d). Normally the use of the two point velocity
eguation with the velocities close to the bed is the more accurate, however, very accurate velocity
measurements are required. For this example, the value from the two velocity method appears to
be low. For wide channels the centerline local shear stress on the bed should generally not be
lower than the average shear stress on the boundary (i.e., the value of 4.805 newtons per square
meter).

2.14.3 PROBLEM 3 Superelevation in Bends

Calculate the superelevation of the water surface in a river bend given the velocity profile from
Table 2.4. The river radius of curvature r; is measured equal to 106.7 meters and the outer radius
of curvature r, is 156.4 meters. The detailed calculations based on Equation 2.158 are presented in
Table 2.7.

Table 2.7. Detailed Computation of Superelevation in Bends.
V2
An(m) ri(m) Vi(mis) Az =g anm
0.61 107.3 0.00 .0000
1.82 109.1 0.300 .0002
2.44 111.6 165 .0001
2.44 114.0 195 .0001
2.44 116.4 732 .0011
2.44 118.9 .966 .0020
2.44 121.3 1.23 .0031
2.44 123.7 1.24 .0031
2.44 126.2 1.15 .0026
2.44 128.6 1.14 .0025
2.44 1311 1.15 .0025
2.44 1335 1.44 .0038
2.44 136.0 1.31 .0031
2.44 138.4 1.49 .0040
2.44 140.9 141 .0035
2.44 143.3 1.32 .0030
2.44 145.8 1.19 .0024
2.44 148.2 .945 .0015
2.44 150.6 921 .0014
2.44 153.1 515 .0004
1.68 154.8 0.00 .0000
0.76 155.6 0.00 .0000
Total AZ 0.0404 m
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Total superelevation is 0.040 meters.
Based on relationships, V = Q/A = 1.10 m/s, the following are obtained:

Woodward's Equation 2.160

2 2
v (1.10)
AZ =Y (p-p) = =St
(ro—r) 9.81(131.4)

= (156.4-106.7) = 0.047 m
are

Ippen and Drinker's Equation 2.162

2 2
Az =V 2W 1 _ 110 « 2x49.7 1 _0042m
29 r. ( W ]2 2x9.81 131.4 197 YV
e 1-| 20
2Te - 2x1314)
Ippen and Drinker’s Equation 2.163
2 2
Az =V 2W 1 _ 110 « 2x49.7 1 _0041m
29 r. 1 w2 2x9.81 1314 1_%
12¢; 12 x131.4°

Combined Free and Forced Vortex Equation 2.165

Vmax = 1.49 m/s

2 2 2 2 2
nYy (r ’ 106.7) (131.4
sz = Wmad [, (1) (|| 149 |, -2 1200728 m
29 r r,) | 2x981" \1314) (156.4

c

The equations give comparable results (0.040 to 0.0718 m). Equation 2.158 which integrates
across the section using the velocity distribution is the most exact. But using the value 0.072 m

provides a safety factor.

2.14.4 PROBLEM 4 Maximum Stream Constriction Without Causing Backwater

(Neglecting Energy Losses)

A stream is rectangular in shape and 30.48 m wide. The design discharge is 141.6 cms and the
uniform depth for this discharge is 3.05 m. Neglecting energy losses what is the maximum

amount of constriction that a bridge can impose without causing backwater.
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The upstream flow rate per unit width (q) is:

Q _1416 _ ) 65 cfs/it

9= W " 3048

The average velocity (V) is:

Q 1416

=== =1.52m/s
A 92.96

The specific head (H) is:

2 2
H=Y o yy =152 L 305-317m
29 19.62

According to Section 2.6.2 the maximum unit discharge for a given specific head (specific head
equals to a constant) occurs at the critical depth y. where the Froude number is 1. From
Equation 2.149 the critical depth y, for this specific head is:

2 1/3
y. = qmiax :EH:2V§
¢ g 3 29
1/2 1/2
2\ 2 3
Omax = Q(BH) = 9.81(3x3.17j =9.63m3/s/m

Therefore, the width of the channel can be contracted until the unit discharge g is a maximum.
The minimum width (maximum constriction) is:

Q 1416
Wmin =—=% =147O m

max
and the maximum constriction is 30.48 -14.70 = 15.8 m

This contraction causes the flow to go to critical. This results in an undulating hydraulic jump
downstream. Also, when energy losses are considered there will be some backwater at the
constriction.

2.14.5 PROBLEM 5 Maximum Water Surface Elevation Upstream of a Grade Control
Structure Without Backwater (Neglecting Energy Losses)

A low grade control structure (check dam) is to be placed across a stream downstream of a
highway bridge. The stream is degrading. The purpose of the check dam is to maintain the
elevation of the water surface at the bridge, cause deposition of bed material, protect the abutments
and piers from long term degradation and contraction scour and increase the elevation of the be for
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local scour. There is to be no increase in water surface elevation upstream of the bridge at the
design discharge. The energy losses are expected to be small so they can be neglected.

At the bridge, the design flood discharge is 141.6 cms. The river is 30.48 m wide and has a uniform
flow depth of 3.05 m for the design discharge.

What is the maximum height of the structure that will not cause backwater at the
bridge at the design discharge?

The unit discharge (q) in the river at design flood discharge is:

w 30.48

The average velocity (V) is

A 92.96

The specific head (H) is

2 2
Ho V2, 152

vV = +3.05=3.17m
29 19.62

As a first approximation assume no energy loss in the bridge reach. Then at the check dam, the
elevation of the total energy line is 3.17 m above the bed (Figure 2.43). At the dam:

Hmin + AZpax = 3.17 m

2
21

——

Hmin

1LY -

Figure 2.43. Sketch of backwater curve over check dam.

That is, the dam can be built to a height of AZ,.« which decreases the specific head at the dam to
Hmin. From Section 2.6.3 and Equation 2.147

L3
min_zyc
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From Equation 2.140

) 1/3 5 1/3
y = [T =% _130m
9.81

3 3
Huin = EyC = E 1.30 m=1.95m

and

AZmax =3.17-1.95=1.22 m

If the structure is built to a crest elevation 1.22 m above the bed, critical flow will occur at the dam
for a flow of 141.6 cms and the dam will cause no backwater. Atlower discharges the check dam
will cause backwater. However, discharges larger than 141.6 cms at the check dam will not cause
backwater. Local scour downstream of the check dam should be evaluated (see HEC-23).

How much backwater will the dam cause for a flow of 28.37 m%/s if the normal depth for this
discharge is 1.52 m and the dam height is 1.22 m?

Upstream of the dam the discharge for foot of width (q) is,

qg=2 22832 _ h93mé/s/m
W 3048

The average velocity (V) is

V = a._ % = 0.61m/sec
y 1.52

At the check dam the flow is critical so from Equation 2.140

2 1/3 0 932 1/3
yo =& <= ~0.45 m
g 9.81

and from Equation 2.144

3 3
Hmin = Eyc =3 0.45m=0.67m
Assuming no energy loss, the specific head upstream of the dam is

H=Hnn+AZ=0.67+122=1.89m
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To determine the depth of flow upstream of the dam (y) solve the specific head equation (Equation
2.137)

2 2
H=9 4y=29" _180m
2gy 19.62y
or
0.93%
$_1.89y?%+ =0
y RETY,

The solution is

y=1.87m

As the normal depth is only 1.52 m, the backwater is
Ay=187-152=0.35m

That is, the depth upstream of the dam is increased 0.35 m by the 1.22 m high dam when the flow
is 28.32 cms.

2.15 SOLVED PROBLEMS OPEN CHANNEL FLOW (ENGLISH)

2.15.1 PROBLEM 1 Evaluation of Correction Factors o and B

Calculate the correction factors o and 3 for a cross-section given the discharge measurement
during the peak flood event for the year. From Table 2.8, the following values are obtained:

Q = 5,370 cfs

A =  1,485ft

w = 163 ft

YVAQ = 21,070 ft'/sec?
YVi?2AQ; = 85,500 ft’/sec®

The bed material at this gaging station has a Dsq 0f 0.33 mm and a Dgs of 0.45 mm and a gradation
coefficient G of 3.27. If the value of Dgs is used for ks, then for y, = 12.8 ft (the maximum depth)

Yo _ @(304.8)5 8,700
0.45

and for y, = 1.1 ft (the smallest non-zero depth)

Yo _ £(304.8)z 750
k. 0.5
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Using a mean y/ks of approximately 5,000, then from Figure 2.12 the average values for the energy

and momentum coefficients are:

o =1.024
and
'=1.008

As it has been assumed that o' and ' are constant across the river (for convenience), Equations
2.113 and 2.114 become:

2
a=a'%ZVEAQi

Table 2.8. Discharge Measurement Notes”.

Yoi Az Vi AA AQ, VIAQ V2AQ,
(ft) (ft) (fps) (sq ft) (cfs) (ft*/sec?) (ft°/sec?)

0.0 4.0 0.00 0.0 0.00 0.00 0.00

1.1 8.0 0.98 8.8 8.62 8.45 8.28

2.6 8.0 0.54 20.8 11.23 6.06 3.27

45 8.0 0.64 36.0 23.04 14.75 9.44

8.5 8.0 2.40 68.0 163.20 391.68 940.03

11.0 8.0 3.17 88.0 278.96 884.30 2803.24
116 8.0 4.02 92.8 373.06 1499.70 6028.80
12.0 8.0 4.06 96.0 389.76 1582.43 6424.65
12.8 8.0 3.78 102.4 387.07 1463.12 5530.61
12.6 8.0 3.74 100.8 376.99 1409.94 5273.19
12.4 8.0 3.78 99.2 374.98 1417.42 5357.86
11.6 8.0 471 92.8 437.09 2058.69 9696.45
114 8.0 4.30 91.2 392.16 1686.29 7251.04
10.8 8.0 4.90 86.4 423.36 2074.46 10164.87
10.6 8.0 4.63 84.8 392.62 1817.83 8416.56
10.9 8.0 432 87.2 376.70 1627.34 7030.13
114 8.0 3.89 91.2 354.77 1380.06 5368.42
11.8 8.0 3.10 94.4 292.64 907.18 2812.27

9.8 8.0 3.02 78.4 236.77 715.05 2159.44

6.4 7.0 1.69 44.8 75.71 127.95 216.24

3.8 55 0.0 20.9 0.0 0.0 0.0

0.0 2.5 0.0 0.0 0.0 0.0 0.0
TOTAL 163.0 1484.9 5368.74 21072.71 85494.77

'Simons, D.B., E.V. Richardson, M.A. Stevens, J.H. Duke, and V.C. Duke, "Stream flow, groundwater

and ground response data, Hydrology Report, Vol. I, Venezuelan International Meteorological and
Hydrological Experiment, Civil Engineering Dept., Colorado State University, August 1971.
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and
A 2
BZ _22ViAi
Bor ZViaQ

With the values in Table 2.8

2
o = 1.024 % (85,490) = 1.247
5,369
B = 1.008 (S*:%))z (21,070) = 1.094

These values for o (1.247) and 3 (1.094) differ from unity by appreciable amounts. The difference
may be important in many river channel calculations. If no data are available, the assumptions that
o =1.25and = 1.1 should be used for river channels.

2.15.2 PROBLEM 2 Velocity Profiles and Shear Stress

A velocity and discharge measurement is made on the Missouri River at Sioux City, lowa. The total
discharge is 32,600 cfs. The average depth is 7.80 feet and the average velocity is 2.42 ft/secin a
vertical section at a point 800 feet from the right bank. The velocity measurements at various
distances from the bottom (y) are shown in Table 2.9.

Table 2.9. Observed Velocity Data.
y Observed Velocity
(ft) (ft/sec)
0.5 1.70
1.0 2.08
1.5 2.30
2.5 2.50
3.5 2.75
4.5 2.90
5.5 3.10
6.25 3.10
7.5 3.25

Also during this measurement the slope of the energy grade line was observed as 0.000206 and
the bed material gradation was determined with Dgy = 0.270 mm, and Dgs = 0.315 mm.

Velocity Profile Analysis

The log and power function velocity distribution functions will be used to obtain a mathematical
description of the velocity profile.

(a) Logarithmic Velocity Distribution Equation

2.81



The log velocity relation is Equation 2.75:

v/Vx = 1/k In (yly’) = 2.31/k log (y/y')

Determine the value of k and y":

Vi = (g VoSt )Y = (32.2 x 7.80 x 0.000206)* = 0.228 ft/sec

Table 2.10 is prepared for both log and power forms with the values shown.

Using regression techniques, for the logarithmic form of the equation on the values of V/V.and In y'
with the data in Table 2.10 obtain:

v/V+=2.564 (Iny - In 0.03) with a regression coefficient R = 0.996 giving the values of k =0.39 and
y' = 0.03. The final equation for the data is

viVx = 2.564 In (y/0.03)

Table 2.10. Velocity Profile Calculations.

y (ft) v (ft/s) vIV* viV yiYo

0.50 1.70 7.46 0.702 0.064
1.00 2.08 9.12 0.860 0.128
1.50 2.30 10.09 0.950 0.192
2.50 2.50 10.96 1.033 0.321
3.50 2.75 12.06 1.136 0.449
4.50 2.90 12.71 1.198 0.577
5.50 3.10 13.60 1.281 0.705
6.25 3.10 13.60 1.281 0.801
7.50 3.25 14.25 1.340 0.962

(b) Power Velocity Distribution Equation

The power form of the velocity distribution equation is:

VIV = (ylyo)".

To simplify the regression calculations take the In transform giving:

Inv/V =Ina+ b In (yly,) using linear regression of In v/V vs In (yly,) calculate the values of a and b.
The results are:

a = 1368
b = 0.240
R = 0.998

The resulting power equation is:

v/2.42 = 1.38 (yly,)0.24
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Shear Stress Analysis

Using the above information calculate the shear stress on the bed using the several methods given
in Section 2.4.5.

(a) Average Shear Stress on the Bed

Calculate the average shear stress on the bed using Equation 2.97

T, = YR S =62.4x 7.8 x0.000206 = 0.100 Ib/ft®

Using R =Y, (for a wide channel)

(b) Local Shear Stress on the Bed Using Single Point Velocity near the Bed

Using the above information and the logarithmic velocity distribution equation derived from Equation

2.75 (vIV+ = 2.564 In (y/0.03)) the shear stress on the bed using a single point velocity near the bed
is:

2 2
ap—L __104fu.70") _=0.108 Ib/ft?

2 0.5
256412 | [25641In
0.03 0.03

(c) Local Shear Stress on the Bed Using Two Point Velocities near the Bed

For this determination use Equation 2.99

p(vi—V,)  1.94(2.08-1.70)2)

2 2
1.0
{5.75 log yl} {5-75 log o2

P

=0.094 b/ ft?

0=

(d) Shear Stress on the Bed Using Average Vertical Velocity

Using Equation 2.100 and the average depth 7.80 ft, average velocity 2.42 ft/sec, and a value for
ks determine the average shear stress on the bed.

Taking ksas (30.2) y' = 0.91 (see Section 2.4.2)

2 2
T = p(Y) I i Con ) M  YAYR
12.27y, 12.27 x 7.8
1227y, | |57519g 1227 X 18
{5.75 log . } { g 0.91
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(e) Summary

The average shear stress on the boundary from (a) is 0.10 pound per square foot. This is the
average stress on the entire boundary (bed and banks). The shear stress computed using
velocity is the local shear stress on the bed where the velocity profile was taken. This local shear
stress is calculated as 0.108 in (b), 0.094 in (c), 0.084, in (d). Normally the use of the two point
velocity equation with the velocities close to the bed is the more accurate, however, very accurate
velocity measurements are required. For this example, the value from the two velocity method
appears to be low. For wide channels for the centerline local shear stress on the bed should
generally not be lower than the average shear stress on the boundary, i.e., the value of 0.10
pounds per square foot.

2.15.3 PROBLEM 3 Superelevation in Bends

Calculate the superelevation of the water surface in a river bend given the velocity profile from
Table 2.8. The river inner radius of curvature r; is measured equal to 350 feet and the outer radius
of curvature r, is 513 feet. The detailed calculations based on Equation 2.158 are presented in
Table 2.11.

Table 2.11. Detailed Computation of Superelevation in Bends.
V2
Ar, (ft) r, (ft) V, (ft/s) AZ = ar Ar; (ft)
2.0 352 0.00 .0000
6.0 358 0.98 .0005
8.0 366 0.54 .0002
8.0 374 0.64 .0003
8.0 382 2.40 .0037
8.0 390 3.17 .0064
8.0 398 4.02 .0101
8.0 406 4.06 .0101
8.0 414 3.78 .0086
8.0 422 3.74 .0082
8.0 430 3.78 .0083
8.0 438 4.71 .0126
8.0 446 4.30 .0103
8.0 454 4.90 0131
8.0 462 4.63 .0115
8.0 470 4.32 .0099
8.0 473 3.89 .0079
8.0 486 3.10 .0049
8.0 494 3.02 .0046
7.0 502 1.69 .0014
55 507 0.00 .0000
25 512 0.00 .0000
Total AZ 0.1330 ft
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Total superelevation is 0.133 feet.
Based on relationships, V = Q/A = 3.61 ft/s, the following are obtained:

Woodward's Equation 2.160

2 2
AZ = Y (o -t) = _(Be1) (513 - 350) = 0.153 t
ar. 32.2(431)

Ippen and Drinker's Equation 2.162

2 2
Az V2w 1 _ 361"  2x163 1 0158 f
1-| — 1—
2 - \2x431)
Ippen and Drinker’s Equation 2.163
2 2
az=V_2W) 1 |_ 361 ,2x163 1 ~0.151ft
29 r. 1- w2 2x32.2 431 1 163°
1212 12 x 437

Combined Free and Forced Vortex Equation 2.165

Vmax = 4.90 ft/s

(v.. Y tY (r Y 2 350 ) (431)
AZ =Vmax) |5 | Ti| |l | |=_490 |5 - =0.236 ft
29 r r, 2x32.2 431 513

C

The equations give comparable results (0.133 to 0.236 ft). Equation 2.158, which integrates
across the section using the velocity distribution is the most exact. But using the value 0.24 ft

provides a safety factor.

2.15.4 PROBLEM 4 Maximum Stream Constriction Without Causing Backwater

(Neglecting Energy Losses)

A stream is rectangular in shape and 100 ft wide. The design discharge is 5,000 cfs and the
uniform depth for this discharge is 10 ft. Neglecting energy losses what is the maximum amount

of constriction that a bridge can impose without causing backwater.
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The upstream flow rate per unit width (q) is:

Q _ 5000
W 100

=50 cfs/ft

The average velocity (V) is:

v _Q_ 5000

=—=—— =5.00ft/s
A 1000

The specific head (H) is:

2 2
29 64.4

+10=10.39 ft

According to Section 2.6.2 the maximum unit discharge for a given specific head (specific head
equals to a constant) occurs at the critical depth y. where the Froude number is 1. Equation
2.149 the critical depth y. for this specific head is:

) 1/3 )
y = Umax - E H= 2 V¢
¢ g 3 Zg

Solving for gn

o {g(gHﬂ

Therefore, the width of the channel can be contracted until the unit discharge g is a maximum.
The minimum width (maximum constriction) is:

1/2 1/2

3
= {32.2[% X 10.39} ] =103.4 cfs/ft

W= 28000 4 o
q,. 103.4

and the maximum constriction is 100 — 48.3 = 51.7 ft
This contraction causes the flow to go to critical. This results in an undulating hydraulic jump

downstream. Also, when energy losses are considered there will be some backwater at the
constriction.

2.15.5 PROBLEM 5 Maximum Elevation of a Grade Control Structure
Without Backwater (Neglecting Energy Losses)

A low grade control structure (check dam) is to be placed across a stream downstream of a
highway bridge. The stream is degrading. The purpose of the check dam is to maintain the
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elevation of the water surface at the bridge, cause deposition of bed material, protect the abutments
and piers from long term degradation and contraction scour and increase the elevation of the be for
local scour. There is to be no increase in water surface elevation upstream of the bridge at the
design discharge. The energy losses are expected to be small so they can be neglected.

At the bridge, the design flood discharge is 5000 cfs. The river is 100 ft wide and has a uniform
flow depth of 10 ft for the design discharge.

What is the maximum height of the structure that will not cause backwater at the bridge at
the design discharge?

The unit discharge (q) in the river at design flood discharge is:

5,000
q=2 -

= ——— = 50cfs/ft
w 100

The average velocity (V) is

Q _ 5000
A 1000
The specific head (H) is

V = = 5.00 ft/sec

2 2
H=Y +y=9 ,10-=10230f
29 64.4

As a first approximation assume no energy loss in the bridge reach. Then at the check dam, the
elevation of the total energy line is 10.39 ft above the bed (Figure 2.44). At the dam:

Hmin + AZmax = 10.39 ft

£ |
ZL—" -

Hmin

A2 pax

Figure 2.44. Sketch of backwater curve over check dam.
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That is, the dam can be built to a height of AZ,.« which decreases the specific head at the dam to
Hmin. From Section 2.6.3 and Equation 2.147

Lo 3
min_zyc

From Equation 2.140
) 1/3 ) 1/3

y = |9 =22 | - 427t
g 32.2

Hon = gyc = 2 427ft = 6.40ft

and
AZmax = 10.39-6.40 = 4.0 ft

If the structure is built to a crest elevation 4.0 ft above the bed, critical flow will occur at the dam for
a flow of 5,000 cfs and larger and the dam will cause no backwater. Atlower discharges the at the
check dam will cause backwater. However, discharges larger than 5,000 cfs check dam will not
cause backwater. Local scour downstream of the check dam should be evaluated. HEC-23 has
am problem for determining this scour.

