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Synopsis

Alluvial channel stage-discherge and depth-discherge relations were
studied in the lerge sand bed recirculating flume. From this study, it
was found that the form of these relationships are intimately i‘ealted to:

1. Regime of flow o |
2. Form of bed roughnescs
a. Cheracteristics of the bed material
b. Concentration of fine sediment
c. Temperature
3. Rate of change of discharge with time
In the range of shear vwhere ripples and dunes develop on the bed, the stage-
discharge curve for a rising stege is usually quite different from that for
a falling stage. These curves are only velid for the conditions upon which
they are besed--no general sclution is possible. In the range of sheer
which develops plane bed, standing sand end water waves wﬁich are in phase,
and antidunes, the rising and falling stage curves coincide and hold for all
velues of discharge associated with these forms of bed roughness.

When a channel experiences a shear stress which develops dunes at small
discharges and plane bed and perhaps stending waves and antidunes at larger
discharges, there is a discontinuity in the stage-discherge or depth-discharge
curves particularly on the rising stege which occurs when the dunes wash out.
This is caused by the large reduction in resistance to flow, which occurs
when the bed form changes ficm ripples or dunes to plane bed, stending waves,
or antidunes, end the resultant reduction in depth even though discharge is

inereasing.
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REGIMES OF FLCW AID FORMS OF BED ROUCHNESS IN ALLUVIAL CHRANNELS

In a rigid chennel a well defined depth-discharge or stage-discharge
curve can be developed which has only minor scatter and in most ceses no
discontinuities. When developing stege-discharge curves for alluviel streams,
this ideal condition is not the usuel case even when scour or £111 do not
occur. Because of the extreme veriation in the resistance to flow es dis-
cherge and form of bed roughness very, and because of the effect of rate of
chenge of discherge with time on the rate of develomment of the various
forms of bed roughness; the stage-discharge relationship for alluvial chaennels
is not well defined. In fact, several different curves are possible at &
single stetion unless the shear .stress on the bed is alweys large enough
that ripples and dunss do not develop. If one is not aware of the possible
changes in the form of bed roughness which cause the shape of the stage-
discharge curve to vary from time to time and £lood to flood, it is impos-
sible to explain the apparent haphazard scatter of points which results.

The regimes of flow end forms of bed roughness as discussed by Simons
and Richerdson (1959a) can be sumuarized es follows:

Tranquil Flow Regimes, Fr < 1 (Based upon local values of veloeity
and depth)

Plane bed (no sediment movement)
Ripples

Dunes with ripples superposed
Dunes

Transition (washed out dunes)

Plene bed (depends on size of bed material)
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Standing waves (Gepends on the size of bed moterisl)
Antidunes
Violent entidunes

These forms of bed roughness were observed in equilibrium experiments _
conducted in & recirculsting flume 8 £t wide and 150 £t long. Flume discharge
could be varied from 2 to 22 cfs and slope from O to 1.5 per cent. The term
"equilibrium’ is used to denote the conditions which exlst after a2 run has been
continued until the slope of the water surface is parallel with the average
slope of the bed, and the bed configuration is fully established for that
particular discharge and slope.

In this study the plane bed with sediment moving in the trunquil flow regime
only occurred when the medien size of bed meterial was apprmdma‘ie]y O.lt 1m
and smaller. Standing waves only occurred when the median size of bed mate-
rial 4 was larger then sprroximately O.4 mm. The major forms of bed rough-
ne;ss are 1llustrated in Fig. 1. The major variebles which influsnce the form
of bed roughness are indiéated in Eq 1.

