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FIGURE. --SKETCH OF CROSS-SECTION SHOWING UPLIFT AND EROSIONAL
CONDITIONS THAT FAVOR CHANNEL ENTRENCHMENT AT SITE6A.
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HYDQAULIC GEOMETQY!

w= w,d~h of chann~l
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_--Computed hydraulic-geometry exponents and
~~ "re ";'

soil type for channels cross sectionsin_ .~

------------------------------------------------------------
Site Exponents Soil'"

(elevation, ------------------------------ type
in ft.) Width Depth Velocity

-------------------------------------------------------------
1843 .20 .48 .32 3
1850 .25 .45 .30 3
1866 .31 .44 .25 3
1872 .40 .49 .11 3

• 1874 .16 .51 .33 3
1960 .39 .35 .26 3
1998 .38 .37 .25 3
2191 .22 .47 .31 6
1755 .20 .47 .33 90
1808 .44 .37 .19 90
1876 .30 .47 .23 90
1969 .29 .44 .27 90
2002 .30 .42 .28 96
2006 .41 .34 .25 96
1763 .21 .50 .29 98

-----------------------------------------------------------
Mean .30 .44 .26

Standard .084 .053 .055
deviation

------------- ..
• From maps of soil types in Camp(1986).
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Paleoflood Hydrology: Principles and Applications in Arizona

Paleoflood Hydrology Defined

Different conventional methods of flood discharge determination

gagmg
modelling/prediction

Geological flood studies

slackwater deposit-paleostage indicator method (SWD-PSI)

Philosophical background of paleoflood hydrology

Is it esoteric, academic hogwash?

real data vs. prediction from small samples

real data vs. model calibration from small flows

Is it new and different?

The SWD-PSI Method: How does it work?

Goals

Definitions

slackwater deposits

other paleostage Indicators

Step-by-Step Description of field and office methods

site selection criteria

geological analysis

topographic survey

hydraulic modeling

deposit age-estimation

PK House. AFMA outline, February 10, 1993



Rating Curve for Section #1, Verde River Site:
discharge estimates based on
different paleostage indicators985
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Discharge Comparisons: Verde and Salt Rivers

Verde River Salt River
Q100

USGS 164,000 208,000
MLEI 110,000 110,000
MLE2 126,000 119,000

1993 Peak Q

USGS 127,000 144,000
SWD-PSI 106,000 134,000
Yc 150,000 N/A

• PMF

COE 676,000 1,008,000
USBR 994,000 683,000

Largest
Paleoflood

176,500- 162,500-
230,000 172,200

notes:
USGS QI00 from 1991
MLEl from 1986
MLE2 from 1994--incorporates uncertainties
USGS 1993 estimates are preliminary
PMFs for Salt River include Tonto Creek drainage area
Paleoflood record lengths at least 1000 years for Salt and Verde
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The Character ofFlood Flow and Channel Stability
on Active Alluvial Fans in Arizona

by Philip A Pearthree, Ph.D.
Arizona Geological Survey

1) Introduction, purpose and scope

2) Review of physical characteristics of active alluvial fans
active fans are fundamentally depositional systems
distribute water and sediment
laterally extensive, geologically very young deposits evidence offan activity
minimal topographic reliefperpendicular to flow direction
usually associated with distributary drainage networks

3) Character of flow during alluvial-fan floods
evidence from extreme alluvial-fan flood on Wild Burro Wash in 1988
detailed peak-flow reconstruction and analysis using flood debris
flow patterns very complex
deep (channelized) flow restricted in extent, shallow flooding areally important
alternation from confined (channelized) to unconfined (expansion) reaches observed in many

places and at all scales
changes in channel slope associated with width changes
relatively deep, high velocity flow modeled in channelized reaches
no substantial changes in channel position during this flood

4) Frequency of changes in channel positions on active fans
historical aerial photos document channel changes on several active alluvial fans
substantial additions to distributary channel networks~ incorporation of tributary drainage

networks locally
abandonment or diminution of other channels
trenches across fans reveal hundreds ofyears offan history
some dramatic shifts in loci of deposition have occurred
bottom line is changes in channel locations seem to occur fairly frequently on active fans

5) Mechanisms of channel change on active fans
diversions in lower portions ofexpansion reaches

miminal topographic confinement, flows may exploit different paths
overbank flow developing into piracy ofpreexisting dendritic channel networks

small channels rapidly enlarged by much larger flows from distributary system
local aggradation creating unstable topographic situation

loci offlow and deposition higher than surrounding areas, flow may "slip off'
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Tiger Wash
Alluvial Fan
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modified from J. E. Fuller, CH2MHILL, 1992
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Wild Burro Flood Expansion Reach
and Potential Flow Diversions

.. flow depth 1.5 to 6 ft

flow depth 0 to 1.5ft

o 200 ft
I I
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Geomorphologic
Approach

to
Assessing Stream

Stability

AFMA - February 10, 1994
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Overv:iew

• Introduction

• Perspective

• Typical Approaches

• Geomorphologic Approach

• Recommended Approach

•
AFMA, February 1994 CH2M HILL
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Introduction
• 3 Main Flood Hazards

- Inundation
- Transportation
- Erosion = Instability?

• Instability Problems

- Loss of Channel Capacity
- Bank Erosion at Structures
- Degradation at Structures
- Environmental Concerns

•
AFMA, February 1994 CH2M HILL
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Introd~ction

• Definition of Stream Stability
- Static EquilibriulD
- Dynamic Equilibriulll
- Change not = Instability
- Sediment Movement
- Floods are Natural

• Definition of Instability

- Refers to Man's Activities
- Non-natural change?

• Disclaimers:
Time Limit/Scope
Non-academic
Hyperbole

•
AFMA, February 1994 CH2M HILL



• Threshold of critical povver in streams
7

"V·v)

WILLIAM B. BULL Department of Geosciences, University of Arizona, Tucson, Arizona 85721

INTRODUCTION

Although a model may be selected by a
gr.c,;norphologist with the intent of making
Z::'1 dfic;ent study and obtaining reasonable
r~;1lj,s, the background and biases of the
investigator are important in determining
the selection of a problem and the approach
used. Gilbert (I877, 1914) chose to em
phasizegeomorph:c processes. Davis (1899,
1902) caose to emphasize landform mor
phologies. Schumm and Lichty (1965)
poimed out that time and space consid
eraticns (l) int1uence one's viewpoint re-

-."

•

•

ABSTRACT (10V'l-l2. ).v""\\-Il<~.v¢ garding attainment of equilibrium in
~.u> .. 1'6\»U- tlU-O"" geomorphic systems, and (2) vary greatly

Stream power is the power available to between a study that emphasizes interaction
transport sediment load, and it may be of variables along a reach of a stream dur
defined as yQS, where r is specific weight of ing several hours and a study that em
water, Q is stream discharge, and S is slope. phasizes morphologic changes of a drainage
Critical power is the power needed to basin during millions of years.
transport sedimenc load. The threshold C!..f Streams develop morphologies that de
critical power is where stream poweri erit- pend on the frequency and magnitude of
ica! power == 1.0. 'Where stream power ex- discharge of sediment and water from the
ceeds critical power during long time spans, hillslope subsystem. Some worK':rs havc ,e
additional sediment load is obtained by garded this interaction between form and
vertical erosion that cuts V-shaped cross- process as an approximate equilibrium be
valley profiles in bedrock. The threshold is tween the variables of the stream subsystem
approached asymptotically during (Gugliemini, 1867; Surell, 1841; Dausse,
downcutting, and high-order streams ap-· . 1872 - all cited in Rouse and Ince, 1957,
proach the threshold more rapidly than do .p. 71; Davis, 1902; Mackin, 1948; Rubey,
low-order streams. High discharges cause '1952; Hack, 1960. Other workers have
net lateral erosion in reaches near the emphasized the tendency toward adj U5t
threshold. Straths and tIood plains form mem between interdependent variables
under such conditions. Wh~re . stream (Gilbert, 1914; Kesseli.1941; Leopold and
power is less than critical power, selective Maddock, 1953; Bull, 1975).
bedload sedimentation decreases sediment Most workers consider the concept of the
load and size and therefore the critical graded Strealn as an equilibrium situation
power. Such deposition is self-enhancing where, over a period of years, the hillsiope
because of concurrent Gecreases in slope. subsystem supplies a uniform discharge of
Thus, it is unlikely that aggrading reaches water and sediment to the stream subsys
attain the threshold, bue the tendency to at- tem. Because of the absence of long-term
tain the threshold may keep stream and crit- trends in discharge characteristics, the al
ical power roughly the same. Reaches of luvial channel that has achieved a graded
streams at the critical-yower threshold are condition has developed a morphology so
sensitive to changes in dimate, base level, that th~ stream velocity is sufficient to
ilIl.:! the impact of humans; these may transport the imposed sediment load
cl-.ange stream andlor critical power and re- (Mackin, 1948). Davis (1902) believed that
suit in aggradation or degradation. grade was achieved only after a long time

and that it was attained only in the mature
and late stages of his "cycle of erosion."
Knox (1976), who is interested in climatic
change and humans as causes for ungraded
streams, defined a graded stream as "one in
which the relationship between process and
form is stationary and the morphology of
the stream remains constant over time." In
contrast to the viewpoint of Davis, Knox
believes that adjusrment to a graded condi
tion occurs rapidly. Leopold and Bull (un
pub.) prefer to emphasize more than slope
and velocity by defining equilibrium condi
tions in terms of stream power. They have
stated that "a graded stream is one in

Grolor¢.:al 5oc:.:r'! of America Bulletin, Part I, v. 90, p. 453 -464, 11 figs., May 1979, Doc. no. 90508.
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which, over a period of years, slope, veloc
ity, depth, width, roughness, pattern and
channel morphology delicately and mutu
ally adjust to provide the power and
efficiency necessary to transport the IO:ld
suppli::d from the drainage basin withoue
net aggradation or degradation of the
channeis." This definition also includes the
concept of how a graded stream differs
from one tharis not graded.

Although a tendency toward equilibrium
conditions exists in streams, the attainment
of graded conditions for long periods of .
time may be unlikely for many reaches of
streams. Changes in independent variabies
of the fluvial system, such as climkte, totat
relief as affected by tectonic movements, the
erodibility of the surficial materials, and the
human impacts create conditions conducive
to change instead of equilibrium ifl fluvial
systems. The time needed for changes in the
above variables to affect the operation of
the hillslope subsystem ranges from lOti yr
for the effects of tectonic uplift in arid flu
vial sysrems to 10 yr for the impac~ of hu
mans where vegetation is cleared from hills
in humid regions. Long tiJ.ne lags of re
sponse and adjustment for hillslope subsys
tems result in long rime spans for stream
subsystems to approximate graded condi
tions. ~lost fluvial systems now are re
sponding to several changes in independent
variables, each with its own time lag needed
to approach a new equilibrium condition.
Other landforms - such as deposits and
topographic inversion - do not even tend
toward equilibrium configurations (Bull,
1976a).

This study focuses on geomorphic
thresholds, rather than on the concept of
equilibrium, to explain the interrelations
between process and form in fluvial sys
tems. A geomorphic threshold is a transi
rion point or period of rime that separates
different modes of operation within part of
a landscape system. Adjustments within
fluvial systems are further complicated by
feedback mechanisms that interact ....ith
thresholds and produce complex responses
within the system to perturbations (changes
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in independent variables). The interrelation
between a threshold and feedback mecha-

•

ism is outlined in Figure 1, A. Change in
~se level affec~ the gradient. and thereby

stream power; which, in part, determines
whether only;ediment transport, or nct ag-
gradation or degradation, occurs at the foot
of a hill.

The differences between the threshold
and equilibrium concepts are iIlustr<lted in
Figure 1, B. Geomorphic equilibrium occurs
when self-regulating feedback mechanisms
cause an adjustment among rhe variables of
a system, or part of a system, such that
changes in landscape morphology do not

occur with time. Points in time that separate
reversals in modes of operation are thresh
olds, but they are not equilibrium condi
tions unless an adjustment to a time
independent landform assemblage has oc
curred. Periods of equilibrium are thresh
olds when they separate different modes of
operation of the system.

PURPOSE AND SCOPE

An important threshold - the threshold
of critical power - separates the modes of
net deposition and net erosion in fluvial sys
tems. My purpose here is to analyze the

critical-power threshold and to -demon
strate the widespread application of the
threshold approach to the understanding of
the interrelations between processes and
landforms.

First, the components of the threshold are
analyzed, then the types of landscapes as·
sociated with downcurring and nondown
cutring modes of operation of stream sys~

terns are outlined. Variations of stream sys
tems in time and space as affected by the
threshold are demonstrated by three mark
edly different examples. First, the responses
of a fluvial system to tectonic uplift of a
mountain front (a local perturbation) which

Time

Precipitation and insolation

•I
I
I
I
I

Figure 1. Basic elements of a fluvial sys
tem. A. Interrelations of variables and
threshold. Feedback mechanisms shown by
dashed line with arrow. B. Diagrammatic
sketch s~owing differences between
threshold and equilibrium concepts for
hypothetical stream subsystem. Horizontal
parts of curve represent tinles of no net
change in stream-bed altitude.--""l.~exceeded

Critical - power
threshold

Topographic relief

Lithology and structure

Human activities

• not exceeded c
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The components of the threshold de-

stream power = 1.0 (3)
critical power

power threshold and consists of those var
iables that if increased favor transportation
of the sediment. Stream power W:lS selected
as one component of the threshold because
sediment transport is highly sensitive to
changes in discharge and slope of water (for
example, see Baker, 1973, Fig. 54).

The importance of discharge on stream
power is dramatically revealed by the
marked incteases in sediment concenttation
that occur with increasing discharge at a
station. Suspended sediment transport rates
(G) may increase by the large exponential
factor of about 2.5 with increase in dis
charge (Q) (Leopold and others, 1964, p.
220-221):

The other component of the threshold is
critical power. Critical power is the stream
power needed to transport the average sed
iment load supplied to a reach of a stream
and consists of those variables that if in
creased favor deposition of the sediment.
Critical power changes with variations in
sediment load and size and with hydraulic
roughness. 'The term "critical power" is a
shorthand expression (through the con
tinuity equation, Q=wdv) for variables
such as width, depth, and velocity that af
fect hydraulic roughness and channel
morphology. All of these variables interact
to determine the capacity and competence
of the stream to transport sediment.

Both stream and critical power ·change
with rime. Changes in stream power during
short time spans generally are the result of
changes in discharge. Rates of change of
slope tend to be more conservative. Rela
tively rapid changes in slope occur with the
changes in sinuosity that result from
changes in stream-channel pattern.
Downcutting or backfilling changes slope at
a slower rate. Critical power may change
rapidly with the amount and size of sedi
ment load derived from the hillslope subsys
tem and with changes in hydraulic rough
ness. Changes in streamtlow char:lcteristics
such as the ratio of water depth to sediment
size (Bagnold, 1973, 1977) also affect the
amount of power needed to transport bed
load, but this type of ch:lnge is in order to
achieve ma..ximum efficiency as a stre:lm
tends toward a graded (equilibrium) condi
tion.

The threshold of criticl power is defined
as

scribed by equation 3 differ in their ease of
mt:asuremt:nt. Stream power may be esti
mated by measurements of discharge and
stream gradient. Energy grade lines parallel
the longitudinal profiles of the watcr sur
faces for reaches of small streams that are
more than 100 m long (Leopold and others,
1964, p. 304; B:lker, 1974). Critical power
includes hydraulic roughness, and. like the
useful concept of h}'draulic roughness, it
cannot be measured directly in the field. De
spite this apparent drawback. the ratio
definition of the threshold is substantially
more versatile than erosion-dcposition
thresholds stated merely in terms of avail
able channel slope.

A simple application of the critical-power
threshold is shown in Figure 2, which de
picts a stream that has been affected by the
emplacement of a road berm and a culvert
north of Tucson, Arizona. The culvert was
installed slightly higher than the stream bed
and constitutes a minor local base-level rise.
Reach A of the stream has local scour and
backfill but no net aggradation or degrada
tion, and thus it may be regarded as ap
proxjmating a threshold (graded) condi
tion. Aggradation postdating culvert em
placement has ·ocl."Urred in reach B, where
stream power has become insufficient to
transport the sediment load, as a result of
decrease in slope (which is due partly to
ponding during peak discharges). Critical
power also increased in reach B as the ag
grading area became more vegetated,
thereby increasing hydraulic roughness.
Reach C is not in equilibrium because much
of the bedload h:lS been trapped upstream
from the culvert. This reduction in critical
power has resulted in active channel
downcutting of reach C, despite the concur
rent decreases in slope downstream from
the plunge pool associated with the culvert.
Thus, in a distance of less than 1 km,
reaches of a stream may be found that are
at; are less than, and exceed the threshold of
critical power.

Substantial philosophical differences
exist between the threshold and graded
stream conceptual frameworks. The
graded-stream approach seems most appli
cable for large spaces and long time spans,
but the threshold concept may be applied to
problems that vary greatly in both time and
space. Both appro:lches consider the in
teraction between process and form, but the
threshold concept emphasizes the possibil
ity of change in a tluvial system. Those
using the threshold approach are more
likely to be interested in when and where
change occurs in fluvial systems and the

(2)G = p Q Z.S.

THRESHOLD OF CRITICAL POWER

involve geologic time spans (105 to toR yr)
are outlined. Second, the Pleistocene-

•

Holocene climatic change that affects entire
drainage basins but for shorter time spans
(10" yr) are analyzed. Third, the impact of
humans is considered, in the context of ar
royo cutting, involving small spaces and
time intervals (10 to 1<r yr).

Useful. threshold concepts include those
that stress adjustment to changing vari
ables. The critical-power threshold sepa
rates the modes of erosion and deposition in
streams and is dependent on the relative
magnitudes of power needed to transport
the average sediment load and on the
stream pow~r available to transport the
load.

Streams may be regarded as sediment
transporting machines and may be analyzed
in terms of the availability of stream power
to do work (Bagnold, 1973, 1977; Emmett
and Leopold, 1977). Stream power is dissi
pated in maintaining fluid flow against flow
resistance and in doing work by moving the
saltating bedload. Where stream power is
more than sufficient to transport an im-

•

posed sediment load, scour of alluvium on
the streambed, and perhaps of bedrock,
may occur. Where stream power is in
suffiCient, part of the saltating load will Stop
and the bed of the stream will aggrade.
Bagnold described the kinetic power along
a stream channel as 'YQS, where 'Y is the ab
solute density mass per volwne, Q is dis
charge, and S is the gravity gradient. 'Y is as
sumed to be roughly constant, although it is
recognized that sediment concentrations are
decreased by ground-water additions to pe
rennial streams and are increased bv
infiltration ofephemeral streams. It is usefcl
to consider the total power supply per unit
area of streambed, Cd where

'" = yQS/width = ydSu = TU, (1)

where d is the mean flow depth, u is the
mean flow velocity, and T' is the mean
boundary shear stress. .

Stream power as defined by Bagnold
places an emphasis on the availability of
power to transport bedload. Definitions of
power that emphasize flow velocity and
slope (Yang. 1971; Stall and Yang, 19i2)
may be useful for analvses of meanders and

•

pools and riftles but a~e not as useful as the
Bagnold equation for the analysis of an
erosion-deposition threshold.

The stre:lm power available to transport
sediment is one componcnt of the critical-
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reasons for change, rather than searching
for approximations of equilibrium. The

•

graded-stream approach generally encour
ages study of sdf-regulating feedback
mechanisms, but the threshold approach
generally encourages study of self-
enhancing feedback mechanisms. The
graded-str<:am approach assumes that after
a perturbation a stream will return to an
equilibrium longitudinal profile. The
critical-power threshold approach encom
passes the equilibrium concept, but it em
phasizes how far removed a stream is from
equilibrium :lod recognizes that the be
havior of both the stream and hillslope sub
systems are dependent in part on the extent
of deviation from the critical-power
threshold (th:lt is, the graded condition).

The ratio of vertical to lateral cuning dur
ing floods in alluvial stream channels is de
termined large1r by how dose the stream is
to the critical-power threshold. In most
cases, stream-bed scour is followed by
backfilling during the waning stages of a
flow event. These short-term changes are
chiefly the result of changes in discharge
and load. \X'here changes in slope ocC'..!r,
they are only temporary, because perma
nent changes in slope in a reach ap-

. . , h h ld . h h h

•

proxun:.tlng tne t..res....o n'!~g ..t C ..:lnge t ..e
stream power sufficiently to cross the
threshold. In reaches where stream power
exceeds critical power, vertical erosion pre-

REACH C

(5)

(4)

(6)

(7)

n a wduS,
n a q-O.r.-O.3-0':-O.81,

n a Q-I.S,

and stream power per unit width, CrJ, also
decreases: .

Discharge increases downstream in peren
nial streams, and w a Q-n.., d IX Q+o.4,
u a Q"O.I, and SIX Q-tl.H.

is defined allomctrically in equation 3 be
cause the relative power of the two compo
nents determines the threshold. Defininr
thresholds by using the format of equation
3 is advantageous (Bull, t 979). The com~

ponents of the threshold arc identified and
compared to each other. The numerical
index defines the relative conditions that
must be met in order to cross the threshold
and change the mode of system operation.

PROCESSES AND MORPHOLOGIES

Three possible interrelations between
stream and critical power are shown in Fig
ure 3. TIle figure is not to scale and may be
regarded either as variations that charac
teristically occur with stream order or as a
common situation along trunk stream
channels.

The hypothetical situation depicted in
Figure 3 portrays the effects of local thun
derstorm rainfall of 20 mm in 30 min fall
ing on barren granitic hillslopes in the
headwaters ,?f a large drainage basin in an
arid region. Str<:am power decreases with
increasing distance from the headwaters.
MaXimum values of discharge and slope
occur in reach A, but overall slope decreases
downstream, and discharge decreases
downstream as flow infiltrates inro the dry
steam bed. Discharge, and stream power,
decrease to zero in reach C. Critical power
increases in reach A as sediment load is
picked up from the hiIIslopes and stream
beds, decreases in reach B because of de
creases in hydraulic roughness, and de
creases in reach C because of decreases in
load.

Changes in power for ephemeral and pe
rennial streams can be compared by using
the average exponents of the downstream
hydraulic geometry equations (Leopold and
others, 1964, p. 244). For the ephemeral
stream system depicted in Figure 3, w a
Q-O.5, d a Q-o.\ u a Q-o.:, and 5 a Q-o.&.

Total stream power, n, decreases markedly:

Figure 2. Sketch map
showing variations in
width of active channel
of stream that has been
affected by emplacement
of road embankment
and culvert; north of
Tucson, Arizona.

dominates, but lateral erosion predomi
nates \vhere a stream is close to the
threshold. Lateral erosion tends to be per
manent, as indicated by the presence of
straths and flood plains.

Perennial streams may scour or backfill
their channels during l:irge flows, but low
flows are times of reworking of those
stream-bed materials that can still be trans
ported. Ephemeral streams characteristi
c:llly aggrade their channels during low
tlows because streamflows infiltrate inro the
channel before reaching the mouth of a
drainage basin. lvlajor flows may cause net
scour of the channels of ephemeral streams
as the accumulated sediment is flushed out
of a given drainage net.

Long-term variations (> 1,000 yr) in crit
ical power are the result of changes in
amount and size of sediment discharge from
the hillslope subsystem. Such changes most
commonly are the result of climatic or
base-b'e1 changes, although the impact of
humans is important in' many pans of the
world.

For either long or short rime spans, the
interrelations of materials, processes, .and
landforms can be evaluated by using the
allometric-change approach in which land
sc::!pe elements are viewed as changing.at
different rates (Bull, 1975). The allometric
approach allows for either graded or chang
ing conditions. The critical-power threshold
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Figure 3. Diagrammatic sketches and graphs of stream power and critical power for
arid rocky drainage basin.
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alluviation. It is unlikely that" aggrading
reaches attain the threshold. bur the ten
dency to attain the threshold may result in
roughly similar values of stream and critical
power.

The deposition of the patch of allm·ium
illustrated in Figure 4 also results in the
formation of reach Y, which is inherently
unstable because the stream slope is steep.
Channel entrenchment into the alluvium
may occur, particularly at high discharges.
The formation of channels tends to concen
trate How, and this is a self-enhancing feed
back that tends to destroy the patch of
alluvium.

Thus, local aggradation may result in
reaches that either exceed or are less than
the critical-power threshold and where the
relative rates of change of processes and
landforms are dependent on two offsetting
self-enhancing feedback mechanisms. AI
luviation will be temporary in a bedrock
channel such as illustrated in Figure 4, and
where streams debouch ontO a permanent
depositional area, such local alluviations
are redistributed over the surface of the de
posit.

Stream power and critical power are
equal, but changing, in reach B, which is in
equilibrium. Stream p0wer is decreasing be
cause of decreases in discharge and "slope.
Sediment load is constant or may even in
crease, but, by definition, it cannot decrease
until reach C. Hydraulic adjustments ace as
self-regulating feedback mechanisms to

maintain graded conditions in reach B de
spite decreases in discharge. If dune bed
forms and highly turbulent flow are present
in reach A, they may give way to the planar
beds of reach B. The resulting decreases in
hydraulic roughness cause decreases in crit
ical power and provide an example where

Figure 4. Diagrammatic sketch of
stream profile showing adjacent alluvial
reaches that are more gentle (Xl and steeper
(Y) Ihan pre-existing bedrock channel.

l_-

power in reach C of Figure 3 - a ratio of
less than 1. Both steep and gentle reaches
may occur in locally aggrading reaches. In
Figure 4, deposition of sand has occurred in
a locally aggrading section of a bedrock
channel. In reach X the mode of operation
is to alluviate the channel and valley Hoor
and represents the situation depicted in
reach C of Figure 3. Increases in 110w width,
infiltration capacity, and vegetation all act
as self-enhancing feedbacks that promote
additional alluviation. Stream power in
reach X does not tend to remain less than
critical power, because selective sedimenta
tion decreases sediment load and size,
thereby reducing the critical power and
tending to re-e~tablish the critical-power
threshold. In order to achieve the threshold,
the decrease in sediment load must be
sufficient to compensate for the concurrent
decrease instr~am gradient caused by

THRESHOLD OF CRITICAL PO~'ER IN STREAMS

(9)

Reach A Reach 8 Reach C
(low-order streams) (high-order stream) (highest order stream)

DOMINANT STREAM PROCESS

Downcutting. Lateral Cutting. Alluviatlon.
stream power > stream power = stream power <
critical power " critical power critical power
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B. Cross - Volley Profiles

Headwaters streams in most mountain
ous regions generally exceed the critical
power threshold. Stream power is much
more than is needed to transport the sedi
ment load and overcome roughness in reach
A of Figure 3, parr A. Cross-valley mor
phologies of such reaches characteristically
are V-shaped because the stream obtains
additional sediment by vertical erosion into
bedrock. All downcutting reaches, how
ever, have. a tendency to approach the
threshold of critical power.