How much backwater will the dam cause for a flow of 1000 cfs if the normal depth for this
discharge is 5 ft and the dam height is 4.0 ft?

Upstream of the dam the discharge for foot of width (q) is,

Q _ 1000
W 100

g = = 10 cfs/ft

The average velocity (V) is

V = 9._ E = 2.00 ft/sec
y 5

At the check dam the flow is critical so from Equation 2.142

) 1/3 5 1/3
y. = |3 =[] -146tt
9 32.2
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and from Equation 2.144

3 3
.=—=VY = — 146ft = 2.19ft
Hmln 2 yc 2

Assuming no energy loss, the specific head upstream of the dam is
H=Hmu+AZ = 2.19 + 40 = 6.19 ft

To determine the depth of flow upstream of the dam (y) solve the specific head equation (Equation
2.137)

2 2
H=- 4+y=-10 4y _ 6o
29y 64.4y

or
y>-6.19y? + 10%64.4=0

The solution is

y=6.14 ft

As the normal depth is only 5 ft, the backwater is
Ay=6.14-5.00=1.14ft

That is, the depth upstream of the dam is increased 1.14 ft by the 4.0 ft high dam when the flow is
1,000 cfs.
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CHAPTER 3

FUNDAMENTALS OF ALLUVIAL CHANNEL FLOW

3.1 INTRODUCTION

Most streams that a highway will cross or encroach upon are alluvial. That is, the rivers are
formed in cohesive or non-cohesive materials that have been, and can still be, transported by
the stream. The non-cohesive material generally consists of silt, sand, gravel, or cobbles, or
any combination of these sizes. Silt generally is not present in appreciable quantities in
streams having non-cohesive boundaries. Cohesive material consists of clays (sizes less
than 0.004 mm) forming a binder with silts and sand. Because of the electro-chemical
bonding between clay particles, clays are more resistant to erosion than silts.

In alluvial rivers, bed configuration and resistance to flow are a function of the flow and can
change to increase or decrease the velocity and water surface level. The river channel can
shift its location so that the crossing or encroachment is unfavorably located with respect to
the direction of flow. The moveable boundary of the alluvial river adds another dimension to
the design problem and can compound environmental concerns. Therefore, the design of
highway crossings and encroachments in the river environment requires knowledge of the
mechanics of alluvial channel flow.

This chapter presents the fundamentals of alluvial channel flow. It covers properties of
alluvial material, methods of measuring properties of alluvial materials, flow in sandbed
channels, prediction of bed forms, Manning's n for sandbed and other natural streams, how
bed-form changes affect highways in the river environment, beginning of motion, flow in
coarse-material streams, and physical measurement and determination of sediment
discharge in the field. These fundamentals of alluvial channel flow are used in later chapters
to develop design considerations for highway crossings and encroachments in river
environments.

In Chapter 4, sediment transport and physical and computer modeling of sediment transport
will be covered.

3.2 SEDIMENT PROPERTIES AND MEASUREMENT TECHNIQUES

A knowledge of the properties of the bed material particles is essential, as they indicate the
behavior of the particles in their interaction with the flow. Several of the important bed
material properties are discussed in the following sections (U.S. Interagency Subcommittee
1941, 1943, 1957; Richardson 1971).

3.2.1 Particle Size

Of the various sediment properties, physical size has by far the greatest significance to the
hydraulic engineer. The particle size is the most readily measured property, and other
properties such as shape, fall velocity and specific gravity tend to vary with size in a roughly
predictable manner. In general, size represents a sufficiently complete description of the
sediment particle for many practical purposes.
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Particle size Ds may be defined by its volume, diameter, weight, fall velocity, or sieve mesh
size. Except for volume, these definitions also depend on the shape and density of the
particle. The following definitions are commonly used to describe the particle size (U.S.
Interagency Subcommittee 1943):

1. Nominal diameter - The diameter of a sphere having the same volume as the particle.

2. Sieve diameter - The diameter of a sphere equal to the length of the side of a square
sieve opening through which measured quantities (by weight) of the sample will pass. As
an approximation, the sieve diameter is equal to the nominal diameter.

3. Sedimentation diameter - The diameter of a sphere with the same fall velocity and
specific gravity as the particle in the same fluid under the same conditions.

4. Standard fall diameter - The diameter of a sphere that has a specific gravity of 2.65 and
also has the same terminal settling velocity as the particle when each is allowed to settle
alone in quiescent, distilled water of infinite extent and at a temperature of 24°C.

In general, sediments have been classified into boulders, cobbles, gravels, sands, silts, and
clays on the basis of their nominal or sieve diameters. The size range in each general class
is given in Table 3.1. The non-cohesive material generally consists of silt (0.004-0.062 mm),
sand (0.062 - 2.0 mm), gravel (2.0 - 64 mm), or cobbles (64-250 mm).

The boulder class (250 - 4000 mm) is generally of little interest in sediment problems. The
cobble and gravel class plays a considerable role in the problems of local scour and
resistance to flow and to a lesser extent in bed load transport. The sand class is one of the
most important in alluvial channel flow. The silt and clay class is of considerable importance
in the evaluation of stream sediment loads, bank stability and problems of seepage and
consolidation.

3.2.2 Particle Shape

Generally speaking, shape refers to the overall geometrical form of a particle. Sphericity is
defined as the ratio of the surface area of a sphere of the same volume as the patrticle to the
actual surface area of the particle. Roundness is defined as the ratio of the average radius
of curvature of the corners and edges of a particle to the radius of a circle inscribed in the
maximum projected area of the particle. However, because of simplicity and effectiveness of
correlation with the behavior of particles in flow, the most commonly used parameter to
describe particle shape is the Corey shape factor, S, (Albertson 1953) defined as:

S =—_¢ (3.1)

where: (,, {, and (. are the dimensions of the three mutually perpendicular axes of a particle
(5 the longest; (, the intermediate; and (. the shortest axis.
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Table 3.1. Sediment Grade Scale (Brown 1950).

Approximate

Size Sieve Mesh
Openings Class
Per Inch
u.s.
Millimeters Microns Inches Tyler | Standard
4000-2000 | - | - 160-80 | - | - Very large boulders
2000-1000 | = - e 80-40 | - | - Large boulders
1000-500 | = - | - 40-20 | - | - Medium boulders
500-250 | @ - | e 20-10 | - | - Small boulders
250-130 | - | - 10-5 | - | - Large cobbles
130-64 | @ - | - 5-25 | - | - Small cobbles
64-32 | - | - 25-13 | - | - Very coarse gravel
32-16 | - | e 1306 | - | - Coarse gravel
168 | 0 - | - 0.6-0.3 212 | - Medium gravel
84 | e e 0.3-0.16 5 5 Fine gravel
A T 0.16-0.08 9 10 Very fine gravel
2-1 2.00-1.00 2000-1000 |  ---- 16 18 Very coarse sand
1-1/2 1.00-0.50 1000-500 |  ----- 32 35 Coarse sand
1/2-1/4 0.50-0.25 500-250 | @ ----- 60 60 Medium sand
1/4-1/8 0.25-0.125 250-125 | - 115 120 Fine sand
1/8-1/16 01.25-0.062 125-62 | - 250 230 Very fine sand
1/16-1/32 0.062-0.031 62-31 | - Coarse silt
1/32-1/64 0.031-0.016 31-16 | - Medium silt
1/64-1/128 0.016-0.008 16-8 | - Fine silt
1/128-1/256 0.008-0.004 84 | - Very fine silt
1/256-1/512 0.004-0.0020 4-2 | - Coarse clay
1/512-1/1024 | 0.0020-0.0010 2-1 | - Medium clay
1/1024-1/2048 | 0.0010-0.0005 1-05 | - Fine clay
1/2048-1/4096 | 0.0005-0.0002 0.5-024 | - Very fine clay
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3.2.3 Fall Velocity

The prime indicator of the interaction of sediments in suspension within the flow is the fall
velocity of sediment particles. The fall velocity of a particle is defined as the velocity of that
particle falling alone in quiescent, distilled water of infinite extent. In most cases, the patrticle
is not falling alone, and the water is not distilled or quiescent. Measurement techniques are
available for determining the fall velocity of groups of particles in a finite field in fluid other
than distilled water. However, little is known about the effect of turbulence on fall velocity.

A particle falling at terminal velocity in a fluid is under the action of a driving force due to its
buoyant weight and a resisting force due to the fluid drag. Fluid drag is the result of either
the tangential shear stress on the surface of the particle, or a pressure difference on the
particle or a combination of the two forces. The fluid drag on the falling particle Fp is given
by the drag equation

Fo =Cp Agp 0 /2 (3.2)

The buoyant weight of the particle W5 is:

W =(ps —p)aV, (3.3)
where:

Cp = Coefficient of drag

o = Terminal fall velocity of the particle

As = Projected area of the particle normal to the direction of flow

p = Fluid density

ps = Particle density

g = Acceleration due to gravity

V, = Volume of the particle

The area and volume can be written in terms of the characteristic diameter of the particle Dy
or:

A, =K,D? (3.4)
and
V, =K, D3 (3.5)

Where the coefficients K; and K, depend on the shape of sediment particles. For example,
K: = /4 and K, = /6 for spherical particles. If the patrticle is falling at its terminal velocity, Fp
= WS

(ps _p) gvp = CD Asp (’*)2 /12 (36)
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By substituting Equations 3.4 and 3.5 into Equation 3.6, the expression:

©? = i&(p—tl] gD, (3.7)
Cpr KyUp
is obtained.

Four dimensionless variables describing fall velocity result from dimensional analysis of
Equation 3.7:

2
f[(ﬂ_’CD’P_s’K_zj -0 (3.8)
9D, p Ky

The drag coefficient Cp is dependent on the particle Reynolds number (Re = p ®wDs/u), the
shape, and the surface texture of the particle, where p is dynamic viscosity of the fluid. The
ratio K,/K; is usually replaced by the Corey shape factor S, (Equation 3.1).

The relations between the fall velocity of particles and the other variables are given in
Figures 3.1 and 3.2.

=55
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Figure 3.1. Drag coefficient Cp vs particle Reynolds number Re, for spheres and natural
sediments with shape factors S, equal to 0.3, 0.5, 0.7, and 0.9. Also, sediment
diameter Ds vs. fall velocity o and temperature T° (Brown 1950, p. 781).
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Figure 3.2. Nominal diameter vs. fall velocity (Temperature = 24°C) (Guy 1977,
U.S. Interagency 1957h).

3.2.4 Sediment Size Distribution

Four methods of obtaining sediment size distribution are described below: Sieve analysis,
visual accumulation (VA) tube analysis, pebble count method, and pipette analysis. Each
method for size distribution analysis is appropriate for only a particular range of particle sizes
(Table 3.2). All together the four methods provide a means of obtaining particle size
distributions for most bed material samples.

Table 3.2. Guide to Size Range for Different Types of Size Analysis.
Analysis Quantity of
Size Concentration Sediment (g)
Range (mg/l) or Pebbles
Sieves 0.062-32 mm | - 100-500
VA tube 0.062-2 mm | - 0.05-15.0
Pipette 0.002-0.062 mm 2,000-5,000 1.0-5.0
Pebble Count 12-1000 mm | - 100 pebbles

If the sediment sample to be analyzed (bed material or suspended sediment) has
considerable fine material (Ds <.062 mm) it must be separated prior to analysis. To separate
the coarser from the finer sediment, the sediment should be wet-sieved using distilled water
and a 250-mesh (0.062 mm) sieve. The material passing through the sieve can be analyzed
by pipette analysis if further breakdown of the fine sediment is desired, or dried and included
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as percent finer than 0.062 mm with the analysis of the coarser material. If it is going to be
dry-sieved, the material retained on the sieve is oven dried for one hour after all visible water
has been evaporated. If the material is to be analyzed by wet-sieving or with the
accumulation tube, it is not dried.

Sieve Size Distribution in the sand and gravel range is generally determined by passing the
sample through a series of sieves of mesh size ranging from 32 mm to 0.062 mm. A
minimum of about 100 grams of sand is required for an accurate sieve analysis. More is
required if the sample contains particles of 1.0 mm or larger. Standard methods employed in
soil mechanics are suitable for determining the sieve sizes of sand and gravel sediment
samples.

Visual Accumulation (VA) Tube is used for determining the size distribution of the sand
fraction of sediment samples (0.062 mm < Ds < 2.0 mm). It is a fast, economical, and
accurate means of determining the fall velocity or fall diameter of the sediment. The
equipment for the visual accumulation tube analysis consists of: (1) a glass funnel about 250
mm (9.8 in.) long; (2) a rubber tube connecting the funnel and the main sedimentation tube,
with a special clamping mechanism serving as a "quick acting" valve; (3) glass sedimentation
tubes having different sized collectors; (4) a tapping mechanism that strikes against the glass
tube and helps keep the accumulation of sediment uniformly packed; (5) a special recorder
consisting of a cylinder carrying a chart that rotates at a constant rate and a carriage that can
be moved vertically by hand on which is mounted a recording pen and an optical instrument
for tracking the accumulation; and (6) the recorder chart which has a printed form
incorporating the fall diameter calibration.

In the visual accumulation tube method, the particles start falling from a common source and
become stratified according to settling velocities. At a given instant, the particles coming to
rest at the bottom of the tube are of one "sedimentation size" and are finer than particles that
have previously settled out and are coarser than those remaining in suspension.

It has been shown that particles of a sample in the visual tube settle with greater velocities
than the same particles falling individually because of the effect of mutual interaction of the
particles. The visual accumulation tube apparatus is calibrated to account for the effects of
this mutual interaction and the final results are given in terms of the standard fall diameter of
the particles.

Visual accumulation tube method may not be suitable for some streams that transport large
guantities of organic materials such as root fibers, leaf fragments, and algae. Also, extra
care is needed when a stream transports large quantities of heavy or light minerals such as
taconite or coal. The method is explained in detail by Guy (1977).

Pebble Count Method is used to obtain the size distribution of coarse bed materials (gravel
and cobbles) which are too large to be sieved. Very often the coarser material is underlain
by sands. Then, the underlying sands are analyzed by sieving. The two classes of bed
material are either combined into a single distribution or used separately. The large material
sizes are measured in situ by laying out a square grid. Within the grid, all the patrticle sizes
are measured and counted by size intervals. For large samples a random selection of
particles in the various classes is appropriate to develop frequency histograms of sediment
sizes.

3.7



Square-Surface_Sample is obtained by picking up and counting all the surface pebbles in
each predetermined size class within a small enclosed area of the bed. The area is taken to
be representative of the whole channel bed.

The pebble count method entails measurement of randomly selected particles in the field,
often under difficult conditions. Therefore, use of the Zeiss Particle-Size Analyzer should be
considered (Ritter and Helley 1968). For this method, a photograph of the stream bed is
made, preferably at low flow, with a 35 mm camera supported by a tripod about 2 m (6.6 ft)
above the stream bed, the height depending on the size of the bed material. A reference
scale, such as a steel tape or a surveyor's rod must appear in the photograph. The
photographs are printed on the thinnest paper available. An iris diaphragm, illuminated from
one side, is imaged by a lens onto the plane of a Plexiglass plate. By adjusting the iris
diaphragm the diameter of the sharply defined circular light spot appearing on the
photograph can be changed and its area made equal to that of the individual particles. As
the different diameters are registered, a puncher marks the counted particle on the
photograph. An efficient operation can count up to 1,000 particles in 30 minutes.

In the line sampling method of pebble count sampling, a line is laid out or placed either
across or along the stream. Particles are picked at random intervals along the line and
measured. The measured particles are classified as to size or weight and a percent finer
curve or table is prepared. Usually 100 particles are sufficient to give an accurate
classification of the size distribution of coarse materials.

Pipette Method of determining gradation of sizes finer than 0.062 mm is one of the most
widely accepted techniques utilizing the Oden theory and the dispersed system of
sedimentation. The upper size limit of sediment particles which settle in water according to
Stokes is about 1/16 mm or 0.062 mm. This corresponds to the lower size limit which can be
determined readily by sieves. This size is the division between sand and silt (Table 3.1) and
is an important division in many phases of sediment phenomena.

The fundamental principle of the pipette method is to determine the concentration of a
suspension in samples withdrawn from a predetermined depth as a function of settling time.
Particles having a settling velocity greater than that of the size at which separation is desired
will settle below the point of withdrawal after elapse of a certain time. The time and depth of
withdrawal are predetermined on the basis of Stokes law.

Satisfactory use of the pipette method requires careful and precise operation to obtain
maximum accuracy in each step of the procedure. Also, for routine analysis, special
apparatus can be set up for the analysis of a large number of samples. A complete
description of a laboratory setup and procedure for this method is given by Guy (1969).

Frequency Curves. The presentation of sediment size analysis is made in various formats.
A histogram is a graphical representation of the number, weight, or volume percentage of
items in given class intervals. An example of a histogram is shown in Figure 3.3a. The
abscissa scale represents the class intervals, usually in geometric progression, and the
ordinate scale represents either actual concentration or percent (by number, volume, or
weight) of the total sample contained in each class interval. If the class intervals are small,
the shape of the histogram will approach a continuous curve. The successive sizes

employed in the size analysis of sediment are usually in ratios of 2 or V2.
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Figure 3.3. Definition sketches for size-frequency characteristics of sediments (Rouse 1940).
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When the ordinates of successive classes are added and plotted against the upper limit of
the size class, the cumulative percent finer distribution diagram is obtained (Figure 3.3). In
this diagram, the abscissa scale (usually logarithmic) represents the intervals of the size
scale and the ordinate scale is the cumulative percent by weight of the sample up to (or
percent finer than) the size in question. From the cumulative percent finer the Dzs, Dso, Dgs,
D, etc. sizes can be determined.

In a size frequency distribution curve, it is possible to choose certain particle sizes as
representing significant values, such as patrticles just larger than one-fourth of the distribution
D5 (the first quartile), and particles just larger than three-fourths of the distribution Dss (the
third quartile). Measures of spread are based on differences or ratios between the two
guartiles. Quartile measures are confined to the central half of the frequency distribution and
the values obtained are not influenced by larger or smaller sizes. Quartile measures are very
readily computed, and most of the data may be obtained directly from the cumulative curve
by graphic means.

In contrast to quartile measures, moment measures are influenced by each individual size
class in the distribution. The first moment of a frequency curve is its center of gravity and is
called the arithmetic mean and is the average size of the sediment. The second moment is a
measure of the average spread of the curve and is expressed as the standard deviation of
the distribution.

Commonly, the size distribution of natural sediments plots as a straight line on log probability
paper. If this is true, then a natural sediment is completely described by the median diameter
(Dso the size of sediment of which 50 percent is finer) and the slope of the cumulative
frequency line on log probability paper. The slope of this line is proportional to the spread of
the size distribution in a sediment sample. It is computed with the expression

G:E{Di_kDﬂ} (3.9
2 DlG D50
where:

G Gradation coefficient

Dy Sediment diameter particle of which x percent of sample is finer
The grain roughness used in velocity equations is taken as the Dgg, Dgs, Or Dgg.

In studies of scour below culvert outlets, Stevens (1968) was able to consolidate a wide
range of scour data by employing the expression

10 . 1/3
> D
i=1

ST (3.10)

for the effective or representative grain size of well-graded materials.
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Here

. D, +D

D.(i=1)= % (3.11)
D(i=2)= D1y +Dy

' 2
D.(i=10) = Dgo +Digo

' 2
The terms Dy, D1, ..., Digg, are the sieve diameters of the riprap for which 0 percent, 10
percent, ..., 100 percent of the material (by weight) is finer. Stevens' equation is the

equivalent to utilizing the arithmetic average of the sum of the weights of the individual
particles.

The effective diameter Dy, is also used in sediment studies. It is defined by the following
equation:

'n— i Dsi
. 2.11 go (3.12)

Where p, is the percentage by weight of that fraction of the sediment with geometric mean
size Ds. The geometric mean size is the square root of the product of the end points of a
given size range.

3.2.5 Specific Weight

Specific weight is weight per unit volume. In the English system of units, specific weight is
usually expressed in units of pounds per cubic foot and in the metric system, in grams per
cubic centimeter. In connection with granular materials such as soils, sediment deposits, or
water sediment mixtures, the specific weight is the weight of solids per unit volume of the
material including its voids. The measurement of the specific weight of sediment deposits is
determined simply by measuring the dry weight of a known volume of the undisturbed
material.