Bed Rotghhess = [D, S, &, 0, ¢p, Py Pgy By Bpy W, fs] -i
in vhich

D is the depth

S dis the slope of energy gradient

d is the median diameter of bed materiel

¢ 45 the standard deviation of the bed meterial

cp is the concentration of fine sediment

p is the mass density of the water

pg is the mass density of the sediment

B 15 the dynemie viscosity of 'the water

sp  1s the shape factor of the crosé section

@ is the fall veloeity of the bed material

< o +ha cocrara Paran
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In a?iﬁvial chonnels there is wswally either inflow to or outflow frem
the channel through the bank end bed weberial which causes seepsge forces.
If there is Inflow, the seepege Lorce acts to reduce the effective size of
the send; and consequently, the stehility of the bed meterial. If there is
outilow from a channel, the seepage force ects in the d.imcti‘on of gravity
and increases the effective size of the sand and stebllity of the bed mote~
riel. In effect, the seecpoge forece reduces or increasges the effective size
of the bed materiael by changing its effective weight. As a direct result,
the seepage forces can influence the form of bed roughness and the resistence
to flow for a given channel slope, chennel shape, bed material, and dischaxrge.
For example, & bed material with medien diameter of 0.5 ma will be molded into
the following forms as sheer is increased: ripples, dunes, transition, stand.
ing sand and weter waves, end entidunes. If this same material was subjected
to a seepage force which reduced its effective weight to & value consistent
with that of fine sand which has a medien dismeter d = 0.3 mm, the forms of
bed roughness would be ripples, dunes, tremsition, plane bed, and antidunes.
The reascn for this difference in the forms of bed roughmess is illustrated
in Fig. 2 which shows qualitatively the effeet of size of bed materisl on
forms of bad roughness. With the 0.5 mm sand, & break in the rating curve
normelly occurs &5 bed roughness changes from dunes to standing waves at &
Froude number , Fr = 1. However, with the seepege force in effect, a breek
in the rating curve can occur when the dune condition changes to plane bed
at a Froude number much less than 6ne.

With the seepage force acting with gravity, the 0.5 rm material acts es
if it were coarser and agedin there is some effect on form of bed roughness

end the stage-discharge relation.



's|jguuby) |DIAN|Y Ul ssauybnoy peg jO0 swio4 pup
mo|4 jo sewibay jo jdsouo) salpyDNYD ¢ 'big

T T T
HEEE
%
] i e
R
2.
LJ(* N (R
L
..
oy
S
mnas
RERE
Ly
L]
]
; |
|| lww u‘p ouaop © |
~ pag 4o 8215 uDIpa T
l»y,ffff,, R
R I el
dm* * t <, | ]
il —
_ | | 1
- ol



i
e { ws

A rether common fileld condition invelves oubflow from the channel dwring
the rising stage which bullds uwp benk storage end increases the stebility
of the bed and benk metericl. Ther on the falling stage, the situation reverses.
There is inflow to the channel dwe to the presence of benk storege which reducss
the effective weight eand stebility of the bed and bank meterial. This field
gituation can also influsnce the form of bed rowghness and the stage-discharge
relatlions.

It has been shown by Simons end Richardson (1959¢) thet the presence of
fine sediment in the waber, such as clgy, influences the resistance to flow.
Using e bentonlte clay, it has been determined in the laboratory thet with
concentrations of this type of fine sediment on the order of 40,000 ppm,
resistance to flow in the dune range 1s reduced &s much as 40 per cent. This
fine material may reduce resistance to flow to an even greater extent under
field conditions by decreasing the beank rouginess es well as the bed roughness,
and as previously discussed, any factor which influences bed roughness and
resistance to flow will likewlse alter the form of the stage-discharge valse-
tion. Also, fine sediment in the flow mey chenge a standing wave condition
into a breaking antidune with an increase in resistance to flow. Thus, the
ctege-discharge reletionships for a stream may be different for clear water
then for heavily sediment-laden flow.

Changes in temperature can aliter the form of bed roughness; and hence,
the reslstance to flow. Vanoni and Brooks (1957) report that with an
increase in temperature, there is a decrease in resistence to flow; wheress,
Hubbell {1956) reports thet with en incresse in temperature, there is an
increese in the resistance to flow. These two apperently contradicting state-

mente, which show the effect of temperabture veriation, are ecasily explained



by considering the fomms of bed rouglness which existed in the alluviel
chaanels in question, and the effect of temperature chenge on the fell
velocity of the bed meterlal. A decrecse in tempersture increases the
viscosity of the wabter and decreases the £all velocity of the sand. Thug,
o decrecse in temperature decreases the effective size of a given sand.
Consequently, if & sand bed is covered with smell ripples snd the temperse-
ture of the water is decreased, the mobility of the particles is increased
duz to the decreese in effective size of the sand, lerger ripples form, and
resistance to flow increases. On the other hend, if the form of bed rough-
ness is near to or in transition and there is & redvction in the temperature
of the water, the effective size of the bed materiel is reduced, the given
shear causes the dunes to wash out to a greaber extent or perhaps even
causes the bed to became plane, which (in either event) is accompanied by a

decrease in resistance to flow. Both of these phencmenon are reversible.