Stream power is less than the critical
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hydraulic adjustments are sufficient to
maintain a graded-stream condition despite

•
concurrent chaQg~s in sever:tl variables. In
reaches A and C of Figure 3, part A, the hy
draulic adjusqncnlS are insufficient to allow
attainment of graded strc:lm!low.

A rcach where stream power is more than
the critical power will tend to erode down
to the threshold of critical power_ High
order streams achieve the threshold condi
tion more rapidly than do low-order
streams because of their greater capacity.
The rate of downcutting decreases
asymptotically, and lateral erosion and
deposition become more important as the
threshold is approached. ?\linor downcut
ting or deposition may occur in a reach, but
such local processes are temporary and
commonly arc offset by the presence of the
opposite process within the same reach, as
in a point-bar environment. Straths form
under such conditions. This concept was
first stated by Gilbert (1877, p. 126):
"Downward wear ceases when the load
equals the capacity for transportation.
Whenever the load reduces the downward
corrasion to little or nothing, lateral coria
sion becomes relatively and actually of im
portance."

•

A variety of field evidence may indicate
that a given reach of a stream is close to the
critical-power threshold. The presence of
alluvium in amounts that exceed that
scoured by large discharges suggests that
net vertical erosion is minimal. In down
cutting reaches, stream width at peak dis
charges equals valley-floor width; but when
lateral cutting becomes predominant over
downcutting, the tloodplain is narrower
than the valley-floor width. Measuremenrs
that show neither net erosion nor deposi
tion indicate threshold conditions. For time
spans of 1 to 100 }'r, measurements of ero
sion and deposition can be made in the
field. For longer time spans, radiogenic dat
ing of stratigraphy may be used. The
threshold has been passed if accelerated

downcutting occurs as a result of minor
steepening of the channel due to base-level
fall or local alluviation. Parallel stream ter
races may be suggestive of a return to simi
lar threshold conditions after adjustments
to perturbations. The evidelKe that many
depositional settings were close to the
threshold is found in stratigraphies that
contain numerous temporary small
hiatuses.

Reaches of streams at the critical-power
threshold are highly 'susceptible to acceler
ated downcurring or alluviation because of
changes in either stream or critical po\ver.
For the situation depicted in reach B of Fig
ure 3, part B, a moderate increase in the
critical power may result in alluviarion. A
moderate decrease in critical power may ac
celerate the rate of channel downcutting.
Changes in the critical power that result
from changes in the independent variables
arc a major cause of passing the threshold,
which results in alluviation or terracing of
streams. The situation is different for reach
A, where even a large increase in critical
power can occur and the stream will con
tinue to downcut. For reach C, changes in
critical power may (1) accelerate the rate of
alluviation, (2) rerum the mode of opera
tion to equilibrium conditions, or (3) cause
the threshold to be crossed, thereby initiat
ing emrenchment of the channel into the
alluvium.

The concept that streams tend tOward the
minimum gradiems needed to transport
their sediment loads has been recognized by
many workers (such as Leopold and Lang
bein, 1962; Yang, 1971, p. 243) and is an
important part of the graded stream and
critical-power threshold conceptual
frameworks. A graded stream would be one
that has attained and remained at the
critical-power threshold. Knox (1976)
would consider a stream to be graded even
if long-term net erosion or deposition were
taking place. Knox's approach pertains to
those streams that remain on one side or the

other of the critical-power threshold or
those that remain at the thresh,)ld.

VARIA110NS IN TIME AND SPACE

In this section the critical-power
threshold is used to evaluate time lags in
arid fluvi:tl sysrems that have responded to
perrurb3tions of greatly different character
and duration. The topics include the as
sessment of the impact of tectonic uplift,
climatic change, and human actions.

Responses to Tecronic Perturbations

Differential vertical uplift at a mountain
from is a perrurbation that first affects the
fluvial system adjacent to the from. Head
cut migration steepens the drainage net and
then the hillslopes. The ridge crests in the
headwaters of the drainage basin wiiI be the
last landscape element to adjust to the in
crease in relief caused by the uplift.

Uplift rates of mountain fronts are not
uniform. Periods of rapid uplift are sepa
rated by periods of minimal tectonism,
when stream erosion is the chief local base
level pr"ocess. After substantial uplift, the
critical-power threshold may be exceeded
along an entire drainage net, indicated by
lack of net alloviation in narrow V-shaped
valleys. Srraths formed during periods of
tectonic quiescence will become terraces
with the onset of the next period of accel
erated uplifr. which sreepens the slope of
the active stream ch;mneI.
, An example of a stream that has re
peatedly returned to the critical-power
threshold after pulses of differential uplift
of the mountain front is the Wadi Saada,
which discharges onto a large alluvial fan
along the coast of the east-central Sinai
Peninsula. The differential uplift appears to
be chiefly downfaulting of the rift valley to
the east. 1\.·{osr of the drainage basin is un
derlain by coarse-grained granitic rocks,
and hydrolytic weathering and salt splitting

5x vertical exaggerationSTRATH SURFACE

o 500 1000 1500

DISTANCE IN METERS
Figure 5. Longitudinal profiles of strarh terraces of Wadi Saada, east-central Sinai Peninsula.
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are important processes that produce large

•

amountS of grus.
Although the width of the Wadi Saada

exceeds 100 m at the mountain front, it is a
strath that~is overlain by 3 m of bouldery
gravel. Figure 5 shows remnants of nvo
similar ancestral straths now preserved
under terrace gravels at about 10 and 30 m
above the wadi strath surface.

Although a net increase in the total relief
of the watershed has occurred as a result of
the uplifts, permanent steepening of the
stream gradient apparently has not oc
curred in the reach immediately upstream
from the fault scarp. Differential uplift of
the mountain front caused headward ero
sion in the reach upstream from the fault
and establishment of a steeper and a nar
rower valley than before faulting. Then,
during a period of tectonic inactivity, fan
deposition constituted a base-level rise in
the reach downstream from the fault. The
stream cut down to the critical power
threshold upstream frolli the mountain
front, and lateral erosion widened the valley
floor. The presence of three straths suggests
that long periods of tectonic quiescence oc
curred between uplifts of 20 and 10 m. The

•

me:m discharge of water and sediment from
the hillslopes may not have changed much
during the long time spans represented by
the suite of terraces. The similarity of ter-
race slopes may reflect similar sizes of the
coarse-grained bedload (Leopold and Bull,
unpub.).

The rates of headcut migration - a type
of accelerated vertical erosion - will de
termine the rate of upstream migration of
the effects of a tectoni.. perturbation. The
mountain-front reach is the first to ap
proach the threshold of critical power, and
the progressive increase of the ratio of lat
eral to vertical erosion results in valley
widening near the mountain front while ac
tive downcutting is still occurring upstream.

The rate of valley-floor narrowing with
distance upstream from a mountain front
can be expressed by the power function

of geologic time, the stream will widen its
valley as it approaches the threshold of crit
ical power. As lateral cutting becomes pro
gressively more important. the stream will
not spread over the entire valley Hoor dur
ing high discharges. The approximation of
a threshold condition migrates grad ually
upstream as the upstream reaches downcut,
so that the stream and critical power are
roughly the same for time spans of 104 yr.
The configurations of the plan views of the
valley mourhs - the pediment embaymenrs
of Figure 6, A - are functions of the rates
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Figure 6, A. The exponent, n, is indicative
of the rate of valley-Hoor narrowing.

During the valley downcutting that oc
curs after mountain-front uplift, the width
of the valley floor will approximate stream
width at high discharges. VaHey-floor width
decreases upstream from the front because
of the decrease in the size of the contribut
ing watershed. During the initial downcut
ring of the valley, c will be an index of the
magnitude of peak stream discharges at a
unit distance (100 m in this case) upstream
from the mountain front. With the passage

Figure 6. Pediment
embayments of Gila
Mountains, Arizona. A.
Topographic map from
Fortuna Mine quad
rangle. Data for part B
were collected from em
bayment whose mouth is
marked by A-A'. Rocks
are mafic gneiss, pegma
tite, and quartz diorite.
B. Graph showing nar
rowing of valley width
(W) with increasing dis
tance (L) upstream from
mountain from.

(10)

where L is distance upstream from the
mountain front, and W is width of the val
ley floor. Scatter about the regressions (Fig.
6, B) is largely the result of variations in
erosional widening of the valle~' t100rs
caused by nonuniform lithology and struc
ture and changes in valley width where
tributary streams join the trunk stream. The
coefficient, c, is indicative of the vallev-floor
width at 100 m upstream from rhe ;tarr of
the transect, which is shown by line A-A' in

•
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Figure 8. Longitudinal profiles of converging fill terraces in Riverside Mountains,
California.

fluvial systems. Both climatic changes re
duced the moisture available for plant
growth. Reduction of vegetative density de
creased infiltration rates and exposed more
soil to erosion, resulting in increases of sed-

+ temperature

G> e ALLUVIAL FILL TERRACES
• STREAM CHANNEL

imenr concentration and runoff of water
(Fig. 7) for a' precipitation event of a given
amount and intensity. Increases in sediment
load and size greatly increased the critical
power. The increase in critical power was

. Critical- power threshold
exceeded or not exceeded for stream

- precipitation + grazing by
domestic animals
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Figure 7. Increases
(+) and decreases (-) in
elements of hypothetical
arid hillslope subsystem.
Self-enhancing feedback
mechanisms are shown
by dashed line with ar
row.

Responses to a Climatic Perturbation

of lateral clltting andlor hillslope retreat
along the stream and the time elapsed since

•

ral erosion became predominant at the
ious points al~ng the valley. fvlore than a

million years '!lay be needed to form pedi
ment embayments.

The values of the exponent of equation
10 commonly range from -0.1 to -1.0,
but most of the exponents range from -0.1
to -0.4. These low rates of decrease of
valley-floor width relative to distance up
stream from the mountain front suggest
that (1) the rates of migration of attainment
of the threshold condition upstream from
the fronts commonly have been moderately
rapid (the streams' tectonically steepened
gradients decreased fairly rapidly during
and after cessation of uplift), andlor (2) the
low rate of narrowing is controlled by
structures that parallel the valley. This is
not surprising, because many' streams owe
their locations partly to the greater ease of
erosion along zones of abundant joints and
shears.

Such long periods of time are needed for
entire drainage nets to achieve the threshold
condition that it may not happen. The ad
justment time is longer for upstream
reaches than reaches at the mountain front

tlcause of decreasing stream capacity in the
stream direction. In Figure 6, part A, the

eadwaters streams have yet to cut down
to the threshold condition. Pediment-
embayment development is an example of
an extremely long time lag in response to
progressive decrease in the stream-power
component of the threshold. However, the
reaches of the stream that are close to or on
the erosional side of the threshold can be
identified easily.

In the section on pediment embayment, I
discussed changes in space of the critical
power threshold during rime spans of 106

yr, as affected by a perturbation in onl}' a
small part of the system - the zone of dif
ferential uplift at the mountain front. This
section emphasizes variation of threshold
conditions during 104 where the perturba
tion of Pleistocene-Holocene climatic
change occurred throughout arid fluvial
sysrems.

The change to Holocene climates in the
hor deserts of the Middle East and the
American Southwest can be generalized br

•

ing that precipitation decreased andIor
perature increased. These changes in the

independent variables caused the following
postulated sequence of changes in the arid,
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power, the changes in critical power resuit
ing from changes in sediment load and size
were even larger and occurred more
rapidly.

Response to Impact of Humans

The response to grazing - or other im
pacts such as shorr climatic variations - is
most pronounced in semiarid stream sys
tems underlain by fine-grained. easily
eroded materials. Changes in sediment load
and hydraulic roughness are large and
commonly occur during time spans of 10 to
100 yr.

The critical-power threshold separates
the two modes of operation of such stream
systems (Fig. 9). Where the threshold is ex
ceeded for a stream such as reach Y of Fig
ure 4, decreases in valley vegetative density
and flow width, and increases in tlo\\' depth
and velocity all tend to act as sclf-enhancing
feedbacks to perpetuate the downcutting
mode. Increase in sediment load and de
crease in slope tend to offset the effects
caused by changes in the above four var
iables. ~lost entrenching streams downcur
rapidly; approximate· threshold conditions
for a while, and then backfill or renew
downcunmg in response to new changes in
the independent variables or to complex re
sponses (Schumm, 1973) of the system. The
valley aggradation mode (Fig:. 9) has
changes in dependent variables that are op
posite those of the downcutting mode. For
either mode, changes in base lcvel directly
affect the critical-power threshold.

An example of the sensitivity of such
streams to the impact of humans is pro
vided by the Dead Mesquite Wash smdy
area (Packard, 1974) near Tucson, Arizona.
A discontinuous ephemeral stream supports
a lush growth of trees, bushes, and grass
where streamflow spreads out on channel
fans that are sites of valley aggradation.
Self-enhancing feedbacks promote vegeta
tive growth where vegetation greatly
spreads and reduces velocity of streamflow,
thereby causing deposition of additional
clayey soil and prolonged infiltration of
streamflow. Grazing, fire, or encroachment
by headcuts in the adjacent downstream
reach cause the critical-power threshold to
be exceeded and establish an opposite self
enhancing feedback mechanism. The
change is particularly pronounced in clay
rich soils because the initiation of any
minor channel greatly decreases residence
time of ephemeral sheet flow anti. thereby,
the infiltration of water to support the vege
tation. Within dec3des lush growth is trans-

tic variations during Holocene time, but
these have been minor compared to the
Pleistocene-Holocene climatic change.
Platits collected and stored by pack rats
(Neotom.:z sp.) provided Van Devender
(1973, 1977) abundant fossils from plant
communities, and materials to date the
times of climatic change. For western
Arizona he concluded that starting about
8,000 yr ago annual precipitation decreased
about 50%, that most of the decrease oc
curred during the winter rainy season, and
that the mean annual temperature increased
about 3°C.

The fluvial systems have been changing as
a result of the climatic change. The single
major perturbation resulted in consecutive
valley alluviation and downcutting as self
enhancing feedback mechanisms changed
'stream and critical power. The stream sub
system changed modes of operation in a
classic example of what Schumm (1973)
has referred to as complex response of flu
vial systems. Holocene alluviation tem
porarily in::reased stream gradients in the
Mojave .Desert by as much as 25%.
Although the changes in stream discharge
and gradient caused large changes in stream

-
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Figure 9. Increases (+) and decreases (-) in elements of hypothetical semiarid stream
subsystem. Self-enhancing feedback mechanisms are shown by dashed line with arrow.
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sufficient to maintain a condition where the
critical-power threshold was not exceeded,

•

despite increases in some stream gradients
caused by valiey alluviation. Decrease in

. soil thickness and concurrent increase in
area of exposed bedrock caused still more
rapid runoff of water, and the sediment
concentration decreased as more bare rock
was exposed (Fig. 7). The resulting decrease
in sediment yield reduced the critical power,
but the stream power had been increased by
the deposition of the steep valley fill. The
critical-power threshold was crossed as a
result of the changes occurring in the hiII
slope subsystem, and erosion of the valley
fill began. Three self-enhancing feedback
mechanisms tended to perpetuate the net
removal of soil from the slopes (Fig. 7). In
creased flashiness of runoff continued to
decrease soil thickness, which resulted in
continued decrease in vegetative density.

Fill terraces, such as those of Figure 8,
occur in the arid parts of the Mojave and
Sonoran Deserts of Arizona and California.
Valley fills were 6 to 30 m thick, but nearly
all the streams now are downcutting into
bedrock. The widespread occurrence of
three Holocene terrace levels reflects dima-

•

•
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formed into badlands studded with
bleached tree trunks (Fig. 10).

Panon and Schumm (1975) studied di~

continuous gullies in the Piceance B,lsin of
northwestern Colorado, where they found
sandstone, siltstone, and madstone to be
the most common hil/slope rock types.
They compared slopes and drainage areas
(a proxy for discharge) of gullied and un
gullied re:.lches (Fig. 11), and their work
showed that channel entrenchment oc
curred when, for a given drainage area,
alluviarion steepened the reach of a stream
above a threshold slope in much the same
manner as for reach Y of Figure 4.

In Figure II, Patton and Schumm's plot
has been divided into three groups of points
in order to demonstrate the relari;'e impor
tance of the two components of the

critical-power threshold: stream power and
the critical power. 1he solid line is an ap
proximation of the critical-power threshold
for the different stream reaches of the
Piceance Basin. Variations in stream power
dominate the threshold for the points in
areas A and B. None of the reaches of area
B has .sufficiently steep gradients that the
threshold is exceeded, and virtually all of
the reaches in area A are entrenched. Crit
ical power does not vary much for the
reaches of areas A and B, thereby allowing a
clear relarion between valley slope, dis
charge (basin area), and the presence of en
trenched or unentrenched s·trl'ams.

The relation between valley slope and
basin area does not hold for arca C, which
consists of steep reaches with source areas
of less than 20 km~. There is a good reason
for the critical power to vary more in the
reaches of area C, and therefore be a more
imponant determinant of whedler or not
entrenchment has occurred in the reaches of
area C. The denser hillslope and vaHey-floor
vegetation of those small basins dominated
by north-facing slopes (Patton and
Schumm, 1975, p. 89) has increaseJ tfle hy
draulic roughness and decreased discharge
so that critical power is larger than stream
power. Thus, the mode of operation of
some, but not all, of the small basins has
been alluviation instead of entrenchment of
the valley floors.

Figure 11 is useful for analysis of poten
tial impact of humans on their environ
ment. The critical-power thresholJ is iden
tified for a swdy area, and the rclati\'e im
portances of critical and stream power for
different reJchcs of the fluvial system C;1I1 be .
determined. Individual reaches such as
point S arc identified; they appear to be
especially sensitive [0 increases in the
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Figure 10. Threshold relations for discontinuous ephemeral stre:tm. Dead Mesquite

\Vash study site, Arizona. A. Densely vcget,teed rcach at critical-power threshold. B. Bilrren
reach adjacent to reach shown in A. Critical-power threshold has been exceeded for this
reach.
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I am particularly indebted to Luna
Leopold for his helpful discussions and
suggestions during the course of develop
ment of this threshold concept. Although
the preliminary versions (Bull, 1976b) in
cluded facrors such as hydraulic roughness
and discharge, there was an undue em
phasis on stream energy gradient. Leopold's
suggestion to recasrmy thoughts in terms of
stream power has resulted in a more realis
tic and tlexiblc conceptual framework. The
stream-power approach is especially rele
vant because nonequilibrium processes,
such as aggradation or degradation, directly
involve the availability of stream power to
transport bedload.

Review comments by Katherine
Hirscl~boeck and my graduate-student
geonlorphology seminar at the University of
Arizona and by Marrin ]. Haigh and Ran
Gerson substanriaily impro....cJ this manu
script. I appreciate the permission of Peter
Patton and Stanley Schumm for use of their
work for Figure 11.
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and complex responses operatIng in either
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Two conditions relating to the Gitical
power threshold can be recognized easily in
the field: (1) reaches where the threshold
has been exceeded, and (l) reaches that ap
proximate the threshold or where the crit
ical power exceeds the stream power. Ac
tive downcutting by the stream and lack of
e....idence for alluviation are clear evidence
that the threshold is being exceeded. The
folJowing field situations indicate that a
stream is dose to the critical-power thresh
old: (1) the presence of alluvium in amounts
that exceed that scoured by large dis
charges, (2) a floodplain that is narrower
than the valley-floor width, (3) measure
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reach, (4) parallel fill, or strath, terraces,
which suggest fluctuating conditions and
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The concept that streams tend toward
uniform and minimum expenditure of
power needed to transport their sediment
loads (Leopold and Langbein, 1964) is an
important part of the conceprnal frame
works that emphasize equilibrium (the
graded stream) or change in fluvial systems
(the threshold of critical power). Some of
the differences in emphasis of the two J.p
proaches J.re as follows. (1) Thresholds ':J.n
be used in srndies im'olving investigations
that range from minutes to millions of yeJ.rs
and for spaces of equally great contrJ.sr. but
the graded-stream concept applies primarily
to long times and brge spaces. (2) The
threshold approach tends to focus attemion
on those variables and complex responses
that are likely to cause the mode of system
operation to change. (3) The threshold ap
proach generally .encourages study of self
enhancing feedback mechanisms, whereas
the graded-stream approach generally en
courages study of self-regulating feedback
mechanisms.

Identification of thresholds in srndies of
fluvial systems promotes versatility of ap
proach and emphasis of those variables that
are likely to cause the mode of system op
eration to change. The use of thresholds en
courages scudy of the relative rates ~f

change of variables - allometric change
and de-emphasizes consideration of sirna
nons that may be unlikely, such as the at
tainment of equilibrium (steady state) for
long periods of time.
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1.5 Theoretical Assumptions and limitations

HEC-6 is a one-dimensional continuous simulation model using a sequence of steady flows to
represent discharge hydrographs. There is no provision for simulating the development of meanders
or specifying a lateral distribution of sediment load across a cross section. The cross section is
subdivided into two parts with input data; that part which has a movable bed, and that which does
not. The movable bed is constrained within the limits of the wetted perimeter and other limitations that
are explained later. The entire wetted part of the cross section is moved uniformly up or down; an
option is available, however, which causes the bed elevation to be adjusted in horizontal layers when
deposition occurs. Bed forms are not simulated except that tn' values can be functions of discharge
which indirectly permits consideration of the effects of bed forms if the user can determine those
effects from measured data. Density and secondary currents are not simulated.

There are three constraints on the description of a network system for which sediment transport
is to be calculated:

a. Sediment transport in distributaries is not possible.
b. Flow around islands, i.e., closed loops, cannot be directly accommodated.
c. Only one junction or local inflow point can occur between any two cross sections.

1.6 Single Event Analysis

HEC-6 is designed to analyze long-term scour and deposition. Single event analyses must be
performed with caution. HEC-6 assumes that equilibrium conditions are reached within each time
step (with certain restrictions explained later); however, the prototype is often influenced by unsteady
non-equilibrium conditions during flood events. Equilibrium is never achieved under these conditions
because of the continuously changing hydraulic and sediment dynamics. If these situations
predominate, single event analyses should be performed only on a qualitative basis. For gradually
changing sediment and hydraUlic conditions, such as for large rivers with slow rising and falling
hydrographs, single event analyses may be performed with confidence.

5
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• 2.3 Technical criteria for channel stabilitv

2.3.1 General. Technical criteria applicable to channel stability problems include velocity. shear

stress. stream power, hydraulic geometry relationships. sediment transport functions. ~nd bank slope

stability. The term "criteria" is used here to mean quantitative guidelines as given in technical

references, with no implication of mandatory usage.

The criteria discussed here are partial in nature and do not prOVide a complete solution for

evaluating channel stability. Technical criteria are b,est regarded as aids to judgment rather than as

self-sufficient tools. For example, technical criteria alone cannot determine whether a given channel

will be liable to meander development, because resistance to this type of instability is sensitive to

factors like vegetation and cohesion that are difficult to quantify.

•

•

Adequate resistance to erosion does not necessarily produce stability if the channel has

substantial inflows of bed sediment. The.simpler criteria like allowable velocity or shear stress

basically indicate what hydraulic conditions (velocity, depth. slope etc.) will initiate erosion in the

absence of significant sediment inflows (see Figure 2.2.2). Modified or more complex criteria are

required to take account of sedi~t inflows. In flood control channels, avoidance of sedimentation

may be as important as avoidance of erosion. Focussing on an erosion criterion for channels with

significant bed-sediment inflows may lead to sedimentation problems. because hydraulic forces as

limited by the criterion may be too weak to maintain continuity of sediment transport.

Simple formulas for computing values of criteria· for example, the Manning velocity formula 

generally yield a cross-sectional average value. This average value may be greatly exceeded at

critical points where erosion occurs, for example on the outside bank of a bend. On the other hand.

at points of sediment deposition the local value may be much less than the cross-sectional average.

Adjustment factors for cross-sectional distribution may be needed in such cases.

The applicability and limitations of various specific criteria with respect to flood control

channels are discussed below. When applying criteria to assessment and design, it is generally

advisable to check two or more approaches. Application to stability evaluation is discussed further in

Chapter 5.

2.3.2 Allowable velocity. The concept of allowable maximum velocities for various soils and

materials has a long history. Table 2.3.1 shows mean velocity data provided as a rough gUide in EM

1110-2-1601 (USACE 1970). Suggested values of allowable velocity for stability evaluation are

presented In Chapter 5.
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Channel Material•
Table 2.3.1 Example ot allowable velocity criteria

(from EM 1110-2-1601, 1970)

Mean Channel
Velocity, ips

t Based on TM 5-886-4 and CE Hydraulic Design Conferences
of 1958-1960.

tt For· particles larger than fine gravel (about 20 m.m = 3/4 in.),
:;ee plate 29.

i Keep velocities less than 5.0 fps unless good cover and
proper maintenance can be obtained.

-

•

Fine sand

Coarse sand

Fine gravel!!

Earth

Sandy silt
Silt clay
Clay

Grass-lined earth (slopes less than 5~)t

BerInuda grass - sandy silt
- silt clay

Kentucky Blue Grass - sandy silt
- silt clay

Poor rock (usually sedimentary)

Soft sandstone
Soft shale

Good rock (usually*gneous or hard
metamorphic)

2.0

4.0

6.0

2.0
3.5
6.0

6.0
8.0
5.0
7.0

10.0

8.0
3.5

20.0

•

The following comments discuss applicability of the criterion.

(1) Theoretical objections can be raised to using velocity alone as a criterion. Velocities are

however comparatively easy to measure, compute, or visualize. It is often useful to convert more

sophisticated criteria so that velocity appears as a primary variable. For instance, the shear stress

criterion can be converted to terms of velocities for specified depths of flow: see Section 2.3.3.

(2) Velocity criteria can be modified to allow for sediment transport and other factors. A Soil

Conservation Service manual for open channel design (USDA 19n) provides basic allowable

velocities for -sediment tree- and -sediment laden- flow (Figure 2.3.1). Adjustment factors are

suggested for depth of flow, channel curvature and bank slope angle. The diffiCUlty arises, however,

of Interpreting terms like -sediment laden-: in the USDA manual, It refers to a certain level of

suspended sediment .concentration.
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•
(Notes: I. Applies to 3 ft depth of flow.