3.2.6 Porosity

The porosity of granular materials is the ratio of the volume of void space to the total volume
of an undisturbed sample. To determine porosity, the volume of the sample must be
obtained in an undisturbed condition. Next, the volume of solids is determined either by
liquid displacement or indirectly from the weight of the sample and the specific gravity of
material. The void volume is then obtained by subtracting the volume of solids from the total
volume.
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3.2.7 Cohesion

Cohesion is the force by which particles of clay are bound together. This force is the result of
ionic attraction among individual particles, and is a function of the type of mineral, particle
spacing, salt concentration in the fluid, ionic valence, and hydration and swelling properties
of the constituent minerals. Cohesive soils are composed of silts and clay. Their size
classification is given in Table 3.1. In the unified soil classification system, silt and clay soils
have more than 50 percent by weight of particles passing the 0.075 mm sieve opening.
However, cohesive soils are not classified by grain size but by their degree of plasticity,
which is measured by Atterberg limits.

Clays are alumino-silicate crystals composed of two basic building sheets, the tetrahedral
silicate sheet and the octahedral hydrous aluminum oxide sheet. Various types of clays
result from different configurations of these sheets. The two main types of clays are kaolinite
and montmorillonite. Kaolinite crystals are large (70 to 100 layers thick), held together by
strong hydrogen bonds, and are not readily dispersible in water. Montmorillonite crystals are
small (3 layers thick) held together by weak bonds between adjacent oxygen layers and are
readily dispersible in water into extremely small particles.

Several laboratory and field measurement techniques are available for determining the
magnitude of cohesion, or shear strength, of clays. Among these, the vane shear test, which
is performed in the field is one of the simplest. The vane is forced into the ground and then
the torque required to rotate the vane is measured. The shear strength is determined from
the torque required to shear the soil along the vertical and horizontal edges of the vane.

Briaud et al. (1999) describe equipment and methods developed to determine the erosion
rate of cohesive soils. Erosion rate is defined as the vertical distance scoured per unit of
time. The erosion rate, expressed as mm/hr, is related to shear stress, given in N/m?
imposed at the soil water interface using an erosion function apparatus (EFA). The EFA
develops an erosion rate-shear stress curve for a soil sample taken with an ASTM standard
Shelby tube with a 3.0 inches (76.2) mm outside diameter. The erosion rate-shear stress
curve for samples taken at a site can then be used to determine the scour depth as a
function of time.

3.2.8 Angle of Repose

The angle of repose is the maximum slope angle upon which non-cohesive material will
reside without moving. It is a measure of the intergranular friction of the material. Simons
developed Figure 3.4 for the angle of repose for dumped granular material.

3.3 FLOW IN SANDBED CHANNELS

Most larger streams flow on sandbeds for the greater part of their length. Thus, there are
potentially many more opportunities for highway crossings or encroachments on sandbed
streams than in cohesive or gravel streams. In sandbed rivers, the sand material is easily
eroded and is continually being moved and shaped by the flow. The mobility of the sandbed
creates problems for the safety of any structure placed in or over the stream, for the
protection of private property along these streams, and in the preservation and enhancement
of the stream environment.
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Figure 3.4. Angle of repose of non-cohesive materials (Simons 1955).

The interaction between the flow of the water-sediment mixture and the sandbed creates
different bed configurations which change the resistance to flow and rate of sediment
transport. The gross measures of channel flow, such as the flow depth, river stage, bed
elevation and flow velocity, change with different bed configurations. In the extreme case,
the change in bed configuration can cause a three-fold change in resistance to flow and a
10-to-15 fold change in concentration of bed sediment transport. For a given discharge and
channel width, a three-fold increase in Manning's n results in a doubling of the flow depth.

The interaction between the flow and bed material and the interdependency among the
variables makes the analysis of flow in alluvial sandbed streams extremely complex.
However, with an understanding of the different types of bed forms that may occur and a
knowledge of the resistance to flow and sediment transport associated with each bed form,
the river engineer can better analyze alluvial channel flow.

3.3.1 Regimes of Flow in Alluvial Channels

The flow in alluvial channels is divided into lower and upper flow regimes separated by a
transition zone (Simons and Richardson 1963, 1966). These two flow regimes are
characterized by similarities in the shape of the bed configuration, mode of sediment
transport, process of energy dissipation, and phase relation between the bed and water
surfaces. The two regimes and their associated bed configurations shown in Figure 3.5 are:

Lower flow regime: (1) ripples; (2) dunes with ripples superposed; and (3) dunes

Transitional Flow Regime: The bed roughness ranges from dunes to plane bed or
antidunes.

Upper Flow Regime: (1) plane bed; (2) antidunes, a) with standing waves, b) with
breaking antidunes; and (3) chutes and pools.
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Figure 3.5. Forms of bed roughness in sand channels (Simons and Richardson 1963, 1966).

Lower Flow Regime. In the lower flow regime, resistance to flow is large and sediment
transport is small. The bed form is either ripples or dunes or some combination of the two.
The water-surface undulations are out of phase with the bed surface, and there is a relatively
large separation zone downstream from the crest of each ripple or dune. The most common
mode of bed material transport is for the individual grains to move up the back of the ripple or
dune and avalanche down its face. After coming to rest on the downstream face of the ripple
or dune, the particles remain there until exposed by the downstream movement of the dunes;
they repeat this cycle of moving up the back of the dune, avalanching, and storage. Thus,
most movement of the bed material particles is in steps. The velocity of the downstream
movement of the ripples or dunes depends on their height and the velocity of the grains
moving up their backs.

Transition. The bed configuration in the transition zone is erratic. It may range from that
typical of the lower flow regime to that typical of the upper flow regime, depending mainly on
antecedent conditions. If the antecedent bed configuration is dunes, the depth or slope can
be increased to values more consistent with those of the upper flow regime without changing
the bed form; or, conversely, if the antecedent bed is plane, depth and slope can be
decreased to values more consistent with those of the lower flow regime without changing
the bed form. Often in the transition from the lower to the upper flow regime, the dunes
decrease in amplitude and increase in length before the bed becomes plane (washed-out
dunes). Resistance to flow and sediment transport also have the same variability as the bed
configuration in the transition. This phenomenon can be explained by the changes in
resistance to flow and, consequently, the changes in depth and slope as the bed form
changes. Resistance to flow is small for flow over a plane bed; so the shear stress
decreases and the bed form changes to dunes. The dunes cause an increase in resistance
to flow which increases the shear stress on the bed and the dunes wash out forming a plane
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bed, and the cycle continues. It was the transition zone, which covers a wide range of shear
values, that Brooks (1958) was investigating when he concluded that a single-valued function
does not exist between velocity or sediment transport and the shear stress on the bed.

Upper Flow Regime. In the upper flow regime, resistance to flow is small and sediment
transport is large. The usual bed forms are plane bed or antidunes. The water surface is in
phase with bed surface except when an antidune breaks, and normally the fluid does not
separate from the boundary. A small separation zone may exist downstream from the crest
of an antidune prior to breaking. Resistance to flow is the result of grain roughness with the
grains moving, of wave formation and subsidence, and of energy dissipation when the
antidunes break. The mode of sediment transport is for the individual grains to roll almost
continuously downstream in sheets one or two grain diameters thick; however, when
antidunes break, much bed material is briefly suspended, then movement stops temporarily
and there is some storage of the particles in the bed.

3.3.2 Bed Configuration

The bed configurations (roughness elements) that commonly form in sand bed channels are
plane bed without sediment movement, ripples, ripples on dunes, dunes, plane bed with
sediment movement, antidunes, and chutes and pools. These bed configurations are listed
in their order of occurrence with increasing values of stream power (Vyy,S) for bed materials
having Ds less than 0.6 mm. For bed materials coarser than 0.6 mm, dunes form instead of
ripples after beginning of motion at small values of stream power. The relation of bed form to
water surface is shown in Figure 3.6.

The different forms of bed-roughness are not mutually exclusive in time and space in a
stream. Different bed-roughness elements may form side-by-side in a cross-section or reach
of a natural stream, giving a multiple roughness; or they may form in time sequence,
producing variable roughness.

Figure 3.6. Relation between water surface and bed configuration (Richardson et al. 1975).
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Multiple roughness is related to variations in shear stress (yy,S) in a channel cross-section.
The greater the width-depth ratio of a stream, the greater is the probability of a spatial
variation in shear stress, stream power or bed material. Thus, the occurrence of multiple
roughness is closely related to the width-depth ratio of the stream. Variable roughness is
related to changes in shear stress, stream power, or reaction of bed material to a given
stream power over time. A commonly observed example of the effect of changing shear
stress or stream power is the change in bed form that occurs with changes in depth during a
runoff event. Another example is the change in bed form that occurs with change in the
viscosity of the fluid as the temperature or concentration of fine sediment varies over time. It
should be noted that a transition occurs between the dune bed and the plane bed; either bed
configuration may occur for the same value of stream power (Figure 3.7).

A relation between stream power, velocity, and bed configuration is shown in Figure 3.7.
The relation pertains to one sand size and was determined in the 2.4 m (8-foot) flume at
Colorado State University.

Figure 3.7. Change in velocity with stream power for a sand with Dsg = 0.19 mm
(Simons and Richardson 1966).

In the following paragraphs bed configurations and their associated flow phenomena are
described in the order of their occurrence with increasing stream power.
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3.3.3 Plane Bed Without Sediment Movement

Plane bed without movement has been studied to determine the bed configuration that would
form after beginning of motion. After the beginning of motion, for flat slopes and low velocity,
the plane bed will change to ripples for sand material smaller than 0.6 mm, and to dunes for
coarser material. Resistance to flow is small for a plane bed without sediment movement
and is due solely to the sand grain roughness. Values of Manning's n range from 0.012 to
0.014 depending on the size of the bed material.

If the bed material of a stream is not moving, the bed configuration will be a remnant of the
bed configuration formed when sediment was moving. The bed configurations after the
beginning of motion may be those illustrated in Figure 3.5, depending on the flow and bed
material. Prior to the beginning of motion, the problem of resistance to flow is one of
rigid-boundary hydraulics. After the beginning of motion, the problem relates to defining bed
configurations and resistance to flow.

3.3.4 Ripples

Ripples are small triangle-shaped elements having gentle upstream slopes and steep
downstream slopes. Length ranges from 0.12 m to 0.6 m (0.4 ft to 2 ft) and height from 0.01
m to 0.06 m (0.03 ft to 0.2 ft) (Figure 3.5). Resistance to flow is relatively large (with
Manning's n ranging from 0.018 to 0.030). There is a relative roughness effect associated
with a ripple bed and the resistance to flow decreases as flow depth increases. The ripple
shape is independent of sand size and at large values of Manning's n the magnitude of grain
roughness is small relative to the form roughness. The length of the separation zone
downstream of the ripple crest is about ten times the height of the ripple. Ripples cause very
little, if any, disturbance on the water surface, and the flow contains very little suspended bed
material. The bed material discharge concentration is small, ranging from 10 to 200 ppm.

3.3.5 Dunes

When the shear stress or the stream power is increased for a bed having ripples (or a plane
bed without movement, if the bed material is coarser than 0.6 mm), sand waves called dunes
form on the bed. At smaller shear-stress values, the dunes have ripples superposed on their
backs. These ripples disappear at larger shear values, particularly if the bed material is
coarse sand with Dgy > 0.4 mm.

Dunes are large triangle-shaped elements similar to ripples (Figure 3.5). Their lengths range
from 0.6 m (2 ft) to many tens of meters (hundreds of feet), depending on the scale of the
flow system. Dunes that formed in the 2.4 m (8-foot) wide flume used by Simons and
Richardson (1963, 1966) ranged from 0.6 to 3 m (2 to 10 ft) in length and from 0.06 to 0.3 m
(0.2 to 1 ft) in height; whereas, those described by Carey and Keller (1957) in the Mississippi
River were 100 to 200 m (300 to 700 ft) long and as much as 12 m (40 ft) high. The
maximum amplitude to which dunes can develop is approximately the average depth.
Hence, in contrast with ripples, the amplitude of dunes can increase with increasing depth of
flow. With dunes, the relative roughness can remain essentially constant or even increase
with increasing depth of flow.
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Field observations indicate that dunes can form in any sand channel, irrespective of the size
of bed material, if the stream power is sufficiently large to cause general transport of the bed
material without exceeding a Froude number of unity.

Resistance to flow caused by dunes is large. Manning's n ranges from 0.020 to 0.040. The
form roughness for flow with dunes is equal to or larger than the sand grain roughness.

Dunes cause large separation zones in the flow. These zones, in turn, cause boils to form
on the surface of the stream. Measurements of flow velocities within the separation zone
show that velocities in the upstream direction exist that are I/2 to I/3 the average stream
velocity. Boundary shear stress in the dune trough is sometimes sufficient to form ripples
oriented in a direction opposite to that of the primary flow in the channel. With dunes, as with
any tranquil flow over an obstruction, the water surface is out of phase with the bed surface
(Figure 3.6).

3.3.6 Plane Bed With Movement

As the stream power of the flow increases further, the dunes elongate and reduce in
amplitude. This bed configuration is called the transition or washed out dunes. The next bed
configuration with increased stream power is plane bed with movement. Dunes of fine sand
(low fall velocity) are washed out at lower values of stream power than are dunes of coarser
sand. With coarse sands larger slopes are required to affect the change from transition to
plane bed and the result is larger velocities and larger Froude numbers. In flume studies
with fine sand, the plane-bed condition commonly exists after the transition and persists over
a wide range of Froude numbers (0.3 < F, < 0.8). If the sand is coarse and the depth is
shallow, however, transition may not terminate until the Froude number is so large that the
subsequent bed form may be antidunes rather than plane bed. In natural streams, because
of their greater depths, the change from transition to plane bed may occur at a much lower
Froude number than in flumes. Manning's n for plane bed sand channels range from 0.010
to 0.013.

3.3.7 Antidunes

Antidunes form as a series or train of inphase (coupled) symmetrical sand and water waves
(Figure 3.5). The height and length of these waves depend on the scale of the flow system
and the characteristics of the fluid and the bed material. In a flume where the flow depth was
about 0.15 m (0.5 ft) deep, the height of the sand waves ranged from 0.01 to 0.15 m (0.03 to
0.5 ft). The height of the water waves was 1.5 to 2 times the height of the sand waves and
the length of the waves, from crest to crest, ranged from 1.5 to 3 m (5 to 10 ft). In natural
streams, such as the Rio Grande or the Colorado River, much larger antidunes form. In
these streams, surface waves 0.6 to 1.5 m (2 to 5 ft) high and 3 to 12 m (10 to 40 ft) long
have been observed.

Antidunes form as trains of waves that gradually build up from a plane bed and a plane water
surface. The waves may grow in height until they become unstable and break like the sea
surf or they may gradually subside. The former have been called breaking antidunes, or
antidunes; and the latter, standing waves. As the antidunes form and increase in height,
they may move upstream, downstream, or remain stationary. Their upstream movement led
Gilbert (1914) to name them antidunes.
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Resistance to flow due to antidunes depends on how often the antidunes form, the area of
the stream they occupy, and the violence and frequency of their breaking. If the antidunes
do not break, resistance to flow is about the same as that for flow over a plane bed. If many
antidunes break, resistance to flow is larger because the breaking waves dissipate a
considerable amount of energy. With breaking waves, Manning's n may range from 0.012 to
0.020.

3.3.8 Chutes and Pools

At very steep slopes, alluvial-channel flow changes to chutes and pools (Figure 3.5). In the
2.4 m (8-foot) wide flume at Colorado State University, this type of flow and bed configuration
was studied using fine sands. The flow consisted of a long chute 3 to 9 m (10 to 30 ft) in
which the flow was rapid and accelerating followed by a hydraulic jump and a long pool. The
chutes and pools moved upstream at velocities of about 0.3 to 0.6 m (1 to 2 ft) per minute.
The elevation of the sandbed varied within wide limits. Resistance to flow was large with
Manning's n of 0.018 to 0.035.

3.3.9 Regime of Flow, Bed Configuration, and Froude Number

The change from lower to upper regime flow or the reverse (that is a change from dune bed
to a plane bed or plane bed to a dune bed) is not related to the Froude number. However,
standing wave and antidune bed configuration in the upper flow regime only occurs with a
Froude number greater than 1.0 (Fr > 1.0), and ripples and dunes only occur in the lower
flow regime at a Froude number less than 1.0 (Fr < 1.0) (Vanoni 1977).

The misconception that the lower flow regime shifts to the upper flow regime at a Froude
number of 1.0 (Fr = 1.0) results from studies made in small flumes where the depth is
shallow and large velocities are needed in order to shift from a dune bed to a plane bed. In
larger flumes and in rivers the shift occurs at Froude numbers as low as 0.2 (Simons and
Richardson 1966, Richardson and Simons 1967, Nordine 1964, Richardson 1965, Dawdy
1961). Figure 3.8 illustrates the relation between flow depth, Froude number and regimes of
flow and Figure 3.9 conceptualizes the crossover from lower to upper flow regime in natural
rivers.

3.3.10 Bars

In natural channels, some other bed configurations are also found. These bed configurations
are generally called bars and are related to the plan form geometry and the width of the
channel (Figure 5.14).

Bars are bed forms having lengths of the same order as the channel width or greater and
heights comparable to the mean depth of the generating flow. Several different types of bars
are observed. They are classified as:

(1) Point Bars which occur adjacent to the inside banks of channel bends. Their shape

may vary with changing flow conditions and motion of bed particles but they do not
move relative to the bends;
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(2) Alternate Bars which occur in somewhat straighter reaches of channels and tend to be
distributed periodically along the reach, with consecutive bars on opposite sides of the
channel. Their lateral extent is significantly less than the channel width. Alternate bars
move slowly downstream;

(3) Transverse Bars which also occur in straight channels. They occupy nearly the full
channel width. They occur both as isolated and as periodic forms along a channel, and
move slowly downstream; and

(4) Tributary Bars which occur immediately downstream from points of lateral inflow into a
channel.

In longitudinal section, bars are approximately triangular, with very long gentle upstream
slopes and short downstream slopes that are approximately the same as the angle of
repose. Bars appear as small barren islands during low flows. Portions of the upstream
slopes of bars are often covered with ripples or dunes.

3.4 RESISTANCE TO FLOW IN ALLUVIAL CHANNELS

Resistance to flow in alluvial channels is complicated by the large number of variables and
by the interdependency of these variables. It is difficult, especially in field studies, to tell
which variables are governing the flow and which variables are the result of this flow.

The slope of the energy grade line for an alluvial stream illustrates the changing role of a
variable. If a stream is in equilibrium with its environment, slope is an independent variable.
In such a stream, the average slope over a period of years has adjusted so that the flow is
capable of transporting only the amount of sediment supplied at the upper end of the stream
and by the tributaries. If for some reason a larger or smaller quantity of sediment is supplied
to the stream than the stream is capable of transporting, the slope would change and would
be dependent on the amount of sediment supplied until a new equilibrium is reached.

In the following sections the variables affecting resistance to flow are discussed. The effects
produced by different variables change under different conditions. These changing effects
are discussed along with approximations to simplify the analysis of alluvial channel flow.

The variables that describe alluvial channel flow are:

V = velocity

Yo = depth

S = slope of the energy grade line

p = density of water-sediment mixture

ps = density of sediment

u = apparent dynamic viscosity of the water-sediment mixture
g = (gravitational acceleration

Ds = representative fall diameter of the bed material
G = gradation coefficient of the bed material

S, = shape factor of the particles

Sk = shape factor of the reach of the stream

Sc = shape factor of the cross-section of the stream
fs = seepage force in the bed of the stream
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Cr = bed material concentration

C; = fine-material concentration

o = terminal fall velocity of the particles
1. = critical shear stress

In general, analysis of river problems is confined to flow of water over beds consisting of
quartz particles with constant ps. The gravitational acceleration g is also constant in the
present context. The effect of other variables on the flow in alluvial channels is qualitatively
discussed in the following sections. Most of this presentation is based on laboratory studies
which have been supplemented by data from field experience when available.

3.4.1 Depth

With a constant slope, S;, and bed material, D, an increase in depth, y,, can change a plane
bed (without movement) to ripples, and ripple-bed configuration to dunes, and a dune bed to
a plane bed or antidunes. Also, a decrease in depth may cause plane bed or antidunes to
change to a dune-bed configuration. A typical break in a depth-discharge relation caused by
a change in bed form from dunes to plane bed or from plane bed to dunes is shown in Figure
3.10.

Often there is a gradual change in bed form and a gradual reduction in resistance to flow and
this type of change prevents the break in the stage-discharge relation. Nevertheless, it is
possible to experience a large increase in discharge with little or no change in stage. For this
and related reasons, development of dependable stage-discharge relations in alluvial
channels is very difficult.

Resistance to flow varies with depth even when the bed configurations do not change. When
the bed configuration is plane bed, either with or without sediment movement or ripples,
there is a decrease in resistance to flow with an increase in depth. This is a relative
roughness effect.

Figure 3.10. Relation of depth to discharge for Elkhorn River near Waterloo, Nebraska
(after Beckman and Furness 1962).
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When the bed configuration is dunes, field and laboratory studies indicate that resistance to
flow may increase or decrease with an increase in depth, depending on the size of bed
material and magnitude of the depth. Additional studies are needed to define the variation of
resistance to flow for flow over dune beds.

When the bed configuration is antidunes, resistance to flow increases with an increase in
depth to some maximum value, then decreases as depth is increased further. This increase
or decrease in flow resistance is directly related to changes in length, amplitude, and activity
of the antidunes as depth is increased.