RESISTANCE TO FLOW IN ALLUVIAL CHANNELS

The reslstance to flow in alluviel channels whether in equilibrium or
otherwise is largely dependent on the form of the bed roughness. In
general, the resistance to flow is relstively small with plane bed prior
to thé beginning of bed material transport and increases in magnitude with
increasing shear reaching e mexdirum value with ripples or dunes depending
on the characteristics of the bed materiel. Resistance to flow is rela-
tively large throughout the range ojf fully developed ripples and dunes.
With further ineresse in shear, the transition condiﬁion is reached. At
this point, resistence to flow reduces repidly with further inecrease in
velocity-~to &s little as 1/3 of its original value. The resistance to flow
is minimum for a given bed material throughout the plene bed and/or standing
wave range. Then as antidunes develop, the resistance to flow increases

s8lightly and continues to increase with fuwrther incresse in shear.



A more quantitative concept of the relaticnehip between form of bed
roughness, resistance to flow, and slze of bed meterizl can be cobtalned by
referring to Fig. 3. Note that with the finer sand, the maxirmm resistence
to £low occurs in the ripple range. This condition, vhich is related to
the effect of size of bed material on forms of ripples end dunes, was dis-
cussed in & peper on forms of bed roughress by Simons and Richardson {(19592) .

Based on the preceding concept of the regimes of flow, the forms of
ped roughness and resistance to flow in alluviel chennels, & realistic
interpretation of flume depth-discharge curves, eand the peculier veriations
which occur in them can be presented. These interyretations are also gene-
rally valid for field stage-discharge relations although effect of scour and
£111 is not accounted for. Both labecretory and flield conditions are con-
sidered in this paper.

In the field case the conditlons are such that the veriation of
discharge with time is large, but the corresponding variastion of slope is
relatively small. Conversely, for laboratoxﬁr conditions the veriation in
discharge is small (limited by the capacity of the pumping plant) and slope

can be varied over a large range at will.

EFFECT OF REGIME OF FLOW, AND FORM OF
BED ROUGHNESS, ON DEFTH-DISCHARGE TYPE RELATIONS
To illustrate the effect of regime of £low and form of bed roughness on
depth-discharge type relations, a series of runs simulating runoff events in
which discharge and slope were varied were routed through a recirculating
£lume with a sand bed.

In cach run the discharge rote was changed in stens of 3-i efs every
30-45 minutes from a minimum of 5 efs to a meximum of 21.5 cfs as indicated

in Fig. 4. The duration of each run was approximetely eight hours.
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For each discharge on both the rise and recesgion, the stage, depth,
velocity, slope of water surface, total-sgediment load, and water tempera-
ture were continuously measured. The form of bed rouvghness and how it
varied with discherge and time wes carefully observed, described, and
photographed. The characteristics of the bed meterial used in each case
vere determined beforehand. The methods used to measure the variables
are described in detail by Simons, Richardson, and Albertson (1959) .

To observe the variation of the measured verisbles with time as discharge was
changed, refer to Fig. 4. The accuracy of the discharge measurements were
excellent. The accuracy with which the other variasbles such as slope, total
load, velocity, stage, and depth were measured was limited because of the
non-equilibrium condition of the ficw, the relatively small number of measure-
ments upon which the msgnitude of & variable was based, and the natursl
variation of these variables with time and distance. TFor exemple, it has
been verified that it is necessary to sample total sediment load more or

less continuously over a 1-2 hour yeriod in order to determine accurately
total sediment transportation (Simons and Richardson, 1959b). In the case
of these non-equilibrium runs sempling could only be carried out over a
15-30 minute intervel; and in sddition, sediment load was varying more
radically with time than normally becsuse once the run was started, there

was never time for the channel to become campletely steble before the dis-
charge wes changed.