2. ~ovided as example only of modified velocity criterion.)

Figure 2.3.1. Allowable velocity criteria with provision for sediment transport (USDA 19n).

(3) For channels with substantial bed-sediment inflows. an allowable minimum velocity to

avoid sedimentation may be as important as an allowable maximum to avoid erosion.

(4) In applying velocity criteria it Is important to consider the full range of discharges. One

approach that has been used in designing modified channels is to match so far as possible the

velocity~ischarge curve of the natural channel. Experience with local constrictions and widenings of

alllNial channels generally supports this approach: artificially constricted sections will often scour

their beds to restore more or less the natural velocity, and widened sections will often infill similarly.

•

(5) An allowable velocity will not in itself provide a complete channel design. because a

specified value can be satisfied by a wide range of width. depth and slope combinations. Any

specified upper limit can be satisfied theoretically by providing.a wide shallow cross-section

(Figure 2.3.2). In fact. however, the stream may erode a narrower sub-channel within the wide cross

section and then degrade to a flatter slope, or It may silt In from the sides. A velocity criterion

therefore has to be used in conjunction with other criteria or guidelines for slope. width. or cross

sectional shape.
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WIDE 8 SHALLOW

steep
Slope./ /

,;.://

,/

theoretical extreme alternatives for satisfying criteria

deposits to build" :,t iJp slope

~, develops sub-meanders.
'\~QttQcks bonks and

degrades slope

potential instability responses

Figure 2.3.2. Insufficiency of allowable velocity or shear stress criterion for stability
of alluvial channel.

2.3.3 Allowable shear stress. (The terms 'ractive stress· and 'ractive force· are used in some

publications for the same parameter.) Use of boundary shear stress rather than velocity as a stability

criterion became popular in the 193Os. The average boundary shear stress ("t) in straight uniform
flow (Figure 2.3.3) Is given by:

.,~~'

where Y Is the specific weight of water, R Is the hydraulic radius and S is the slope. The alternative

parameter V*, referred to as ·shear velocity" because of its dimensions, is related to shear stress by:

•
Ii

v. = .JgRS =J Vf
,'p,..

2·38

(Eq. 2.3.1)

(Eq.2.3.2)



• /:;"~

where g is gravitational acceleration and f is thL~density of water. The actual velocity close to

a rough boundary is in the order of 8 V*. -;:::::.

average C = 'I RS

where ?::

c ~ Yhs

boundary shear stress

•
flo

---'"''-----

distribution across bend width

Y = specific weight of water

h depth of flow

s = slope

-0= _ /1-
----- l"t 'y-......_-- -""

distribution in irregular cross· section

Figure 2.3.3. Boundary shear stress in uniform flow.

The following comments discuss applicability of the criterion.

(1) Shear stress criteria for movement of noncohesive sediments on a flat bed are well

established by the Shields diagram or its variants (Figure 2.3.4). This diagram is particularly

applicable to straight channels in coarse granular materials. For the rough boundaries given by these

materials, the generally accepted threshold-of-movement criterion is a Shields Number of

approximately 0.045. The Shields Number is defined as~:1) where ){/ is submerged specific weight

of sediment and 0 is sediment grainsize. In most natural channels. the bed shear stress in the main

part of the channel can be approximated as:

••
T = YhS

where h is the depth of flow. The Shields Number can then be written as:
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• Shields Number = hS/ ( s - 1) 0
(Eq. 2.3.4) ..

where h is depth of flow, S is hydraulic slope, s is dry specific gravity of sediment and D is grain size.

For sediment mixtures, the median size by weight (Oso) is often used as .representative.

cl2.D I N A~S" A-\2-&.
'i) l("\e.,~$,tlNU;. $$

via... ->-V1

0.4

Values of 0 in mm.
--......-1-- ~- ~ ~~ --I

n,' ~.

10,0001000
(~) (f.r)

100

v

(c = critical (threshold) shear stress
Ys' = submerged specific weight of sediment
v. = •shear velocity' (Eq. 2.3.2)
o = grain size (approx. 050 for mixtures)
v = kinematic Viscosity

2 4 6 10
o.0 11:..--J-_.L....-I~l-----'-_1-.....I_L.-....J----l--J.---JL-.-....J----l:-...J.--l

1

Notation:

•
Figure 2.3.4. Form of Shield's diagram for initial movement of noncohesive sediment
on flat bed (Komura 1963).

(2) In sand-bed channels, the bed is normally covered with ripples or dunes and significant

transport does not occur until shear stresses are considerably higher than indicated by the Shields

diagram. The large roughness and varying characteristics of these "bed forms" raise difficulties with
application of a shear stress criterion.

•

(3) Shear stress criteria have been applied to channels in cohesive and semi-cohesive soils.

Efforts to relate allowable shear stresses to standard geotechnical parameters such as shear strength,

plasticity index and so on have met with little success. A recent review states "The critical hydraulic

shear stress of a particular cohesive soil cannot be determined a priori with sufficient confidence by

any of the techniques suggested in the literature" (Andres 1985). Observation of existing channels

and hydraulic testing of local materials is recommended.
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t...

(Eq.2.3.6)

- 0.045hS
(s-1) 050

v
-JghS

,(jo
0(/

(4) Shear stress criteria can be converted theoretically to mean velocity criteria for~rio~r,
tr, 0,0 ,

depths at flow. For example, the Shields threshold criterion for coarse material in a wide C~f'!W~ lSl"<),.
<0. <is. Str,' of'be written: /)J. '0/ $ It, ICt.

I/O J.Ji.. $l: Of'
~'>/ IFf(() l..;/'iJ f\.1("
~ A .... VI" fo Ii '

(Eq. 2Sf.1}~1?o ' Ol'q I

~OO.9
A flow formula in terms of grain roughness k can be written (Ackers 1958):

1/6

8.4·1 (+) .

•
-

If these two equations are combined to eliminate S, and a relationship is assumed between k and
~ ,.

050' an expression is obtaine9 for mean velocity in terms of depth and grainsize. A reasonable

assumption, for a moderate distribution of grain sizes is k = 3 050' With this relationship, and taking

S = 2.6, the allowable mean velocity becomes:
----_.. . . ,. _A'; .

A chart of mean velocity against grainsize, that uses this relationship for the coarser sizes, is

provided in Chapter 5.
•

v = 10.66 h1/6 °501/ 3

Where V is in ftjs, and h and 050 tre in ft.

(Eq.2.3.7)

2.3.4 Stream power. Stream power is defined (ASCE 1975) as sh~_~trE!s~x mean velocity, that is:
-. \.,. .:~

stream power =tv =yRSV =¥aSjP
~.... ,.".' .-. - ,~.'~ .:.. ~ .~.:. ? / . ~''!" •

(Eq.2.3.8)

where a is discharge and P Is wetted perimeter. The term "tractive power" is also used. The units of

stream power signify power per unit area of stream bed.

•

Stream power was first used as a sediment transport parameter (Bagnold 1960). It has been

recommended as a stability criterion for certain types of soil (USDA 19n). It has also been applied

in theoretical development of hydraulic geometry relationships. see Section 2.3.7. For evaluating the

stability of flood control channels, stream power has no evident advantage over velocity or shear

stress used alone.

(A different parameter, defined as velocity x slope, has been termed ·unit stream power- by some...
writers.)

I·
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2.3.5 Hydraulic geometry relationships. Equilibrium or "regime" concepts are described in general

terms in Section 2.2. Associated hydraulic geometry relationships for straight stable channels were

first formulated by Lacey (1929-30). Modified "regime" equations for an extended range of canal and

river conditions were published by Blench (1957, 1969). Equations of similar general form (Simons

and Albertson 1951) formed the basis for the "modified regime" method (USDA 1977). Updated

research on similar lines is described in a conference proceedings ('White )988).
"-/ Ta... ?. <? t:

Hydraulic geometry relationships involve three independent relationships for (i) width or

wetted perimeter, (ii) depth or hydraulic radius, and. (iii) slope or velocity, all vs. discharge. They

indicate the preferred cross-section and slope of a channel for a given channel-forming discharge and

given boUndary materials. The basic forms of the equations imply a straight single-ehannel planform

and relatively low bed-sediment InfloWS, but modifications for meandering planforms and for bed

sediment transport are suggested in some of the references. The preferred channel is supposed to

be stable with respect to cross-section and slope, but is not necessarily free from lateral shifting and

meandering.

In considering channel modifications for flood control, the question of allowable slope is often

primary. USDA (1977) states: 'D~rmination of an acceptable safe slope for a channel is about the

most difficult decision in channel design·.

When three hydraulic geometry relations are used, roughness coefficients are not specified

explicitly, but are implied as functions of the discharge and boundary materials. This appears

appropriate for sandy beds where roughness is variable and determined mainly by bedforms, but less

appropriate for coarse-grained boundaries. It is possible to use a hybrid procedure Whereby channel

cross-section is based on hydraUlic geometry relationships but slope is then determined from the

Manning or similar equation, using roughness values based on experience.

Graphical hydraUlic geometry relationships for assistance in stability evaluation are presented

in Chapter 5. Relationships incorporating sediment transport are discussed In Section 2.3.7.

•

2.3.6 Sediment transport functions. Many flood control channels have substantial Inflows of

sediment from upstream and from tributaries. Stability of channel cross-section and profile then

reqUires not only that the channel should resist erosion, but also that the bed sediment should be

transported through the channel without deposition and loss of designed hydraulic capacity.

(Deposition of fine suspended sediment is seldom a serious concern except in delta and estuarial

channels where Velocities are very low.)
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If the channel is dimensioned for flood capacity without bonsideration of sediment transport
I

continuity, it may undergo deposition until transport continuity is. attained, with a loss of designed

flood capacity (Figure 2.3.5). I
!,
!
I
I

~.

.; : ..': :,' ;
..... - -: :.. .•. .. '" -~.

. - ..
'. r

Figure 2.3.5. Infilling of oversized flood control channe by deposition of sand in floods.

!
Most sediment transport functions predict a rate of Seditent transport for given hydraulic

conditions - usually average cross-section, slope' and depth of f1pw. It is important to know whether a

given function is supposed to predict total bed-material load or bed load only (see Figure 2.2.7'. For

very coarse bed materials. the difference is of iittle significance. IFor sand, the suspend~ bed

material load may be an order of magnitude greater than the be load.

It is generally agreed that "blind" computation of transp rt without calibration against

independent data may give highly unreliable results. Different s diment transport functions were

developed from different sets of field and·laboratory data and ar better suited to some applications

than others. Different functions may give widely differing results for a specified channel,

Unfortunately, acquisition of calibration data is usually very diffic It. In the case of some actively

shifting streams, it may be possible to make a rough check fro considerations of bani< erosion and

bar deposition (Neill 1983. 1987).
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An example where computed bed load transport was compared with field measurements i:

shown in Figure 2.3.6. Bed load consisted of gravel and coarse sand and was measured across a

gauging section over a period of several years using a Helley-Smith sampler (Burrows et al 1981).

The data, although widely scattered. are reasonably compatible with the Meyer-Peter and Muller

bedload formula. which is considered applicable to gravel channels (see ASCE 1975).

Figure 2.3.6. Comparison of computed and measured bed load (CRREL 1984).
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A less demanding application of sediment transport functions is to compare the transport

capacity of a proposed modified channel with that of the original channel under a range of equivale

flow conditions, and if possible to match the curves of sediment transport vs. fluid discharge. In thi

case absolute accuracy is not so important. however the transport function should be selected with

some care to ensure that it is not grossly inapplicable.

•

In considering channel stability, continuity of transport over a year or more is generally mor

important than in one'event lasting a few days or hours. To compute transport over a period of tim

a transport rate vs. discharge table is normally combined with a f1ow-duration table. It is important.

however, not to overlook the low-frequency events. In some rivers a low-frequency flood event ma)

transport as much sediment as several years of ordinary flows.
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2.3.7 Transport-modified hydraulic geometry relationships. Several attempts have been made to

combine hydraulic geometry and sediment transport concepts in order to develop more complex

relationships that take sediment transport into account. Recent examples are the theories of Chang

(1980) and White et al (1981). Table 2.3.2 shows a sample table by White et al: the input data are

channel-forming discharge. bed-sediment grainsize and bed-sediment concentration. and the output

data are channel width, depth. slope, velocity and friction factor.

The Chang and White theories both use unproven extremum principles to provide a basis for

the width relationship. Their results are best regarded as tentative and subject to testing.

Figures 2.3.7 shows the effect of increasing sediment concentration. according to the White theory,

on width-discharge. depth-discharge and s1ope-discharge relations for a sand-bed and a gravel-bed

channel respectively.

A major difficUlty in applying the White method is to determine the appropriate bed-sediment

concentration. A possible procedure for comparing a modified with an existing channel would be: (i)

enter the tables with existing dimensions and slope and read the sediment concentration. (ii) compute

the existing sediment transport. and (iii) divide by the modified discharge to obtain the input

concentration for the modified chknnel.

2.3.8 Bank slope stability. Bank erosion or failure often involves both hydraulic and geotechnical

factors. In alluvial rivers. bank erosion is often seen as an inevitable accompaniment of an overall

process such as meander migration (see Section 2.1.3). In many streams. however. geotechnical

and biological factors are important In determining locations and rates of erosion and therefore in

selecting the most appropriate type of bank protection. If failure is due mainly to geotechnical factors

like drawdown or seepage. protection against hydraulic erosion may not be the best treatment On

the other hand. geotechnical failure may represent a delayed response to continuing scour at the

bank toe. in which case toe protection against hydraulic erosion is essential. Other contributory

causes of bank failure include boat-generated waves and turbulence. ice and debris jams, and traffic

of animals and vehicles.

In streams where flood flows have been reduced by upstream regulation. hydraulic forces

may be weakened to the point that channel migration ceases. Yet local bank failure may continue to

be troublesome because of persisting geotechnical factors.

Mechanisms of bank slope failure in the Ohio River basin are described by Hagerty et at

(1986). One identified process is ·internal erosion" of sandy soil layers by groundwater outflow,

followed by subsequent gravity collapse of overlying layers (Figure 2.3.8). Other processses referred
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• Table 2.3.2

SAND SIZE 0.50 MILLJ"ETRES

SEDIMENT
CONCENTRATION
(PPM'

Example of transport-modified regime relations
(White et al 1981)

VELOCITY (METRES/SEC'
SLOPE '1000
O("'H (M('R(S)
"10TH (METR(S>
FRICTIOH FACTOR '10

OISCHARGE (CUMECS)

•

10

20

40

60

80

100

200

400

600

soo

1000

2000

4000

0.5

0.45
0.237
0."6
2."
0.323

0.47
0.309
0,"2
2.5
0.372
0.49

'0."25
0.34
2.7
0 ..... ,

0.50
0.524
0.36
2.8
0.490

0.51
0.615
0.34
2.9
0.529

0.52
0.699
0.33
2.9
0.562

0.56
1.078
0.29
3.0
0.677

0.62
1.734
0.26
3.2
0.813

0.64
2.336
0.23
3.4
0.919

0.70
2.897
0.23
3.1
0.970

0.71
3.438
0.21
3.3
1.021

0.81
5.973
0.18
3.4
1.196

0.94
10.608
0.16
3.3
1.342

1.0

0.47
0.191
0.62
3.,4
0.321

0.49
0.256
0.56
3.6
0.37Z
0.52
0.360
0.51
3.6
0."45

0.53
0.449
0.47
".0
0.494

0.55
0.532
0.45
".0
0.534

0.57
0.611
0.45
3.9
0.571

0.61
0.958
0.38
".3
0.682

0.66
1.572
0.32
4.8
0.829

0.72
2.127
0.31
".5
0.902

0.74
2.660
0.29
".7
0.986

0.79
3.166
0.28
4.5
1.016

0.90
5.557
0.24
4.7
1.181

1.05
9.963
0.21
4.6
1.352

2.0

0.50
0.156
0.81
5.0
0.322

0.52
0.214
0.73
5.3
0.375

0.55
0.307
0.66
5.5
0.4"9

0.57
0.369
0.61
5.7
0.500

0.59
0.464
0.59
5.11
0.540

0.60
0.536
0.56
5.9
0.573

0.66
0.858
0.49
6.2
0.687

0.73
1.427
0.43
6.3
0.811
0.79
1.951
0.40
6.4
0.900

0.83
2.449
0.37
6.5
0.970

0.a5
2.917
0.35
6.7
1.030

1.00
5.197
0.31
6.5
1.164

1.1.
9.392
0.26
6.4
1.323

5.0

0.53
0.121
1.15
8.2
0.320

0.56
0.171
1.05
6.5
0.381

0,60
0.253
0.93
9.0
0.457

0.62
0.326
0.87
9.2
0.509

0.66
0.395
0.87

. 6.8
.. 0.554

0.66
0.458
0.79
9.5
0.582

0.73
0.751
0.69
9.9
0.694

0.83
1.274
0.61

10.0
0.820

0.89
1.757
0.56

10.1
0.897

0.94
2.220
0.52

10.2
0.954

1.00
2.670
0.50
9.9
0.998

1.16
4.718
0.43

10.1
1.140

1.37
a.73.
0.37
9.9
1.282

10.0

0.56
0.101
1.51

" .8
0.32..

0.60
0.1"6
1. 36

12.4
0.387

0.64
0.222
1. 21

13.0
0.465.

0.67
0.289
1.13

13.2
0.517

0.69
0.351
1.07

13.5
0.557

0.72
0.412
1.02

13.8
0.589

0.80
0.684
0.119

14.0
0.700

0.91
1.176
0.78

14.2
0.820

0.98
1.633
0.71

14.2
0.894

1.05
2.074
0.68

14.0
0.947

1.10
2.498
0.64

14.1
0.989

1.29
4.516
0.56

13.9
1.129

1.55
8.285
0.48

13.4
1.250

20.0

0.60
0.066
1.96

" 17. I
0 • .529

0.63
0.126
1.76

17.9
0.39S

0.68
0.196
1.57

18.6
0.473

0.7:2
0.258
1.46

19,1
0.526

0.75
0.316
1.38

19.3
0.565

0.78
0.371
1.32

19.5
0.597

0.117
0.628
1.15

19.9
0.704

1.00
1.092
1.00

20.0
0.1120

1.09
1.527
0.93

19.7
0.8119

1.16
1.9"3
0.87

19.8
0.939

1.20
2.349
0.79

21.1
0.987

1.46
4.275
0.72

19.1
1.099

1.74
7.8&6
0.62

18.6
1.218

50.0

0.64
0.070
2.76

28.2
0.338

0.69
0.106
2.47

29.3
0.4.05

0.75
0.1611
2.20

30.2
0.485

0.80
0.225
2.03

30.11
0.536

0.84
0.2711
1.93

31.0
0.576

0.87
0.328
1.85

31.1
0.607

0.99
0.566
1.61

31.6
0.709

1.14
0.998
1.39

31.6
0.817

1.25
1.403
1.29

31.1
O.Ul

1.35
1.797
1.23

30.0
0.926

1.42
2.116
1.16

30.5
0.962

1.70
3.993
1.01

29.3
1.070

2.06
7.410
0.87

27.9
1.174

100.0

0.68
0.060
:LS7

'" .0
0.346

0.74
0.094
3.20

42.2
0.415

0.81
0.151
2.84

43.3
0.494

0.87
0.204
2.63

43.11
0.545

0.91
0.254
~.4a

44.3
0.583

0.95
0.302
2.311

44.3
0.613

1.08
0.526
2.06

"4.8
0.711

1.27
0.938
1.81

43.4
0.813

1.39
1.323
1.66

43.3
0.873

1.50
1.697
1.57

42.6
0.915

1.58
2.061
1.49

42.3
0.948

1.84
3.807
1.22

44.4
1.061

2.32
7.088
1.12

38.3
1.141

200.0

0.73
0.053
".59

59.8
0.354

0.79
0.083
".12

61.1
0 ...Z4

0.88
0.137
3.64

62.3
0.502

0.94
0.187
3.38

62.6
0.553

0.99
0.234
3.20

62.8
0.589

1.04
0.279
3.05

63.1
0.618

1.20
0.491
2.67

62.5
0.712

1.41
0.882
2.32

61.5
0.808

1.55
1.252
2.13

60.4
0.863

1.68
1.609
2.01

59.2
0.902

1.79
1.960
1.94

57.7
0.93~

2.16
3.631
1.67

55.4
1.022

2.71
6.794
1.S~

4a.7
1.102

500.0

0.81
0.045
6.60

93.8
0 • .570

0.88
0.073
5.74

99.2
0.436

0.98
0.122
5.06

100.4
0.513

1.06
0.168
4.70

100.3
0.S61

1.12
0.211
4.46

99.9
0.597

1.HI
0.253
".26

99.7
0.624

1.37
0.452
3.72

98.1
0.711

1.62
0.819
3.23

95.3
0.798

1.80
1.169
2.95

94.1
0.848

1.95
1.507
2.81

91.2
0.883

2.08
1.838
2.69

89.5
0.910

~.53
3.425
2.33

84.6
0.989

3.13
6.433
2.04

7a.1
1.063

1000.0

tg~ol
6.2<

,.., ,q

0.J76 ,

0.9S i
0.066

,..Us I
0.«\

1.09 :
0.111 1
6.61 ,

137.7 ,
0.522 '

1.16 ,
0.156 ;
6.0l :

143.0 i
0.S67 I

1.24
0.197
S.71.

141.a
0.600

1.30
0.237
5.41

'''0.'1
0.621

1.52
0."26
4.76

137.'1
0.109

1.81
0.771
4. "

13.5.2
0.789

2.03
1. III
3.a/

129.1
0.al6

2.19
1.411
3.6'

126."
0.a61

2.34
1.75t
3."S

123.9
0.89'

2.18
3.26<
3.0'

1 1".4 .
0.96'

~:~;l
2.64

1o7, '.14!

•
( NOTES: I. Sample table only.

2. Tables in reference are colour - coded. )
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• to include erosion and infiltration of cracks by overland flow and precipitation, and river erosion of soil

berms deposited by previous failures (Figure 2.3.9). They conclude: •... alluvial stream and river

bank failures and erosion are complex processes which include interactions of hydraulic and

geotechnical causative mechanisms. These actions are not yet fully understood..."
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Figure 2.3.7. Effects of bed-sediment concentration on hydraulic
geometry of allwial channels. on basis of tables by White et al (1981).

• A stability analysis method for steep cohesive river banks (Osman and Thorne 1988, Thorne.

and Osman 1988) was developed from studies In the b1uffline streams of northern Mississippi.• The

conceived mechanism'of bank failure is shown in Figure 2.3.9a. The analysis method Is based on
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Figure 2.3.8. Mechanism of bank failure by -internal erosion- (Hagerty et al 1986).
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Figure 2.3.9. Stability analysis for steep cohesive river banks (Thome and Osman 1988),•
(a) concept of bank

failure mechanism (b) sample chart for critical bank height •
for specific local soil conditions
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• combining a computational model for hydraulic erosion of cohesive soil with a static analysis for

gravity failure. For a particular locality with reasonably homogeneous soil conditions. a chart of

critical bank height versus bank angle is developed using generalized values of local soil properties

(Figure 2.3.9b). The chart implies that banks plotting in the MUnsafe" zone will fail frequently. provided

that fluvial activity prevents the accumulation of toe berms. Banks plotting in the "UnreliableMzone

are considered liable to failure if heavily saturated. Vegetation is not accounted for explicitly, which is

admitted to be a shortcoming.

•

Bank slope stability is particularly relevant to the difficult problem of assessing and predicting

meander development and rates of meander migration. The Thome and Osman analyses appear to

imply that bank failure leads to channel widening. This type of response however, happens mainly in

degrading channels such as the Mississippi b1uffline streams. In meandering alluvial streams with

stable longitudinal profiles. high rates of bank failure cause rapid meander migration but not channel

widening: an associated process of sediment exchange results in deposition opposite the eroding

banks. so that channel width is maintained despite continual channel shifting (Figure 2.3.10) .

••

, erosion
---~-)

PLAN CROSS - SECTION A-A

Figure 2.3.10. Natural maintenance of channel width in shifting meanders.

•

2.3.9 Meanders and channel curvature. The majority of natural streams In erodibfe materials have

more or less meandering p1anforms. The following points are based on extensive studies of the

geometry of meanders. (For more detaned discussions see Petersen 1986. ASCE 1983.

Jansen et a11979. Leopold Wolman and Miller 1964.)

(1) Plan dimensions of meanders scale with the width of the river. On maps and airphotos.

large and small rivers appear generally similar. so that the appearance of a stream gives no.clue as to

the scale of a map.
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(2) Meander wavelength and channel length between inflexion points (Figure 2.3.11) have

both shown good correlations with channel width. Hey (1983) suggests as a preferred average

relationship:

channel length between inflexion points =6.3 x width

and cites theoretical support based on the size of circulation cells in bends.

(3) The ratio of minimum radius of curvature to channel width in well-developed meander

bends is generally in the range 1.5 to 4.5. and commonly in the range 2 to 3.

(4) The amplitude of meander systems is quite variable. being controlled to some extent by

the valley bottom width. However the ratio of amplitude to wavelength is commonly in the range 0.5

to 1.5.
AMPLITUDE

(FULL WAVE)

•
CHANNeL LcNGTH
BeTWeeN
INFLeXION POINTS
(HALF WAVc)

•
.......

Figure 2.3.11. Meander geometry (after Nunnally & Shields 1985).

The relationships cited above refer to natural streams and are not criteria for stability of flood

control channels: many meandering systems are obviously unstable with respect to planform.

Nevertheless, the use of moderately sinuous rather than straight alignments is generally preferred.

even where there are no existing constraints on alignment Nunnally and Shields (1985) state:

·Meandering alignments are not only aesthetically superior to straight channels, but they may also be

more stable.· It appears logical to dimension sinuous alignments In general accordance with the

more stable natural systems. Geometric gUidelines for channel design are suggested In Chapter 6.
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CHAPTER 5. EVALUATION OF STABILITY

5.1 General remarks

As stated in Chapter 1, the purpose of this manual is to provide guidance for evaluating the

stability of existing or proposed channels that form part of a flood control project, and for

incorporating design features to maintain or enhance stability. This Chapter outlines a systematic

apprpach to evaluation and provides examples. Chapter 6 deals with practical measures to preserve

or enhance stability. Background information is contained in Chapters 2. 3 and 4. Stability in this

context signifies freedom from undesired erosional or depositional effects.

A stability evaluation of some type should be conducted at an early stage in project pla:1ning

in order to screen out alternatives that would present serious stability problems and to identify needs

for further studies. As planning progresses. successive evaluations with increasing detail may be

required. In some environments. potential future consequences of erosional instability can have an

overwhelming impact on the longterm viability of a project. Once key planning decisions have been

taken it may be difficult to modify the project sufficiently to avoid serious stability problems.