3.4.2 Slope

The slope, Sy, is an important factor in determining the bed configuration which will exist for a
given discharge. The slope provides the downstream component of the fluid weight, which in
turn determines the fluid velocity and stream power. The relation between stream power,
velocity and bed configuration has been illustrated in Figure 3.7.

Even when bed configurations do not change, resistance to flow is affected by a change in
slope. For example, with shallow depths and the ripple-bed configuration, resistance to flow
increases with an increase in slope. With the dune-bed configuration, an increase in slope
increases resistance to flow for bed materials having fall velocities greater than 0.06 m/s
(0.20 ft/s). For those bed materials having fall velocities less than 0.06 m/s (0.20 ft/s), the
effect is uncertain.

3.4.3 Apparent Viscosity and Density
The effect of fine sediment (bentonite) on the apparent kinematic viscosity of the mixture is

shown in Figure 3.11. The magnitude of the effect of fine sediment on viscosity is large and
depends on the chemical make up of the fine sediment.

Figure 3.11. Apparent kinematic viscosity of water-bentonite dispersions
(Simons and Richardson 1966).
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In addition to increasing the viscosity, fine sediment suspended in water increases the mass
density of the mixture (p) and, consequently, the specific weight (y). The specific weight of a
sediment-water mixture is computed from the relation,

= Yw s (3.13)
Vs =Cs (Ys = Yw)
where:
Y = Specific weight of the water [9810 N/m?® (62.4 Ib per cu ft)]
vs = Specific weight of the sediment [about 26,000 N/m?® (165.4 Ib per cu ft)]
Cs = Concentration by weight (in fraction form) of the suspended sediment

A sediment-water mixture, where Cs = 10 percent, has a specific weight (y) of about 10,460
N/m? (66.5 Ib per cu ft). It is clear any change in vy affects the boundary shear stress and the
stream power.

Changes in the fall velocity of a particle caused by changes in the viscosity and the fluid
density resulting from the presence of suspended bentonite clay in the water are shown in
Figure 3.12a. For comparative purposes, the effect of temperature on the fall velocity of two
sands in clear water is shown in Figure 3.12b.

Figure 3.12. Variation of fall velocity of several sand mixtures with percent bentonite and
temperature (Simons and Richardson 1966).

3.4.4 Size of Bed Material

The effects of the physical size of the bed material, Ds, on resistance to flow are: (1) its
influence on the fall velocity, ®, which is a measure of the interaction of the fluid and the
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particle in the formation of the bed configurations; (2) its effect on grain roughness, Kg; and
(3) its effect on the turbulent structure and the velocity field of the flow.

The physical size of the bed material, as measured by the fall diameter or by sieve diameter,
is a primary factor in determining fall velocity. Use of the fall diameter instead of the sieve
diameter is advantageous because the shape factor and density of the particle can be
eliminated as variables. That is, if only the fall diameter is known, the fall velocity of the
particle in any fluid at any temperature can be computed; whereas, to do the same
computation when the sieve diameter is known, knowledge of the shape factor and density of
the particle are also required.

The physical size of the bed material determines the friction factor mainly for the plane-bed
condition and for antidunes when they are not actively breaking. The breaking of the waves,
which increases with a decrease in the fall velocity of the bed material, causes additional
dissipation of energy.

The physical size of the bed material for a dune-bed configuration also has an effect on
resistance to flow. The flow of fluid over the back of dunes is affected by grain roughness,
although the dissipation of energy by the form roughness is the major factor. The form of the
dunes is also related to the fall velocity of the bed material.

3.4.5 Size Gradation

The gradation, G, of sizes of the bed material affects bed form and resistance to flow. Flume
experiments indicate that uniform sands (sands of practically the same size) have larger
resistance to flow (except plane bed) than graded sands for the various bed forms. Also the
transition from upper flow regime to lower flow regime occurs over a narrower range of shear
values for the uniform sand. For a plane bed with motion, resistance to flow is about the
same for both uniform or graded sand.

3.4.6 Fall Velocity

Fall velocity, o, is the primary variable that determines the interaction between the bed
material and the fluid. For a given depth, and slope, the fall velocity determines the bed form
that will occur, the actual dimensions of the bed form and, except for the contribution of the
grain roughness, the resistance to flow.

Observations of natural streams have shown that the bed configuration and resistance to
flow change with changes in fall velocity when the discharge and bed material are constant.
For example, the Loup River near Dunning, Nebraska has bed roughness in the form of
dunes in the summer when the water is warm and less viscous but has a nearly plane bed
during the cold winter months. Similarly, two sets of data collected by Harms and
Fahnestock (1965) on a stable branch of the Rio Grande at similar discharges show that
when the water was cold, the bed of the stream was plane, the resistance to flow was small,
the depth was relatively shallow, and the velocity was large; but when the water was warm,
the bed roughness was dunes, the resistance to flow was large, the depth was large, and the
velocity was low.
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3.4.7 Shape Factor for the Reach and Cross-Section

The configuration of the reach, Sg, and the shape of the cross-section, S, affect the energy
losses resulting from the nonuniformity of the flow in a natural stream caused by the bends
and the nonuniformity of the banks. Study of these losses in natural channels has long been
neglected. Also, flow phenomena, bed configuration, and resistance to flow vary with the
width of the stream. In narrow channels dunes and antidunes vary mainly in the downstream
direction and resistance to flow is larger than for a wide channel. Also, in wide channels
more than one bed form can occur in the cross-section.

3.4.8 Seepage Force

A seepage force, fs, occurs whenever there is inflow or outflow through the bed and banks of
a channel in permeable alluvium. The seepage flow affects the alluvial channel phenomena
by altering the velocity field in the vicinity of the bed particles and by changing the effective
weight of the bed particles. Seepage may have a significant effect on bed configuration and
resistance to flow. If there is inflow, the seepage force acts to reduce the effective weight of
the sand and, consequently, the stability of the bed material. If there is outflow, the seepage
force acts in the direction of gravity and increases the effective weight of the sand and the
stability of the bed material. As a direct result of changing the effective weight, the seepage
forces can influence the form of bed roughness and the resistance to flow for a given channel
flow. For example, under shallow flow a bed material with median diameter of 0.5 mm will be
molded into the following forms as shear stress is increased: dunes, transition, plane bed,
and antidunes. If this same material was subjected to a seepage force that reduced its
effective weight to a value consistent with that of medium sand (median diameter, Ds = 0.3
mm), the forms of bed roughness would be transition, plane bed, and antidunes for the same
range of flow conditions.

A common condition is outflow from the channel during the rising stage; this process
increases the stability of the bed and bank material but stores water in the banks. During the
falling stage, the situation is reversed; inflow to the channel reduces the effective weight and
stability of the bed and bank material and influences the form of bed roughness and the
resistance to flow.

3.4.9 Bed Material Concentration

The bed material concentration, Cy, affects the fluid properties by increasing the apparent
viscosity and the density of the water-sediment mixture. However, the effect of the sediment
on viscosity u and the density p in any resistance to flow relation is accounted for by using
their values for the water-sediment mixture instead of their values for pure water. The
presence of sediment in the flow causes a small change in the turbulence characteristics,
velocity distribution and resistance to flow.

3.4.10 Fine-Material Concentration
Fine-material concentration, ¢;, or washload is that part of the total sediment discharge that is

not found in appreciable quantities on the bed. If significant amounts of sediment is in
suspension, its effect on the viscosity of the water-sediment mixture should be taken into
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account. The effect of fine sediment on resistance to flow is a result of its effect on the
apparent viscosity and the density of the water-sediment mixture. Generally, the fine
sediment is uniformly distributed in the stream cross-section. The method of defining and
treating the fine-material load computations is discussed in Chapter 4.

3.4.11 Bedform Predictor and Manning's n Values for Sand-Bed Streams

In Figure 3.13, the relation between stream power, median fall diameter of bed material, and
form roughness is shown. This relation gives an indication of the form of bed roughness one
can anticipate if the stream power and fall diameter of bed material are known. Flume data
were utilized to establish the boundaries separating plane bed without sediment movement
and ripples, and ripples and dunes for bed material with Dsy finer than 0.64 mm, and plane
bed without sediment movement and dunes for Dg, coarser than 0.64 mm. The lines dividing
dunes and transition and dividing transition and upper regime are based on flume data and
the following field data: (1) Elkhorn River, near Waterloo, Nebraska (Beckman and Furness
1962); (2) Rio Grande, 32 km (20 mi) above El Paso, Texas; (3) Middle Loup River at
Dunning, Nebraska (Hubbell and Matejka 1959); (4) Rio Grande at Cochiti, near Bernalillo
and at Angostura heading, N. Mexico (Culbertson and Dawdy 1964); and (5) Punjab canal
data upper regime flows that have been observed in large irrigation canals that have fine
sandbeds.

Figure 3.13. Relation between stream power, median fall diameter, and bed configuration
and Manning's n values.

Observations by the authors on natural sandbed streams with bed material having a median
diameter ranging from 0.1 mm to 0.4 mm indicate that the bed planes out and resistance to
flow decreases whenever high flow occurs. Manning's n changes from values as large as
0.040 at low flow to as small as 0.012 at high flow. An example is given in Figure 3.14.
These observations are substantiated by Dawdy (1961), Colby (1960), U.S. Army Corps of
Engineers (1968) and Beckman and Furness (1962).
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Figure 3.14. Change in Manning's n with discharge for Padma River in Bangladesh.

3.4.12 How Bedform Changes Affect Highways in the River Environment

At high flows, most sandbed channel streams shift from a dune bed to a transition or a plane
bed configuration. The resistance to flow is then decreased two to threefold. The
corresponding increase in velocity can increase scour around bridge piers, abutments, spur
dikes or banks and also increases the required size of riprap. On the other hand, the
decrease in stage resulting from the planing out of the bed will decrease the required
elevation of the bridge crossing, the height of embankments across the floodplain, the height
of any dikes, and the height of any channel control works that may be needed; and the
converse is also true.

Another effect of bed form on highway crossings is that with dunes on the bed there is a
fluctuating pattern of scour on the bed and around the piers, abutments, guide banks and
spurs. The average height of dunes is approximately 1/2 to 1/3 the average depth of flow
and the maximum height of a dune may approach the average depth of flow. If the depth of
flow is 3 m (10 ft), the maximum dune height may be of the order of 3 m (10 ft), and half of
this would be below the mean elevation of the bed. With the passage of this dune through a
bridge section, an increase of 1.5 m (5 ft) in the local scour would be anticipated when the
trough of the dune arrives at the bridge.

A very important effect of bed forms and bars is the change of flow direction in channels. At
low flow the bars can be residual and cause high velocity flow along or at a pier or abutment
or any of the other structures in the stream bed, causing deeper than anticipated scour. As
stated previously large discharges normally experience smaller resistance to flow in a
sandbed stream due to the change in bed form. However, if the bridge crossing or
encroachment causes appreciable backwater, the dune bed may not plane out at large
discharges and a higher resistance to flow results. This increase in resistance to flow can
decrease the velocity of flow and also decrease the transport capacity of the channel so that
aggradation occurs upstream of the crossing. The aggradation and the roughness increases
the river stage and thus the height of any control structure or the levees. Thus, the bridge
crossing can adversely affect the floodplain, due to the change in bed form that would occur.

3.28



With highways in the sandbed river environment, care must be taken in analyzing the
crossing in order to foresee possible changes that may occur in the bed form and what these
changes may do to the resistance coefficient, to sediment transport, and to the stability of the
reach and its structures.

3.4.13 Alluvial Processes and Resistance to Flow in Coarse Material Streams

The preceding discussion of alluvial channel flow is mainly related to sandbed channels; that
is, channels with noncohesive bed materials of size less than 2 mm. The analysis of
coarse-material channels is also pertinent to highway engineering. This classification
includes all channels with noncohesive bed materials coarser than 2 mm size.

The behavior of coarse material channels is somewhat different from sandbed channels.
The main distinction between the two channels lies in the spread of their bed material size
distribution. In sandbed channels, for example, the bed may consist of particles from 0.02 to
2 mm; i.e., a 100-fold size range. In coarse-material channels, even if the maximum size is
limited to cobbles (250 mm), the size range of particles may be 0.10 to 250 mm, which is a
2,500-fold size range. In general, coarse-material channels are less active and have slower
rates of bank shifting than sandbed channels. However, the tendency for channel armoring is
more pronounced in coarse material channels as discussed next.

Armoring. The phenomenon of armoring in mobile bed channels occurs by the
rearrangement of bed material during movement. The bed is covered by a one particle thick
layer of the coarser material underlain by the finer sizes. The absence of finer sizes from the
surface layer is caused by the winnowing away of these sizes by the flow. As the spread of
particle sizes available in the bed of coarse-material channels is large, these channels can
armor their beds and behave as rigid boundary channels for all except the highest flows.
The bed and bank forming activity in these channels is therefore limited to much smaller
intervals of the annual hydrographs than the sandbed channels.

The general lack of mobility in coarse material channels also means the bed forms do not
change as much or as rapidly as in sandbed channels. The roughness coefficients in coarse
material channels are therefore more consistent during the annual hydrographs than in
sandbed channels. Most of the resistance to flow in coarse material channels comes from
the grain roughness and from bars. The river bed forms (dunes) are less important in the
hydraulic behavior of coarse bed channels.

Sampling. The purpose of bed material sampling in coarse-material channels is: (1) to
determine the conditions of incipient movement; (2) to assess the bed roughness related to
the resistance to flow; (3) to determine the bed material load for a given flow; and (4) to
determine the long and short time response of the channel to specific activities. For
objectives (1) to (3), the properties of the surface layer are needed. If it is anticipated that
the bed layer will be disrupted at any given stage, it is hecessary to take an adequate sample
of both the surface and subsurface material.

The surface sampling can be easily done on the channel bed by counting particles on a grid,
as explained earlier in this chapter. However, special effort should be made to obtain an
objective sample. There is a tendency to select too many large particles. The scoop sample
with bed material sizes larger than 25.4 mm (an inch) or so is difficult to obtain and such
samples may have to be collected from bars and other exposed areas on channel perimeter.
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In the size distribution analysis of coarse-bed materials, it is sometimes necessary to obtain
particle counts by number, rather than by sieving or visual accumulation tube analysis for a
part of the sample. Care must be taken in the interpretation of frequency distribution of part
of a sample obtained by sieving. Only if the size distribution in a sample follows log-normal
probability distribution can number counts be transferred to distributions by size, volume,
weight or surface areas directly. For other distributions, special numerical techniques have
to be used to transform the number distributions to weight or size distributions.

If the objectives of bed material sampling include bed roughness and channel response, then
the particles coarser than Dg, Or Doy need to be analyzed with more care. These sizes also
require large samples for their determination.

Resistance to Flow. In sandbed channels, the form roughness is the primary component of
channel roughness. Form roughness can be much greater than the grain roughness when
the bed forms are ripples and dunes. In coarse-material channels, the ripples never form
and dunes are rare. The main type of bed form roughness in such channels is the pool and
riffle configuration. With coarse material channels the grain roughness is the main
component of the channel roughness.

A coarse-material channel may have bed material that is only partly submerged during most
of the flows. It is difficult to determine the channel roughness for such beds. For other
cases, analysis of data from many rivers, canals and flumes (Anderson et al. 1968) shows
that the channel roughness can be predicted by various forms of Strickler's equation:

n=K,DY® (3.14)

V.T. Chow (1959) (3.15)

Ky =0.0417 (Dso in meters)
Ky =10.0342 (Dsp in feet)

Anderson et al. (1970) (3.16)

Ky =0.0482 (Dso in meters)
K, =0.0395 (Ds in feet)

Lane and Carlson (1955) (3.17)

K, =0.0473 (D75 in meters)
Ky =0.0388 (D in feet)
Ky =0.0256 (D5 ininches)

U.S. Army Corps of Engineers (1991) (3.18)

K, = 0.046 (Dgo in meters)
K, = 0.038 (Dgg in feet)

Equation 3.19 has been proposed by Limerinos (1970) and involves flow depth y, as a

parameter. Comparisons of several equations have been reported by Bray (1982) and
Simons and Senturk (1992).
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1/6
n=— KuYo (3.19)

1.16 + 2 log Yo

84

K,=0.113 (Yo and Dg, in meters)
Ky =0.0927 (y, and Dg, in feet)

An alternative approach, valid when R/Dg, > 10, is to evaluate the Darcy-Weisbach friction
factor, f, as a function of the hydraulic radius, R, with:

1 R 1/4
— =19 — (3.20)
Jf (D84J

1 R
—=2.0log (—]+1.1 (3.21)
\/? D84

Note: R and Dg, in same units (meters, feet)

Manning's n can then be calculated from the relationship between R and f :
n=K,RY®f (3.22)

K,=0.113 (R in meters)
Ky =0.0927 (R in feet)

This approach should not be applied to river reaches with active beds or significant sediment
transport.

Charlton et al. (1978) and Bray (1979) have proposed the guidelines in Table 3.3 to estimate
Dgo, Dgs, and Des, for gravel-bed material when size distribution curves cannot be obtained
from field data.

Table 3.3. Typical Sediment Size Distribution for Gravel-Bed Stream.
Ratio Mean Value Standard Deviation
Dgo/Dso 2.1 0.46
Dg4/Dso 1.9 0.36
Dés/Dso 1.3 0.08
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3.5 BEGINNING OF MOTION

3.5.1 Introduction

The initiation or ceasing of motion of sediment particles is involved in many geomorphic and
hydraulic problems including stream stability and scour at highway bridges, sediment
transport, erosion, slope stability, stable channel design, and design of riprap. These
problems can only be handled when the threshold of sediment motion is fully understood.

Beginning of motion can be related to either shear stress on the grains or the fluid velocity in
the vicinity of the grains. When the grains are at incipient motion, these values are called the
critical shear stress or critical velocity. The choice of shear stress or velocity depends on: (1)
which is easier to determine in the field; (2) the precision with which the critical value is
known or can be determined for the particle size; (3) the type of problem. In sediment
transport analysis most equations use critical shear stress. In stable channel design either
critical shear stress or critical velocity is used; whereas, in riprap design critical velocity is
generally used.

Equations for determining the shear stress on the bed of a stream are given in Chapter 2,
Section 2.4.5. The average shear stress on the boundary is given by 1, =y RS. Where vy is
the unit weight of water, R is the hydraulic radius and S is the slope of the energy grade line.
In wide channels (width equal to or greater than 10 times the depth) R =y, the depth. Other
relations give the shear stress in terms of the velocity of flow.

It may not be sufficient to determine the average value of the critical shear stress or velocity
because both quantities are fluctuating. For the same mean values, they may have larger
values that act for a sufficiently long enough time to cause a particle to move. In addition,
the forces on the particle resulting from the flowing water, waves, and seepage into or out of
the bed or banks affect the beginning of motion.

In this section, the following topics are discussed: theory of beginning of motion, Shields
experimental relationship and its modifications, equations to determine the relation between
flow variables (depth, velocity or discharge) and sediment size, tables giving observe values
between flow variables and sediment size, and figures for determining the flow or sediment
variables at beginning of motion.

3.5.2 Theoretical Considerations

When the force of the flowing water (as measured by the shear stress or velocity) is less than
some critical value, the bed material of a channel remains motionless. Then, the alluvial bed
can be considered as immobile. But when the shear stress or velocity over the bed attains or
exceeds its critical value, particle motion begins. In general, the observation of particle
movement is difficult in nature. The most dependable data available have resulted from
laboratory experiments.

The beginning of motion is difficult to define. This difficulty is a consequence of a
phenomenon that is random in time and space. When the shear stress is near its critical
value, it is possible to observe a few particles moving on the channel bottom. The time
history of the movement of a particle involves long rest periods. In fact, it is difficult to
conclude that particle motion has begun. Kramer (1935) and Buffington (1999) proposed
four levels of motion of bed material.
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1. None.

2. Weak movement: Only a few particles are in motion on the bed. The grains moving on
one square centimeter of the bed can be counted.

3. Medium movement: The grains of mean diameter begin to move. The motion is not local
in character but the bed continues to be plane.

4. General movement: All the mixture is in motion; the movement is occurring in all parts of
the bed at all times. It is sufficiently vigorous to change the bed configuration.

Whether or not a plane bed can exist with weak sediment motion is debated; though positive
evidence of its existence has been presented by Liu (1957) and Senturk (1969). Liu’'s
observations may have involved such shallow flow that the Froude number was larger than
1, which would indicate antidunes not ripples. Many researchers such as Kramer (1935),
Shields (1935), White (1940), Tison (1953), Simons and Richardson (1966), Gessler (1971),
Vanoni (1977), have studied the problem of initiation of motion. Buffington (1999) provides
an excellent review of Shields research. The studies involve both theory and
experimentation. The complexity of the problem explains the diversity of experimental
results. In reality, there is no truly critical condition for initiation of motion for which motion
begins suddenly as the condition is reached. Data available on critical shear stress are
based on arbitrary definitions of critical conditions and most definitions used have relied on
subjective visual observations. Also, no evidence has shown that the mean diameter
represents the composition of a mixture correctly. The engineer facing this dilemma of
dealing with beginning of motion in a mixture of sediment sizes should analyze the problem
very carefully. However, the equations presented in this section are theoretically sound and
have proven to give reliable results. This is true, even though there is a diversity in the
experimentally determined coefficients.