In spite of the limited accuracy with which some of ’che variables were
measured, the depth, discharge, and form of bed roughness data can be utili-
zed to illustrate the importance of form of bed Toughness on deypth-discherge
rating curves. Depth-discharge relationships were used because they eliminate
changes which would occur in stage-discharge relationships resulting from
scour and fill. The importance off Porm of bed roughness end depth-discharge

<2

relevicaships is obviously equelly velid for siag je~-discharge relationships.



TRANGUTT, FLOW RUN WITH COUSTANT CHANIEL SIOFE
(G5 mm Sand)

The rwn upon which Fig. 5 is besed wes well within the tranguil flow
regime. The seand bed hed a median fall diameter of 045 mmm. Flume condi-
tious were such that “the slope was held nearly constant throughout the dura-
tion of the rm. The initisl discherge of 5.0% ofs wes set up 12 hours
prior to the beginning of the run in order to start with stable chennel con-
diticns. The initial form of bed rot@kmesé, at minimm discharge, was small
dunes with ripples superposed. As the discherge was increased, the ripples
were gradually eliminated and lerger end larger dunes were developed by the
flow. At the peak discherge of 20.96 efs, :*'che form of bed roughness was
large dunes. After reaching meximum discharge, the fiow was reduced in
steps to produce a nearly symmetricel variation of discharge with time es
illustrated in Fig. h.v It is of interest to note that the depth-discharge
curve for inereasing dischserge is lower than the depth-discharge curve for
decreasing discharge. This situstion can be _explained in 'terms of the bed
roughness and how it changed with discherge and time. With incressing flow,
the development of maxirmm roughness lagged the increese im discharge. That
is, the type of bed conﬁgﬁra‘bion consistent with a particular discharge did
‘not have time to fully develop before discharge waes increassed egain. The net
result was that the resistance to flow was lagging the increase in discharge,
and depth was less for a given discharge than it would have been if equili-
brium had been established. The opposite condition prevails for this run
during the recession. That is, when discharge wes decreased, the flow could
not fully alter the large dvnes to smaller ones required for equilibrium in
the limited time available. The net result was that the channel wes rougher
end the depth wes greater then they should have been for a given discharge, and

the recession curve of the depth-discharge relation was ebove the rising
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cwrve of the same reletion. The depth abt the concluzion of the r™un was
lerger then the irnitial depth even though the discharge was the same. How-
ever, continuing the run for a few hours with the final Gischarge, the
depth did return to its eriginal value.

The magnitude of the spread between the two branches of the depth-
discharge relations iz dependent yrimarily on variation of roughness which
is influenced by rate of change of discharge with time, the cheracteristies
of the bed material, end to & limited extent on concentration end type of
fine sediment and other variebles which ere discussed later. If the rate
of change of discharge with time is large, the syread between the two bran-
ches of the depth-discharge curve may be large or reletively small. If the
rate of change of discharge with time is very small, the syread between the
two branches will be smmll. At some intermediate rate of change of discharge
with respect to time, the spread between the two curves will be maximum.

The size of the bed materiel is an importent veriable because with fine
sand, the rate of change of bed configuration with time is fester then for a
coarse sand, end the change from & dune bed to & plane bed configuration
occurs at smaller shear because of the increased nuobility of the bed material.
Hence, the spread between the rising and falling curves of a deptﬁ-discha.rger
relation for & fine sand can be larger or smaller, and a breek in the rating
curve develope at a smaller depth, considering a perticular runoff event than
for a coarse sand.