There has been a tendency in the past to defer treatment of stability problems to post

construction maintenance, and such a policy has sometimes been supported by cost-benefit studies.

It is often difficult. however. to implement adequate maintenance even where it is clearly provided for

in project agreements. The expected time scale of channel response has an important bearing on

the advisability of relying on maintenance. It may be reasonable to rely on maintenance to

accommodate gradual development of instability but not rapid development.

Stability evaluation will normally be directed towards preparation of a statement describing

the stability characteristics of the existing channel system and the stability implications of the

proposed project. Recommendations will be formulated on whether special measures are required to

counter existing problems or adverse impacts.

5.2 Levels of detail

Evaluation can be done at various levels, ranging from a purely qualitative process based on

inspection to a partly quantitative process using numerical data and analyses. As stated in Chapter 1,

this manual is intended primarily for smaller projects where funds for investigation are limited. or for

larger projects in their preliminary stages. When stability evaluation indicates a need for detailed

studies of sediment yield. transport or deposition, reference should be made EM 1110-2~O (USACE

1989).
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The appropriate level of detail for a particular evaluation depends on the status of the

planning study, the perceived seriousness of potential problems. the scale of the project and the

resources available. In some cases. persons highly experienced in stream morphology and

hydraulics may be able to make a valid assessment using judgment or simple criteria where less

experienced persons might require more detailed investigations.

5.3 Application of technical criteria

5.3.1 General. A number of technical criteria available for analyzing certain aspects of channel

stability are reviewed in Section 2.3. These criteria do not provide a complete analytical solution to

channel stability in three dimensions and are best regarded as aids to judgment. Further gUidance is

provided here for their application to stability analysis. Analysis is not always required: a purely

qualitative evaluation may be adequate for the nature of the project or the stage of the study.

Caution should be observed against relying on a single criterion. Wherever possible, several

approaches should be compared and efforts made to reconcile differences. Numerical values drawn

from the technical literature should be checked against local experience, as they may not account for

all the factors operating.

The erosional and depositional stability of mobUe-boundary channels is a complex multi

dimensional problem. Analytical knowledge is very incomplete compared with that for non-erodible

channels. Previous experience with the behavior and response of similar channels in a similar

environment is an invaluable guide to evaluation. If analysis conflicts with experience. the analysis

should be reviewed critically.

Numerical parameters computed for the existing channel are principally of value as a basis

for comparison with post-project values. rather than as Indicators of eXisting stability. In most cases,

the stability of the existing channel will be assessed from field observations and visual data such as

aerial photographs.

It is important to fit available analytical tools to the problem at hand. For example. if the

perceived main problem Is bank erosion associated with active meandering, hydraUlic geometry

relationships may not be of much help. In applying analytical tools, the user should consider what

physical process or feature a given parameter or criterion represents and how that Is related to

observed or anticipated forms of instability.
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• 5.3.2 Velocities and shear stresses (see also Sections 2.3.2 and 2.3.3). Cross-sectional average

velocities and boundary shear stresses should be determined over a range of discharges. Velocities

are normally computed as discharge divided by wetted area. Shear stresses are computed as

indicated in Section 2.3.3.

Under overbank flow conditions. the velocities used for stability evaluation should be in~

channel values, not averages over a compound cross-section (Figure 5.3.1). Bed shear stress should

be computed from the average flow depth in the channel proper. Stage-discharge relationships in

c0f!lpound channels are reviewed by Williams and Julien (1989.)

/

left I
overbank

channel right overbank

•

•

Use Ven and den for channel stability evaluation

Figure 5.3.1. Velocities and depths in compound cross-section.

For existing channels. it is preferable to use stage-discharge relationships established from

gaging station records or from known water marks. Where observations are not available. uniform

flow computations with estimated roughnesses may be used to synthesize a relationship (see also

Section 4.5.5). In active alluvial streams, roughness may reduce appreciably at high stages because

of changes in bed topography (Figure 5.3.2). In the selection of roughness values. the interests of

flood protection design and channel stability evaluation are different: for design of levee heights it is

safer to estimate high, whereas for stability evaluation it is safer to estimate low.

If cross-sections and slope are reasonably uniform. computed velocities and shear stresses

can be based on an averaged cross-section. Otherwise the project length can be divided into

reaches. If cross-sections are highly variable even within reaches. It may be appropriate to consider

values for small, medium and large sections.

For an existing channel. computed velocities can be compared with 'beglnning of bed

movement' (threshold) velocities appropriate to the boUndary materials. as given in Tables 5.3.1 and

5.3.2 or Figures 5.3.3 and 5.3.4. Plotting a stage-velocity or discharge-velocity curve will enable

estimation of flow conditions for beginning of bed movement. The frequency of this condition can
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indicate the potential tor certain kinds at instability. For example, it bed movement occurs only under

2-year flood or higher conditions, the potential for profile changes due to slightly increased project

velocities is likely to be limited. On the other hand, if movement occurs under flows that occur many

times per year, the channel is relatively active and may respond quickly to imposed changes.

0-03 0 _

<:I

0'01

1976 • 8efet. De'"
0A1t1ttPl~

1986 + 6t1or't PUll
)( AfterpeM

1976

Figure 5.3.2. Roughness changes in a large sand-bed river during floods (from Ackers 1988).•
0·5 "0

•

The above comments about velocities apply similarly to shear stresses. The Shields Number

based on shear stress is a generally accepted threshold criterion for coarse granular materials (see

Section 2.3.3). The excess shear stress over threshold Is used as a key parameter in several bed

material transport relationships. The allowable velocity chart shown In Agure 5.3.3 is based on the

Shields criterion for the coarser sizes.

In meandering streams. bank erosion and meander migration may occur even when average

velocity and shear stress are below threshold values. This Is because of uneven velocity and shear

distributions across bend sections and because of secondary currents In bends and scour holes. For

information on distributions of vetocity and shear stress in bends see EM 1110·2·1601 (USACE 1970).

On the other hand. deposition may occur In slackwater zones even when average velocity and shear

stress are well above threshold values.
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Table 5.3.1 Approximate mean channel velocities for "beginning

• of bed movement" of granular materials

Grain size Depth of flow Approximate velocity
mm ft ft ft/sec

0.1 5 2
10 3
20 4

0.2 5 2
10 3
20 4.5

0.5 5 2.5
10 3.5
20 5

0.003 5 2.5
10 4
20 5

2 0.0066 5 3
10 4
20 5.5

• 5 0.016 5 3.5
10 4.5
20 6

10 0.033 5 4.5
10 5.5
20 6.5

20 0.066 5 5.5
10 6.5
20 7.5

50 0.164 5 7.5
10 8.5
20 9.5

100 0.328 5 9.5
10 10.5
20 12

200 0.656 5 11.5
10 13.5
20 15

500 1.64 5 16
10 18
20 21

• Note: Values are given for approximate guidance only. Threshold
velocities will vary with grainsize distribution. bed forms.
flow curvature and other factors.
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Table 5.3.2

Description
of material

Very soft

Soft

Average

. Stiff

Very stiff

Approximate mean channel velocities for erosion
of cohesive materials

Depth of flow Approximate
velocity

ft ft/sec

5 2
10 2.5
20 3

5 2.5
10 3
20 3.5

5 3.5
10 4
20 4.5

5 4.5
10 5
20 5.5

5 5.5
10 6
20 7

q

•

Note: Erosion of cohesive and semi-cohesive materials is affected by a wide variety
of physical and chemical factors. Where possible. values should be determined
by previous experience or laboratory testing.
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NOTE' Where possible I allowable shear stresses should be determined
from previous experience or laboratory testino.
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Figure 5.3.4 Approximate threshold shear stresses and velocities for erosion of cohesive materials.
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Applications of velocity and shear stress criteria are illustrated by the four cases outlined

below:

Case 1. Evaluation of pre-project stability indicates that the existing channel is not subject to

erosion. For example. the boundary material is a firm clay and the computed shear stress is well

below the threshold value indicated by Table 5.3.2. Field observation confirms that there is little

significant erosion.

In this case the main interest is in comparing post-project values with threshold values.

Threshold values may be derived from the tables and charts given herein or from local experience

with similar channels.

Case 2. The existing channel is marginally unstable but the computed post-project values

are substantially increased. For example, velocities are increased by 30%, or shear stresses by 60%.

In this case the project is likely to cause considerable channel response unless protection

measures are included.

Case 3. Values for the existing channel are substantially above threshold values and the

channel is clearly active. For example, the case may involve a sand-bed stream with active bank

erosion, meander migration and sand transport Post-project parameter values are only moderately

increased: for example, velocities Increase by 15%, or shear stresses Increase by 30%.

The relatively modest increase in parameter values caused by the project, in a channel that is

already unstable in some respects, may not offer a clear prognosis of detectable increases in

instability. If the eXisting instability is not detrimental to project features, it may be acceptable to

defer special measures to counter InstabUity and plan on post-project monitoring to detect any

undesirable developments. On the other hand, the project may contain features that are vulnerable

to existing instability - such as levees that would be threatened by meander encroachment. Bank

protection may then be required In any case.

Case 4. The existing channel exhibits a relatively high bed-sediment load. Average velocity

under 2-year flood conditions Is more than twice the threshold value. The cross-section Is to be

widened by 30% to reduce flood levels. Velocities at given flood frequencies will be reduced

correspondingly.

The substantial reduction in velocity can be expected to cause deposition of bed sediment in

the widened channel. The apparent flood-tevel reduction benefits of the enlargement may evaporate
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unless the channel is re-excavated periodically. To evaluate the rate of sedimentation. a sediment,
study involving computation of transport rates and quantities would be required - see EM 1110-2-4000

(USACE 1989).

5.3.3 Hydraulic geometry relationships (see also Sections 2.2, 2.3.5 and 2.3.7). The main value

of plotting hydraulic. geometry data is to infer likely future changes due to the project. The comments

below should not be interpreted as definitive guidance to assessing the stability of an existing

channel.

Reach-averaged values of bankfull width. bankfull depth and channel slope should be plotted

against estimated bankfull discharge. Where bankfull discharge is not determinable. an alternative

estimate of channel-forming discharge can be used (see Section 2.2.5). If locally or regionally

developed charts such as Figure 2.2.3 are available. they may be used as base charts. Otherwise.

Figures 5.3.5.5.3.6 and 5.3.7 can be used. with the Understanding that the curves shown may not suit

the particular class of channel in question.

Figures 5.3.5. 5.3.6 and 5.3.7 are likely to be most compatible with fairly regular single

channel sand and gravel channels with relatively low bed-material transport and in a state of longterm

profile eqUilibrium - that is. neither actively aggrading or degrading. A certain amount of bank erosion

and channel shifting is unlikely to affect compatibility mUCh. but the three factors discussed below

may cause substantial deviations between plotted data and the curves.

(1) Bed-sediment transport. If bed-sediment transport Is high In the channel under study,

the plotted slope may be many times higher than Indicated by Figure 5.3.7, especially with sand

beds. In the case of gravel rivers, the plotted slope is unlikely to be more than 3 or so times the

curve slope unless the river is multl-channelled. See'notes on planform below.

If the plotted ~ope Is high relative to the curves. the plotted depth Is likely to be

correspondingly low. The plotted width Is unlikely to be much above the curves unless the stream is

multi-channelled.

(2) Planform. A multl-channelled or braided p1anform Is normally associated with higher

bed-sediment transport. Depth wUI tend to be low and slope high relative to the curves of

Figures 5.3.6 and 5.3.7. The width of an Individual branch of a multl-channel system will probably be

fairly compatible with Figure 5.3.5, If the bankfull discharge of the branch Is assumed to be channel

forming. The total width between outer banks is likely to be substantially greater than indicated by

the curves.
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Figure 5.3.5 Hydraulic geometry: bankfull width versus channel-forming discharge.
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Figure 5.3.6 Hydraulic geometry: mean depth versus channel-forming discharge.
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Figure 5.3.7 Hydraulic geometry: slope versus channel-forming discharge.
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(3) Profile instability. Aggrading channels are likely to plot high with respect to width and

low with respect to depth. Depending on the nature of the aggradation process, the slope could be

either way. It might be low as a result of bed-sediment deposition in a reach affected by backwater,

or high as a result of increased bed-sediment supply from upstream. Conversely. degrading channels

are likely to plot low as to width. and high as to depth below top-at-bank. If degradation is advancing

upstream by nickpoint migration, slope is likely to be high unless degradation has advanced to a

point where there is little supply of bed sediment. It degradation is advancing downstream below a

sediment-trapping reservoir, the slope is likely to plot fairly close to the curves.

If the plotted data appear inconsistent with the above guidance, consideration can be given

to revising the estimate of channel-forming discharge. Some hydraulic geometry parameters,

however, may not be reconcilable with the guidance. The dimension most likely to fit the gUidance is

the width. Width is relatively insensitive to bed-sediment transport, the factor usually most

responsible for deviations in slope and depth.

Plots of hydraulic geometry for the existing channel can be used to indicate the direction and

magnitude of likely project changes. Guidance is given below for three types of project change.

(1) Altered channel.forming discharge (see also Sections 2.2.3 and 2.2.5). The channel

forming discharge for the existing channel will normally be taken as the bankfull discharge. For post

project conditions, the channel-forming discharge may be taken as that having the same frequency

as the existing bankfull. For example, if the existing bankfull discharge has a 2-year return period, a

project-adjusted frequency curve should be used to obtain the new 2-year value, even if this will not

all be contained initially within the channel proper.

If the post-project discharges are greater than existing (the most common case), width and

depth can generally be expected to increase and slope to decrease, as indicated by the trends of

Figures 5.3.5, 5.3.6 and 5.3.7. If the expected slope reduction (Figure 5.3.8) involves unacceptable

degradation, grade control structures should be considered.

(2) Altered slope (as by realignment).' Increased slope due to a proposed realignment

may be accompanied by Increased channel-forming discharge due to elimination of overbank flow or

storage. Referring to Figure 5.3.9. point A represents the existing channel slope. point B represents a

slope for equivalent stability at the augmented channel-forming discharge. and point C represents the

anticipated initial slope after realignment. The difference.·C minus B. then represents the excess

slope. Grade control or drop structures. may be required to stabilize the profile - see Chapter 6.
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Figure 5.3.9. Excess slope due to shortening plus increased channel-forming discharge.

(3) Altered cross-section. If a channel Is enlarged, the full augmented channel capacity will

not necessarily act as a channel-forming discharge. If full flow occurs only rarely and if there is active

sediment transport at lesser flows, the stream may be unable to maintain the enlarged channel

without periodic cJean-out. Enlargement by side berm cuts, retaining the existing channel, avoids

some of the diffiCUlty (see Chapter 3). If full cross-section enlargement appears desirable _perhaps

with provision for maintenance dean-out - hydraulic geometry plots of width and depth against

diSCharg~ may be used to indicate suitable proportions for the enlarged cross-section.

5-14



• 5.3.4 Sediment transport functions (see also Section 2.3.6). Where checks of velocity, shear

stress and hydraulic geometry concur with field observations to indicate substantial bed-material

transport in the existing channel, one or more sediment transport functions may be applied to

estimate transport rates over a range of flow conditions. Guidance on the most appropriate functions

for various channel types is provided in Table 5.3.3. It may be appropriate to conduct a formal

Sediment Impact Assessment as described in EM 1110-2-4000 (USACE 1989).

Table 5.3.3 Sediment transport functions

Tentative guidance is provided below for functions most appropriate to various classes of
channels. This guidance is based on experience in the Waterways Experiment Station and various
Districts. primarily with simulations involVing the HEC-6 computer program. In the HEC-6 program,
the functions as originally published have been modified In most cases to compute transport by size
classes and to allow for high washload concentrations where necessary.

•

•

Class of channel

large sand-bed rivers

Intermediate-size·
sand-bed rivers

Small sand-bed rivers

Sand and gravel-bed rivers

Gravel-bed rivers

a See Section 5.7 for full citations.

Suggested functions

Laursen-Madden
Toffaleti

Laursen-Madden
Yang unit stream power

Yang unit stream power
Colby for streams with high
sediment concentration

Yang unit stream power
Toffaleti combined with
Meter-Peter and Muller

Meyer-Peter and Muller
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Bed-material transport computations may be used to compare theoretical transport potential

in a project channel with that in an existing channel and therefore to estimate potential rates of

erosion or sedimentation. Such a procedure is applicable mainly to the following types of response:

(1) profile aggradation or degradation resulting from slope change due to realignment or

incompatibility of existing slope with altered discharges, (2) erosional response in an undersized

project cross-section, and (3) sedimentation response in an oversiZed project cross-section.

Transport rates are less useful in evaluating meander development and associated bank erosion. The

reliability of computed transport rates may be low unless they can be checked against known

quantities of erosion, deposition or dredging.

5.3.5. Slope stability analysis (see also Section 2.3.8). Where observed bank failures are due

primarily to geotechnical processes associated with the local geology and soils, it may be advisable

to analyze bank slope stability using approaches of the types referred to in Section 2.3.8. Where

bank failure and erosion are inevitable accompaniments of a generalized channel process such as

meander migration (see Chapter 2), focusing on the geotechnical mechanisms of bank collapse may

be of limited use for overall stability evaluation.

Understanding of the interaction of hydraulic and geotechnical factors in stream bank failure

and erosion is not well developed. A number of papers under the theme "Mechanics of River Bank

Erosion" are contained in a conference proceedings (ASCE 1989).

5.3.6 Meander geometry. As indicated in Section 2.3.9, meander dimensions in natural systems

tend to scale with channel Width. Project changes that tend to alter channel width, mainly increased

channel-forming discharges, tend also to alter meander dimensions in the course of time. Meander

wavelength, like channel width, will vary roughly as the square root of channel-forming discharge.

If active meander shifting exists in the pre-project channel, this is likely to continue after the

project is constructed unless specific measures are taken to arrest meandering. If velocities and

shear stresses are increased by the project, the rate of shifting is likely to increase.

It is generally observed that meander loops tend to crowd together and increase in amplitude

upstream of a hard point, protected bank, or hydraUlic control such as a river confluence

(Figure 5.3.10). Where intermittent bank protection only is proposed, progressive distortion of the

meander pattern may occur upstream of each protected length•
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Figure 5.3.10. Distortion of meander pattern upstream of protected length.
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5.4 Steps in evaluation

Stability evaluation can be conducted as a sequence of steps as foll~$'

(1) Description of existing channel system.

(2) Identification and assessment of existing instabilities.

(3) Identification of project features with stability implications.

(4) Assessment of potential stability problems under project conditions

(5) Condusions and recommendations.

Guidance for each step is provided in Paragraphs 5.4.1 to 5.4.5 following. £\~t''\l''ll~S of

evaluations are given in Sections 5.5 and 5.6.

At each step investigator should consider the questions: what are the vul~t'Ilf ~spects of

this channel system and this project with respect to channel stability? What might~~ with

respect to erosion and sedimentation if the project is constructed as planned? \\"'-11 ~",-,,~t

modifications or measures should be considered to mitigate potential instability'? ~ ~'flnCiples of

channel equilibrium and response outlined in Section 2.2 of Chapter 2 should be ~~\f\~ in this
. b . . . h "1 • '" t·... \f Nual value.connection, ut prevIous experience wit Simi ar projects In Similar channels may .T'

5.4.1 Description of existing channel system. Detailed guidance is provided in \.'l,,'\pt~r 4 on
. . . . . ",istlng channelassembly of Information. The questions below provide a checklist for descnblng tM •

system using assembled Information. All questions are not necessarily important In :\11 ~,,,ses.

Illustrations may be used In place of description where appropriate.

I bil' 'b bI h . d t ....'" "t the actualnsta I ity attn uta e to t e project may propagate upstream and owns t~

project area and also affect tributaries. Where judged appropriate, the description flh,"Jld therefore

cover upstream and.downstream reaches and tributaries.

•
Drainage basin: Approximate area and shape?

General nature of physiography?
Surface and subsurface soils?
Land uses and ongoing changes?
Evident erosional areas and sediment sources?
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Channel system:

Hydrology:

Geomorphic context, channel types and planforms. principal channel
processes? (See Section 2.1 of Chapter 2.)

Length of main stem and length directly affected by project?
Channel slopes and sinuosities?
Significance of tributaries with respect to flood flows and sediment inputs?
Historical changes. natural or artificial?
Storage reseNoirs or grade control structures?
Existing flow diversions. out or in?

Flood frequencies and major historical floods?
Bankfull discharge and frequency?
Recent large floods?

If the project length of channel is substantial it may be advisable to segment it into reaches
with distinct hydrologic or morphologic characteristics and describe each separately. The reasons for
notable changes in characteristics should be considered.

:l1 .,

j

I

Cross-sectional dimensions and shapes?
Rood plain widths and land use?
Interferences, e.g. bridges and encroachments?
Special features of longitudinal profile - falls, nick zones. etc?
Existing flood protection dikes, levees etc?

Boundary materials: Bed materials - classification, grainsizes. thicknesses etc?
Bank materials - classification, stratification etc?
Vegetation on banks and floodplain?
Existing bank protection work?

Prevalence of bank caving, erosion or failure?
Apparent nature of failures?
Channel and floodplain sedimentation?
Bed degradation or aggradation?
Undermining of structures?
Presence of spoil banks indicating clean-cut?

Evident Instability:

Project length:

•
Other features: Nature and intensity of sediment transport?

Ice or debris jams?
Boat traffic?
Local experience of stability problems arising from flood control work?

5.4.2 Classification and assessment of eXisting Instabilities. In this step, various forms of

instability are identified and their severity is assessed. The following questions can be addressed:

•

Drainage basin:

Channel system:

Significance of erosional areas and sediment sources?
Impact of recent, ongoing or expected changes In land use?
Impact of existing or planned engineering works other than the flood control

project?

Principal zones of erosion. sedimentation and channel processes?
Key historical changes In channel location, alignment or p1anform?
Areas sensitive to alteration of flows or sediment Inputs?

..,..
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Project length (may be divided into several reaches):
Significance of lateral instability and bank erosion?
Status of longitudinal profile: ongoing degradation, aggradation or nickpoint

migration?
Channel widening or narrowing? Possible reasons?
Channel deepening or shoaling? Possible reasons?
Relationship of profile and cross-section to Channel Evolution Model?

(Incised channels: see Section 2.2.4.)

The following additional questions can be addressed if significant instabilities have been

identified and if the required level of evaluation warrants analysis of stability parameters. Section 5.3

provides guidance on application of technical criteria.

Flow conditions for beginning of bed material movement or erosion?
Excess over threshold velocity or shear stress at (i) bankfull and (ii) design

flood conditions?
Locations of (i) width. (ii) depth and (iii) slope on hydraulic geometry

charts. and inferences with respect to stability?
Results of bank slope analysis?
Relationship of meander dimensions to channel widths and key discharges?

5.4.3 Identification of project features with stability implications. Features to be considered

s~ould include those that may ultimately affect channel stability upstream, downstream and in

tributaries. also those that might be susceptible to existing instabilities. The following questions can

be addressed:

Hydrology (see Sections 2.2, 3.3 and 4.5):

Effects of proposed upstream measures - such as reservoirs or diversions - on flood
frequencies? (Regulation effect.)

Is it certain that existing upstream regulation measures wUl remain effective over the project
life?

Effects of reduced floodplain storage - by levees or other flood protection measures - on
flood frequencies? (De-regulation effect.) ,

Will flood flows that presently escape to another drainage system be blocked off and retained
within the system?

Channel modifications:

Is the channel to be re-aligned and/or enlarged?
Are measures - eg, clearing and snagging - proposed that wUI affect hydraulic roughness and

conveyance?
How will effective floodway cross-sections be altered by levees or dikes?
Are bank protection or grade control measures proposed?
Will land uses and/or vegetation adjacent to the channel be altered?

Other factors:
Are upstream measures proposed - eg, basins or soU conservation - for reduction of'

sediment inputs?
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Will they remain effective over the project life?
Other aspects of the project with potential impacts on channel stability - e.g., boats, access

to streambanks. recreation etc?

5.4.4 Assessment of potential stability problems under project conditions. The project features

identified above are considered in relation to the channel system and its existing instabilities in order

to predict potential instability problems with the project. The following general questions can be

addressed:

Discharges (see Sections 2.2.2, 2.2.5 and 5.4.1)

Will changes in flood frequencies and flow distribution between channel and overbanks alter
the channel-forming discharge, and by how much?

- What other significant differences are expected between the flood flow regimes of the existing
and project channels, with respect to both total flows and in-channel flows?

Sediment inputs (see Section 2.2.5)

Are project features or expected upstream changes in land use expected to alter sediment
inputs to the project length of channel? What size classes of sediment might be
affected?

Lateral instability

Are existing rates of bank erosion and channel shifting tolerable by the project?
Are project-Induced changes likely to increase existing shift rates?
Is the eXisting channel close to a threshold condition at which project changes might cause a

basic change In plantorm, ego from meandering to braided? (See Section 2.2.4.)
Is an expected reduction in bed-sediment inputs likely to reduce lateral instability or cancel

out the effect of destabilizing factors?
Is bank protection proposed as an Integral project feature?

Profile instability

If flood discharges are increased by the project, is the channel slope liabie to flanen? Or will
slope response be limited by geological controls. bed armoring, etc?

If slope flattening takes place by bed erosion. where are erosion products likely to be
deposited? How far upstream might degradation proceed? Would tributaries be
affected?

Is an reduction of sediment inputs liabie to aggravate slope flattening?
If flood discharges are reduced, might sediment that presently passes through be deposited

In the channel?

Cross-sectional instability

If flood discharges are increased. Is the channel liabie to widen or deepen? Are there
eXisting factors or proposed measures that may restrict Widening?

If bank vegetation Is cleared, is the channel liable to widen from this cause?
How fast Is Widening expected to develop? Where would erosion products be deposited?
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If flood discharges are reduced, is the channel liable to narrow by deposition of bars and
berms?

The following additional questions can be addressed if significant stability problems with the

project have been identified and if the required level of evaluation warrants analysis of stability

parameters. Section 5.3 provides guidance on application of technical criteria.

What is the relationship of post-project channel velocities and shear stresses to existing
values at the same flood frequencies?

What are the implications of changes with respect to bank erosion and bed stability?
How do computed velocity-discharge curves compare for the existing and project channels?
What are the potential changes in (i) width, (Ii) depth and (iii) slope indicated by plotting

existing values on regime charts and shifting parallel to trend lines on basis of altered
channel-forming discharge (see Figure ...)1

How do computed curves of bed-sediment transport vs. discharge compare for the existing
and project channels? (See Section 2.3.6.)