Water flowing over a bed of sediment exerts forces on the grains. These forces tend to
move or entrain the particles. The forces that resist the entraining action of the flowing water
differ depending upon the properties of bed material. For coarse sediments such as sands
and gravels, the resisting forces relate mainly to the weight of the particles, but also are a
function of shape of particle, its position relative to other particles, and the form of bed
roughness. For cohesive bed material (generally silts and clays), chemical bonding between
particles resists the beginning of motion.

When the hydrodynamic forces acting on a grain of sediment have reached a value that, if
increased even slightly the grain will move, critical or threshold conditions are said to have
been reached. Under critical conditions, the hydrodynamic forces acting upon a grain are
just balanced by the resisting force of the particle.

3.5.3 Theory of Beginning of Motion

The forces acting on an individual particle on the bed of an alluvial channel are:

1. Body force F4 due to the gravitational field,

2. External forces F, acting at the points of contact between the grain and its neighboring

grains, and
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3. Fluid force F; (lift and drag) acting on the surface of the grain. The fluid force varies with
the velocity field and with the properties of the fluid.

The relative magnitude of these forces determines whether the grain moves or not.

For the individual grain, the body force is:

F, =gp K, DS (3.23)
where:

Ps = Density of the grain

K, = Volumetric coefficient

D, = Grain diameter

K,D: = Volume of the grain

For convenience, the fluid forces acting on the grain are divided into three components:

D The form drag component Fp

Fo = CoKD2p(V?/2) (3.24)
(2) The viscous drag component Fy

F, =CcK,D?1 (3.25)
3) The buoyant force component Fg

F, = gpK, D? (3.26)

where:

Drag coefficient

K1y Coefficient associated with the area of the grain subjected to form drag and
shear (the term K,D? represents the cross-sectional area of the grain)

K, = Volumetric coefficient of the grain

Ds = Diameter of the grain

v = Velocity in the vicinity of the grain

C; = Coefficient of shear

T = Average viscous shear stress

The external forces F, depend on the values of the fluid and body forces Fz. Under
conditions of no flow, the fluid force is Ff= Fg. There is no form or viscous drag. Then the
external force Fis F, = Fy— Fg or

F, =(ps —p)gK, D? (3.27)
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That is, the external force is equal to the submerged weight of the grain.

The form drag can be written in terms of the shear velocity. For turbulent flow, the local
velocity, v is directly proportional to the shear velocity V+. Then, Equation 3.24 reduces to:

Fy, ~pDZV? (3.28)

The viscous drag is also related to the shear velocity, but it is the shear velocity for laminar
flow. For laminar flow:

T= uj—; (3.29)

Again, by replacing V with Vs and y with Dswe can write

T=uV./Dg (3.30)
With this expression for viscous shear, the shear force F, becomes

F, ~uDg V. (3.31)

Now, consider the ratio of the form drag force Fp to the viscous shear force F,. According to
Equations 3.28 and 3.31:

F,  pD2V?

F, uD, V.

or

F, D.V.

F—D~ 31) (3.32)

When the flow over the grain is turbulent, the form drag is predominant and the term DgV+/v
is large. When the flow over the grain is laminar the viscous shear force is predominant and
the term DgV+/v is small. Thus, the Reynolds’ number of particle DsV+/v is an indicator of the
characteristics of the flow in the vicinity of the grain.

As both the form drag and viscous shear are proportional to the shear velocity, the ratio of
the forces tending to move the grain to the forces resisting movement is:

Fo __pDIVE % (3.33)
F (ps_P)ng (Ys —7)Ds
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Recall that V+ = T/p. The relation between t./(ys - v) Ds and DsV+/v for the condition of
incipient motion has been determined experimentally by Shields and others. As the relation is
determined experimentally, the relation considers viscous effects. In functional form the
relation (called the Shields relation) is as follows:

Yo f(v*° DSJ (3.34)

(vs-7Ds [ v

3.5.4 Shields Diagram

Many experiments have been conducted to develop an explicit solution of the Shields
relation. The earliest one is the graphical presentation given by Shields (1935). The concept
of the Shields Diagram (Figure 3.15) is widely accepted and t./(ys - y) Ds (often referred to as
Shields parameter) is widely used to determine the shear stress at beginning of motion. For
example, Gessler (1971) gave Figure 3.16 for the relation given in Equation 3.34.
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Figure 3.15. Shields Diagram: dimensionless critical shear stress.
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Figure 3.16. Shields’ relation for beginning of motion (after Gessler 1971).

Most authors report that Shields determined this relationship (Figure 3.15) by measuring
bed-load transport for various values of t/(ys - y) Ds and then extrapolated to the point of
vanishing bed load. Simons and Senturk (1992) state the values of 1/(ys - y) Ds were at least
twice as large as the critical value. This indirect procedure was used to avoid the
implications of the random orientation of grains and variations in local flow conditions that
may result in grain movement even when t/(ys - y) Ds is considerably below the critical value.
However, Buffington (1999) discusses in great detail Shields' research and states the
following:

"Nevertheless, these two passages from Shield’s dissertation offer two definitions of incipient
motion (bed-load extrapolation for uniform sizes versus visual observation for mixed grains.
Because Shields neglected to explain which method he used and did not present sufficient
data to recreate his calculations, the matter of his experimental procedure remains open to
debate. However, throughout his dissertation he discussed his approach and results as
being representative of uniform grains (Shields 1936¢ pp. 11, 14, and 16), suggesting that he
employed bed-load extrapolation (the method he described for uniform sediment.”

The Shields Diagram (Figure 3.15) was divided into three regions by Simons and Senturk
(1992) as illustrated in the following.

Region 1: V.D,/v <3.63~5.0

In the region Ds < 30, where & = 11.6v/V+, and the boundary is considered hydraulically
smooth (9 is the thickness of the laminar boundary layer, Chapter 2). Shields estimated the
portion of the diagram for V«Ds/v < 2. He did not perform any experiments in that region.

According to Shields, when the value of

Te 0.1 (3.35)

(vs —7)Ds )

then (approximately)
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V.D,
A%

=1.00

Region 2: 3.63~5.0<V.D,/v<68.0~70.0
In this region, the boundary is in a transitional state and 6/3 < Ds < 6 8. For this region:

Ko 1 KV

S 116 v

(3.36)

The Shields Diagram has a form similar to Darcy-Weisbach's resistance coefficient f versus
Reynolds number R.. Also, it is similar in form to the relation between the drag coefficient Cp
and the Reynolds number R, for cylindrical bodies and to the relation between Vk¢/v and B =
f (V+ks/v) proposed by Nikuradse (1933).

The minimum value of F+ = t./(}s - Y)Ds is 0.032 ~ 0.033 and the corresponding value of R+ =
V«Dg/v is about 10. If Dgis computed from these values of R+ and F+, it can be seen that Dg =
0.0006 m = 0.6 mm = 0.002 ft. For larger diameter particles, ripples do not form; dunes form
on the bed.

Region 3: V.D /v >70 to 500

In this region, the boundary is completely rough and F+ is independent of Reynolds number
R+ and is equal to

pV72

——=0.06 (3.37)
(vs =¥)Ds

The upper limit of R« in Region 3 is subject to discussion. Some researchers have given
values as high as 1,000 for R~. Considering F+, Meyer-Peter and Miller (1948) suggest a
value of 0.047 instead of 0.06.

Experimental values of the Shields parameter for sand size (0.062 mm to 1.0 mm) bed
material range from 0.030 to 0.047. For coarser bed material (gravels, cobbles and larger)
the experimentally determined Shield's parameter ranges from 0.020 to 0.10. An average
value of 0.039 is a good compromise for all sizes (Fiuzat and Richardson 1983, Ruff et al.,
1985, 1987).

It is suggested by Simons (Simons and Senturk 1992) that collecting data on initiation of
particle motion under field conditions permits selection of a more precise value for the
particular channel. However, identifying initiation of particle sizes by utilizing observed
values or by trapping particles in motion over a range of discharges is extremely difficult. It
must be done with considerable care and with knowledge of channel geometry and hydraulic
conditions at the cross section and upstream of the selected cross section. This is
particularly true for gravel- and cobble-bed streams.

3.38



The variation of the critical shear stress for beginning of motion as a function of sediment
size given by various investigators is shown in Figure 3.17 (Chien 1954). The spread of the
representative curves shows the diversity of experimental and theoretical results.
Nevertheless, equations, tables and figures given in this section provide useful tools for
determining beginning of motion for sediment particles and the design of riprap.
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Figure 3.17. Comparison of critical shear stress as a function of grain diameter
(after Chien 1954).

3.5.5 Equations for Flow and Sediment Variables for Beginning of Motion

Particles start to move in steady, uniform flow when the shear stress applied by the flow
equals the resistance to movement of the particles. A useful relation can be developed
between the flow velocity, depth, and resistance and bed material size by equating the
applied shear stress to a resistance to motion shear stress. In equation form it is as follows:



Ty =71 (3.38)
0 c

T, = Average bed shear stress, N/m?, Ib/ft?
Critical bed shear stress at incipient motion, N/m?, Ib/ft?

A
o
1

The average bed shear stress applied by the steady uniform flow, derived in Chapter 2, is as
follows:

T, = YRS, (3.39)

Using y for the hydraulic radius (R) and the Manning equation to determine the slope (Sy)
The average shear stress can be expressed as follows:

_pgn®V?

To =p9yS; = le (Sh (3.40)
_ pgn?®V? ,
0 = W (English) (3.41)

For noncohesive bed materials, the Shields relation (Vanoni 1975) can be used to determine
the relation between the critical shear stress and bed material size for beginning of bed
material movement. The relation is as follows:

7. =Ks(ps —p)9 D (3.42)

At the beginning of sediment movement the applied shear stress is equal to the critical shear
stress as given in Equation 3.36 (1o = 1) resulting in the following:

n?v?
pgyT =K, (ps —p)aD, (sh (3.43)
2 2
pgn-Vv .
———=K - D English 3.44
222 y1/3 S(pS p)g S ( g ) ( )
where:
y = Average depth of flow, m, ft
St = Slope of the energy grade line, m/m, ft/ft
V = Average velocity, m/s, ft/s
Ds = Diameter of smallest non transportable bed material particle, m, ft
y = Unitweight of water (9,800 N/m*®, 62.4 Ib/ft®)
n = Manning's roughness coefficient
Ks = Shield's coefficient
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Ss = Specific gravity (2.65 for quartz)

p = Density of water (999 kg/m°, 1.94 slugs/ ft%)

ps = Density of sediment (quartz 2,647 Kg/m®, 165.4 Ib/ft®)
g = Acceleration of gravity (9.81 m/s?, 32.2 ft/s?)

The relationships in Equations 3.43 and 3.44 are the fundamental relations between velocity,
depth, resistance to flow (Manning's n), density and a coefficient determined experimentally
for the beginning of movement of the sediment particles. This coefficient is called the
Shields coefficient. The equation can be solved for the following:

1. Critical velocity for beginning of sediment movement for a given depth, roughness,
Shields coefficient, and bed material size and density.

2. Critical size for a given velocity, depth, roughness, Shields coefficient, and bed material
density.

3. Clear-water scour depth for a given velocity, roughness, Shields coefficient, and bed
material size and density. This depth is the contraction scour depth at the end of a long
contraction.

Critical Velocity for the Beginning of Bed Material Movement. Rearranging Equations 3.43
and 3.44 to give the critical velocity for beginning of motion of bed material of size D for
depth y, Shield's parameter, and Manning's n results in:

_ Ki/Z (Ss _1)1/2 D]S./Z y1/6

V., - (sh (3.45)
1/2 _1\l/2 1/2 1/6
v, 149K " (S =D "Dy (English) (3.46)
n
n=K,, DY° (3.47)
Kn = 0.041 (sh
K = 0.0336 (English)
V, =K, DY? y"® (3.48)
1/2 _\Y2
K, =—KS (Ss ~1) (sh (3.49)
Knu
1/2 /2
K, = 149 K. “ (S4 -1 (English)
Knu
where:
V. = Critical velocity above which bed material of size D and smaller will be
transported, m/s, ft/s
Ks = Shields parameter
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specific gravity of the bed material
Size of bed material, m, ft

Depth of flow, m, ft

Manning's roughness coefficient

S< OWwm
» v

The following values for K, in Equation 3.48 can be obtained:

Metric (SI) Units (m)

Using Ks = 0.039, S = 2.65, K,, = 0.041
Ky, =6.19

English Units (ft)

Using Ks = 0.039, S = 2.65, K,, = 0.0336
K,=11.25
Critical Size for the Beginning of Bed Material Movement. Rearranging Equation 3.48 to give

the critical bed material size Ds for beginning of motion for velocity V, depth y, Shield's
parameter and Manning's n results in:

K, V3
D, = ;1/2 (3.50)
K =—T _=00042 (SN
Y6198
K =—> _-0.0007 (English)
Y 11.25%

Depth of Flow For No Bed Material Movement as a function of V_and D. Equation 3.48 can
be solved, for the depth y for no bed material movement for a given velocity, specific density,
size of bed material, Shields parameter and bed roughness. This equation is useful to
determine clear water-scour at a contraction. This is particularly true if the velocity is
converted to discharge using the continuity equation.

Ve K, Ve
= = 3.51
K,, =1.78x10°° (SI)
Ky, =4.94x107 (English)
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Depth of Flow for No Bed Material Movement as Function of Q and D. The velocity V in

Equation 3.51 can be replaced with the discharge Q using the continuity equation (Q =Wy
V). From continuity V = Q/(W y) The relation between y, Q and D for the condition of no bed
material transport is very useful in determining clear-water contraction scour as explained in

Chapter 7.

Replacing V with Q in Equation 3.51 to determine the depth (y) when there is no bed material
movement of size D, gives the following equation:

B Q6/7
y =Ky D2/7 W87
K, =K}/ =0.210

K, =K}, =0.126

(S

(English)

3.5.6 Tables for Determining Critical Velocities

(3.52)

Table 3.4 gives the permissible velocity recommended by Fortier and Scobey (1926). for
channels at small slope for bed material ranging from fine sand to cobbles. Table 3.5 gives
non-scour velocities for noncohesive and compact cohesive soils suggested by Keown et al.
(1977) for bed material ranging from loess soils to boulders.

Table 3.4. Maximum Permissible Velocities Proposed by Fortier and Scobey (1926).

Mean velocity, after aging of canals [y < 0.9 m (3 ft)]

Water transporting
Original noncolloidal silts,
Material excavated for Clear water, no Water transporting sands, gravels or rock
canals n detritus colloidal silt fragments
ft/sec M/sec ft/sec m/sec ft/sec m/sec
Fine sand (colloidal) 0.02 1.50 0.46 2.50 0.76 1.50 0.46
Sandy loam (noncolloidal) 0.02 1.75 0.53 2.50 0.76 2.00 0.61
Silt loam (noncolloidal) 0.02 2.00 0.61 3.00 0.91 2.00 0.61
Alluvial silt
(noncolloidal) 0.02 2.00 0.61 3.50 1.07 2.00 0.61
Ordinary firm loam 0.02 2.50 0.76 3.50 1.07 2.25 0.69
Volcanic ash 0.02 2.50 0.76 3.50 1.07 2.00 0.61
Fine gravel 0.02 2.50 0.76 5.00 1.52 3.75 1.14
Stiff clay 0.025 3.75 1.14 5.00 1.52 3.00 0.91
Graded loam to
Cobbles (noncolloidal) 0.03 3.75 1.14 5.00 1.52 5.00 1.52
Alluvial silt (colloidal) 0.025 3.75 1.14 5.00 1.52 3.00 0.91
Graded, silt to cobbles
(colloidal) 0.03 4.00 1.22 5.50 1.68 5.00 1.52
Coarse gravel
(noncolloidal) 0.025 4.00 1.22 6.00 1.83 6.50 1.98
Cobbles and shingles 0.035 5.00 1.52 5.50 1.68 6.50 1.98
Shales and hard pans 0.025 6.00 1.83 6.00 1.83 5.00 1.52
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Table 3.5. Nonscour Velocities for Soils (Modified from a report by Keown et al. 1977).

Approximate Nonscour Velocities

Kind of Soil Grain Dimensions (feet per second)
(mm) | (f) Mean Depth
1.3ft | 33ft | 66ft | 98ft
For Noncohesive Soils
Boulders >256 >0.840 15.1 16.7 19.0 20.3
Large cobbles 256-128 0.840-0.420 11.8 13.4 15.4 16.4
Small cobbles 128-64 0.420-0.210 7.5 8.9 10.2 11.2
Very coarse gravel 64-32 0.210-0.105 5.2 6.2 7.2 8.2
Coarse gravel 32-16 0.105-0.0525 4.1 4.7 5.4 6.1
Medium gravel 16-8.0 0.0525-0.0262 3.3 3.7 4.1 4.6
Fine gravel 8.0-4.0 0.0262-0.0131 2.6 3.0 3.3 3.8
Very fine gravel 4.0-2.0 0.0131-0.00656 2.2 2.5 2.8 3.1
Very coarse sand 2.0-1.0 0.00656-0.00328 1.8 2.1 2.4 2.7
Coarse sand 1.0-0.50 0.00328-0.00164 15 1.8 2.1 2.3
Medium sand 0.50-0.25 0.00164-0.000820 1.2 1.5 1.8 2.0
Fine sand 0.25-0.125 0.000820-0.000410 .98 1.3 1.6 1.8
For Compact Cohesive Soils
Sandy loam (heavy) 3.3 3.9 4.6 4.9
Sandy loam (light) 3.1 3.9 4.6 4.9
Loess soils in the 2.6 3.3 3.9 4.3
Conditions of finished
Settlement

3.5.7 Figures for Determining Critical Shear Stress or Velocity

Figure 3.18 shows the relationship between critical shear stress and mean diameter as

determined and/or recommended by different investigators for different soil types.

The

difference between investigators is possibly due to the effects of cohesion, when present,

causing the particles to aggregate and not act as individual particles.

Figure 3.18. Critical shear stress as a function of grain diameter (after Lane 1953).

3.44




Figure 3.19 gives the relationship between maximum allowable velocity (critical velocity)
against stone or minimum stone size that can sustain hydraulic forces without motion.

Figure 3.19. Critical velocity as a function of stone size.

3.5.8 Summary

Equations 3.45 and 3.46 determine critical velocity. These equations can be used to
determine the critical size, and critical depth for the beginning of bed material movement
based on the Manning equation, specific gravity of the bed material and Shield’s parameter
in metric and English units, respectively. They are for steady, uniform flow. In addition,
Equation 3.52 determines the depth of flow as a function of discharge in metric and English
units for these same conditions. To solve the equations Manning's n, specific gravity, and
Shield’s parameter must be determined as well as the other variables.

In these basic equations, reasonable values of Manning's n, specific gravity, and Shield’s
parameter are substituted to obtain equations for the dependent variables. These values are
(1) Shield's parameter K¢ = 0.039, (2) specific gravity Ss = 2 .65, and (3) Manning's n = 0.041
DY® for metric units and n = 0.0336 DY®for English units. The derivations are given in

sufficient detail that engineers can substitute other values for Ks, Ss, and Manning's n to fit
their specific data.

Note that the critical sediment size, D, is a function of V® and the critical depth, vy, is a
function of Véand Q%"
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3.6 SEDIMENT DISCHARGE MEASUREMENT

3.6.1 Introduction

In this section the basic terms and methods of measuring sediment discharge (sediment
load) are described. In Chapter 4, the theory, equations, and methods of computing bed
material transport are described.

3.6.2 Terminology

There are many terms that have developed over time to describe the many aspects of the
transport of sediment by water. Sediment transport is the time rate of a quantity of sediment
(by weight) moving past a cross-section of the stream. It is a discharge. Because it is
measured by weight (often as tons), discharge is often referred to as sediment load. Other
terms associated with sediment transport are suspended sediment discharge, bed load, bed
material load, bed material discharge, and wash load.

The many terms describing sediment transport result from using or misusing and mixing
terms that describe (1) the source of the sediment (bed material load and wash load), (2)
mode of particle movement (suspended bed material load and bed load) and (3)
measurement of sediment discharge (measured sediment discharge and unmeasured
sediment discharge). The terms are defined in Chapter 4, (Section 4.2) and illustrated in
Figure 3.20 from HEC-20 (Lagasse et al. 2001).

AV
—
7
——— / Sediment
) Concentration
Velocity / Profiles
Profile >
/ 7
v VA
WASH LOAD BED LOAD SUSPENDED BED

Composed of particles
finer than those found in
appreciable quantities in
the bed. Washload moves
in suspension and is
provided by bank and
watershed erosion.

Composed of particle
sizes found in the bed
that move by surface
creep, sliding, saltation
or rolling within the
boundary layer.