TRANQUIL FLOW RUN, CHANNEL SIOPE VARYING WITH DISCEARGE
(0.28 mm Sand)

Ancther depth-discharge relation for the type of runoff event illustreted

in Fig, b is presented in Fig. 6. There wes no tail gete control at the end of

the flume, slope of energy gredient varied directly vitiz discharge, and the
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meaien drameter of bol moterial wes 0.20 mm. As in Fig. 5 for incereasing

Cischarge, the develorment of reaistence to flow logged the incresse in dis-
chaxrge watil Q & 19 cfs. A comron cwrve described the depth-discherge relation
for both increasing end dsercasing discharge when Q 2 19 cfs, and the reces-
sion curve was ebove the rising depth-discharge curve when Q < 19 cfs. This
latter condition indicates an excessive resistance to flow ceused by residual
bed roughness. That such was wrobably the case, can be verified by considering
variation of form of bed roughness with discharge. As indiceted in Fig. 6 at
uininum discherge, the initiel bed roughness was ripples. As discharge wes
increased, the bed form chenged %o: ripples superposed on duvnes, large dunes 5
and finally e transition condition developed which wes followed by a plere bed.
© With decreasing discharge, the bad roughness was first modified from the Pplane
bed to iransition condition end “her back to large dunes. With further reduc-
tion in discharge, the resistence to Plow was greater then normal due to fb;e
residuwal dwmes. At minimum discharge, the bed roughness was ripples super-
rosed on srall dunes and residual dunes. The minimum Flow was maintaired for
& pericd of 12 hours beyond completion of the 8-hour rum. At the end of this
time, the residual dunes hed discppeared and the rising end falling depth- |
discharge curves coincided giving the closed loop relationship presented in
Fig. 6. It is important to note neer maximm discharge, that after the change
from dunes to transition, the depth-discherge curve was the same for both
incressing end decreasing discharges.
TRANQUIL AND RAFID FLCOW RUN, SLOFE VARYING WITH DISCHARGE
(0.28 nm Sand)
The physical conditions assccisted with this run were' the seme as deseribed
for Fig. 6 except channel slope vas steeper. Referring to Fig. 7, the initisl

bed roughness et the beginning of the run (stable flow) was dunes with ripples
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superposed. As the discharge wes inereased, ripples were elimineted and
larger duncs developed. With fwrther inerease in (iischavge, the transi-
ticn from dunes to plane bed developed followed by a plane bed conditica.
The curve connecting the points for the plene bed condition wes displeced
to the right apprecisbly from the increasing discharge curve for ripples
superposed on dunes end dunes. That is, the change in resistance to flow
“hich cecurred as the form of bed roughness changed from dunes to plane bed
caused a significant breek in the rating curve. This brea': in the depth-
discharge curve is typical of the breaks in the stage-discharge cu:;ves of
most alluviel chennels in which the form of bed roughness changes from rip-

ples and/or dunes to plane bed, stending waves, or sntidunes.

The curve representing the decreasing depth and discharge condition
shows that there is a common curve for inecreasing and decressing dischorge
with plane bed and./ or repid fiow. However, it is of interest to nocte thet
the change from dunes to plene bed tekes plece at & larger discharge as
discharge is increasing then the change from plane bed to dunes when dis-
cherge is decreasing. In fact, in thls case it was difficult for the bed
to change from o plane to dunes in the time allowed between changes in
discharge. That is, dunes and ripples never developed with decreasing
discharge to the extent which they did with increesing discharge. Hence,
resistance to flow end depths were smaller for small disché.rgee as depth
weas decreasing then they were for the corresponding discharge when depth
was increasing with time. Note that the reverse condition was true in
Fig. 5 end Fig. 6. However, the foregoing condition could be reversed by
using a longer time period between chenges in discharge. That is if rote
of chenge of discharge with resyect to time wes decreased. Under this

éondition, dunes would have had time to develop and the increasing and
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decreasing depth curves in the ripple and dune range of bed roughness
would be closer together. In fact, if the rete of change of discharge was
much slower with decreasing depth then with incrsasing depth, the curve
which represents decreasing discherge and depth would probably cross and be
above the inereasing discharge cwrve. Thus, rate of change of discharge
with respect to time plays an extremely important role in defining shape
of the dep’th;d.ischarge releticn. At minimum discherge, at the end of the
run, “the point on the decreasing depth curve wos considerably below the
corresponding point for equilibrium conditions on the increasing depth curve.
Holding discharge constant, this point moved vertically upward with time
(depth incremsed) until, when equilibrium conditions were again reached, the
two polints coincided.