5.4.5 Conclusions and recommendations. The objective of this step is to summarize the

indications of the stability assessments and to recommend further levels of evaluation, or •

modifications to the project designed to maintain or improve channel stability. The following

questions can be addressed.

Conclusions

Does the existing channel have significant instabilities?
Will these instabilities, if continued, be of detriment to the project?
Will the project tend to initiate or aggravate instability in plan, profiie or cross-section?

. What specific maintenance problems would arise as a result of this instability?
Are sufficient features to control Instability proposed as part of the project?

Recommendations

Is a further level of evaluation based on additional investigations warranted?
If not, are project modifications required to reduce instability and maintenance problems?
What specific measures are suggested against instability in (i) plan, (Ii) profile and

(iiij cross-section?
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5.5 Example of qualitative evaluation

The following fictional example illustrates a qualitative stability evaluation based on a

reconnaissance level of information gathering. The evaluation involves basically a review of office

information and a field inspection. Although this evaluation might be insufficient for project design, it

demonstrates that key stability considerations have been addressed. Some of.the information below

is presented in telegraphic form for the sake of brevity, following more or less the arrangement

presented in Section 5.4. Accompanying maps. airphotos and field photos would help clarify the

presentation. Reference would also be made to sources of information such as previous reports by

government agencies.

FLATFISH RIVER NEAR STONY FORKS - project length 10 miles

Step 1 - Description of existing channel system

•
Drainage basin. 500 sq.miles, length 40 mi. max width 18 mi.

Low hills and alluvial valley.
Residual and alluvial soils over weak bedrock.
Hills wooded; valley in mixed woodland and farms, history of clearing, recent

encroachment of residential acreages associated with nearby town.
Surface erosion from areas of recent logging in upper basin; high bank

erosion in some tributary hill streams.

•

Channel system. In project area, stream flows through mixed farm land and residential subdivisions
in broad alluvial valley. Channel partly single and partly double with islands. Aoodplain on both
sides except for occasional impingement on valley margins. River probably underlain in most places
by considerable depths of alluvium.

Upstream of project length, main stem and tributaries are mainly incised, with occasional
bedrock outcrops. Some tributaries deliver substantial quantities of coarse and fine sediment. No
storage reservoirs. Minor irrigation diversion with weir just upstream of project length.

Downstream of project length, channel gradually changes to meandering sand river and
discharges to larger river after 20 miles.

Hydrology. No hydrometric data. Simulation results not available. Based on regional correlations,
mean annual flood should be In order of 1200 cfs and SO-year flood in order of 3500 cfs. Very large
flood 1952, most recent overbank flood 1984.

The 1952 flood resulted In $10 million damage to crops and buildings. The 1984 flood
caused $20 million damage, mainly to residences. There was extensive deVelopment of residential
subdivisions between 1952 and 1984.

ProJect length. lrregular meanders with frequent splitting around Islands. CompariSGn.of 1984 and
1950 airphotos Indicates substantial shifting and trend to wider channel with more exposed bars.
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Average topographic slope about 8 ft per mile. Sequence of pools and gravel riffles at low
flow, no indication of rock rapids or drops. Narrow bridge near lower end of project length may
cause backwater at high flows.

Typical single-channel bankfull section about 70 ft x 4 ft, but quite variable. Total width
around islands about 100 ft. Total floodplain width from 500 to 1500 ft, about 40% lawns or grazing.
30% crops, 30% trees. Overbank flow about once every two years, alleged to have increased in
frequency. No existing flood protection.

Boundary materials. Bed material: sand and gravel to about 50 mm max. Channel bars vary
considerably in form and surface constitution. Bank materials stratified - 1 to 2 ft overbank deposits
of silt and fine sand overlying medium sand and gravel. Banks mostly cleared of vegetation, but
treed through wooded areas. Protected locally by timber piles and jetties or old car bodies 
effectiveness limited. Complaints of accelerated erosion in some properties as a result of bank
protection on neighboring properties.

Evident instability. In cleared land, outer banks of bends sloughing at angle of repose. Residents
allege losses as high as 10 ft per year locally;airphotos indicate longterm rates at worst locations
average about 5 ft per year. In wooded areas, banks are fairly stable. No indications of bed
degradation or aggradation.

Other features. Water clear at low flows, turbid in floods. Active movement of gravel on bars.
Considerable accumulations of log debris on some bars and islands. Allegations of adverse effects
from timber harvesting in upper basin. Some winter ice but no evidence of stability effects. No
significant boat use.

No local example of flood control channelization ona similar stream.

Step 2 - Classification and assessment of existing Instabilities

Drainage basin. It is possible that basin changes are causing increase of flood peaks and sediment
loads and that apparent trend of increasing channel instability may continue. There are no known
plans for control of basin erosion, which overall is not considered to be a major problem.

Channel system. Channel system outside of the project area has not been examined In detail.
Superficially, there appear to be no upstream instabilities having major implications for the project
area. Any increase or reduction in sediment deliveries to downstream lengths would be of concern or
interest to fISheries authorities. .

Project length. There is substantial lateral Instability evidenced by eroding banks, loss of land and
growth of channel bars. Exchange of bed sediment between eroding areas and bars is maintained
by a supply of coarse sediment from upstream sources.

There is no evidence of instability in the longitudinal profile. Bridges built some 40 years ago
near the downstream end of the reach and above the upstream end show no evidence of bed
aggradation or degradation.

Comparison of airphotos indicates some increase in average width over the last 40 years.
This may be due to reduced bank stability reSUlting from land clearing, or higher flood peaks resulting
from basin changes, or both.

In summary, bank erosion with channel shifting in the floodplain is the dominant .form of
existing instability. Only local Individual efforts have been made to resist It. With respect to cross
section and slope, the channel appears to be more or less in equilibrium with present inflows of water
and sediment.
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Step 3 • Identification of project features with stability implications

The initial concept is simply to construct levees on the floodplain on both sides of the
channel. to contain floods up to a 50-year return period. Riparian owners wish these to be
constructed as close to the river as possible, and would also like to see bank erosion reduced. No
details of the project have been determined.

Step 4 • Assessment of potential instability· flood control channel

General. The effect of levees close to the river will probably be to increase substantially
flood flows carried by the channel. as wide areas of floodplain flow and storage will be eliminated. If
the levees are set farther back, this effect will be reduced, but any acceptable levee location is likely
to entail hIgher in-channel flows and an increase in channel-forming discharge. Extensive sUiveys
and hydraulic analyses would be required to quantify these effects.

Lateral instability. The existing lateral instability will be aggravated by increased in-channel
flows. Bank erosion and loss of land can be expected to become more severe. Consideration
should therefore be given to erosion protection of the levees and to the potential downstream
consequences of increased sediment from bank erosion.

Profile stability. With increased in-channel discharges. the channel can be expected to
flatten its slope over the long term by upstream degradation and downstream aggradation. Given the
wide range in bed-material sizes and the active lateral shifting, such effects may not be of much
significance for many years. Extensive field investigations would be needed to model this process.

Cross-sectional instability. There may be a tendency for cross-sections to both widen and
deepen. In the absence of substantial riparian developments, this Is unlikely to be of serious concern
i'1 itself.

Step 5 - Conclusions and recommendations

Conclusions. A flood problem exists and a workable scheme for flood protection can be
developed. The existing channel Is laterally unstable. Meander shifting Is liable to encroach on
levees bunt dose to the existing channel. The project Is likely to Increase the rate of meander shifting
and to result In a somewhat enlarged cross-section and a flatter slope In the long term. Potential
maintenance problems indude provision of bank protection to safeguard the levees and removal of
downstream sediment produced by Increased bank erosion. No specific measures for controlling
instability have so far been proposed.

Recommendations. A feasibnity report shoutd be prepared examining a range of solutions
to the flooding problem. Any solution that Includes levees should take tnto consideration the existing
channel InstabUity, the possibUity of project aggravation of this InstabUity and the need to safeguard
the levees against channel encroachment
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5.6 Example of more quantitative evaluation

The following fictional example illustrates a partly quantitative stability evaluation that utilizes

some of the technical criteria reviewed in Sections 2.3 and 5.3. It demonstrates the advisabilitY of

using more than one approach. The project length encompasses a considerable proportion of the

total length of the stream. In order to simplify the presentation. numerical values and stability

analyses given here refer only to the downstream portion of the project length.

VARMINT CREEK AT ROADAPPLE - project length 30 miles

Step 1 - Description of existing channel system

Drainage basin. 320 sq. miles to downstream end of project. Generally flat slopes throughout.

Sandy soils with no rock outcrops. Upstream of project length. land is in crops and pasture.

Through the project length. wooded floodplain extends almost to basin boundaries both sides. This

floodplain land is being developed into low~ensity subdivisions on margin of large metropolitan area.

Channel system. Creek has single channel with irregUlar sinuous planform. One major tributary

enters near upstream end of project length. Varmint Creek discharges to a lake 5 miles downstream

of termination of project. No existing storage reservoirs. flood control or bank protection works.

Hydrology. Mean annual rainfall 45 Inches. mean monthly temperatures 50 to 80 degrees F.

45 years of continuous streamflow records near downstream end of project give following flood

frequency estimates:

2-year flood

10-year flood

SO-year flood

4500 cfs

12500 cfs

26000 cfs

•

largest known peak (1929) estImated 26000 cfs. Largest recent flood (1984) 10,000 ets.

Project length. No indications of significant bank erosion or channel shifting where natural bank and

floodplain vegetation Is Intact. Where bank vegetation has recently been cleared locally. bank failures

are occurring. Slope 2.5 ft/mile (0.00047). Typical cross-section near downstream end: bottom

width SO ft. bankfull width 170 ft, bankfull depth 12 ft. effective width of floodplain 1500 ft. Estimated

return period of bankfull flow: 2 years approximately.

5-27
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INTRODUCTION " 'l

Instability of cohesive riverbanks due toUJbed degradation an~ateral ~~t~··
erosion is analyzed herein. These are the two processes that most ".'" "~(;
commonly cause bank instability. The process of lateral erosion increases." l Ii~
the bed width of the channel and results in steepening of the bank, which Vj/p{
reduces its stability. Bed lowering increases the bank height, which also tfJ.
decreases stability. The relative amounts of"vertical and later,l erosion are T
a function otbank material properties, "'bank geometry, C type of bed
material, and th&fiow characteristics. <>:'-4.\\-..1",\ e.l'c.-~

The stability of the bank with respect to mass failure depends on soil
properties and bank geometry. Soil shear strength is proportional to
cohesion c' and angle of friction 4>' (Taylor 1948; Lamb and Whittman
1969). The stability of the banks increases with an increase in c' and '. An Sol,\, 01 ~
increase in t e speci c welg "y, an eight H, or the slope angle i, results
in decreasing stability of the bank since the driving force that causes bank
failure is directly proportional to "y, H, and· i. The stability relations
developed here on the basis of these parameters can be used to predict the
height and the bank geometry at which the banks become unstable due to
bed degradation, lateral erosion, or a combination of both these processes.

First, we present a method of using the results of experiments on the
erosion of cohesive soils to estimate the rate of lateral erosion of
riverbanks and the change in the channel bed width. Second, bank stability
relations are derived to predict the critical height, the angle between the

ILeet., Dept. of Civ. Engrg., Univ. of Khartoum, Khartoum, Sudan.
2Visiting SeL, Hydr. Lab., U.S. Army Wtrwys. Exper. Sta., Vicksburg, MS

39180; on leave from, Dept. of Geography and Earth Sci., Queen Mary Coli., Univ.
of London, London EI4NS, U.K. .

Note. Discussion open until July 1, 1988. To extend the closing date one month,
a written request must be filed with the ASCE Manager ofJournals. The manuscript
for this paper was submitted for review and possible publication on September 24,
1986. This paper is part of the Journal of Hydraulic Engineering, Vol. 114, No.2,
February, 1988. ©ASCE, ISSN 0733-9420/88/0002-0134/$1.00 + $.15 per page.
Paper No. 22170.

RIVERBANK STABILITY ANALYSIS. I: THEORY

By Akode M. Osmapl and Colin R. Thorne,l Affiliate Member, ASCE

ABSTRACT: In this paper, a slope stability analysis for steep banks is
used in conjunction with a method to calculate lateral erosion distance,
to predict bank stability response to lateral erosion or bed degradation.
The failure plane angle, failure block width, and volume of failed
material per unit channel length may be calculated for the critical case.
These parameters define the bank geometry following failure and form
the starting point for subsequent analyses. The calculation procedure is
illustrated by a worked example. Following mass failure slump, debris
accumulates at the bank toe. The debris is removed by lateral erosion
prior to further oversteepening or degradation generating further mass
failures. Any process-based model for channel width adjustment must
account for the combined effects of lateral erosion and mass instability
in producing bank instability. The approach adopted here represents a
marked improvement over earlier work, which does not account for
changes in bank geometry due to lateral erosion prior to mass failure.
The engineering applications are presented in a companion paper.

1
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INTRODUCTION

ABSTRACT: Although erosion of streambanks and other shorelines by emergent
seepage is widespread, this erosion mechanism (termed piping or sapping) has not
been recognized as important to the overall erosion process. The mechanism is
complex, and interactions with other bank and shore processes tend to mask the
effects of piping/sapping. Direct evidence (water emerging from a soil face and
carrying away soil particles) is rarely encountered. Several types of indirect evi
dence are presented and illustrated in this paper, including cavities formed by
piping, deposits of dislocated particles below piping zones, blind gullies, staining
produced by persistent seepage outflow, and particular types of localized failures
(slab toppling, block shearing, and tensile falls caused by undercutting due to pip
ing/sapping). The interactions of this erosion mechanism with other erosion-de
position processes are described. The purpose of this paper is to facilitate identi
fication and evaluation of piping/sapping erosion. particularly for relatively
inexperienced field investigators.

•
By D. J. Hagerty,· Member, ASCE

PIPING/SAPPING EROSION. II:
IDENTIFICATION-DIAGNOSIS"

I'

Although bank and shoreline erosion by piping and sapping is widespread,
little recognition has been given to this mechanism. Seepage outflow can
remove soil particles in the exfiltration zone, causing the formation of tu
bular "'pipes" or lenticular cavities, which, in tum, can remove support from
overlying soil layers (Hagerty 1991). Piping/sapping has been identified in
many localities throughout the world and in many geologic/hydrologic set
tings, but the mechanism is complex and may not be recogniZed. Interactions

"between piping/sapping and other "bank and shore processes tend to mask
piping cavities and/or to remove features characteristic of piping/sapping
activity. For these reasons, it is important to present categories of evidence
that indicate that piping/sapping is or was active on a site. The purpose of
this review is to assist investigators, particularly those with little experience
of erosion mechanics and processes, to diagnose piping/sapping on the basis
of visual observations.

DIRECT EVIDENCE OF PIPING/SAPPING

It is possible to obtain first-hand proof that piping/sapping is operating
on a site; outflow of water and soil grains from an exfiltration face can be
observed directly. Holes are the end product of such flow. "'Dirty water" is
the fundamental indicator of piping action (Casagrande 1936). The soil and
water shown in Fig. 1 were in motion at the time the photograph was taken.
However, such direct evidence is unlikely to be obtained.

In some cases, the outflow of soil and water occurs below stream or lake

'Prof., Civ. Engrg. Dept., Univ. of Louisville, Louisville, KY 40292.
Note. Discussion open until January I, 1992. Separate discussions should be sub

mitted for the individual papers in this symposium. To extend the closing date one
month, a written request must be filed with the ASCE Manager of Journals. The
manuscript for this paper was submitted for review and possible publication on Sep
tember 6, 1990. This paper is part of the Journal of Hydraulic Engineering, Vol.
117, No.8, August, 1991. ©ASCE, ISSN 0733-9429/91/0008-1009/$1.00 + $.15
per page. Paper No. 26067.
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mematic viscosity of water;
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RITERION DELINEATING mE MODE 0,1
HEADCUT MIGRATION ".

By O. R. Steln,l Associate Member, ASCE, and P. Y. Julien,!
Member, ASCE

ABSTRACT: Two modes of headeut migration are generally recognized: (1) Ro
tating headcuts that tend to flallen as they migrate; and (2) stepped headcuts that
tend to retain nearly vertical faces. A mathematical description of the sediment

" detachment potential immediately upstream and downstream of the headeut is used
,.' to delineate these modes of migration. The delineating parameter is the ratio of

the time required to erode the headeut face from above to the time required to
undermine the headeut face from below. This erosional time-scale ratio is a di
mensionless function of now, sediment, and geometry parameters. For the limiting
case of homogeneous cohesive soils, the time-scale ratio is a simple function of a
Froude number and the aspect ratio of drop height to normal flow depth. This
relationship is calibrated using original laboratory experiments of headcut migration
in initially vertical headeuts and verified by independent field experiments of head·
cuts propagating in four different homogeneous cohesive soils.

INTRODUCTION

A headcut is a natural, nearly vertical drop in channel bed elevation. The
"dissipation of flow kinetic energy at the drop causes excessive erosion and
results in headcut upstream migration, which deepens and tends to widen
the channel. Headcuts migrating in gullies may undermine upstream struc
tures and, on a smaller scale, often define the breakpoint between overland
and channel flow, and therefore play an important role in drainage network
evolution. Headcuts propagating in small channels called rills contribute
significantly to total upland soil losses due to erosive storms (Nearing et al.
1989). Several investigations (Blong 1970; 1985; Egboka and Okpoko 1984;
Piest et al. 1975; Patton and Schumm 1975; Daniels and Jordan 1966; Kohl
1988) have focused on headcut migration in the field. Most data were col
lected after erosive storms and indicated that a nearly vertical face is main
tained; however, information on the flow characteristics representing head
cut migration was not reported. Therefore, understanding of the physical
processes governing the formation, propagation, and degradation of head
cuts as they migrate is very limited.

Several laboratory flume studies have observed headcut migration in spe
cific bed materials. A knickpoint, which is a headcut in noncohesive sand,
becomes indistinguishable from the rest of the channel as it propagates
upstream, as shown by Brush and Wolman (1960). The data of Leopold et
aI. (1964) reveal the same result for cohesive soil, provided that the ratio
of initial headcut drop height to flow depth in subcritical flow is less than
one. Using stratified cohesive and noncohesive bed material, Holland and
Pickup (1976) defined two headcut migration modes: (1) Rotating headcuts

IAsst. Prof., Dept. of Civ. and Agric. Engrg., Montana State Univ., Bozeman,
MT 59717.

2Assoc. Prof., Dept. ofCiv. Engrg., Colorado State Univ., Fort Collins, CO 80523.
Note. Discussion open until June 1, 1993. To extend the closing date one month,

a written request must be filed with the ASCE Manager of Journals. The manuscript
for this paper was submitted for review and possible publication on August 20, 1992.
This paper is patt of the Joumal ofHydraulic Engineering, Vol. 119, No.1, January,
1993. @ASCE, tSSN 0733-9429/93/0001·0037/$1.00 + $.15 per page. Paper No. 1888.
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• Engineering Approach

Weaknesses:
• Over-simplification

(Not Real)

• Lack of Calibration
(Digital WAG)

• • Range of Sediment Sizes
(Boulders, clays)

• Bank Erosion
(Generally doesn't work)

• Accuracy
(50% is good?)

•
AFMA, February 1994 CH2M HILL
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Regulatory Approach

Types

• Erosion Hazard Setbacks

• ' FEMA Maps will Add· Erosion

•
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•
Regulator~ Approach

• Advantages
- Good Start
- Simple

• Disadvantages
- Non-Scientific

• - Arbitrary
- Defensible?

AFMA, February 1994
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FLOODPLAIN AND EROSION HAZARD MANAGEMENT ORDINANCE NO. 1988-FC2

FOR PIMA COUNTY, ARIZONA

PASSED AND ADOPTED BY THE BOARD OF SUPERVISORS

SITTING AS THE BOARD OF DIRECTORS OF THE

PIMA COUNTY FLOOD CONTROL DISTRICT

DECEMBER 6, 1988

DEPARTMENT OF TRANSPORTATION AND FLOOD CONTROL DISTRICT

1313 S. MISSION ROAD

TUCSON, ARIZONA 85713

WILLIAM T. HOWELLS

DIRECTOR AND COUNTY ENGINEER
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ARTICLE XU

A. Major Watercourses

EROSION HAZARD AREAS AND BUILDING SETBACK REQUIREMENTS

In erosion hazard areas where watercourses are subject to flow related erosion hazards,

building setbacks are required as follows:

2401843539

For major watercourses, with base flood peak discharges of 2,000 cfs or greater, the

following building setbacks shall be required where approved bank protection is not

provided:

purpose of the fee is to provide a method for off-site improvements necessary to

mitigate the effect of urbanization and to provide a systematic approach for the

construction of public flood control improvements. If such a system is adopted it

shall demonstrate that the fee will in some manner benefit the property from which

the fee is collected and be applied equitably to all property in proportion to

floodwaters generated by urban use of the property. The fees will also be restricted

to providing flood control improvements necessary for the allowed use of the

properties from which the fee is collected, and the fees shall be reasonably related

to the actual cost of providing flood control improvements beneficial to the site or

surrounding area. The fees will be reviewed by the Flood Control District Advisory

Committee prior to action by the Board of Directors of the Pima County Flood

Control District.

1. Along the following major natural watercourses where no unusual conditions

exist, a minimum building setback, as indicated below, shall be provided at the

time of the development unless an engineering analysis which establishes safe

limits is performed by an Arizona Registered Professional Civil Engineer and is

approved by the County Engineer. Unusual conditions include, but are not

limited to, historical meandering of the watercourse, large excavation pits,

poorly defined or poorly consolidated banks, natural channel armoring,

proximity to stabilized structures such as bridges or rock outcrops, and changes

in the direction, amount and velocity of the flow of waters within the

watercourse.

•
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For minor washes with a base flood peak discharge of 2,000 cfs or less, the following

building setbacks shall be required where approved bank protection is not provided.

b. The building setback shall be two-hundred and fifty feet along major

watercourses with base flood peak discharges greater than 10,000 cfs.

1. Along minor watercourses where no unusual conditions exist, a minimum

setback of fifty feet shall be provided at the time of development unless an

engineering analysis which establishes safe limits is performed by an Arizona

Registered Professional Civil Engineer and is approved by the County

Engineer. Unusual conditions include, but are not limited to. historical

a. The building setback shall be five-hundred feet along the Santa Cruz

River, Rillito Creek, Pantano Wash, Tanque Verde Creek and the Canada

del Oro Wash downstream of the confluence with Sutherland Wash.

84 ~3 5

c. The building setback shall be one-hundred feet along all other major

watercourses with base flood peak discharges of 10,000 cfs or less, but

more than 2,000 cfs.

2. Along major watercourses where unusual conditions do exist, building setbacks

shall be established on a case-by-case basis by the County Engineer, unless an

engineering study which establishes safe limits is performed by an Arizona

Registered Professional Civil Engineer and is approved by the County

Engineer. When determining building setback requirements the County

Engineer shall consider danger to life and property due to existing flood heights

or velocities and historical channel meandering. Unusual conditions include,

but are not limited to, historical meandering of the watercourse, large

excavation pits, poorly defined or poorly consolidated banks, natural channel

armoring, proximity to stabilized structures such as bridges or rock outcrops,

and changes in the direction, amount, and velocity of the flow of waters within

the watercourse.

B.

I
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ARTICLE XIII

C. Requirements for Private Vehicular Access

B. APplication of Article

24098435

41

In all situations where private vehicular access crosses a regulatory floodplain

located between the point where the private access leaves a paved, publicly

meandering of the watercourse. large excavation pits, poorly defined or poorly

consolidated banks, natural channel armoring, proximity to stabilized

structures such as bridges or rock outcrops, and changes in the direction,

amount, and velocity of flow of the waters in the watercourse.

This Article shall apply in all situations where private vehicular access crosses any

regulatory floodplain located between the point where the private access leaves a

paved, publicly maintained roadway and the end of the private access.

It is recognized that private vehicular access may become impassable to ordinary and

emergency vehicles during times of flooding. It is the intent of this Article to

allocate the responsibility for private vehicular access which crosses a regulatory

floodplain.

2. Along minor washes where unusual conditions do exist, building setbacks shall

be established on a case-by-case basis by the County Engineer, unless an

engineering study which establishes safe limits is performed by an Arizona

Registered Professional Civil Engineer and is approved by the County

Engineer. When determining building setback requirements, the County

Engineer shall consider danger to life and property due to existing flood heights

or velocities and historical channel meandering.

ACCESS REQUIREMENTS

I
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VII. EROSION/SETBACK CRITERIA

(7.7a)

(7.7b)

(7.7c)

Where:
siJ = Minimum setback, in feet, measured from the top edge of the

highest channel bank or from the edge of the the 100-year water
surface elevation, whichever is closer to the channel centerline;
Peak discharge of IOO-year flood, in cubic feet per second;
Radius of curvature of channel centerline, in feet; and,
Top width of channel, in feet.

•
The determination of the ratio of the centerline radius of curvature of a channel

to channel top width (i.e., rciTw) can be determined by use of the procedure described
in Chapter VIII of this Manual.

For all other watercourses (i.e., watercourses which have drainage areas less than
30 square miles in size, or times of concentration less than three hours during a 100
year flood) use:

(7.8a)

(7.8b)

(7.8c)

Where all terms are as previously defined.

Lesser setbacks than those determined from Equations 7.7 and 7.8 may be allowed,
but only if they can be justified by use of one of the following methods, listed in
order of preference, which would indicate that a lesser setback is appropriate:

J. A detailed sediment-transport analysis, prepared by an Arizona Registered
Professional Civil Engineer; or,

•
2. The Allowable-Velocity Approach, Tractive-Stress Approach, or Tractive

Power Approach, any or all of which must indicate that the channel banks
are not erosive for the flow conditions associated with runoff events up to
and including a 100-year flood on the affected watercourse.

7.20
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Extremist Approach:
STAY OUT

• Advantages
- Simple
- Effective

• Disadvantages
- Property Rights
- Expensive
- Continuity
- Watershed Illlpacts

AFMA, February 1994 CH2M HILL



• . Geomorphic Approach

Basic Characteristics:

• Process Oriented

• Understand Natural SystelU

• • Field Data

• Broad Results

• Reality Check

•
AFMA, February 1994 CH2M HILL
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Geomorphic Approach

Types:

• Historical Review

• Field AssesslTIent

• Classification ScheInes

• Geo-Equations
(Engimorphology?)