MATERIAL LOAD

Composed of
particles typically
found in the bed that
are transported in
suspension.

| BED MATERIAL LOAD |

| TOTAL SEDIMENT LOAD |
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3.6.3 Suspended Sediment Discharge Measurement

The measurement of the suspended sediment discharge of a stream requires the time
dependent measurement of the water discharge (discharge hydrograph) and velocity
weighted measurement of the concentration of sediment particles moving past the cross-
section. In equation form:

Q. =K,Q,C (3.53)
K, = 0.086 (SI)
Ky = 0.0027 (English)
where:
Qs = Suspended sediment discharge, metric or English tons per day
Qw = Water discharge, m®/s or cfs
C = Velocity-weighted mean concentration (by weight) of sediment, mg/I
k, = Coefficient to convertto metric or English tons per day

The determination of water discharge was described in Chapter 2. The measurement of
suspended-sediment discharge is described in detail in Techniques of Water-Resources
Investigations of the United States Geological Survey (Guy 1970, 1977; Guy and Norman
1970; and Porterfield 1977). The essence of the procedure is as follows.

1. Time dependent measurement of the water discharge (discharge hydrograph). Standard
stream gaging procedure described in Chapter 2.

2. Measure the velocity weighted mean suspended-sediment concentration of the flow.

3. Develop a time suspended-sediment concentration graph similar to the stage hydrograph
at a gaging station (suspended sediment hydrograph).

4. Determine the daily suspended-sediment discharge in English or metric tons per day,
using Equation 3.53.

3.6.4 Velocity Weighted Mean Suspended-Sediment Concentration

As illustrated in Figure 3.21 the velocity decreases with depth and the sediment
concentration increases with depth. Very fine sediment or coarser sediment in a very
turbulent stream may not decrease in concentration with depth (uniformly distributed).
Whereas, very coarse sediment, or finer sediment in placid flow may have a very large
increase in concentration with depth. In addition to the velocity and concentration varying
with depth, they vary across the stream. The Federal Government through the Interagency
Subcommittee on Sedimentation (U.S. Interagency Subcommittee 1940a,b, 1941a,b,c, 1943,
1948, and 1952; Vanoni 1977; Richardson 1994) developed samplers that take a velocity
averaged suspended-sediment concentration in the vertical to 0.09 m (0.3 ft) above the bed
(Figure 3.22). These samplers are used to take samples across the stream or to obtain a
coefficient to be applied to a sample at a single vertical to obtain the mean discharge
weighted concentration in the cross-section.
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Figure 3.21. Schematic sediment and velocity profiles.

Figure 3.22a. Suspended sediment sampler-D49 (Guy and Norman 1970, U.S.
Interagency 1952).
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Figure 3.22b. Suspended sediment sampler-DH48 (Guy and Norman 1973, U.S.
Interagency 1952).

3.6.5 Suspended Sediment Hydrograph

The measured suspended-sediment concentration is used to plot a concentration hydrograph
(Figure 3.23). Engineering judgment, the stage hydrograph and knowledge of the stream is
used in drawing the suspended-sediment hydrograph. The Techniques of Water-Resources
Investigations of the United States Geological Survey, Book 3, Chapters C3 (Porterfield
1977) Computation of Fluvial-Sediment Discharge describes methods to construct a
suspended-sediment hydrograph.

3.6.6 Determination of Daily Suspended-Sediment Discharge

Using the concentration hydrograph an average daily suspended-sediment concentration is
determined. Using this concentration and the average daily water discharge in Equation 3.53
the average daily suspended-sediment discharge is determined. However, If the
concentration and water discharge are changing rapidly during the day, as illustrated in
Figure 3.23, the day will have to be subdivided into short time increments. The suspended-
sediment discharge is determined for each time increment using Equation 3.53. Then, the
suspended-sediment discharge for each time increment for the day are converted to a
common time base, added up and divided by the number of common time increments to
obtain the average suspended-sediment discharge for the day.
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3.6.7 Total Sediment Discharge

The suspended-sediment discharge determination described above is the measured
sediment discharge. There is the unmeasured sediment discharge composed of the
sediment moving in contact with the bed (contact sediment discharge or load) and the
suspended sediment discharge that the sampler doesn’t sample. This unmeasured sediment
discharge can be as low as 10 percent of the total sediment discharge (or total load) to as
high as 50 percent or more of the total sediment discharge. The percent of the total sediment
discharge that is measured depends on the turbulence of the stream, bed material size, and
concentration of wash load. Streams with very large concentrations of wash load or very
large turbulence and fine bed material will have very low percent of unmeasured sediment
discharge.

In some stream reaches the turbulence is so large that the total sediment discharge is in
suspension and each size fraction of the total sediment discharge is uniformly distributed in
the vertical. Here, the suspended-sediment discharge is the total sediment discharge. Many
of these streams and in some cases streams where the turbulence was artificially created
were used by Colby et al. (1955, 1956, 1962) to develop the modified Einstein procedure to
determine the total sediment discharge of a stream as described in Chapter 4. Burkham and
Dawdy (1980) and others have further modified Colby's procedure.

As discussed in Chapter 4, the total sediment discharge has three classifications. These are:
1. By source: The bed material discharge and the wash load discharge (Figure 3.20).

2. By mode of transport: The suspended-sediment discharge and the bed (contact)
sediment discharge (Figure 3.20).

3. By measurement: The measured sediment discharge and the unmeasured sediment
discharge.

To determine the total sediment discharge various methods are used. Some of these are:

1. Where there is a suspended-sediment sampling program, the unmeasured sediment
discharge is determined using methods described in Chapter 4 and added to the
measured suspended-sediment discharge.

2. A suspended-sediment sampling program is established and the unmeasured sediment
discharge determined as in 1 above and added to the measured suspended-sediment
discharge.

3. The total sediment discharge is determined by the modified Einstein method described in
Chapter 4 for a range of discharges and a sediment rating curve developed. The curve
and a record of daily water discharge are used to determine daily and yearly total
sediment discharge.

4. Computer programs are used to determine the total bed material discharge. The wash

load discharge may be ignored or estimated from periodic suspended sediment
measurements.
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3.7 SOLVED PROBLEMS FOR ALLUVIAL CHANNEL FLOW (SI)

3.7.1 PROBLEM 1 Sediment Properties and Fall Velocities

Sand Bed Channel

The bed material size distribution of a sand bed channel is shown in Table 3.6.

Table 3.6. Sand Bed Material Size Distribution.
Size Range Percent of Total Weight
(mm) in Size Range
.002 - .0625 0.8
.0625 - .125 4.4
125 - .250 14.2
.250 - .500 74.9
.500 - 1.00 5.0
1.00 - 2.00 0.5
2.00 - 4.00 0.2

From the grain size analysis calculate the following statistics: the geometric mean of each
size range; effective diameter D,,; the Dy, Dso, Dgs, Do Sizes; the gradation coefficient; and the
fall velocity of each size range.

The geometric mean is calculated as the square root of the product of the end points of a given
size range.

For the first size range:
D; = [(0.002) (.0625)]“? = 0.011 mm.
Likewise for the remainder of the size ranges, the results are summarized in Table 3.7.

The effective diameter (D,,) of the sample distribution is calculated with the use of Equation
3.12 in Section 3.2.4.

_ anl P Dsi
Dm =700
D, > P,Ds_ (0.8)(0.011mm) + (4.4) (0.088mm) +....(0.2) (2.83mm)
mT o100 100
D, = % = 0.34 mm ; which lies in the sand size.
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Table 3.7. Sand Size Bed Material Properties.
Percent of
Geometric Bed Material Percent piDi
Size Range | Mean Size, D, in this Size Finer Fall Velocity
(mm) (mm) (p) (m/sec)
.002 - .0625 0.011 0.8 0.8 0.01 0.0001
.0625 - .125 0.088 4.4 5.2 0.39 0.0061
125 - .250 0.177 14.2 194 251 0.0183
.250 - .500 0.354 74.9 94.3 26.51 0.0457
.500 - 1.00 0.707 5.0 99.3 3.54 0.0884
1.00-2.00 141 0.5 99.8 0.71 0.198
2.00- 4.00 2.83 0.2 100.0 0.56 0.335
TOTAL 100 34.2

The fall velocity is determined with the use of Figure 3.1 at 60° F. For the geometric mean size
of the first size range D; = 0.011mm, ® = .0001 m/s, similarly D; = 0.707 mm, ®» = 0.0884 m/s
etc. The results are shown in Table 3.7.

The sand size distribution is plotted on log-probability paper in Figure 3.24 from which the
following values can be obtained:

Dso = 0.33 mm
Dis = 0.24 mm
Dgo 0.46 mm
Dg4 0.44 mm

10

w M o 0O

Diameter, mm

0.8
0.6
0.5
0.3 I

—
0.2 \

0.1 \ 0.1

100 90 80 70 60 50 40 30 20 10 0
Percent Finer

Figure 3.24. Bed material size distribution curves.
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Finally, the gradation coefficient G is calculated using Equation 3.9.

G—l %Jr% _1/0.33mm N 0.44mm
2/ Dis Dsp| 210.24mm 0.33mm
G =135

Gravel Bed Channel

A gravel bed stream channel was sampled and the grain size analysis yielded the following
results (Table 3.8):

Table 3.8. Gravel Bed Material Size Distribution.
Size Range Percent of Total Weight
(mm) in Size Range
125 -.250 0.1
.250 - .500 1.6
.500 - 1.00 1.7
1.00 - 2.00 6.3
2.00 - 4.00 31.8
4.00 - 8.00 58.5

From this size distribution calculate the following statistics: the geometric mean of each size
range; the effective diameter D,,; the fall velocity of each size range; the Dy, D1, Dso, Dgs, Doo
sizes; and the gradation coefficient.

The geometric mean size is calculated as the square root of the product of the end points of a
given size range. For the largest size range:

Di = [(4) 8)]*? = 5.66 mm.
Likewise the rest of the size ranges are calculated, with the results shown in Table 3.9.

The effective diameter of the sample distribution is calculated with Equation 3.12:

> p,Ds  (0.1)(0.277mm) +...(58.5) (5.66mm)

Dn="100 ~ 100
D. = 4319 _ 4.32 mm
100

The fall velocity is calculated with the use of Figure 3.1 at 60° F, for each geometric mean size.
For the largest geometric mean size: D; = 5.66 mm, o = 0.518 m/s. Likewise the rest of the
size ranges, the results are shown in Table 3.9.

The gravel bed material size distribution was plotted on log-probability paper (Figure 3.24) from
which the following values were obtained:
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Dig = 2.4 mm Dgs = 6.7 mm
Dso= 45mm Dg= 7.1 mm

The gradation coefficient is calculated by Equation 3.9:

G :l{%Jr%} _1 {4.5mm N 6.7mm}

2/ Dis Dso| 2[24mm 4.5mm
G = 1.67
Table 3.9. Gravel Bed Material Properties.
Percent of Bed
Geometric Material in this Percent

Size Range Mean Size, D; Size Finer piD;i Fall Velocity

(mm) (mm) () (m/s)
.125-0.250 0.177 0.1 0.1 0.018 0.018
.250 - 0.500 0.354 1.6 17 0.566 0.046
.500 - 1.00 0.707 17 3.4 1.20 0.088
1.00 - 2.00 141 6.3 9.7 8.88 0.198
2.00 - 4.00 2.83 31.8 415 90.0 0.335
4.00 - 8.00 5.66 58.5 100.0 331.1 0.518

TOTAL 100 431.9

Pebble Count

The b axis (Intermediate length) of 100 particles were randomly picked up and measured on
a line in and along the flow of the Cache la Poudre River. The sampling was done by
walking in a straight line and picking up and measuring the particle at the big toe at each
step. The b axis lengths in meters are; 0.046, .189, .146, .436, 137, .280, .207 .226, .128,
.256, .262, .067, .088, .195, .259, .216, .177, .055, .226, .113, .201, .098, .134, .082, .016,
.140, .210, .159, .028, .195, .104, .192, .155, .098, .177, .146, .034, .040, .018, .256, .171,
.146, .104, .226, .192, .049, .226, .015, .110, .128, .082, .180, .067, .037, .162, .195, .110,
.128, .232, .021, .046, .159, .226, .177, .235, .192, .122, .015, .082, .223, .195, .070, .040,
.265, .192, .113, .143, .113, .155, .110, .098, .119, .226, .073, .113, .174, .241, .012, .049,
192, .110, .082, .131, .043, .137, .171, .046, .131, .104, .192

Determine the Dsg, D4g, Dg4, Dgg, and G of the bed material.

First decide on discrete size groups and then determine the number of particles in each
group.

Size Range Class Percent
(m) No. Finer
0.305 - 0.436 1 100
0.244 - 0.305 6 94
0.198 - 0.244 14 80
0.152 - 0.198 24 56
0.091 - 0.152 27 29
0.030 - 0.091 20 9
0.012 - 0.030 8 1
TOTAL 100
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Plot on log-probability paper to determine Dsg, D16, Dga, Dgo, and G of the bed material (Figure
3.25).

Dso = 0.19m (190 mm)
Dis = 0.23m (120 mm)
Dgo = 0.28 m (280 mm)
Dgs = 0.26 m (260 mm)
D= 0.23m (230 mm)
Gzl %Jr% _1 0.19m N 0.26m _1.48
2| Dis  Dso 210.12m 0.19m
1000

800

600

500 'y

400

300 ﬁ\

T—e—
200 \*\

100 + \_

80
60 \
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20
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100 90 80 70 60 50 40 30 20 10 0

Percent Finer

Figure 3.25. Size distribution curve for pebble count (1,000 mm =1 m = 3.28 ft).

3.7.2 PROBLEM 2 Angle of Repose

Determine the angle of repose for well rounded riprap with a D3, of 1 ft = 305 mm. From
Figure 3.4 the angle of repose is 40°.
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3.7.3 PROBLEM 3 Resistance to Flow in Alluvial Channels

Manning's n in Sand Bed Streams

(a) Plane bed

Considering only the bed of the stream determine the following:

What is the range of Manning's n values for a plane bed sand channel stream?

Manning's n ranges from 0.010 to 0.013.

What is the Manning's n for a plane bed stream with a D5y 0f 0.32 mm.

Using the Strickler equation as an approximation:

n =0.0482 D"*with Din m n = 0.0482 (0.00032 m)*® = 0.013

(b) Antidune Flow

A sandbed channel is observed to have an undulating water surface, a discharge of 24.07
m°®/s, an average velocity of 1.06 m/s, a channel width of 32.00 m, and a bed slope of 0.003.
The stream bed has a Dsy of 0.35 mm. An estimate of the bed form and n-value of the channel

is desired.

Assuming the sieve diameter equals the fall diameter, and the bed slope equals the friction
slope. Determine the stream power.

Stream power equals Vyy, S, = (1.06) (9800) (24.07/32.00 x 1.06) (0.003) = 22.126 N/sec-m.
Figure 3.13 is in English units. Therefore convert velocity and stream power to English units.

V =1.06 x 3.281 = 3.48 ft/sec

N 0.225lb . 1m Ib
X X

Stream Power =22.126 =152
sec—N N 3.281ft sec—ft

Figure 3.13 for this stream power indicates that upper flow regime is expected. The bed
configuration should be antidunes with standing waves.

Based upon the bedform the n-value is estimated to be 0.013.

Manning's n in Gravel Bed Streams

Use the following gravel bed material size analysis to estimate the Manning's n-value of the
stream.

Dig= 1.8mm D= 4.0mm Dg = 4.9 mm
D5 = 3.1 mm Dgs = 4.4 mm
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Using Equations 3.15 through 3.22

n=0.0417 D% =0.0417(.0031)**" =0.016
n=0.0482 D% =0.0482(.0031)**" =0.018
n=0.0473 D" =0.0473(0.004)*" =0.019

n=0.046 D&% =0.046(0.0049)"" =0.019

(Assume y,=5.0ft=1.52m and R =,)

0.113 y-° 0.167
o A _ 0113(152) 2 oo
yo ] :
1.16 +2.0log| =% | 1.16+2.0log
[ o 0.0044

R 152 %
%:1.9 AT Y ~8.19
f Das 0.0044

2= 0.122

n=0.113 RY® f¥? = 0.113 (1.52)"° (0.122) = 0.015

R 1.52
%:2.0 log| — | +1.1=2.0log +1.1=6.18
f Ds, 0.0044

2= 0.162

n=0.113 RY® 2 = 0.113 (1.52)*®(0.162) =0.020

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

(3.22)

(3.21)

(3.22)

Based on the range of n-values indicated above a n-value of 0.018 is selected. Alternatively,
the maximum and minimum n value could be used and a decision made on the basis of the

velocity and discharge.

Manning's n in Cobble Bed Streams

What are the Manning's n values for a cobble bed stream with the following size distribution:

Dso = 0.19 m (190 mm)
Dis = 0.12 m (120 mm)
Dgo = 0.28 m (280 mm)
Dgs = 0.25 m (250 mm)
D5 = 0.23 m (230 mm)
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n=0.0417 D¥® with D, in meters n=0.0417(0.19 m)"® =0.032 (3.15)

n=0.0482 DY with Din meters n=0.0482(0.19 m)"® = 0.037 (3.16)
n =0.0473 D° with D, in meters n=0.0473(0.23 m)"® = 0.037 (3.17)
n =0.046 D with Dy, in meters n=0.046(0.28 m)"® =0.037 (3.18)

3.7.4 PROBLEM 4 Beginning of Motion
Bed Material Movement Using Shields Figure

To establish if the bed material of a channel is in motion the Shields' relationship can be
used. Recall that 1, =yRS and V+ = /1, /p

(@) For the following conditions determine if the bed material in a sand bed channel is in
motion.

R =122m

S = 0.00038 m/m
D5y = 0.31mm

Dy = 0.24mm

Dgy = 0.46mm

Dgs = 0.42mm

The shear stress on the bed, at a single vertical in the cross-section, is 9800 N/m® x 1.22 m x
0.00038 = 4.543 N/m®

To/(vs - 1) Ds = 4.543 / (25970-9800) 0.00031 = 0.91
V. Dg/v = (4.543/1000)* (0.00031)/1.31 x 10° = 15.95

This point plots above the incipient motion line in Shields (Figure 3.15) and indicates the bed of
the channel is in motion.

(b) For the gravel sized material with the same values of 1, = 4.543 N/m% Ds = 3.1 mm we
have:

To/(Ys - ¥) Ds = 4.543 /(25970-9800) (0.0031) = 0.091
V. D/ v= (4.543/1000)"? (0.0031)/1.31 x 10° = 159

This point plots above the incipient motion line in Shields (Figure 3.15) and indicates this
channel bed is in motion.
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Critical Velocity for Beginning of Bed Material Movement

(a) Sand Size Bed Material

Given depth y is 3.66 m and bed material size Ds is 0.31 mm, what is the critical velocity V.?
V, =6.19y"® D3 =6.19 x 3.66"° x 0.00031"%=0.52m/s

(b) Gravel Size Bed Material

Given depth y is 3.66 m and bed material size Dsq Is 3.1 mm, what is the critical velocity V.?
V. =6.19y"® DY =6.19 x 3.66"° x 0.0031"%=1.12m/s

(c) Cobble size Bed Material

Given depth y is 3.66 and bed material size Dsy is 128 mm, what is the critical velocity V.?
V. =6.19 y"® DY3 =6.19 x 3.66"° x 0.128"%=3.88m/s

Critical Size for Beginning of Bed Material Movement

Given depth y is 3.66 m and velocity V is 0.61 m/s, 1.22 m/s, 2.44 m/s, 3.66 m/s, and 4.88
m/s, respectively.

Determine the critical bed material size Dsq

V =0.61 m/s

~0.0042 V® (0.0042) 0.61°

D
c yl/2 3.661/2

=0.0005 m (0.50 mm)

V=122 m/s

b - 0.0042 Vv?  (0.0042) 1.22°

=0.00399 m (3.99 mm
c y1/2 3.661/2 ( )
V=244 m/s

o - 0:0042 V®  (0.0042) 2.44°
c 1/2 - 12
y 3.66

=0.0319 m (31.9 mm)

V =3.66 m/s

~0.0042 V® (0.0042) 3.66°

D — -
c y1/2 3.661/2

=0.108 m (108 mm)

3.60



V =4.88 m/s

~0.0042 V® _ (0.0042) 4.88°

D
c y1/2 3.661/2

=0.266 m (255 mm)

Critical Depth When the Bed Material Movement Would Stop

(a) Given velocity V of 0.61 m/s and bed material size Ds, of 0.305 mm, determine the
critical depth y for no bed material movement.

1.78 x107° V® (1.78 x107°) 0.61°
D? 0.0003052

=9.86 m

(b) Given velocity V of 0.61, 2.44, and 4.88 m/s and bed material size Dgo0f 152 mm,
determine the critical depth y when bed material movement would stop.

V =0.61 m/s

y= 1.78 x107° V® (1.78x107°) 0.61°

. . =0.00004 m
D 0.152

There would not be any bed material movement at this velocity.

V =2.44 m/s
-5 6 -5 6
_ 1.78 x 120 \Y _ (1.78x10 )22.44 _0.16m
D 0.152
V =4.88 m/s
-5 6 -5 6
_ 1.78 x10™° V _ (1.78x107°) 4.88 104 m

D2 0.1522

Would this depth occur? No. Why not? The coarser material would armor the bed.

3.8 SOLVED PROBLEMS FOR ALLUVIAL CHANNEL FLOW (ENGLISH)
3.8.1 PROBLEM 1 Sediment Properties and Fall Velocities

Generally, sediment sizes are given in mm for the English system. Therefore, the solution to
this problem is identical to the Sl solution in Section 3.7.1.
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3.8.2 PROBLEM 2 Angle of Repose
Determine the angle of repose for well rounded riprap with a D3 of 1 ft = 305 mm.

From Figure 3.4 the angle of repose is 40°.

3.8.3 PROBLEM 3 Resistance to Flow in Alluvial Channels
Manning's n in Sand Bed Streams
(a) Plane bed
Considering only the bed of the stream determine the following:
What is the range of Manning's n values for a plane bed sand channel stream?
Manning's n ranges from 0.010 to 0.013.
What is the Manning n for a plane bed stream with a Dso0f 0.32 mm.
Using the Strickler equation as an approximation:
n = 0.0395 D*® with D in ft. n = 0.0395 (0.0010 ft)¥® = 0.013
(b) Antidune Flow
A sandbed channel is observed to have an undulating water surface, a discharge of 850 cfs,
an average velocity of 3.48 ft/sec, a channel width of 105 ft, and a bed slope of 0.003. The
stream bed has a Dg, of 0.35 mm. An estimate of the bed form and n-value of the channel is

desired.

Assuming the sieve diameter equals the fall diameter, and the bed slope equals the friction
slope. Determine the stream power.

Stream power equals Vvyy, S, = (3.48) (62.4) (850/105 x 3.48) (0.003) = 1.53 Ib/sec-ft. Figure
3.13 for this stream power indicates that upper flow regime is expected. The bed configuration
should be antidunes with standing waves.

Based upon the bedform the n-value is estimated to be 0.013.

Manning's n in Gravel Bed Streams

Use the following gravel bed material size analysis to estimate the Manning's n value of the
stream.

Dig = 1.8 mm D = 4.0 mm Dgo = 4.9 mm
Do = 3.1 mm Dgy = 4.4 mm

Using Equations 3.15 through 3.22
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n=0.342 D¢’ =(0.0342) (0.0102)**" =0.016 (3.15)

n=0.395 D¥" =(0.0395) (0.0102)**" =0.018 (3.16)
n=0.388 D2 =(0.0388) (0.0131)**" =0.019 (3.17)
n=0.038 D,y’ =0.038 (0.0161)**" =0.019 (3.18)

(Assume y, = 5.0 ftand R = y,)

1/6 0.167
G 00927yg __0.0927 (5.0) - 0.019 (3.19)
Yo | 1.16+20 |og( : j
1.16 +2.0 Iog[DSJ 0.0144
0.25

1 _q9[ R joq9( 200 =8.20 (3.20)
f1/2 Dg, 0.0144
f2=0.122
n=0.0927 RY® f¥2 = 0.0927 (5.0)*° (0.122) =0.015 (3.22)
L o 20l0g| R |+1.1=2010g[—2>0 ]+1.1-6.18 (3.21)
f1/2 Dg4 0.0144
2 = 0.162
n=0.0927 RY® f¥? = 0.0927 (5.0)*° (0.162) = 0.020 (3.22)

Based on the range of n-values indicated above a n-value of 0.018 is selected. Alternatively,
the maximum and minimum n value could be used and a decision made based of the velocity
and discharge.

Manning's n in Cobble Bed Streams

What are the Manning's n values for a cobble bed stream with the following size distribution:
Dy = 0.39 ft (120 mm)

Dgo = 0.92 ft (280 mm)

Dss = 0.75 ft (230 mm)

n=_~0. wit in ft. n=0. . =0. .
0.342 D& with Dy, in f 0.0342 (0.62)"® =0.032 3.15

n=0.395 D¥® with D, in ft. n=0.0395 (0.62 ft)® =0.037 3.16
50 50
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n=0.388 DL° with D, in ft. n=0.0388 (0.75ft)"® =0.037 (3.17)

n=0.038 Dy° with D in ft. n=0.038 (0.92 ft)"'°® =0.037 (3.18)

3.8.4 PROBLEM 4 Beginning of Motion
Bed Material Movement Using Shields Figure

To establish if the bed material of a channel is in motion the Shields' relationship can be
used. Recall that 1, =yRS and V« = /1, /p .

(@) For the following conditions determine if the bed material in a sand bed channel is in
motion.

R =4.0ft

S = 0.00038 ft/ft

Dso = 0.31mm = 0.00102 ft
D1s = 0.24mm = 0.0008 ft
Dgo = 0.46mm = 0.0015 ft
Dgs = 0.42mm = 0.0014 ft

The shear stress on the bed, at a single vertical in the cross-section, is 62.4 Ib/ft2 x 4.0 ft x
0.00038 = 0.0948 Ib/ft?,

o/ (s - y) Ds = 0.095/ (165 - 62.4) (0.00102) = 0.92
Vs Dg/v = (0.095/1.94) (.001)/ 1.41 x 10®° = 15.69

This point plots above the incipient motion line in Shields (Figure 3.15) and indicates the bed of
the channel is in motion.

(b) For the gravel sized material with the same values of 1, = 0.095 Ib/ft>; D = 3.1 mm =
0.0102 ft we have:

To/(¥s - 7) Ds = 0.095/ (165 - 62.4) (0.0102) = 0.091
V. Dy v=(0.095/1.94)"2 (0.0102)/ 1.41 x 10”° = 160

This point plots above the incipient motion line in Shields (Figure 3.15) and indicates this
channel bed is in motion.

Critical Velocity for Beginning of Bed Material Movement
(a) Sand Size Bed Material

Given depth y is 12 ft and bed material size Dso is 0.31 mm = 0.00102 ft, what is the critical
velocity V.?
V, =11.25yY®DY® =11.25 x 12%° x 0.00102"2 =1.721t/s
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(b) Gravel Size Bed Material

Given depth y is 12 ft and bed material size Dsg Is 3.1 mm = 0.0102 ft, what is the critical
velocity V.?

V, =11.25y"® D3 =11.25 12"® x 0.0102"% =3.70 ft/s

(c) Cobble size Bed Material

Given depth y is 12 ft and bed material size Ds is 128 mm = 0.42 ft, what is the critical
velocity V.?

V, =11.25y"® D¥® =11.25 x 12%® x 0.42"3 =12.75 ft/s

Critical Size for Beginning of Bed Material Movement
Given depth y is 12 ft and velocity V is 2.0 ft/s, 4 ft/s, 8.0 ft/s, 12 ft/s, and 16 ft/s, respectively.
Determine the critical bed material size Dsq

VvV =20ft/s

_0.0007 \y* _ (0.0007) 2.0°
c = 1/2 - 1212

y

=0.00162 ft  (0.49 mm)

V =4.0ft/s

0.0007 \v* _ (0.0007) 4.0°

D. = ym 12 =0.0129 ft (3.93 mm)
V =8ftls

D, = 0'00517/2V3 - (0'022?28'03 = 0.104 ft (31.7 mm)
V = 12 fifs

_0.0007 \/* _ (0.0007) 12.0°

c = 12 1p1? =0.349 ft (106 mm)

V =16 ft/s

_0.0007 \/* _ (0.0007) 16.0°
c = 1/2 - 1212

=0.828ft (252 mm)
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Critical Depth When the Bed Material Movement Would Stop

(a) Given velocity V of 2.0 ft/s and bed material size Dg, 0of 0.305 mm = 0.001 ft, determine
the critical depth y for no bed material movement.

y = 4.94x107 V® (4.94x107")2.0°

=31.6 ft
D2 0.001?

(b) Given velocity V of 2.0, 8.0 and 16 ft/s and bed material size Dg, of 152 mm = 0.5 ft,
determine the critical depth y when bed material movement would stop.

V =2 ft/s

y= 494x107 V® (4.94x107)2.0°

. - =0.0001 ft
D 0.5

There would not be any bed material movement at this velocity.

V=8ftls
-7 6 -7 6
y=494x107 V2 _(8.94x101)807 _ 5y
D 0.5
V =16 ft/s

y= 494x107 V% (4.94x1077)16.0°

=33.28 ft
D2 0.52

Would this depth occur? No. Why not? The coarser material would armor the bed.
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CHAPTER 4

SEDIMENT TRANSPORT

4.1 INTRODUCTION

This chapter describes key terms and several methods of computing sediment transport in
alluvial channels. Since a significant portion of understanding sediment transport processes
centers on correct use of the terminology, the first two sections deal with definitions and
general concepts. The chapter also includes the derivation of the basic suspended bed
sediment transport equation to illustrate the significant physical processes of sediment
entrainment into the flow. Three classic sediment transport formulae are then discussed to
illustrate the application of sediment transport theory.

Simple sediment transport equations, in the form of power functions, are also presented in
this chapter. The power function equations are well suited for quick estimates of sediment
transport capacity and are easily adapted to field measurements. The Yang sand and gravel
total load equations are also suggested as a basic approach for hand calculation. In
addition, an overview of selected sediment transport equations is presented. The overview
suggests the range of applicability of these equations (based on bed-material size), and
provides references to those equations not discussed in detail in this chapter. Finally, a step-
wise application procedure for sediment transport calculations is outlined.

Numerous sediment transport formulae have been developed with a wide range of laboratory
and field conditions. Appendix B includes the results of testing several widely used sediment
transport equations using a large compilation of river data.

4.2 DEFINITIONS

In this section the basic terms for describing sediment load in alluvial channels are
summarized.

Bed layer: The flow layer, several grain diameters thick (usually taken as two grain diameters
thick), immediately above the bed.

Bed load: Sediment that moves by rolling or sliding along the bed and is essentially in contact
with the stream bed in the bed layer, i.e. contact load.

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

Bed material discharge (load): That part of the total sediment discharge which is composed of
grain sizes found in the bed, i.e. bed load (contact load) plus suspended bed material
discharge (load). The total transported bed material discharge (or bed sediment discharge) is
assumed equal to the transport capacity of the flow.
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Contact load: Sediment particles that roll or slide along in almost continuous contact with the
stream bed, i.e., bed load.

Density of water-sediment _mixture: The mass per unit volume including both water and
sediment.

Discharge-weighed concentration: The dry weight of sediment in a unit volume of stream
discharge, or the ratio of the discharge of dry weight of sediment to the discharge by weight of
water-sediment mixture normally reported in parts per million (ppm) or parts per liter (ppl).

Load (or sediment load): The sediment that is being moved by a stream.

Sediment (or fluvial sediment): Fragmentary material that originates from weathering of rocks
and is transported by, suspended in, or deposited from water.

Sediment concentration (by weight or by volume): The quantity of sediment relative to the
quantity of transporting fluid, or fluid-sediment mixture. The concentration may be by weight or
by volume. When expressed in ppm or mg/l, the concentration is always in ratio by weight.

Sediment discharge: The quantity of sediment that is carried past any cross-section of a
stream in a unit of time.

Sediment vield: The dry weight of sediment per unit volume of water-sediment mixture in
place, or the ratio of the dry weight of sediment to the total weight of water-sediment mixture in
a sample or a unit volume of the mixture.

Suspended load (or _suspended sediment): Sediment that is supported by the upward
components of turbulence in a stream and that stays in suspension for an appreciable length of
time.

Suspended bed load: The portion of suspended load which is composed of grain sizes found
in the bed.

Suspended-sediment _discharge: The quantity of suspended sediment passing through a
stream cross-section outside the bed layer in a unit of time.

Total sediment discharge: The total sediment discharge of a stream. It is the sum of the
suspended-sediment discharge and the contact sediment discharge, or the sum of the bed
sediment discharge and washload, or the sum of the measured sediment discharge and the
unmeasured sediment discharge.

Unmeasured sediment discharge: Sediment discharge close to the bed that is not sampled by
a suspended sediment sampler.

Washload: That part of the total sediment discharge (load) which is composed of particle sizes
finer than those found in appreciable quantities in the bed and is determined by available bank
and upstream supply rate. Also called fine sediment discharge (load).
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4.3 GENERAL CONSIDERATIONS

The amount of material transported or deposited in the stream under a given set of conditions
is the result of the interaction of two groups of variables. In the first group are those variables
that influence the quantity and quality of the sediment brought down to that section of the
stream. In the second group are variables that influence the capacity of the stream to transport
that sediment. A list of these variables is given as follows.

Group 1 - Sediment brought down to the stream depends on the geology and topography of
watershed; magnitude, intensity, duration, distribution, and season of rainfall; soil moisture
conditions; vegetal cover; cultivation and grazing; surface erosion and bank cutting.

Group 2 — The capacity of a stream to transport sediment depends on hydraulic properties of
the stream channel. These are fluid properties, slope, roughness, hydraulic radius,
discharge, velocity, velocity distribution, turbulence, tractive force, viscosity and density of
the fluid sediment mixture, and size and gradation of the sediment.

These variables are not all independent and, in some cases, their effect is not definitely
known. The variables which control the amount of sediment brought down to the stream are
subject to so much variation, not only between streams but at a given point of a single
stream, that the quantitative analysis of any particular case is extremely difficult. It is
practicable, however, to measure the sediment discharge over a long period of time and
record the results, and from these records to determine a soil loss from the area.

The variables that deal with the capacity of the stream to transport solids are subject to
mathematical analysis. These variables are closely related to the hydraulic variables
controlling the capacity of the stream to carry water.

4.3.1 Source of Sediment Transport
Einstein (1964) stated that:

Every sediment particle which passes a particular cross-section of the stream
must satisfy the following two conditions: (1) it must have been eroded
somewhere in the watershed above the cross-section; (2) it must be
transported by the flow from the place of erosion to the cross-section.

Each of these two conditions may limit the sediment rate at the cross-section,
depending on the relative magnitude of two controls: the availability of the
material in the watershed and the transporting ability of the stream. In most
streams, the finer part of the load, i.e., the part which the flow can easily carry
in large quantities, is limited by its availability in the watershed. This part of
the load is designated as washload. The coarser part of the load, i.e., the part
that is more difficult to move by flowing water, is limited in its rate by the
transporting ability of the flow between the source and the section. This part
of the load is designated as bed sediment load.

Thus, for engineering purposes, the two sources of sediment transported by a stream are: (1)

bed material that makes up the stream bed; and (2) fine material that comes from the banks
and the watershed (washload). Geologically both materials come from the watershed. But for
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the engineer, the distinction is important because the bed material is transported at the
capacity of the stream and is functionally related to measurable hydraulic variables. The
washload is not transported at the capacity of the stream. Instead, the washload depends on
availability and is not functionally related to measurable hydraulic variables.

No sharp demarcation exists between washload discharge and bed material discharge. As a
rule of thumb, many engineers assume that the bed material discharge is composed of sizes
(Ds) equal to or greater than 0.062 mm which is also the division point between sand and silt.
The sediment discharge consisting of grain sizes smaller than 0.062 mm is considered as
washload. A more reasonable criterion is to choose a sediment size finer than the smallest 10
percent of the bed material as the dividing size between washload and bed sediment load. Itis
important to note that in a fast flowing mountain stream with a bed of cobbles the washload
may consist of coarse sand sizes. For these conditions, the transport of sand sizes is supply
limited. In contrast, if the bed of a channel is silt, the rate of bed load transport of the silt sizes
is less a question of supply than of capacity. The sediment transport capacity of silts has been
addressed in some transport equations. This invalidates the criterion based on Ds < 0.062 mm
for coarse bed sediment streams, however, the criterion based on D;, might still be applicable.

4.3.2 Mode of Sediment Transport

Sediment patrticles are transported by rolling or sliding on the bed (bed load or contact load) or
by suspension by the turbulence of the stream. Even as there is no sharp demarcation
between bed material discharge and washload there is no sharp line between contact load and
suspended sediment load. A particle may move part of the time in contact with the bed and at
other times be suspended by the flow. The distinction is important because the two modes of
transport follow different laws. The equations for estimating the total bed material discharge of
a stream are based on these laws.

A further subdivision of mode of transport of sediment, including a pictorial representation of
measured load and unmeasured load follows.

When a river reaches equilibrium, its transport capacities for water and sediment are in
balance with the rates supplied. In fact, most rivers are subject to some kind of control or
disturbance, natural or human-induced, that give rise to non-equilibrium conditions.

Total sediment load can be expressed by three equations as illustrated in Figure 4.1 (Julien
1995):

1. By type of movement

L, =L, +L, (4.1a)
2. By method of measurement

L, =L, +L, (4.1b)
3. By source of sediment

L, =L, +L,, (4.1¢)
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where:

Lt = Total load

L, = Bed load which is defined as the transport of sediment particles that are
close to or maintain contact with the bed

Ls = Suspended load defined as the suspended sediment passing through a
stream cross-section above the bed layer

Ln = Measured sediment

L, = Unmeasured sediment that is the sum of bed load and a fraction of
suspended load below the lowest sampling elevation

Ly, = Wash load which is the fine particles not found in the bed material
(Ds < Dyy), and originates from available bank and upstream supply

Lom = Capacity limited bed material load

Total sediment load Total sediment load Total sediment load
bed load suspended load measured load unmeasured load wash load bed material load
a. By type of movement b. By method of measurement ¢. By source of sediment

Figure 4.1. Classification of sediment transport in streams (rivers).

4.3.3 Total Sediment Discharge

The total sediment discharge of a stream is the sum of the bed sediment discharge (bed
material load) and the fine sediment discharge (washload), or the sum of the contact
sediment discharge (bed load) and suspended sediment discharge. In the former sum, the
total sediment discharge is based on source of the sediments and the latter sum is based on
the mode of sediment transport. Whereas suspended sediment load consists of both bed
sediments and fine sediments (washload), only the bed sediment discharge can be
estimated by the various equations that have been developed. The fine sediment discharge
(washload) depends on its availability not on the transporting capacity of the flow and must
be measured (Figure 4.2). The presence of high concentrations of wash load affects the
apparent viscosity of the water-sediment mixture and reduces the fall velocity of silt and sand
grains.

The sediment load that is measured by suspended-sediment samplers consists of both the
washload (fine sediment load) and suspended-sediment load. The contact load is not
measured, and because suspended sediment samplers cannot travel the total distance in the
vertical to the bed, part of the suspended sediment in a vertical is not measured. Generally,
the amount of bed material moving in contact with the bed of a large sand-bed river is from 5
to 10 percent of the bed material moving in suspension. In general, the measured
suspended-sediment discharge is from 90 to 95 percent of the total sediment discharge.
However, in shallow sand-bed streams with little or no washload the measured
suspended-sediment load may be as small as 50 percent of the total load.
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Figure 4.2. Sediment transport capacity and supply curves (Shen 1971; Simons and
Sentirk 1992; Julien 1995).

The magnitude of the suspended or bed sediment discharge can be very large.
Suspended-sediment concentrations as large as 600,000 ppm or 60 percent by weight have
been observed. Concentrations of this magnitude are largely fine sediments. By increasing
fluid properties (viscosity and density), the fine material in the flow increases the capacity of
the flow to transport bed material.

The sediment load of a stream at a cross section or through a reach of a stream can be
determined by measuring the suspended-sediment portion of the load using samplers and
estimating the unmeasured discharge or by using one of the many methods that have been
developed for computing the bed sediment load and estimating the washload. In many
problems, only the bed sediment load, both in suspension and in contact with the bed, is
important. In these cases, the washload can be eliminated from the measured
suspended-sediment load if the size distribution of the material is known.

Many equations have been developed for the estimation of bed sediment transport. The
variation between the magnitude of the bed sediment discharge predicted by different
equations under the same conditions can be significant. For the same water discharge, the
predicted sediment discharge can have a 100-fold difference between the smallest and the
largest value. This can be expected given the number of variables, the interrelationships
among them, the difficulty of measuring many of the variables and the statistical nature of
bed material transport. Nevertheless, with proper use, knowledge of the river, and
knowledge of the limitations of each method, useful bed material discharge information can
be obtained.

4.4 SUSPENDED BED SEDIMENT DISCHARGE

The sediment transport process is best described through a discussion of suspended bed
sediment discharge, which usually accounts for the majority of the total load. The amount of
material transported in suspension varies with depth, with the highest concentrations
occurring near the bed. At equilibrium transport, the vertical exchange of sediment is
balanced between particle settling (due to gravity) and turbulence (that mixes higher
concentration flow up into the water column). For very fine particles, settling is small in
comparison to turbulent mixing and the sediment concentration is vertically uniform. For
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coarser particles, settling is rapid and particles that are in suspension tend to concentrate
nearer the bed.

The suspended bed sediment discharge in Newtons or Ibs per second per unit width of
channel, gs, for steady, uniform two-dimensional flow is

ds =7s [ 2° vedy (4.2)

where v and c¢ vary with y and are the time-averaged flow velocity and volumetric
concentrations, respectively, and vys is the weight per unit volume of the suspended sediment.
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 generally assumed to be 2-grain diameters above the
bed layer. Sediment movement below this level is considered bed load rather than suspended
load.

The discharge of suspended sediment for the entire stream cross-section, Qs, is obtained by
integrating Equation 4.2 over the cross section to give

Q. =7.QC (4.3)
where:

c = 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 size of bed material. The distributions are illustrated in
Figure 4.3. Also v and c are interrelated. 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 interrelation is neglected for low sediment concentrations
or a coefficient applied to compensate for it.