•
AFMA, February 1994 CH2M HILL



• Historical Review

Summary: Past conditions reveal
existing trends

Sources of Data:

• Aerial Photographs (1930's)
• Topographic Maps (1878)

• • Historical Surveys (1860's)
• Historical Societies
• Public Archives
• As-Built Plans

•
AFMA, February 1994 CH2M HILL
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Ionathan E. Fuller
Cll2M HILL

Introduction

Channel design is becoming more complex. The design professional of the
1990s is not only a hydrologist and hydraulic engineer, but is also a
sedimentation expert, geomorphologist, environmentalist, real estate appraiser,
planner. and lawyer. Technology, for the most part, has kept pace with the
needs of the designer. Occasionally, unique channel characteristics or unusual
design requirements go beyond the capabilities of state-of-the-art engineering
methods, or the cost of applying these technologies exceeds available financial

resources.
Using historical data in place of, or in addition to, traditional engineering

analyses may provide a simple, accurate, cost-effective means to assess the
feasibility of proposed designs, evaluate alternatives, and provide a context for
selecting appropriate engineering methodologies. Historical data was used as a
key element in a Sedimentation Engineering Investigation (SDl) and preliminary
design of a Corps of Engineers channel design project on Coyote Creek near
San Iose, California.

Limitations of Engineering Methods

Traditional engineering analyses are appropriate for most channel design
projects. However, engineering methods have several limitations. First, many
empirically derived techniques have a limited range of applicability. This is
particularly true for sediment transport equations where appropriate equations
may not be available for some stream conditions. Second, because most
engineering methods use simplifying assumptions or coefficients, they rely on
engineering judgement, which results in a wide range of possible "correct"
answers. Practitioners who use detailed engineering methods to get more precise
results often fail to recognize the scatter in data used to derive these methods.
Third. the expense of using complex technology may realize only marginal gains
ofdesign information. Fourth. the complexity of many "real world" applications
exceed the capabilities and the theoretical bases of engineering models. Finally
(and ironically). many engineering models recommend calibration using
historical data prior to application. The users manuals for these models tacitly
assume that if verified historical data contradicts the results of mathematical
modeling. the designer should trust the historical data. This tacit assumption
should make designers question if traditional engineering methods are always
need~ when historical data are available.

Types of Historical Data

For channel design several types of historical data are useful. First,
historical maps that show channel planform may be used to indicate rates of
meander movement, locations of past diversions and tributary confluences, and
occurrences of channel realignment. Channel planform data may also be
obtained from original Bureau ofLand Management (BLM) section line surveys,
assessors maps, sketches in journals of early explorers, as well as from more
standard map references. Photographs can also be used to monitor changes in
planform, and to locate areas of bank erosion. Most areas in the U.S. have
historic aerial coverage dating to the 1930s. Older ground photographs usually
can be found at local historical societies.

Second, topographic data can be used to determine historical channel bed
elevation changes. Continuous channel topography may be difficult to locate,
although floodplain studies, Corps of Engineers surveys, or drainage reports for
private development are common sources of these data. Topographic point data
may be obtained from as-built plans for road and utility crossings, outdated U.S.
Geological Survey (USGS) topographic quadrangles (which may date back to the
1800s), or original BLM section line surveys. Topographic data is usually
available from public works records departments. local university map
collections, and historical societies.

Third, zoning and development data for the watershed, when correlated with
the data described above, can help determine historical channel responses. These
data may also be used in conjunction with geomorphologic relationships to
determine future changes likely to occur on the watercourse.

Finally, accounts of historical flooding reveal a channel's normal response
to flooding; proposed channel design must account for these historical flood
processes. A quick survey of local newspapers on dates of regional storms
usually uncovers some flood data. Excellent information can also be obtained
from-road, channel, or river park maintenance supervisors who have cleaned up
after floods, or who may keep records of maintenance activities. If the expertise
is available, extension of the historical flood record through interpretation of the
fluvial geomorphic record is extremely useful.

Using Historical Data

Correct interpretation is the key to successful use of historical data in
channel design. Channel processes that occurred in the past are likely to occur
in the future. For instance, if floods deposited sediment on roads and in flooded
homes, the proposed channel design should account for the sediment load.
Alternatively, if flood damage reports record episodes of bank collapse and
bridge failure. grade control and bank protection may be important components
of design. In general, past channel behavior may be expected to continue.

Past channel behavior. however. should be interpreted in light of
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information regarding regional impacts or changes within the watershed. For
instance, if the historical record reveals that an episode of channel entrenchment
bas occurred, it may be related to a specific event such as in-stream mining. If
mining is no longer occurring, extrapolation of entrenchment rates is not
appropriate. If recent development has changed a watershed's flood characteris
tics, historical data from that watershed is less useful than data from nearby
developed watersheds with similar channelization projects.

Case History: Coyote Creek

Coyote Creek is a 350 square mile watershed that drains the mountain
slopes and urbanized valley of Santa Clara County, California, and flows into
San Francisco Bay (Figure 1). Coyote Creek is a complex stream, with steep
perennial mountain reaches impounded by two major reservoirs, meandering
perennial vall.ey reaches, ephemeral gravel and sand bed reaches, sinuous
reaches with natural and constructed levees with flow from groundwater seepage
and irrigation return flows, and meandering tidally influenced deltaic channel
reaches near its mouth. The creek also has a complex history of diversions,
channelization, and other flood control improvements.

An SOl was required as part of preliminary channel design for a reach
extending 7.6 miles upstream from San Francisco Bay. The proposed design

II
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\
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"Hiles

Figure 1
Coyote Creek Project Area

retained the natural flood levees that have the capacity for an approximated 5
year flood, and added an overflow channel for containing a 100-year flood. The
overflow channel is hydraulically isolated from the main channel, except where
it crosses the main channel at seven locations within the project limits. In pre
design conditions, overbank flooding does not. return to Coyote Creek. Complex
channel hydraulics and geomorphology Iinuted the potential accuracy of
traditional sediment engineering analyses. First, flow is not continuous with
respect to the main channel. Second, bankfull capacity decreased in the
downstream direction. Therefore, sediment continuity equations predicted
deposition, although historical evidence indicated no history of deposition.
Third, the backwater model provided probably did not adequately model
crossover hydraulics. Fourth, the study reach was undergoing rapid bed
degradation in response to development of the watershed. Fifth, sediment supply
may have been only partially related to upstream velocities.

In contrast to the mathematical modeling, historical data provided a clear
picture of the probable channel response to the proposed design. Topographic
data dating to 1899 was used to estimate bed degradation rates at key points
within the reach, and to calibrate sediment yield estimates. Channel maps were
used to confirm the stream's very high lateral stability and low potential for
bank erosion. Anecdotal accounts of numerous flood episodes supported the
conclusion that sediment transport was extremely limited. Watershed
development rates were used to assess likely future impacts on sedimentation.
Adjacent channel reaches were examined to determine their response to
channelization. Historical data indicated that sedimentation would not
significantly impact the proposed design.

Conclusion

Historical data provide an alternative to more traditional engineering
methodologies. As engineering methods become more complex and expensive,
use of historical data bas become more attractive. Historical data may be used
to narrow design options, determine project feasibility, and evaluate potential
impacts of proposed designs when more detailed methods are not required.
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APPENDIX E

FIELD RECONNAISSANCE PROCEDURE
FOR SEDIMENT STUDIES

E-1. Preparation for Field Reconnaissance. Prior to the actual field trip an
investigation of data readily available in the office should be conducted.
Knowledge of various historical, hydraulic and sediment parameters will make
the field investigation easier and more efficient Figure E-l shows a suggested
sequence of preparation for field reconnaissance.

E-2. Field Reconnaissance. The following is a suggested check list of tasks
and observations to be made during the field reconnaissance.

a. Checklist.

(1) Verify topographic maps.

(2) Note boundary conditions.

(3) Note bed and bank material slope.

(4) Note slope of stream in general and any break points.

(5) Obtain representative samples of the bed material.

(6) Note condition of banks, whether stable or caving, and the type of
material found in the stream bed and banks, particularly any lenses.

(7) Record the conditions by locations.

(8) Record drift accumulations, debris.

(9) Estimate the percent of the bed that is naturally armored.

(10) Note problem areas and attempt to ascertain the cause.

(11) Note changes in bed gradation and take representative samples for
the sediment study.

b. Observations.

(1) Note channel mining activities.

(2) Note tributary entry points, the amount of flow, turbidity of flow,
condition of the tributary.

(3) Note diversion points.

(4) Note natural grade controls such as rock outcrops.

E-l
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(5) Note presence of protection measures, their size, why they were
placed.

(6) Note gage locations, type of gage.

(7) Note structural feature locations and observe bank and bed conditions
in the vicinity of the structures.

(8) Note existing similar projects on same or adjacent streams - how they
are performing.

(9) Note overbank conditions areas of scour or deposition If
deposition exists - obtain samples and measure depth & note extent on map.

(10) Take velocity measurements at several locations using surface
floats, pacing and a stop watch.

(11) Talk with locals to identify problem areas, get an estimate of time
of problem. Also, inquire as to local land use history - when urbanized,
cleared, etc.

E-3. Post Reconnaissance Activities.

a. Once the field reconnaissance is completed the engineer should have a
good idea of the existing problems, the likely impacts of the proposed
improvements, and which parameters may be the most sensitive to change. The
engineer should also be able to outline a plan of study. The complexity of
the study and quality of the results will likely depend on the availability of
historic and contemporary data. Based on the data available in the office and
additional field observation the engineer should be able to ascertain the
following:

(1) The present stability of the stream. On a stable reach there should
be little or no evidence of significant overbank deposition or recent bank
erosion. The presence of large, vertical trees established on a presently
stable bank indicate that the bank has been in that position for as long as it
took them to grow.

General observations can be made as to the suspended sediment
stream reach is unstable, it will characteristically display
banks, large amounts of drift in the channel with existing
toward the channel and/or significant overbank deposition.

(2) The adequacy of present structural features.

load. If the
actively caving
trees leaning

••
(3) The adequacy of

changes .
past channel

E-3

improvements and/or alignment
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b. Depending on the availability of historic data, the engineer mayable to ascertain the following:

(1) Long term stability trends.

(2) Stream response to land use changes.

(3) Stream response to past improvements.

c. Depending on the availability of historic and contemporary hydrau
hydrologic, topographic and sediment data the engineer should be able, ei
qualitatively or quantitatively, to evaluate:

(1) Future long term stability with and without the proposed improvem,

(2) Future maintenance requirements with and without the project.

(3) Design alternatives that address the interaction of sedimentation
all other project considerations in order arrive at the "best" design.

E-4
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Table 2. summary ot Delineative criteria tor broad
Characterization level classification.

stream Entr. WTcf sinu. slope LoanC1rorm/S01.1 .ea,ures
Type ratio ratio

Aa+ < 1.4 <12 1.0-1.1 > 0.10 very high relief
erosional,bedrock, or
depositional features
with debris tlow
potent. deeply
entrenched streams

A < 1.4 <12 1.0-1.3 0.04-.10 High reliet, erosional.
depositional or bedrock
forms. Entrenched
streams, step/pool
morphology.

B .4-2.2 >12 > 1.2 .02-.039 Colluvial deposition
and/or residual soils
moderate relief. iliad.
entrenchment and wId
ratio. narrow. gently
sloping valleys. stable
rittle dominated
rittle/pool morphology

C > 2.2 >12 > 1.4 < .02 Broad valleys,terraces
in assoc.w/tloodplains
Lacustrine.plains,etc.
slightly entrenched,
ritfle/pool, meandering

D MIA >40 N/A < .04 Broad valleys. alluvial
and colluvial tans.
Glacial debris
Depositional features
Braided morphology,
laterally unstable.

DA N/A >40 N/A <.001 Broad. flat valleys
tine alluv.a/or Lacust.
Anastamosed (braided
morphology) geol.
control creating tine
deposition, well veg.
bars, 1aterally stable

E > 2.2 <12 >1.f <.02 Broad Valley, meadow,
Alluvial w/tloodplain
highly sinuous,stable
stable banks,well veg.
Rittle/pool morphology

F < 1.4 >12 >1. <.02 Entrenched. meandering
incised in highly
weathered material on

". gentle gradients, high
wId ratio,unstable~
rittle/pool morphology

G < 1.4 <1~ >1.2 <.04 "GUlley" step/pool on
moderate slopes with
low width/depth, narrow
valleys or deeply
incised in alluvial,
colluvial, including
tans,deltas. grade
control prob. ,unstab.le

C16
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BANK MATERIAlS:

o
.J::l.

. BANK EROSION POTENTIAL

CRITERIA VERY LOW LOW MODERATE mGH ~YmGH EXTREME

, VAWE INDEX VALUE INDEX VAWE· INDEX VALUE INDEX. VALUE INDEX VAlliE INDEX

Bank HtlBkfHt 1.0-1.1 LO-1.9 1.0-1.19 2.N.9 1.2·U ••0-6.9 1.6·2.1 8.0-'1.9 2.1·2.8 8.0-9.0 >2.8 10

Root DepthlBuJr. Ht 1.0-0.9 1.0-1.9 0.89-G.50 2.N.9 0.49-G.3O ••0-6.9 0.29-0.15 8.0-1.9 1.14·.05 8.0-9.0 .05 10

Root Density (fII) SO·l00 1.0-1.9 H·79 2.N.9 30-64 4.0-S.9 15.29 8.0-7.9 5-14 8.0-9.0 <50 10

Bank Angle
(I)egreea). 0-20 LO-l.9 21-60 2.0-3.9 81-80 4.0-S.9 81-90 8.0-'1.9 90·119. 8.0-9.0 120+ 10

Surface Prot. (fII) 80·100 LO-1.9 55·79 2.N.9 30-64 ••0-5.9 15·29 8.0-7.9 10-15 8.0-9.0 dO 10

TOTA.l8 I I
a-.JS 10-1• .1 :M-UJS ao.at.l 40"'" 48-ISO

Numerical
Acijultmente

..

BEDROCK: BANK EROSION POTENTIAL ALWAYS VERY tow
BOULDERS: BANK EROSION POTENTIAL LOW '.
COBBLE: DECREASE BY ONE CATEGORY UNLESS MIXTURE OF GRAVEUSAND IS OVER 6OfII, THEN NO ADJUSTMENT
GRAVEL: ADJUST VALUES UP BY 5-10 POINTS DEPENDING ON COMPOSITION OF BAND
SAND: ADJUST VALUES UP BY 10 POINTS
SILTICLAY: NO ADJUSTMENT

STRATIFICATION: S-10 POINTS (UPWARD) DEPENDING ON POSITION OF UNSTABLE LAYERS IN RELATION TO BANKFULL STAGE

!



• Classification Schemes

SUlDInary:
Stream type indicates processes
Review classification schelDes

Advantages:
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• Reality Check

• • Model Selection
• Other Applications
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• Square Pegs
• Arizona Stream Types
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Table 1.1 - Stream Classification (L Rundquist, 1975)

Classification Classification Classification Variable Criteria Code
GrouD Variable Subclassification

Geography Land use Urban Greater than 25% of drainage LU1
policy in the basin is urban
drainage basin Rural Greater than 45% of drainage LU2

basin is rural
Agricultural Greater than 35% of drainage LU3

basin is aaricultural
Conservation Greater than 65% of drainage LU4

basin is conservation
Vegetation In Vegetation scarce in the Less than 20% ot bed and VI1
and along the channel bank area covered
channel Moderate vegetation in the 20-60% of bed and bank area VI2
(specify type) channel covered

Significant vegetation in the Greater than 60% of bed and VI3
channel bank area covered
Vegetation scarce along the Less than 20% of bank area VA1
channel covered
Moderate vegetation along 20-60% of bank area covered VA2.
the channel
Significant vegetation along Greater than 60% of bank VA3
the channel area covered

Geology Down valley Flat gradient Sv < 0.0001 VS1
slope Moderate gradient 0.0001 < Sv < 0.Q1 VS2

Steep gradient 0.01 < Sv VS3
Material in Alluvial Visual observation MC1
which channel Alluvial with rock outcroooinas Visual observation MC2
istormed* Bedrock Visual observation MC3

Underfit Is not underfit Visual observation US1
stream Is underflt Visual observation US2
Lakes on the Lake upstream Map or field investiaation LR1
river Lake at site Mao or field investiaation LR2

Lake downstream Mao or field investiaation LR3
No lake Mao or field investiaation LR4

Channel Minor reduction Reduced bv 10% CC1
constriction Moderate reduction Reduced by 10-50% CC2
(specify Maior reduction Reduced bv more than 50% CC3
general or No reduction No reduction CC4
local)

Tectonic Minor tectonic activitv Less than 2 ftlcenturv TA1
activity Maior uolift Greater than 2 ftlcenturv TA2.

Maior subsidence Greater than 2 ftlcenturv TA3
Works of man Classify according to

corresponding geological
classification listed above

•

•

•
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BRI-STARS EXPERT SYSTEM FOR STREAM CLASSIFICATION

Table 1.1 (continued)

Classification Classification Classification Variable Criteria Code
GrouD Variable Subclassification

Hydrology Mean annual Small river Om < 10,000 cfs MAl
flow* Laroe river Om > 10,000 cfs MA2
Bank-full flow* Small river Ob < 50,000 cfs BFl

Large river Ob > SO,ooO cfs BF2
Hydrograph Perennial. sinole peaked Qualitative (see Fia. 2.2) HSl
shape Perennial. multiple peaked Qualitative (see Fio. 2.2) HS2

Perennial. uniform . Qualitative (see Fic. 2.2) HS3
Intermittent Qualitative (see Fic. 2.3) HS4
Ephemeral infreQuent Qualitative (see Fig. 2.4) HS5
Ephemeral, single peaked Qualitative (see Fig. 2.4) HS6
annual
Ephemeral, mUltiple peaked Qualitative (see Fig. 2.4) HS7
annual

Bed and Bank Median bed Clay d50 < 0.004 mm BOl
Material material size* Silt 0.004 mm < d50 < 0.062 mm B02

Sand 0.062 mm < d50 < 2.00 mm B03
Gravel and cobbles 2.00 mm < d50 < 250 mm B04
Boulders 250 mm < d50 B05

Bed material Uniform u < 1.30 BGl
gradation Graded 1.30 < u BG2
Median bank Clay d50 < 0.004 mm BKl
material size* Silt 0.004 mm < d50 < 0.062 mm BK2

Sand 0.062 mm < d50 < 2.00 mm BK3
Gravel and cobbles 2.00 mm < d50 < 250 mm BK4
Boulders 250 mm < d50 BKS

Amount and Amount of Small Or < 20,000 ppm SL1
Type of total sediment Significant 20,000 ppm < Or SL2
Sediment Load load associ-

ated with
bank-full dis-
charge*

Type of Bed material load Qualitative TSl
sediment Mixed load Qualitative TS2
load* Wash load Qualitative TS3

I
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Table 1.1 (continued)

SRI-STARS EXPERT SYSTEM FOR STREAM CLASSIACATION
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Classification Classification Classification Variable Criteria Code
GrouD Variable Subclassification

Pattern and Stable Sinuous 5.1. > 1.1, stability determined SP1
Stability laualitativelv

Multichannel B.I. > 0.25, stability deter- 5P1
mined aualitativelv

Unstable Meandering 5.1. > 1.1, Instability UP1
determined aualltativelv

Tortuous 5.1. > 1.1, instability UP2
determined aualltatively

Braided 6.1. > 0.25, instability UP3
determined aualitatively

Straight 5.1. < 1.1, B.I. < 0.25, Instabil- UP4
litv determined aualitativelv

*denotes computational variable

4 HYDRAU-TECH ENGINEERING & SOFTWARE



BRI-STARS EXPERT SYSTEM FOR STREAM CLASSIFICATION CHAPTER 2 - STREAM CL

A third type of stream classification Is that of Rosgen [27]. The purpose of this
classification scheme and others like it is to categorize natural stream channels on
the basis of measurable morphological features. This classification Is summarized
in Table 2.2.

Schumm and Meyer [32] extended this general methodology In 1979to classify fIVe
types of alluvial channel plan forms {Figure 2.3}. Allen [1] redid Schumm's work in
terms ofthe lateral stabilityof channels and presented acontinuum ofchannel forms.
Mollard [22] further developed the continuum approach permitting the qualitative
assessments of discharge. sediment supply, ratio of bed material load to total
sediment load, channel gradient, channel sinuosityand channel stabilitywith relation
to channel pattern.

STREAM GRADIENT SINUOSITY WID DOMINANT CHANNEL LANDRORM FEATURE·
TYPE RAno PARTICLE SIZE ENTRENCHMENT· SOILS/STABIUTY

OF VAUEY CONFINE·
CHANNEL MENT

MATERIALS

A1 4-10 1.0·1.1 100r Bedrock Very deeplvery well Deeply incised. bedrock. drains poor-
less confined Iy w/steep side slopes and/or vertical

A1-a 10+ I(Criteria same as A1) rock walls.

7

Table 2.1 - Classification of Alluvial Channels (Schumm, 1963)
Mode of Channel Bed- CHANNEL STABILITY

Sediment Sediment load (% Stable (Graded Depositing (Excess Eroding (Deficiency
Transport (M) Per- ofTotal Stream) Load) of Load)
and Type cent Load)

of Channel

Suspended >20 <3 Stable suspended- Depositing Eroding suspended-
Load load channel. suspended load chan- load channel.

Width/depth ratio net Major deposition Streambed erosion
< 10; sinuosity usual- on banks cause nar- predominant; Initial
Iy >2.0; gradient re/a- rowing of channel; inl- channel widening
tively gentle. tlal streambed minor.

deposition minor.
Mixed Load 5-20 3-11 Stable mlxed-load Depositing mixed- Eroding mixed-load

channel. Width/depth load channel. Initial channel. Initial
>10, <40; sinuosity major deposition on streambed erosion fol-
usually < 1.3; banks followed by lowed by channel
loradient moderate. streambed deposition. widenino.

Bed Load <5 > 11 Stable bed load chan- Depositing bed load Eroding bed load
nel. Width/depth channel. Streambed channel. LIttle
> 40; sinuosity usual- deposition and Island streambed erosion;
Iy < 1.3; gradient rela- formation. channel Widening
tivelv steep. Ipredominant.

HYDRAU-TECH ENGINEERING & SOFTWARE
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STREAM GRADIENT SINUOSITY WID DOMINANT CHANNEL LANDRORM FEATURE-
TYPE RATIO PARTICLE SIZE ENTRENCHMENT- SOILS/STABIUTY

OF VALLEY CONFINE-
CHANNEL MENT

MATERIALS

1<1. 4-10 1.1-1.2 100r Large & small Same Steep side slopes w/predominantly
less boulders w/mixed stable materials.

cobble

1<1.-a 10+ (Criteria same as 1<1.)
/>3 4-10 1.1-1.3 100r Small boulders, Same .. Steep, depositional features

less cobble, coarse w/predominantly coarse-textured
laravel solis. Debris avalanche Is the

/>3-a 10+ (Criteria same as />3) predominant erosional process.
Stream adjacent slopes are
rejuvenated with extensive exposed
mineral soli.

A4 4-10 1.2 -1.4 100r Predominantly Same Steep side slopes w/mixture of either
less gravel, sand, and depositional landforms with fine-tex-

some silts tured solis such as glaciofluvial or

A4-a 10+ (Criteria same as A4) glaciolacustrine deposits or highly
erosional processes. Stream ad-
jacent siopes are rejuvenated.

M 4-10 1.2-1.4 100r Silt andlor clay Same Moderate to steep side slopes. Fine-
less bed and bank textured cohesive solis, slump-

materials earthflow erosional processes

M-a 10+ (Criteria same as M) dominate.

B1-1 1.5-4.0 1.3-1.9 100r Bedrock bed, Shallow entrench- Bedrock-controlled channel with
greater banks, cobble, ment, moderate con- coarse-textured depositional bank

gravel, some finement materials.
sand.

B1 2.5-4.0 1.2 -1.3 5-15 Predominantly Moderately Moderately stable, coarse-textured
small boulders, entrenched, well resistant soil materials. Some coarse
very larae cobble confined river tarraces.

B2 1.5-2.5 1.3 -1.5 8-20 Large cobble Moderately Coarse textured, alluvial terraces with
mixed wlsmall entrenched, stable, moderately steep side slopes.
boulders & moderately confined
coarse gravel.

B3 1.5-4.0 1.3-1.7 8-20 Cobble bed wI Moderately Glacial outwash terraces andlor
mixture of gravel entrenched, well: rejuvenated slopes. Unstable,
&sand,some confined. moderate to steep slopes. Uncon-
small boulders solidated, coarse-textured unstable

banks. Depositioallandforms.

54 1.5-4.0 1.5·1.7 8-20 Very coarse Deeply entrenChed, Relatively fine river terraces. Uncon.
gravel wI cobble, well confined solidated coarse to fine depositional
mixed sand, and material. Steep side slopes. Highly
finer material. unstable banks.

B5 1.5-4.0 1.5-2.0 8-25 Silt/clay. Same Cohesive fine-textured solis. Siump-
earthflow erosional processes.

C1-1 1.5 or less 1.5-2.5 100r Bedrock bed, Shallow entrench- Bedrock-controlled channel with
greater gravel, sand, or ment , poorly con- depositional fine-grained bank

finer banks. fined material.

C1 1.2-1.5 1.5-2.0 100r Cobble bed with Moderately Predominantly coarse-textured,
greater mixture of small entrenched, stable high alluvial terraces.

boulders and moderately confined
coarse gravel.

C2 0.3-1.0 1.3-1.5 15-30 Large cobble bed Moderately Overfit channel, deeply incised in-
wI mixture of entrenched, well con· coarse alluvial terraces andlor deposi·
small boulders & fined tional features.
coarse cravel.

•

•
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STREAM GRADIENT SINUOSITY WID DOMINANT CHANNEL LANDRORM FEATURE·
TYPE RATIO PARTICLE SIZE ENTRENCHMENT- SOILS/STABILITY

OF VALLEY CONFINE-
CHANNEL MENT

MATERIALS

C3 0.5-1.0 1.8-2.4 100r Gravel bed wi Moderately Predominantly moderate to fine tex-
greater mixture of small entrenched, slightly tured multiple low river terraces. Un-

cobble & sand. confined stable banks, unconsolidated,
noncohesive soils.

C4 0.1-0.5 2.5+ 50r Sand bed wi mix- Moderately Predominantly fine textured, alluvium
greater tures of gravel & entrenched, slightly with low flood terraces.

silt (no bed confined
armor).

C5 0.1 or less 2.5+ 50r Silt/clay wi mix- Moderately Low, fine textured alluvial terraces,
greater tures of medium entrenched, slightly delta deposits, lacustrine,I??ss or

to fine sands (no confined other fine textured soils.
bed armor\. Predominantlv cohesive soils.

es 0.1 or less 2.5+ 30r Sand bed wi mix- Deeply entrenched, Same as C4 except has more resis-
greater ture of silt & slightly confined tantbanks.

some gravel.

01 1.50r NlABraided NlA Cobble bed wll Slightly entrenched, Glacial outwash, coarse depositional
greater mixture of coarse no confinement material, highly erodable. Excess

gravel & sand & sediment supply of coarse size
small boulders material.

02 1.sorless N/ABraided N1A Sand bed wi mix- Slightly entrenched, Fine textured depositional soils, very
ture of small to no confinement erodable - excess of fine textured
medium gravel & sediment.
silts

BRI-STARS EXPERT SYSTEM FOR STREAM CLASSIFICATION CHAPTER 2 - STRE

2.1.1 Causes of Meandering and Braiding in Rivers

Meandering Rivers

River meanders have been explained in the literature using three majorapproaches.
The first approach is thatmeanders are caused by secondary currents. A second
opinion espouses the theory of dynamic instability. The third is a statistical argu
ment.

Another school ofthought believes meandersto be caused bythe dynamic instability
of the stream bed and banks. More formal mathematical studies have been based
on this concept and were summarized by Raudkivi [25} and Callander [5}. These
methods generally follow the approach that the channel bed is dynamically.u'1stable

The existence of secondary currents in river bends can be clearly demonstrated to
have a significant effect on the growth and migration of a meander. However, for
secondarycurrents to be the cause of meanders, an explanation is reqUired to show
that secondary currents can exist in straight channels. Eakin [9] and Neu [23]
maintain that the Coriolis effect of the earth's rotation is responsible for the develop
ment of secondary currents and subsequently meandering rivers. This approach is
quite unlikely since the relative effect of Coriolis effect on river channels is quite small
and, as Werner [35] states, actual observed effects on stream meandering have been
largely negative. Considerable support for the idea of secondary currents causing
meandering has been provided in laboratory experiments by Shen [34) and Einstein
and Shen [11]. Once secondary currents have been created, a bar will form on one
side of the channel and a pool on the other side, enhancing meanderdevelopment,
as supported by Einstein and Huon U [10] and Delleur and McManus [7}.

I
I
I
I
I
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and bed forms propagate downstream Inducing bank instability and hence move a
meander in a downstream direction.

All of the three general approaches gave some merit but perhaps Lee [18] provided
the most practical conceptual framework of river meandering. He considered two
phases of the process: (1) Initiation of meandering, and (2) sustenance of meander
Ing. Due to irregularity In topography and soli characteristics, flow In channels wRl
be deflected and will tend to initiate a meandering course. Secondary currents and
dynamic Instabilitywill develop once such a feature has appeared. Variations in flow

A third group believes meanders to be based on statistical probabRity and ther
modynamicanalogy. They proposethat the most probable path betweentwo points
defines a meander path, using a random walk analogy. This group Included Leopold
and Langbein [19] who use an energy loss rnaxirnation approach, Scheidigger [28]
who tried to extend their argument, and Yang [36] who approaches the problem
from the concept of minimum energy expenditure per unit mass along the water
course.

•
JI

-, '

SRI-STARS EXPERT SYSTEM FOR STREAM CLASSIFICATIONCHAPTER 2 • STREAM CLASSIACATION SCHEME

•
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•

Figure 2.3 - Channel pattern stability and hazards

will then exacerbate meandering tendencies, though a meandering river will tend
towards an equilibrium or perhaps most probable state based on valley slope,
streamflow, and sediment discharge variations.

Braided Channels

Braided channels occur as a result of large or significant changes in slope,
streamflow, or sediment load. Variations of two major independent variables in
rivers, streamflow and sediment discharge can markedly change channel geometry

10 HYDRAU-TECH ENGINEERING & SOFTWARE
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Agure 2.5 - Lane's (1957) channel pattern relation
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• Geo-Equations

SUIlllllary:
Predict equilibrium from

measured paraEneters
Review sample equations

Advantages:
• • Identify Trends

• Level I Analysis

Disadvantages:
• Scatter in Data
• Regional Applicability
• Arizona Applications

•
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APPENDIX D

QUALITATIVE ANALYSIS OF GENERAL RIVER RESPONSE TO CHANGE

D-1. Introduction. Sufficient hydraulic and sediment data to perform a
quantitative analysis is unavailable for the vast majority of Corps' studies
and projects. However, this does not preclude a sediment analysis. The
analysis must, by necessity, be qualitative in nature. This requires an
understanding of fluvial processes (35], [47], and (49].

D-2. General Relationships.

a. Studies conducted by (34], [31], and (48] support the following
general relationships according to (49].

(1) Depth of flow y is directly proportional to water discharge Q.

(2) Channel width W is directly proportional to both water discharge Q

and sediment discharge Qs.

(3) Channel shape, expressed as width to depth W/y ratio is directly
related to sediment discharge Qs.

(4) Channel slope is directly proportional to water discharge Q and
directly proportional to both sediment discharge Qs and Grain Size d50.

(5) Sinuosity is directly proportional to valley slope and inversely
proportional to sediment discharge Qs.

(6) Transport of bed material Qs is directly related to stream power TAU
and concentration of fine material CF, and inversely related to the fall
diameter of the bed material d50.

b. Simons (49] developed a relationship for predicting system response to
changes in the parameters listed above.

Qs - [(Gma*D*S) * W * U] I (d50/CF) (Gma*Q*S] I (d50/CF) (D-l)

where:
CF

D
d50

Gma
Q

Qs
S
U
W

oncentration of fine material load
Depth of flow
Median fall diameter of bed material
Specific weight of water

= Water discharge
Sediment discharge
Channel slope
Average velocity
Channel width

D-l



TABLE D-I. Impact of Change on Stream System

By applying the relationship (D-2) to the tributary
that the increase' in slope must be balanced
transport Qs if the discharge and fall diameter are

Therefore, the new slope could induce
resulting in bank instability and
tributary, an overload of sediment in
the geomorphic characteristics of the

EM 1110-2-4000
15 Dec 89

tributary stream
transport from the
major changes. in

Aggradation

Increased transport
to main cannel

Increased flood
stage

Downstream Effects

stream, it can be seen
by an increase in sediment
unchanged.

Qs * d50

head-cutting in the
increased sediment

the main stream, and
stream system.

Increased
transport of bed
material

Upstream Effects

Unstable channel

Increased velocity

Q * S

Local Effects

Local scour

Head-cutting

General scour2.

3.

1.

4. Bank instability Possible change in
planform of river

Possible change in
planform of river

5. High velocities

D-5. Effects of In-Channel Structures.

two
This

a. Qualitative analysis can be used to analyze the response of reaches on
major tributaries a considerable distance upstream of their confluence.
situation is depicted in Figure D-2.

b. Upstream of Reach A, a diversion structure is built to divert
essentially clear water to the adjacent tributary on which Reach B is located.
Upstream of Reach B, the clear water diverted from the other channel plus
water from the tributary is released through a hydropower plant. Eventually,
a large storage reservoir will be constructed downstream of the tributary
confluence on the main stem at point C. By altering the normal river flows,
these structures initiate several responses on the river system. Through
qualitative analysis, it can be seen that Reach A may aggrade due to the
excess of sediment left in that tributary when clear water is diverted.

Q *s Qs * d50

J.._-
D-3



D-2

(0-

Oroo ,n 801. L.w.'

Qs * dSO

is assumed to be constant and t
incorporated in the fall diameter, t

Q * S
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Tr"u'ory

Figure 0-1. Lowering base level of tributary stream

c. If the specific weight Gma
concentration of fine material CF is
above relationship can be expressed as:

d. The above relationship is identical to that proposed by Lane [3
except that the fall diameter, which includes the effect of temperature
transport, has been substituted for the physical median diameter used by Lan

D-3. Application of Qualitative Analysis.

a. In order to evaluate natural or imposed changes to a river system wi
the above equations, the engineer must remember that the proportionality mu
remain balanced. For example, if median fall diameter and water discharge a
assumed constant and a decrease in slope is proposed for a reach of strea:
equation (0-2) indicates that the sediment discharge must also decrease.

b. Simons and Senturk [49] offer several good examples of the applicati,
of Qualitative Analysis. Two of these are characterized below.

D-4. Orop in Base Level on Main Channel. Figure 0-1 shows the effect that
drop in the base level on a main channel has on a tributary stream.
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TABLE 0-2. Impact of Change on Stream System

Local Effects Upstream Effects Downstream Effects

1. Reach A may be Upstream of See upstream

subjected to Reach A,

channel aggradation and

aggradation by possible change

diversion of of river form
clear water due
to excess
sediment left in
the channel
after the

diversion and
degradation in
tributaries
caused by
lowering of
their base level

2. Reach B may be
subjected tor. degradation due
to increased
discharge in the
channel

of
and 3. If a storage

rage reservoir was

y to constructed at C
it could induce
aggradation in
both tributaries

duce 4.
onal
iver
ider

••

Upstream of
Reach B--
aggradation and
change of river
form

Channel
instabilities

Significant
effects on flood
stage

0-5

Construction of
reservoir C could
induce aggradation
in the main channel
and in the
tributaries
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c

Qs * d50

PlAN-

Q * S

Figure D-2. Clear water diversion and release combined with dov
storage

c. Initially, there may be a lowering of the channel bed downstt
the diversion structure due to deposition upstream of the diversion
the initial release of essentially clear water until the sediment
requirement of the diversion reservoir is satisfied. Reach B is Ii
degrade due to the increased discharge and essentially clear water rele

d. It is possible that the degradation in the main channel may
sufficient head-cutting on tributaries of Reach B to offset add
degradation. See the example of Figure D-l above. Such changes in a
system are not uncommon. A complete analysis of such a system must c
the effect of each response both individually and collectively.
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( Level of Effort)

1. Historical Review
• Literature
• Map Work

2. Field Assessment
************************
3. Classification

• Applicable Methods
4. Geo-Equations

• Identify Trends
************************
5. Engineering Approach

• If Necessary
• Evaluate Alternatives
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CHAPTER 4. ASSEMBLY OF INFORMATION FOR STABILITY EVALUATION

Evaluation of channel stability (see Chapter 5) requires assembly of relevant information on

the channel and drainage basin. Guidance is provided here on collection and assembly of

information. Many of the information items may also be required for other project purposes. such as

hydraulic and geotechnical design and environmental assessment.

Guidance is provided below under a number of headings. corresponding more or less to

separate steps appropriate to a project of substantial scope. In the case of small projects.

information assembly may be consolidated in accordance with the time and resources available.

4.1 Review of historical developments

In assessing an existing stream system. it is important to identify historical developments that

may have affected its morphology and stability. In some areas the present characteristics of many

streams are partly a result of past developments and interferences. Documentary information on

alterations prior to federal involvement may be difficult to find. However. comparative examination of

historical maps and of ground and aerial photographs can provide clues as to when significant

changes occurred. It may then be possible to obtain information.on what actually happened to cause

the changes.

Historical information is needed for the project stream itself and also for the upstream basin.

Large-scale changes in land use often affect channel stability by altering runoff. drainage conditions

and sediment supply. Information on major historical floods pre-dating gauge records is often useful.

Past diversions into or out of the stream for flood control, irrigation etc. may be key factors. Repairs

and modifications to bridge crossings. river structures etc. may be significant.

Information can be summarized in the form of a brief calendar of the most significant

administrative. social and technical changes known to have occurred. An example is shown in

Table 4.1.1. Suggested sources of historical information are listed in Table 4.1.2.

4.2 Map and airphoto interpretation

Topographic maps of various scales can indicate the nature of the drainage basin and stream

system, the planform of the channel and its relation to the floodplain. and physiographic·cOntrols like

valley walls. intersecting ridges etc. Maps of different dates can sometimes be used to examine

4-1



TABLE 4.1.1 Example of historical development calendar

-

Date Development Agency

- 1880 - 1900 Agricultural settlement: conversion from
forest to farmland

1907 Extreme flood • not measured - extensive
damage to farms and communities

1910·1925 Channelization and straightening of Local drainage
parts of stream system district

1934 - 1938 Construction of few soil conservation SCS
dams in upper basin

1955 Hydraulic study followed by limited COE
dredging and bank protection work over
lower 10 miles of main stream

1950 - 1970 General intensification of agricultural
development

• 1967 Highest gaged flood USGS

1972 Rood contral study with recommendations COE
for channel improvements

1977 Environmental study: recommended halt to EPA
channel improvement plans

planform changes, and approximate longitudinal profiles and slopes can be developed from contour

maps. For smaller streams, however, standard topographic maps'may be of limited use.

•

Stereoscopic black-and-white airphotos are usually the most practical remote-sensing tool fa:

study of stream channels and their changes (Agure 4.2.1). They are good for most cases except

perhaps smaller streams in heaVIly wooded terrain. Frequently a number of series dating back to the

1950's or even the 1920's are available. Airphotos permit examination of sediment deposits and bars

rapids, erosion sites, ice-formed features and the general characteristics, location and planform of the

channel at various times. Extensive examples of airphoto Interpretation of channel patterns and

features can be found in several publications (Mallard 1979, Mallard and Janes 1984. Cornell

University 1952).
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• TABLE 4.1.2 Suggested sources of historical information

'.1

I
I,.
I

•

Previous studies and reports: CaE, SCS, USSR, consultants, etc.

. USGS Quadrangle Sheets - old and new series

Aerial photographs: for some areas MA photos from the 1920s are available

Topographic maps by AMS and others

County maps and city plots

Offices of county, state, highway and railroad engineers

Local newspapers

Older inhabitants. especially farmers

USGS: gage histories and descriptions. gaging notes, rating curves through period of
record; water supply papers; provisional discharge records

NWS: storm and flood records

Municipal water and power plants: gage records

Irrigation and drainage districts: gage records

Quality of photography and suitability of scales may vary greatly between different dates.

Low-level large-scale photographs are not always the best for showing channel features, especially in

wooded terrain, because morphologic features tend to be obscured by vegetation. and tone contrasts

between different sediments and ground covers tend to be suppressed. For medium-sized streams,

scales in the range of 1:10.000 to 1:30.000 are often best. Experienced interpreters generally use a

pocket stereoscope for viewing.

In comparing airphotos of different dates, account should be taken of water-level differences.

which may be obtainable from hydrometric gage records. Care is also required in horizontal

registration of overlays of different dates, with attention to fixed control points and the edge distortion

inherent in uncorrected vertical photographs.

In a case study in Mississippi. airphotos of 1986 were compared with pre-settlement maps of

1830 to examine major changes in channel location that had been initiated by agricultural..

development and subsequent basin-wide erosion and sedimentation. In some reaches the mapped
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location of the 1830 channel was detectable from stereo viewing of the 1986 photos, being marked

contrasts in vegetation, edges of tree belts, and terrace scarps (Figure 4.2.2).

Satellite imagery, available from 1972, may be useful for examining basin characteristics an

land-use changes. The coarse resolution of most early Imagery limits its usefulness for channel

_studies, but this limitation is expected to improve in future. Infrared imagery and photography can

used to define major drainage features and soil boundaries.

4.3 Field inspection

4.3.1 General. In evaluating the stability of an existing stream and basin, field observation is very

important. Field inspection should be done after a review of maps and airphotos. Further visits me:

be reqUired at later stages. Both ground and aerial inspection are advisable where possible.

Photographs (panoramic where appropriate) and notes or audio records should be taken of all

significant features. Photographs should be mounted and annotated to show key features, and

numbered for ease of retrieval. Video records may be useful in some cases.

Inspection should be done by persons experienced in river hydraulics and stability problem

The main inspection should normally be done under low to moderate flow conditions when the bed

and banks of the streams are more easily seen, and preferably when foliage is absent. Additional

observations under storm or flood corlditions may be appropriate. In cold regions, the main

inspection must be done when channels are free of ice and snow, but additional observations unde

ice conditions may be appropriate.

Electronic means of notetaking such as tape-recordings are favored by some observers, bu

they can require a troublesome ~mount of subsequent processing a~ interpretation. Excessive

photography poses similar problems. Recording of information should be guided by consideration~

of necessity and sufficiency.

Excessive reliance should not be placed on observations from bridge crossings. In many

cases, bridges tend to be built at special sites that are not typical of the stream as a whole. Also,

bridges may create hydraulic anomalies in the course of time. On the other hand, evidence of

extensions, underpinning and remedial work at bridges may reveal instability problems.

The guidance provided here applies particulariy to hydrotechnical aspects of stability. Joint

inspections with geotechnical and environmental evaluation personnel may offer technical and

economic advantages.
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Upstream basin conditions

Topography, soils, vegetation, landuse, ongoing changes
Erosion/deposition zones, sediment sources
Drainage/irrigation systems, diversions
Geomorphic controls and boundaries

Channel planform and banks

4.3.2 Key points and features. Points and features to be particula~Jed for in field inspections

are listed below under several heads. For background on the significance c#'4'});int~sted, reference
.. tr. ~

should be made to Chapter 2, particularly Sections 2.1.3 and 2.2.5. The list d~s<t<~ sarily
:> ~~ IS ..

include all features that may be significant in a particular case. Table 4.3A.l.P~jul~.t, Sll~Wy
'/0 J,.-j,-' ${ of"

checklist. 0/')/k . () (;1'1) 17(',4< (;l'qJ? to <f61'
as; ~o q.y

009

Geological and structural controls
Channel shifting and migration
Bank soils, stratigraphy, failures, ice, seepage
Vegetation, bank protection, floodplain conditions

Channel profile and bed

Profile control points, irregularities
Sediment deposits and stratigraphy
Sizes and movement of bed material
Degradation and aggradation

Water surface profile and hydraulics

Checklist for field inspectionTABLE 4.3.1

Highwater marks, debris/ice jams, flood conditions
Velocities and roughness

Downstream reaches

Prior interference
Features susceptible to upstream changes

General

Photographs
Overflight
Witnesses to past floods
Past interferences and responses
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Upstream basin conditions

Topography, soils, vegetation, land use and ongoing changes that may impact on channel
stability. (Some items may be more easily obtainable from reports, maps and airphotos.)

Active zones of erosion and deposition, and evident sediment sources: sheet, rill and gUlly
erosion, etc. (Figure 4.3.1).

Drainage and irrigation systems, diverted inflows and outflows.

Tributary instability: gUllying, headcutting etc. (Figure 4.3.2) .

. Dominant geomorphic controls: ridges, scarps, landform and channel type boundaries, etc.•
see Sections 2.1.1 and 2.1.2. (May require specialist input.)

Channel planform and banks

Geological and structural controls on stream migration: valley walls, outcrops of rock and
clay, clay plugs, bridges and dams, etc.

Channel shifting and migration processes: meandering, cutoffs, braiding, etc.

Bank soils and stratigraphy (Figure 4.3.3): composition, grainsize ranges, layering, lensing,
etc.

Bank failures and erosion (Figure 4.3.4): locations, causes and mechanisms (see Sections
2.2.5 and 2.3.8).

Drainage and seepage conditions especially after high flows (Figure 4.3.5), adjacent
impOUndments, irrigation and cultivation practices.

Types and densities of vegetation and root systems on banks and floodplain, and their
significance with respect to erosion, slope stability, hydraUlic roughness, trapping of sediment and
debris, channel shifting, etc. Age and succession of vegetation on channel banks and bars can
sometimes indicate rates of shifting and heights of flooding.

In cold regions: ice action on banks and vegetation, freeze-thaw action, frozen ground and
ice lenses. (See Figures 2.2.9 and 2.2.10; geotechnical Input may be required.)

Existing and past bank protection work, damage and failures and their causes.

Aoodplain conditions: natural and artificial levees, obstructions to flow, presence and clearing
of vegetation, hydraulic roughness, etc.

Channel profile and bed

Profile controls: outcrops, falls and rapids, nick points and zones (Figure 4.3.6), culverts,
weirs, beaverdams, etc.

Irregularity of stream bed, occurrence of scour holes and shoals, alluvial bedforms, etc.

Locations, forms and grainsize distributions of sediment deposits and bars (Figure 4.3.7).

Thicknesses of active bed sediment, where probing or excavation to substratum is
practicable.
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Major sediment source: valley landslide.

Figure 4.3.2 Tributary gUllying.
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Indications of frequency of bed-sediment movement; largest bed-sediment sizes moved in
past floods: relative intensity of bed-sediment transport in the context of streams generally or of the
region in question.

Evidence of degradation: perched tributaries (Figure 4.3.8), exposed bridge piling
(Figure 4.3.9), banks undercut both sides. etc.

Evidence of aggradation: reduced bridge clearances (see Figure 2.3.5), overtopped levees,
quried intakes, etc.

Water surface profile and hydraulics

Recent high water marks and probable dates.

Water marks of afflux and drawdown around bridge piers (Figure 4.3.10). (Can sometimes be
used to infer flood velocities.)

Debris jams and accumulations.

Evidence of ice jams and accumulations: tree scars, stripped vegetation, etc.

. Local photographs or witnesses' descriptions of flood conditions: depths of overbank
flooding, standing waves, directions of attack on banks. overflow and escape routes, etc.

Approximate velocities as observed.

Estimates of hydraulic roughness based on general experience of channels (for confirmatory
purposes when other means of estimating are available) .

Downstream reaches

Channel conditions should be inspected for some distance downstream of the project reach,
with particular attention to features susceptible to project-indUCed changes such as sedimentation:
see Chapter 3. particularly Section 3.3. Downstream conditions may require further attention at a
later stage in project formulation.

General

If the channel has been subject to past works and interferences, efforts should be made
during the field inspection to detect response in the form of changes to cross-sections, slopes,
planform, channel shifting, sedimentation, etc.

4.4 Channel and floodplain surveys

4.4.1 Topography. Topographic or photogrammetric surveys to provide ground contours,

channel and floodplain cross-sections and longitudinal profiles are normally required for the basic

flood control aspects of the project. Attention to a number of points can improve the usefulness of

survey information for stability evaluation..
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Figure 4.3.7,

Figure 4.3.8 Mouth of perched trjbutary.
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Cross-sections should show margins and significant changes of vegetation cover, elevations

of visible changes in bank soils, bank protection, water levels at time of survey, and detectable high

water marks. Section locations should be selected to cover a representative range of planform

types - bends. straights, points of inflection, etc. - and a range of channel widths. If recent aerial

photographs or a photomosaic plan are available. they can be used to select cross-section locations

in advance and then to identify the locations on the ground. An example cross-section is shown in

Figure 4.4.1.

slumpinQ

....JL!... water level as surveyed 2/ Nov /88

~ noted high water mark from 1985 flood

sand a ~
----......-'-_.....~~~~slilt

0 0':0.
0

~

gravel a ~~.
cobblesVertical exaggeration 10: I

G> 120
~

130

5
o
~ HO
w

800700500300 400
Distance in feet

100o
100 -+-----t-----+,-----+-----t------+-----+-----I------I

200

Figure 4.4.1 Example survey cross-section.

The longitudinal profile should show bed levels, low or ordinary water levels. top of banks,

and high water levels. Various bases for these delineations can be used. The bed levels may be

along centerline, or along the thalweg Qocus of deepest points). The low or ordinary water level may

be a surveyed line on a specific date. or a computed line corresponding to mean annual flow or other

hydrologic parameter. The high water level may be a surveyed high water mark, or a computed line

corresponding to a flood of specified return period. For streams with definite floodplains, top of bank

lines should correspond more or less to floodplain levels unless there are bank levees. Notable

discontinuities in the bed such as nick points, rapids and falls, and structures should be shown. An

example profile is shown in Figure 4.4.2.
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Figure 4.4.2 Example of stream profile.

•

Distances shown in profiles of single-ehannel streams should normally be measured along the

channel centerline. Where the stream splits into two or more channels, the main or largest channel

should be used. In fUlly braided systems it is more practical to measure along the center of the

braided belt. The basis for distance measurement should be clearly stated. Fixed points such as

road crossings, tributary confluences, etc. should be shown. Quoted slopes should be based on fall

divided by distance as shown. When a stream has been shortened by previous channelization work

and superimposed profiles are to be shown, it is best to superimpose fIXed points such as bridges

and show different distance scales; otherwise, false impressions of degradation and aggradation may
be conveyed.
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4.4.2 Soils and materials. Samples of bed and bank materials should be taken for analysis of

grainsize distributions and for determination of other properties as required. The locations and

frequency of sampling should be selected on the basis of previous field inspection and airphoto

interpretation. Due account should be taken of variation of soils and sediments along and across the

stream, below the streambed, and up the banks.

With coarse bed materials. collection of samples large enough for meaningful grainsize

analysis may be inconvenient. An alternative is to photograph the surface of channel bars though a

wire grid. and to analyze the surface distribution from the photographs (Figure ~.4.3). If the surface

materiat" is similar to the underlying material, a surface distribution by number is more or less

equivalent to a bulk distribution by weight (see Kellerhals and Bray 1971, Hey and Thorne 1983.

Diplas and Sutherland 1988). In some coarse-bed streams. however, surface and underlying

distributions of bed material are considerably different because of armoring effects. Armoring is more

likely in streams where the bed is relatively inactive than in streams with frequent bed transport. If

armoring is present, it is preferable to collect bulk samples that include subsurface material as well as

the larger sizes in the armor layer.

In streams with relatively fine or loose bed sediments of limited thickness overlying (nore

consolidated materials, the bed can be probed at intervals with a metal rod to determine thicknesses

of. active sediment. Such determinations are partiCUlarly valuab~e in considering potential for bed

degradation. Geophysical methods of determining sediment thickness are feasible in some cases.

With very loose estuarial and coastal sediments. some form of echo sounding may be feasible.

Where probing or indirect methods of investigating stratigraphy are not feasible. soil borings or

excavations may be advisable.

4.4.3 Bank failure and erosion. The general characteristics of bank failure and erosion will be

noted in the field inspection - see Section 4.3 above. In some cases a detailed survey of erosional

sites may be required in order to relate erosional severity to bank soils, heights and slopes etc.

Related technical background is outlined in Section 2.3.8.

4.5 Streamflow and related data

4.5.1 General. Streamflow data are basic to engineering analysis of channel stability - see

Section 2.3. Normally these data are analyzed for flood control aspects of the project. Data

presentations required include (1) discharge records. (2) flood-frequency relationship, (3) flow

duration relationship, and (4) stage~ischarge relationship. Where there is a hydrometric gage in the

basin, the first three can usually be generated for the project length without great difficulty. A gage

stage~ischarge relationship, however. be difficult to transfer to the project reach. In ungaged basins,
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Figure 4.4.3 Grid photograph of coarse sediment and comparison of analysis methods.
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synthetic discharge estimates may be generated from hydrologic analogy or from watershed

modelling. In small flood control projects. lack of streamflow data often limits the practicability of

stability analysis. If reliable streamflow information is not available. experienced judgement may be

more useful than analysis.