/

Figure 4.3. Schematic sediment and velocity profiles.
To integrate Equation 4.2, v and ¢ must be expressed as functions of y. The one-dimensional

gradient type diffusion equation is employed to obtain the vertical distribution for ¢ and the
logarithm velocity distribution is assumed for v in turbulent flows.
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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. The resulting equation for a given patrticle size is

oc =—¢g dc/dy (4.4)
where:

) = Fall velocity of the sediment particle at a point

c = Concentration of particles at elevation y above the bed

€s = Exchange coefficient, also called the mass transfer coefficient, which

characterizes the magnitude of the exchange of particles across any
arbitrary boundary by the turbulence

dc/dy = Concentration gradient
oC = Average rate of settling of the sediment particles
esdc/dy = Average rate of upward sediment flow by diffusion

Integrating Equation 4.4 yields
c=c, exp{— o[ dy/es} (4.5)
where c,is the concentration of sediment with settling velocity equal to o at a level y = a.

In order to determine the value of ¢ at a given y, the value of ¢, and the variation of &5 with y
must be known. To obtain an expression for €5 the assumption is made that

e, =Pe,, (4.6)
where:
en = Kinematic eddy viscosity or the momentum exchange coefficient defined by
T
€y = S@vidy) (4.7)
where:
tand dv/idy = Shear stress and velocity gradient, respectively, at point y

For two-dimensional steady uniform flow

T=7S(y, —y)=1,(1-Yy/y,) (4.8)
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and from Equation 2.74

dv VT /p V.

dy  «xy Ky
Thus
€, = Bgm = BKV*y(l_ y/ yo) (410)
where:
B = Coefficient relating & to &y,
k = Von Karman's velocity coefficient assumed equal to 0.4

Vx = Shear velocity equal to 4/gRS in steady uniform flow

Equation 4.10 indicates that €,, and & are zero at the bed and at the water surface, and have a
maximum value at mid-depth. The substitution of Equation 4.10 into Equation 4.4 gives

dc -o dy

Py ; (4.11)
c KV
y(d--)
Yo
and after integration
z
L _ {M a } (4.12)
C. y Y, —a
where:
¢ = Concentration at a distance y from the bed
ca = Concentration at a point a above the bed
Z =

/BxV+, the Rouse number, named after the engineer who developed the
equation in 1937

Figure 4.4 shows a family of curves obtained by plotting Equation 4.12 for different values of
the Rouse number z. An evaluation of the Rouse number, z, shows that for small values, the
sediment distribution is nearly uniform. For large z values, little sediment is found near the
water surface. The value of z is small for large shear velocities V+ or small fall velocities w.
Thus, for small particles or for extremely turbulent flows, the concentration profiles are uniform.

The values of B and k have been investigated. For fine particles, B is approximately 1.0.
Also, it is well known that in clear water k¥ = 0.4, but apparently decreases with increasing
sediment concentration.

Using the logarithmic velocity distribution for steady uniform flow and Equation 4.12, the
equation for suspended sediment transport becomes
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Gs = WC, [ {L y—y_y} {2.5In(30.2¥ﬂdy (4.13)

Yo —2a S

Many investigators have solved this equation through integration. The assumptions and
integration made by Einstein are presented in Section 4.5.2. An example calculation for a
suspended sediment concentration profile is given in Section 4.12 (SI) and 4.13 (English).
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Figure 4.4. Graph of suspended sediment distribution (Rouse 1937).

4.5 BED SEDIMENT DISCHARGE

In this section, three classic sediment transport formulae are discussed in detail to illustrate
sediment transport processes. These are the Meyer-Peter and Muller (1948), Einstein (1950),
and Colby (1964) methodologies. The Meyer-Peter and Mduller bedload equation (Section
4.5.1) is applicable to streams with bed material consisting of sand, gravel, and cobbles. The
Einstein (Section 4.5.2) and Colby (Section 4.5.4) methods are bed material load equations
used for sand-bed streams. In Section 4.6, power function sediment transport relationships are
discussed to provide a practical method for quick sediment transport calculations. The Yang
sand and gravel total load equations are also included (Section 4.7) because of their frequent
application and wide acceptance.

4.5.1 Meyer-Peter and Miller Bed Load Equation
Meyer-Peter and Miuller (1948) developed the following bed load equation based on

experiments with sand particles of uniform sizes, sand particles of mixed sizes and density,
natural gravel, lignite, and barite:

{&j(K—BJ W,S =B’(vs—7)Dm+B(1j (u] G (4.14)
Q g s
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where:

Os = Bed-load rate in weight per unit time and per unit width
Qo = Water discharge quantity determining bed load transport
Q = Total water discharge

Yo = Depth of flow

St = Energy slope

B’, B = Dimensionless constants

B’ has the value 0.047 for sediment transport and 0.034 for the case of no sediment
transport. B has a value of 0.25 for sediment transport and is meaningless for no transport
since (g is zero and the last term drops out. The quantities Kg and K, are defined by the
expressions

\Y,

B = R23gU2 (4.15)
f
and
Vv
f
where
St = Total energy slope
Sy = Part of the total slope required to overcome grain resistance
Si-S¢ = Partof the total slope required to overcome form resistance
Therefore
K f
—B = \/1 v (4.17)
K, 8 JORS,

Where f,/, the Darcy-Weisbach bed friction factor for the grain roughness, f,” is determined
from the Nikuradse pipe friction data with pipe diameter equal to four times the hydraulic

radius and Ks = Dgo. If the boundary is hydraulically rough, (V«Dgo/v= 100), K, is given by

K =—"_ (4.18)

where Dy is in meters.

Equation 4.14 is dimensionally homogeneous so that any consistent set of units may be
used. Equation 4.14 was converted to units generally used in the United States in the field of
sedimentation for water and quartz particles by the U.S. Bureau of Reclamation in 1960 and
is expanded here for application in Sl units. This equation is

3/2

Q D 1/6 3/2
O =Ky | Kz [é’](%} Y,S; —0.627D,, (4.19)
b
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where:

Ku1 = 4.780 in Sl units

Ku1 = 1.606 in English units

Kuz = 10.846 in Sl units

Ku2 = 3.306 in English units

Os = Metric-tons/day/meter (Tons/day/foot)

Qo = Water discharge quantity determining the bed-load transport, m*/s (cfs)
Q = Total water discharge m*/s (cfs)

Dgo, Dm = In millimeters (both SI and English units)

The quantity Dy, is the effective diameter of the sediment given by

D,, = Z,p_,DS, (4.20)
100

where:
pi = Percentage by weight of that fraction of the bed material with geometric

mean size, Dy

The term n, is the Manning's roughness coefficient for the bed of rectangular channels

n, = n[1+%(1—(”—vv] H (4.21)
W n

and for trapezoidal channels

2\1/2 3/27) %3
" {1MH_] ]} .22
W n

where:
n, n,, Ny, = Roughness coefficients of the total stream, of the bed, and of the
banks, respectively
Hs = Horizontal side slope related to one unit vertically
w = Bottom width

The ratio Q,/Q for rectangular channels is given by

_ 1 (4.23)

Ity
W ) n,
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and for trapezoidal channels is

%: 2y (1 H1 w2 (n, )" e
1s Yo [+HD) (nw j
\W n,
The Meyer-Peter and Muller formula (Equation 4.14) is often written in the form
q, =K(t-1,)*"” (4.25)
where:
3/2
1 12.9
K= — T = (4.26a)
e
g Vs
3/2
T= Q| Ke W.S; (4.26b)
Q AK,
1, =By, -v)D, (4.26¢)

An example of sediment transport calculations using the Meyer-Peter and Muller equation is
given in Section 4.12 (Sl) and 4.13 (English).

4.5.2 Einstein's Method of Computing Bed Sediment Discharge

Einstein’s (1950) method is included in detail because the formulation provides an excellent
discussion of sediment transport processes. The equations describe and incorporate the
physical processes of contact load and suspended load. The method computes a contact
load concentration and uses this concentration as the starting point for integrating the
suspended load as presented in Section 4.4. The method also incorporates the vertical
velocity distribution based on the roughness of the boundary.

The total bed sediment discharge is the sum of the contact load and the suspended load. As
mentioned earlier, there is no sharp demarcation between the contact bed sediment load and
the suspended bed sediment. However, this division is warranted by the fact that there is a
difference in behavior of the two different loads which justifies two physical equations.

Einstein's bed sediment discharge function gives the rate at which flow of any magnitude in a
given channel transports the individual sediment sizes which make up the bed material. This
makes his equations extremely valuable where it is necessary to determine the change in
bed material with time. Each size moves at its own rate. For each size Ds of the bed
material, the contact load is given as
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50 (4.27)
and the suspended sediment load is given by
i (4.28)

and the total bed material discharge is

i-Qr =10, +i50s (4.29)
and finally
QT :ZiTqT (4-30)

where i, is, and iz are the fractions of the total, suspended and contact bed sediment
discharges qr, gs and gg for a given grain size Ds. The term Qg is the total bed sediment
transport. The suspended sediment load is related to the contact load because there is a
continuous exchange of particles between the two modes of transport.

With suspended sediment load related to the contact load, Equation 4.29 becomes

iTqT = quB (1+ Pel, + Iz) (4.31)
where:
Pe =2.3l0g(30.2y, /A) (4.32)

I; and |, are integrals of Einstein's form of the suspended sediment Equation 4.12

. Oudgy
igQg = ENTE (4.33)
Ps —p gD?
and
Yvs = Unit weight of sediment
p = Density of the water
ps = Density of the sediment
g = Gravitational acceleration
¢0- = Dimensionless sediment transport function = f(y+) given in Figure 4.5
y. =EY(B/B, ) w=EY(l0g10.6/B, )y (4.34)
p Ry Si
g = Correction factor given as a function of D, /X in Figure 4.6
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X = 0.77A,if AI§’ > 1.8 (4.36a)
X = 01.39¢, if A/§’ < 1.8 (4.36b)
A = Apparent roughness of the bed, k, /X
X = Correction factor in the logarithmic velocity distribution equation given

as a function of k_ /& in Figure 4.7
& = 11.6v/V; (4.37)
v/V, = Einstein’s velocity distribution equation =5.75 log (30.2y/A) (4.38a)
Vi = Shear velocity due to grain roughness =,/gR;S (4.38b)

= Hydraulic radius of the bed due to grain roughness = R, —R}
= Hydraulic radius of the bed due to channel irregularities

R

R

S = Slope of the energy grade line normally taken as the slope of the
water surface

Y = Another correction term given as a function of D, /8" in Figure 4.8

Bx = log (10.6X/A)
gzl R EEY z
I, =0.216 d 4.39
-1 1y z
I, =0.216 Inyd 4.40
2 5 [e { y ydy (4.40)
where:
Z = o/BxV.=wn/0.4V] (4.41)
o = Fall velocity of the particle of size Ds
E = Ratio of bed layer thickness to flow depth, aly,
Yo = Depth of flow
a = Thickness of the bed layer, 2Dgs

The two integrals I, and |, are given in Figures 4.9 and 4.10 as a function of z and E.
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Figure 4.5. Einstein's ¢. vs y. bed load function (Einstein 1950).
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Figure 4.8. Pressure correction (Einstein 1950).

In the preceding calculations for the bed sediment load, the shear velocity is based on the
hydraulic radius of the bed due to grain roughness R,’. Its computation is explained in the
following paragraph.

Total resistance to flow is composed of two parts, surface drag and form drag. The
transmission of shear to the boundary is accompanied by a transformation of flow energy into
energy turbulence. The part of energy corresponding to grain roughness is transformed into
turbulence that stays at least for a short time in the immediate vicinity of the grains and has a
great effect on the bed load motion. Whereas, the other part of the energy which
corresponds to the form resistance is transformed into turbulence at the interface between
wake and free stream flow, or at a considerable distance away from the grains. This energy
does not contribute to the bed load motion of the particles and may be largely neglected in
the sediment transportation.

Einstein's equation for mean flow velocity V in terms of V;is

V/V. =5.75l0og(12.26R} / A) (4.42a)
or
V/V. =5.75log(12.26R}, /k X) (4.42b)
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Furthermore, Einstein suggested that

VIV =6y (4.43)

where

\lf,zps_p D,35 (444)
P RS

The relation for Equation 4.44 is given in Figure 4.11. The procedure to follow in computing
Ry, depends on the information available. If mean velocity V, slope S, hydraulic radius R,

and the size of bed material are known, then Ry is computed by trial and error using
Equation 4.42 and Figure 4.11.
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Figure 4.11. Friction loss due to channel irregularities, as a function of sediment
transport (after Einstein and Barbarossa 1952).

The procedure for computing total bed sediment discharge in terms of different size fractions
of the bed material is:

(1) Calculate y+ using Equation 4.33 for each size fraction
(2) Find ¢+ from Figure 4.5 for each size fraction

(3) Calculate iggg for each size fraction using Equation 4.32
(4) Sum up the gg across the flow to obtain igQp

(5) Sum up the size fractions to obtain Qy
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For the suspended sediment discharge:

(6) Calculate Z for each size fraction using Equation 4.41

(7) Calculate E = 2D/ y, for each fraction

(8) Determine I; and |, for each fraction from Figures 4.9 and 4.10

(9) Calculate Pg using Equation 4.32

(10) Compute the suspended discharge from Iz gg (1 + Pe |1 + |5) from Equation 4.31
(11) Sum up all the gg and all the iz to obtain the total suspended discharge Qss

Thus, the total bed sediment discharge is computed as:

(12) Add the results of Step 5 and 11.

A sample problem showing the calculation of the total bed sediment discharge using
Einstein's procedure is presented in Section 4.13.

4.5.3 Comparison of Meyer-Peter and Miller and Einstein Contact Load Equations

Chien (1954) has shown that the Meyer-Peter and Miller, equation can be modified into the
form

o, =[\;‘ —0.188] (4.45)

Figure 4.12 shows the comparison of Equation 4.45 with Einstein's y+ vs. ¢« relation for
uniform bed sediment size and for sediment mixtures using Dss in the Einstein relation and
Dso in the Meyer-Peter and Mduller relation. They show good agreement for coarse sands,
but diverge for fine sands. This supports the premise that the Meyer-Peter and Miller
equation is most applicable to coarse grain sizes with little or no suspended load.
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Figure 4.12. Comparison of the Meyer-Peter and Muller and Einstein methods for
computing contact load (Chien 1954).
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4.5.4 Colby's Method of Estimating Bed Sediment Discharge

Colby’s (1964) method is a graphical method for estimating total load, which can also be
used to check the reasonableness of other sediment transport calculations. One very
important feature of the Colby method is the inclusion of a correction factor for fine sediment
(washload) concentration effects. Colby’s method illustrates that washload can have a
significant impact on bed material load transport capacity.

After investigating the effect of all the pertinent variables, Colby (1964) developed four
graphical relations shown in Figures 4.13 and 4.14 for determining the bed sediment
discharge. In arriving at his curves, Colby was guided by the Einstein bed-load function
(Einstein 1950) and a large amount of data from streams and flumes. However, it should be
understood that all curves for 100-foot depth, most curves of 10-foot depth and part of the
curves of 1.0 and 0.1 ft are extrapolated from limited data and theory. Extrapolated curves
are shown as dashed lines in Figure 4.13.

In applying Figures 4.13 and 4.14 to compute the bed sediment discharge, the following
procedure is used:

1. Required data are the mean velocity V, the depth y,, the median size of bed material
Dso, the water temperature °F and the measured fine sediment concentration C;.

2. Uncorrected sediment discharge g, for the given V, y,, and Dsq can be found from
Figure 4.13 by first reading g, knowing V and Ds, for two depths that bracket the
desired depth and then interpolating on a logarithmic graph of depth versus q, to get
the bed sediment discharge per unit width.

3. Two correction factors k; and k, shown in Figure 4.14 account for the effect of water
temperature and fine suspended sediment on the bed sediment discharge. If the bed
sediment size falls outside the 0.20 mm to 0.30 mm range, the factor ks from Figure
4.14 is applied to correct for the effect of sediment size.

4. Unit bed sediment discharge gt corrected for the effect of water temperature,
presence of fine suspended sediment and sediment size is given by the equation

ar = [1+ (klkZ _1) k3] a, (4.46)

As Figure 4.14 shows, k; = 1 when the temperature is 60°F, k, = 1 when the concentration of
fine sediment is negligible and ks = 1 when Dsq lies between 0.2 mm and 0.3 mm. The total
sand discharge is

Q, =Wq; (4.47)
where:

W = Width of the stream
Colby (1964) found that: "The agreement of computed and observed discharges of sands for
sediment stations whose records were not used to define the graphs seemed to be about as

good as that for stations whose records were used.” An example showing bed sediment
discharge calculations by the Colby method is presented in Section 4.13.
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455 Relative Influence of Variables

The study of the relative influence of viscosity, slope, bed sediment size and depth on bed
sediment and water discharge is examined in this section using Einstein's bed-load function
(1950) and Colby's (1964) relationships. Einstein's bed-load function is chosen because it is
the most detailed and comprehensive treatment from the point of fluid mechanics. Colby's
relations are chosen because of the large amount and range of data used in their
development.

The data required to compute the bed material discharge using Einstein's relations are: S =
channel slope; De¢s = size of bed material for which 65 percent is finer; Dss = size of bed
material for which 35 percent is finer; D; = size of bed sediment in fraction i; v = kinematic
viscosity; n,, = Manning's wall friction coefficient; A = cross-sectional area; P, = wetted
perimeter of the bed; P,, = wetted perimeter of the banks; iz = percentage of bed sediment in
fraction i; ys = specific weight; and V = average velocity.

To study the relative influence of variables on bed material and water discharges, the data
taken by the U.S. Geological Survey from October 1, 1940 to October 1, 1970 on the Rio
Grande near Bernalillo, New Mexico are used. The width of the channel reach was 82.3 m
(270 ft). In the analysis, the energy slope was varied from 0.7S to 1.5S, in which S is the
average bed slope assumed to be equal to the average energy slope. Further, the kinematic
viscosity was varied to correspond with variations in temperature from 39.2° to I00°F
inclusive. The variation of Dgs, Dsg, D;, and iz was accomplished by using the average bed
material distribution given by Nordin (1964) and shifting the curve representing the average
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bed sediment distribution along a line parallel to the abscissa drawn through Dsq. The
average water temperature was assumed to be equal to 70°F and the average energy
gradient of the channel was assumed to be equal to 0.00095. The water and sediment
discharges were computed independently for each variation of the variables and for three
subreaches of the Rio Grande of differing width near Bernalillo. The applicability of the
results depends on the reliability of the modified Einstein bed-load function and Colby's
relationships used in the analysis rather than on the choice of data.

The computed water and sediment discharges are plotted in Figures 4.15, 4.16, and 4.17
and show the variation of sediment discharge due to changes in bed material size, slope and
temperature for any given water discharge. Figure 4.15 shows that when the bed sediment
becomes finer, the sediment discharge increases considerably. The second most important
variable affecting sediment discharge is the slope variation (Figure 4.16). Temperature is
third in importance (Figure 4.17). The effects of variables on sediment discharge were
studied over approximately the same range of variation for each variable.

Figure 4.18 shows the variation of the sediment discharge due to changes in the depth of
flow for any given discharge, computed using Colby's (1964) relations. The values of depth
of flow varied from 1.0 to 10.0 ft, the median diameter of the bed sediment is maintained
constant equal to 0.030 mm, the water temperature is assumed constant and the
concentration of fine sediment is assumed less than 10,000 ppm. The channel width is also
maintained constant at 82.3 m (270 ft). In Figure 4.18, the curves for constant depth of flow
show a steep slope. This indicates that the capacity of the stream to transport sands
increases very fast for a small increase of discharge at constant depth. Similar figures can
be developed for other sizes of bed material, and the relations can be modified to include the
effect of washload and viscosity effects.
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Figure 4.15. Bed-material size effects on bed material transport.
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Figure 4.16. Effect of slope on bed

material transport.

Figure 4.17.

Effect of kinematic viscosity
(temperature) on bed material
transport.
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Figure 4.18. Variation of bed material load with depth of flow.
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4.6 POWER FUNCTION RELATIONSHIPS

In Section 4.5, three classic sediment transport equations were presented. Of the three, the
Meyer-Peter and Muller bedload equation is still widely used, and the Colby method provides
a graphical approach that can be used as a quick check on the reasonableness of the results
of other sand-bed sediment transport calculations. Both are simple enough in their
application to be considered "basic" approaches for hand calculation, although, as indicated
above, they can be integrated into computer solutions. To provide additional basic
approaches, power function relationships are discussed in this section. These provide a
practical method for quick sediment transport calculations and are readily adaptable to
computer solutions.

4.6.1 Introduction

Power relationships relate sediment transport rates to hydraulic conditions and sediment
characteristics. The value of power relationships is in (1) their ease of use, (2) application to
specific flow regimes, and (3) application to site-specific conditions. Most power function
relationships correlate sediment transport to velocity and flow depth. This simple relationship
can be used as a first estimate of sediment transport capacity or as a comparison with the
more rigorous equations. Power relationships can be developed by computing sediment
transport with a more rigorous approach and fitting the results to a power function form. The
Simons et al. (1981) power function was developed specifically for supercritical flow
conditions on sand and fine gravel bed channels. Power relationships are also well suited for
correlating measured sediment transport with observed hydraulic conditions. The resulting
equation is site specific, but can be used, with judgment, to estimate sediment transport rates
for hydraulic conditions outside the range of observations. HEC-20 (Chapter 6) illustrates the
app