4.5.2 Discharge records. The historical sequence of annual maxima is useful for interpreting field

inspection and surveys. Especially in small basins. attention shOUld be paid to peak instantaneous

discharges rather than maximum daily discharges. If there has not been a large flood for many

years. the channel may convey a false impression of long-term stability. On the other hand, a recent

extreme flood might have severely destabilized the channel. presenting an exaggerated impression of

long-term instability.

If the flood sequence exhibits peculiar features or anomalies. it may be advisable to examine

the gage history and ask the gaging agency about the reliability of the records.

4.5.3 Flood frequency relationship. A graphical relationship using any standard method of plotting

is usually sufficient. Extrapolation to return periods far beyond the length of the record should be

regarded skeptically. Efforts should be made to determine the frequency of the bankfull discharge. If

the stream has a definable bankfull condition and its return period appears to fall outside the range of

1 to 5 years. there may be a case for reviewing the hydrologic data. especially if they are synthesized.

4.5.4 Flow~uration relationship. A flow-<!uration relationship may be useful for a rough

assessment of how frequently the stream bed material is in motion. if used in conjunction with a

beginning-of-motion analysis (see Section 2.3). It Is also needed for estimating annual volumes of

sediment transport.

4.5.5 Stage.discharge relationship. A reliable stagEK:1ischarge relationship is needed for

quantitative stability analysis. An Incorrect stage-discharge relation may be quite misleading,

especially if Velocities are used as a stability criterion.

Where there Is no suitable gage record, stage-dlscharge relationships are normally

synthesized either by non-uniform flow analysis using HEC-2 or simnar programs, or by uniform flow

analysis of cross-section and slope data. The limitations of non-uniform flow analysis as applied to

mobile-boundary channels are not always sufficiently appreciated. Sections based on low-water

surveys may be incorrect for high-water stages. betause of channel scour and fill. If the channel is
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relatively regular in cross-section and slope, uniform flow analysis in which the Manning or similar

equation is applied to an average cross-section and slope may be sufficient and in some cases as

reliable as non-uniform analysis.

The greatest difficulty in synthesizing a stage-discharge relationship is correct estimation of

hydraulic roughness, especially during the large floods that are critical for stability. Every effort

should be made to check computed stages against observed or indicated water levels in past floOd

of known or estimated discharge.

There is an extensive literature on the roughness of natural streams. Selected sources of

information are listed in Table 4.5.1.

TABLE 4.5.1 Selected sources of information on hydraulic roughness of channels and
floodplains

(S.ee Section 4.8 for full references)

Traditional approaches - selection or compositing of Manning n from descriptions and
photographs:

Arcement and Schneider 1984.
Barnes 1967.
Chow 1959. Especially Chapter 5, Sections 5·7 through 5-10.

Semi-theoretical approaches based on roughness height or grain roughness, applicable mainl
to channels in coarse granular materials:

Bathurst 1985.
Bray 1979.
Griffiths 1981.
Umerinos 1970.
USACE 1970. Especially Plate 3. friction coefficients in terms of relative roughness. Also

revised edition 1989. Section 14d. Riprap Design: includes Strickler equation
relating n and grain roughness.

Analytical approaches for alluvial (mainly sand-bed) streams, dependent on bed forms and flo
regime:

ASCE 1975. Especially Chapter II. Section F. Hydraulic relations for fluvial streams.
Brownlie 1983.
White, Bettess and Wang 1987.

Empirical approaches predicting velocity or stage without explicit use of a roughness
coefficient:

lacey and Pemberton 1972.
Riggs 1976.

Special cases:
Hejl 19n: urban areas.
Hewlett. Boorman and Bramley 1987: reinforced grass waterways. Especially Sections 4.2.1

through 4.2.3. HydraUlic roughness.
Kouwen, U and Simons 1981: vegetated waterways.

General source:
Yen 1989: conference proceedings.
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4.6 Geologic and geotechnical information

Geologic and geotechnical information is often useful in evaluating channel stability.

Generally. it is helpfUl to understand the geologic origins and geotechnical properties of soils and

sediments that interact with the channel processes. Information may be obtained from previous

reports or by involvement of a specialist.

In an dynamic channel system, rock outcrops, cemented gravels. tills and clay plugs may

form hard points that resist erosion and constitute more or less fixed nodes in the planform.. Some

cohesive or cemented deposits and soft rocks, however. break down fairly rapidly into cohesionless

sediments under the influence of weathering, particularly freeze-thaw and wet-<iry cycles.

Geotechnical conditions that often result in bank failure in alluvial and glacial outwash soils

include (i) internal erosion of dispersive clay, silt and fine sand through piping; (ii) tension crack

formation and displacements; (iii) saturation and drawdown with flood rise and recession; and (iv)

surface slaking and soil flows due to temperature and moisture changes.

Lacustrine and glaciolacustrine soils and low flow deposits may be layered or "varved-. Many

banks in such soils exhibit slope instability.

Wind-<ieposited soils such as loess, comprised of silt and Clay-size particles. can stand on

very steep slopes when dry, but are susceptible to loss of cementation when wetted and to erosion

by overland flows.

Colluvial soils. derived from weathering of underlying rocks and subsequent gravity

movement, are often found on steep river valley slopes. In wet periods they are subject to reduction

in strengths and increases In unit weight which tend to initiate bank failures. They may contain silty

clay and weathered rock fragments. Erosion of the silty clay may leave a temporary layer of rock

fragments, too thin to act as a stabilizing berm, that becomes covered by subsequent landslides.

Glacial till Is generally a compact mixture of clay, silt, sand, gravel and boulder sizes. Most

deposits are fairly resistant to erosion. and most streams In a till environment exhibit relatively low

rates of erosion and.channel shifting. Longterm incision of streams In till soils often leaves a surficial

armor layer of cobbles or boulders that is resistant to movement by the stream.
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4.7 Sediment transport

Data needs for analysis of sediment transport are covered in EM 1110-2-4000 (USACE 1985

to which reference should be made if a full sedimentation analysis is judged advisable. In many srr

to medium flood control projects the necessary time and resources are not available. yet some

qualitative assessment is desirable. The following points may assist such an assessment:

(1) The relative degree of bed-material transport - for example. low, medium or high - can c
judged to some extent by experienced observers from the aerial and ground features of the channe

under relatively low flow conditions. Channels with high transport have large areas of exposed bar~

exhibiting clean rounded bed-material without growths and vegetation. Channels with low transport

tend to have few exposed bars, stable banks, and individual grains or stones covered with algae.

(2) The degree of wash load can be similar1y judged from recent silt and clay deposits in

slack-water areas and on the upper banks and floodplain. Channels with high wash load will exhibit

substantial thicknesses of silt/clay not yet colonized by vegetation. Channels with low wash load wi

have clean granular sediments on the upper banks and floodplain.

(3) Notwithstanding the above comments. appearances are sometimes deceptive in the

absence of local or regional experience. For example, the appearance of a medium-transport

channel may vary considerably from arid to humid regions and from cold to hot regions. Descriptiol

of bed material transport as low, medium or high refers essentially to high flow conditions, for

example discharges like the mean annual flood. Such a scheme may not be useful for ephemeral

streams in arid regions. where floods capable of transport may occur at rare intervals and the

channel is dry much of the time.

(4) In meandering streams exhibiting systematic migration through an alluvial floodplain. thE

degree of bed-sediment transport Is linked to the rate of meander shifting. The severity of bank

recession can be visualized In terms of channel widths: for example, a rate of one channel width pel

year would be very high. whereas a rate of 1% of channel width per year would be quite low.

(5) A braided plantorm usually Indicates high bed-material transport. A contorted meander

planform without vlslbJe point bars usually Indicates low bed-material transport, although wash load

may be high. More generalized relationships of this type are discussed In Section 2.1.3.
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GLOSSARY

Fluvial Sediment Terms1

This proposed method has no status as an ASTM standard and is published on behalf of
the sponsoring committee for information only for a maximum of two years. cOmments
are solicited and should be addressed to the American Society for Testing and Materials
1916 Race St., Philadelphia, PA 19103.

IIJ'hia document ia under the jurisdiction orCommittee
D.14 on Water.

Published as information only, May 1981.
SJ>eecriptive terms.

alluviation-the process of accumulating
sediment deposits at places where
the flow is retarde4.

antidunes-bed forms that occur at a
velocity higher than that velocity
which forms dunes and plane
beds. Antidunes commonly move
upstream, and are accompanied by
and in phase with waves on the
water surface.

armoring-the formation of a resistant
layer of relatively large particles
by erosion of the finer particles.

avulsion-a sudden natural change of a
stream channel, so that the water
flows elsewhere than in its
previous course.

bed-Ioad--material moving on or near the
stream bed by rolling and sliding
with briefexcursions into the' flow
three or four diameters above the
bed.

bed-load discharge-the quantity ofbed
load passing a cross section of a
stream in a unit of time.

bed-load sampler-a device for sampling
the bed-load sediment.

bed material-the sediment mixture of
which the stream bed is composed.

bed-material load-that part of the total
load of a stream which is
composed of particle sizes present
in appreciable quantities in the
shifting portions of the streambed

accelerated erosion2-erosion at a rate
greater than normal (see geologic
erosion) for a site on the land
surface or in drainageways,
brought about by man, usually
through reduction of plant cover
or by disturbance.

accretion-a process of sediment
accumulation by flowing water.

agglomeration-the coalescence of
dispersed suspended matter into
large floes or particles which settle
rapidly. Also called "flocculation."

aggradation-the geologic process by
which stream beds, flood plains,
and the bottoms of other water
bodies are raised in elevation by
the deposition ofmaterial eroded
and transported by water from
other areas.

aliquot-a fractional portion
representative of the whole.

alluvial deposit-sediment deposited by
the action of rnnnjng or receding
water.

alluvial fans-a deposit of 1oose-rock
material shaped like a segment of
a cone formed because of a sudden
flattening of a stream gradient

. especially at debouchures of
,.~. tri~utarieson main stream flood
~ , plains.
. alluvial stream-a stream whose

boundary is composed of
appreciable quantities of the
sediments transported by the flow
and which generally changes its
bed forms as the rate of flow
changes.
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bottomset bed-fine-grained material
(usually silts and clays) slowly
deposited on the bed of a
quiescent body of water which
may in time be buried by forest
beds and topset beds.

boulder (fluvial sediment)-larger than
256 mm. See scale ofparticle
sizes.

braided river-·a wide- and shallow-river
channel where flow passes
through a number of small
interlaced channels separated by
bars or shoals.

cbsnnel-a natural or artificial waterway
that periodically or continuously
contains moving water, or which
forms a connecting link between
two bodies of water.

channel-fill deposits-deposits ofsediment
within a channel, partly or
completely iilling the channel.
(Such materials accumulate where
the transporting capacity has been
insufficient to remove it as rapidly
as it has been delivered.)

clay size (fluvial semment)-O.24 to 4 pm.
See scale ofparticle sizes.

coagulation-the agglomeration of
colloidal or finely divided
suspended matter caused by the
addition to the liquid of an
appropriate chemical coagulant by
biological processes, or by other
means (see also agglomeration).

cobbles (fluvial sediment)-64 to 256 mm.
\ See scale ofparticle sizes.

co~ive sediments-sediments whose
\

, resistance to initial movement or
erosion depends upon the strength
of the bond between particles.

colloids (fluvial sediment)-fine1y divided
solids that do not settle in a liquid
but which may be removed by
coagulation or biochemical action.
Smaller than 0.00024 mm. See
scale ofparticle sizes.

colluvial deposits-unsorted or poorly
sorted deposits accumulated along
valley margins by slope wash and

by other mass movements from
the adjacent hillsides.

concentration of sediment by weight-the
ratio of the weight of dry sediment
in a water-sediment mixture to
the weight of the mixture. This
concentration when determined on
a weight basis as parts per million
(ppm), may be converted to
milligrams per litre (mgIL) on the
basis of Table 1.

concentration of sediment by volume-the
~tio of the volume of dry solids in
a water-sediment mixture to the
volume of the mixture.

critical tractive force-the minimum force
necessary to initiate movement of
sediment particles in the stream
bed.

degradation-the geologic process by
which streambeds, floodplains,
and the bottoms of other water
bodies are lowered in elevation by
the removal ofmaterial by water.

delivery rate-an obsolete, ambiguous
term. Use sediment delivery ratio
or sediment yield, whichever is
meant.

delta-a sediment deposit formed where
moving water is slowed by a body
of standing water.

density current-the movement of fluid of
one density under, through, or
over another fluid of differing
density.

deposition-the mechanical processes
through which sediments settle
out.

depth-integrating sediment sampler-a
device that collects a
representative water-sediment
mixture at all points along the
sampling vertical.

depth integration2-a method of sampling
to obtain a representative,
discharge-weighted water
sediment sample of stream
verticals, except an unmeasured
zone near the streambed, by
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continuously compositing a portion
of the water-sediment mixtures as
the sampler traverses the vertical
at approximately a constant
transit rate.

diameter-sedimentation-the diameter of
a hypothetical sphere of the same
specific gravity and the same
settling velocity as the given
particle in the same fluid.

discharge-weighted concentration-the
ratio of the discharge of the dry
weight of sediment to the
discharge by weight of the water
sediment mixture.

dissolved load-the part of the stream
load that is carried in solution.

dissolved solids2-the mass of dissolved
constituents in water determined
by evaporating a sample to
dryness, heating at 105°C for 2h
desiccating and weighing.

dunes (stream)-bed forms of coarse
sediment generally transverse to
the direction of flow, with a
triangular profile having a gentle
upstream slope (dunes advance
downstream by the movement of
sediment along the upstream
slope and by the deposition of
sediment on the steep downstream
slope. Dunes move downstream at
lo~velocities compared to the
stream flow velocity.)

equal-discharge-increment (EDI)
methcxf-a procedure for obtaining
the discharge weighted suspended
sediment concentration of flow at
a cross section whereby (1) depth
integration is performed at the
centers of three or more equal
flow segments of the cross section
and (2) a vertical transit rate is
used at each sampling vertical
that will provide equal sample
volumes from all flow segments.

equal-width-increment (EDI) methocP-a
procedure of obtainjng the
discharge :weighted suspended
sediment concentration of flow at

a cross section (1) performing
depth integration at a series of
vertical equally spaced across. the
cross section and (2) using the
same vertical transit rate at all
sampling verticals.

fall velocity-the rate of fall or settling of
a particle in a given medium.

filtration::-the process of passing a liquid
through a porous medium for the
removal of suspended matter.

floes or floccu1es-masses of solids, formed
in a liquid by addition of
coagulants (flocculants), or
through biochemical processes, or
by agglomeration of individual
particles.

fluvial sediment-particles derived from
rocks or biological materials that
are transported by, suspended in,
or deposited by streams.

foreset bed-the advancing and relatively
steep frontal slope of a delta. (It
progressively covers the bottomset
bed and in turn is covered by the
topset bed. Foreset beds
represent the greater part of the
volume of a delta.)

geologic or natural erosion2-the erosion
process on or in a given land form
undisturbed by activities of man
and his agents.

grading-the .degree ofmixing of size
classes in sedimentary material:
Well-graded implies a more or less
uniform distribution from coarse
to fine; poorly graded implies
uniformity in size or lack of
continuous distribution (see
sorting).

graded stream-a stream in which a
steady state has been reached
such that, over.a period of time
the discharge and load entering
the system are balanced by the
discharge and load leaving the
system.

gravel (fluvial sediment)-sediment
particles between 2.0 and 64 mm
in size. See scale ofparticle size.
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gross erosion2--the total of all sheet,
gully, and channel erosion in a
watershed, usually expressed in
weight.

gully erosion--the enlargement of rills ad
development of channels 300 mm
or more in depth by ephemeral
concentrated flow of water.
(Gullies are characterized by steep
walls and by steep head cuts.)

instantaneous sampler2-a suspended
sediment sampler that takes a
representative specimen of the
water-sediment mixture in a
stream at a desired depth and
moment of time.

lag deposits2--the larger and heavier
particles that are sorted out and
left behind in stream channels.

lateral accretion deposits2-sediment
deposits formed along the inner
(convex) sides ofchannel bends.
See point bar.

meander-one of a series of sinuous
curves, bends, or loops produced in
the flood plain of a mature
stream.

mean particle size or diameter ( 1-the
weighted average of di1Ierent
sedim.;:\size classes by weight.

measured se· ent load2-that part of the
total sediillent load that can be
measured with available
suspended-sediment samplers.
(does not include bed load and .
suspended load very near the bed).

mechanical analysis2--a
determination of the particle-size
distribution of a sample by
mechanical·separation.

median size or diameter ( 1-the
particle size of sediment for which
50 weight % is finer, obtained
graphically by locating the
diameter associated with the
midpoint of the particle-size
distribution. (The and are
different with skewed
distributio~).

milligrams per litre2--the weight in
milligrams of any substance
contained in 1 L of liquid. (Nearly
the same as parts per million
.below 16,000 ppm.)

movable bed2--a stream bed made up of
materials readily transportable by
the stream flow.

mu~~~massmw~~semmem

mixture with more than 400,000
ppm ofsediment which, because of
its high viscosity, moves more
slowly than water.

native water-untreated water from a .
water body that has been
unaffected by sampling, handling,
and preservation.

naturallevee2-raised berms or crests
above the flood-plain surface
adjacent to the channel, usually
containing coarser materials
deposited as flood flows.

naturally dispersed sample--a sample
having sediment that will not
settle in about 4 h due to the
character or fineness of particles
and/or to the nature of the
dissolved constituents.

nominal diameter-the diameter of a
sphere that has the same volume.
as the (sediment) particle.

noncohesive sediments2-discrete
particles, the movement m which
for given erosive forces depends
only upon the properties of shape,
size, and density, and upon the
relative position of the particle
with respect to surrounding
particles.

oxbow lake2--cutoff portion of meander
bends.

particle size2-the diameter of a particle
measured by settling, sieving,
micrometric, or direct
measurement methods. See scale
ofparticle sizes.

particle size average2-the average size of
particles from a sediment sample,
usually the averages of D10' D_
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and Dgoo See particle-size
distribution.

particle-size distribution2--the relative
amount of a sediment sample of a
range in specific sizes in terms of
percentages by weight finer than a
given size. D_ (Often shown on a
semilog plot.)

particle-size intermediate axis2--the size
of a rock or sediment particle
determined by direct
measurement of the axis normal
to a plane representing the
longest and shortest axes.

particle-size sortinlf-a measure of the
range of particle sizes in a
distribution, as the percentile
range DIG - DlG'

particle size, standard deviation-a
statistical measure obtained from
the formula t,i <DeID&O + D&JDlCJ.

parts per million-parts by mass of
sediment in a million parts of the
water-sediment ~ure.

plane bed--a sedimentary stream bed
without elevations or depressions
larger than the maximum size of
the bed material

point"bar--one ofa series of low accurate
ridges of coarse sediment
deposited on the inner (convex)
side of river curves.

point-mtegrating sediment sampl~-a
device designed to collect a
representative sample of the
water-sediment mixture at a
selected depth in a stream vertical
over a specific time period by
opening and closing under water.

point integration2-a method of sampling
to obtain the mean concentration
of sediment at a point in a stream.

point sample-sample ofwater-sediment
mixture taken at a single point,
either with an instantaneous or a
point-integrating sampler.

pumping sampler--a device that draws
the water-sediment mixture
through a pipe or hose, the intake

of which is placed at the desired
sampling point in a stream.

rating curve sedim.ent~a graph of the
relationship between stream
discharge and sediment discharge
at a stream cross section.

regimen of a stream2--characteristics of a
stream with respect to flow
duration, form of and changes in
chaDnel capacity to transport
sediment and amount of material
supplied for transportation.

rill erosion2--a process forming small
well-defined incisions in the land
surface less than 300 mm in
depth.. (It is an intermediate
process between sheet erosion and
gully-erosion.)

ripple-small triangular-shaped bed forms
that are similar to dunes but
smaller.

roundness-the ratio of the average
radius of curvature of the
individual edges of a particle to
the radius of the maximum circle
that can be inscribed within the
particle.

runoff-that part of precipitation
appearing in surface streams.

sand size (fluvial sediment)-O.062 to 2
mm (See scale ofparticle sizes).

scale of particle sizes-after AGU
(American Geophysical Union)
scale (see Table 2).

scour-the enlargement of a flow section
by the removal of the boundary
material by the motion of the
fluid.

sediment-particles derived from rocks or
biological materials that are or
have been transported by water.

sediment delivery-an obsolete,
ambiguous term, use sediment
yield.

sediment delivery ratio-the ratio of
sediment yield to gross erosion
expressed in percent.

sediment discharge2-the mass or volume
of sediment passing a stream
cross section in a unit of tinie.
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(The term may be qualified as
suspended-sediment discharge,
bedload discharge, or total
sediment discharge.)

sediment load2-the weight of solid
matter being moved by a stream
through a cross section per unit of
time. (Bed-material load plus
wash load.)

sediment production--an obsolete,
ambiguous term. Use erosion.

sediment sample2-a quantity of water
sediment mixture or deposited
sediment that is collected to
represent somepro~ or
properties of the saInple~edium.

sediment yield-the total sediment _
from a watershed or past a;given
location in e specified period of
time. (It includes bed load as well
as suspended load and usually is
expressed in weight per unit of
time.)

sedimentation (a) consists of five
fundamental processes: (1)
weathering, (2) erosion, (3)
transportation, (4) deposition, and
(5) diagenesis, or consolidation
into rock: (b) deposition of
particles, especially in
engineering.

sedimentology-the scientific study of
sediment, sedimentary rocks, and
the processes by which they were
formed.

settling-the process of depositing by
gravity matter suspended in
water.

sheet erosion2-the more or less uniform.
removal of soil from an area by
raindrop splash and overland. flow,
without the development of water
chaDnels exceeding 300 mm in
depth. (Included with sheet
erosion, however, are the
numerous but conspicuous small
rills that are caused by minor
concentrations of runoff: The rills
can be easily obliterated by
normal field cultivation.

Maximum depth of a rill is 300
mm. Larger water channels are
gullies.)

sieve diameter-the size of sieve opening
through which a given particle of
sediment will just pass.

silt-individual mineral particles that
range in diameter from 0.004 to
0;062 mm. Not a synonym of
sediment.

siltation-not recommended. Use
sediment deposition.

sloughs-a stagnapt or sluggish channel
of water occurring in a flood plain.

sorting-the dynamic process by which
sedimentary particles are
selectively separated from
associated but dissimilar particles
by flowing water.

specific weight of sediment deposits-the
dry weight of sediment solids per
unit volume of deposit in place.
Synonym: volume weight.

sphericity-the ratio of the surface area of
. a hypothetical sphere of the same

volume as the particle to the
actual surface area of the particle.
(A more convenient expression is
the ratio of the diameter of a
circle with an area equal to that of
the projection of a grain when it
rests on its larger face to the
diameter of the smallest circle
circumscribing this projection).
(shape factor).

splay-deposits of flood debris (usually of
sand) scattered on the flood plain.

standard-fall diameter-the diameter of a
sphere with a specific gravity of
2.65 and the same standard-tall
velocity as the ·particle. .

standard-fall velocity-the rate of fall that
a particle would finally attain if
falling alone in quiescent distilled
water of infinite extent and a
temperature of 24°C.

standard-sedimentation diameter-the
diameter of a sphere with the
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same specific gravity and fall
velocity as the given particle.

streambank erosion2··the removal of bank
material by flowing water.

stream discharge-the quantity of flow
passing through a cross section in

. a unit of time.
supernate or supernatant-the liquid

above the surface of settled
sediment. .__________..

suspended-sediment load-the weightOf---...
suspended particles continuously
supported by the water.

suspended-sediment discharge-the
quantity of suspended-sediment
passing through a stream cross
section in a unit of time.

suspended-sediment sampler-a device
that collects a representative
portion of the water with its
suspended-sediment load.

texture-the geometric aspects of the
oom~empmti~sofasedimem

deposit or rock including size,
shape, and arrangement.

terminal velocity-the limiting velocity
reached by a particle Calling under
the action or gravity in a still
liquid at a specified temperature.

thalweg-the line connecting the lowest or
deepest points along a stream bed,
valley, or reservoir, whether
underwater or not. .

topset bed-a layer of sediment deposited
on the top surface of an advancing
delta that is continuous with the
landward alluvial plain.

traction-transport of debris by running
water, in which the particles are
swept along close to the bed of the
stream by rolling, sliding, or
saltation.

trap efficiency-the proportion of the
incoming sediment load that is
deposited, in percent.

transportation-the complex process of
moving sediment particles by
water. (The principal factors
affecting transportation are
turbulence, ratio of settling

velocity to water velocity, shape,
size, density, and quantity of
particles, and saltation.)

turbidity-an expression of the optical
properties of a sample which
causes light rays to be scattered
and absorbed rather than
transmitted in straight lines
through the sample. (Turbidity of
water is caused by the presence of
suspended and dissolved matter
such as clay, silt, finely divided
organic matter, plankton, other
microscopic organisms, organic .
acids and dyes.)

turbulence-the irregular motion of a
flowing fluid.

unsampled-sediment discharge2_-the
difference between the tota1~

sediment discharge and the
measured suspended-sediment
discharge.

unsampled zone-the unsampled part of
the sampling vertical: (usually,
assumed to be go to 150 m.m above
the stream bed depending on the
kind of sampler used).

valley trenching-gully erosion occurring
in flood plains.

vertical-an approximately vertical path .
from water surface to stream-bed
along which one or more samples
are taken to define sediment
concentration or distribution.

vertical accretion deposits-flood-plain
deposits formed by deposition of
suspended sediment from
overbank flood waters.

volume-weight-see specific weight.
wash load-the portion of the stream

sediment load composed of
pmticles, usually finer than 0.062
mm, which are found only in .
relatively small quantities in the
bed, assUmes only in source bed.

water discharge-the quantity of water
passing a stream cross section in a
unit of time. (The native water
contains both dissolved solids and
sediment.) See stream diScharge.
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water pollution-the presence of harmful
01" objectionable material
introduced into water by man's
activity in sufficient quantities to
adversely effect its usefu1n~

watershed":alliands enclosed by a '.
continuous hydrologic-surface
drainage divide and lying upslope
from a specified point on a stream.
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