RAPID FLOW RUN, Fr > 1

{(0.45 mm Sand)

The most simple form of depth-discharge curve in alluvial channels
exists when considering strears in which only plane bed, standing weves and
antidunes develop (no ripples, dunes or trensition). This condition was
investigated in the ]abbmtom using & sand bed with & median diameter of
0.45 mm. The resultant depth-discharge curve is presented in Fig. 8. At
minimum £low on the inereasing discharge curve, the bed roughness consisted
of plane bed, standing waves, and very limited antidune activity. As dis-
charge wes increased, the antidune activiity increeased until at peak discharge,
there was very strong antidune activity. With decreasing discharge, the
rocess reversed itself. That is s, antidune activity diminished to the ori-
ginal plane bed, standing wave, and mild antidune condition. There is no
break in this rating rcurve. The depth-discharge data plot, excluding error
in measurement of depth, on ;. common curve. This indicates that depth-
dischairge curves for field corditions should be reasonsbly accurate when the

plane bed, standing waves, and sntidunes are the only forms of bed roughness.
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The accuracy of this type of depth-discharge reletionship is elso illusitrated
in Fig. § in that porticn of the relation to the right of the break. With
finer sand (D 2 0.3 nm) there was a relatively repid increase in resistance
to flow with increacing Froude number in the rapid flow regime. This Ry

- increase the scatter in depth-dlschorge relations for flumes end shtrewms

with beds of fine sand.

TRANQUIL AND RAPID FLOW RUN, SLOFE VARYING WITH DISCHARGE
(.45 mm Send)

The conditions for this run vere similar to those which yielded Fig. 7
except that the size of the bed materiel was 0.45 mm instead of 0.28 mm.
There was no control at the tell gate, and the variation of discharge with
time wes essentially symmetrical as illustrated in Fig. 4. In Fig. 9 at
the beginning of the run, the bed configuration was regulax duneé of medium
amplitude. As the discharge was increesed, large dunes, tramsition, and
finally standing waves developed. As the form of bed roughness changed
from dunes o standing waves, a significant break developed in the depth-
discharge curve. To the right of the breek in the rapid flow rsnge, the
increasing and decreassing discharge relation can be represented by a single
curve. This portion is similar to the depth-discharge relation illustrated
in Fig. 8, and the portion of Fig. 7 to the right of the loop. With decreas-
ing dischérge in the vicinity of and immediately to the left of the break in
the rating curve, dunes were reforming; but size of dunes and, hence, megni-
tude of resistence to flow was less than for comparsble discharge with
inereasing depth. With further reduction of discharge, dumes developed to
the point where at & still smaller discharge, & residusl dune effect was
apparent. That is, dunes remeined which were larger than they were for com-

verable discharge on the increasing depth curve; hence, the decreasing depth
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relation erosses the increasing depth relation and remains above it becouse
of this extra resistance céntributed by the residual dunes. At the termi-
nation of the run, the point on the\decreasing depth curve continued to
drop with time until it matched the initiel point on the increasing depth
curve completing the loop as shown. The return to the original depth with
continued minimws flow, after completion of the runs (Pig 6, T, and 9),
indicates the accuracy of the data and the ability to accurately repeat an

equilibrium run.

This depth-discharge curve again emphasizes thet size of bed material
and rate of change of discharge with time are closely related to the shape
of the depth-discharge relation in the ripple and dune range of bed roughness.
Thus, an infinite number of possibilities exist in the ripple-dune Tange.

If the rate of change of discharge with time was faster, the decreasing
discharge curve might not cross the increasing discharge curve at all; or if
the rate of change of discharge wes very slow, the decressing discharge curve
would cross the increesing discharge curve at a larger discharge. Similarly,
if the rate of change of discharge wlth incereasing depth was different, the
position of this curve would de changed; and for a different size of bed
material, the break in the rating curve would develop at a different discharge

RAPID AND TRANQUIL FLOW RUN. SLOPE VARYING INVERSELY WITH DISCHARGE

(0.45 mm Sand)

To further illustrate the numerous types of deptih and stege-discharge
relations which are possible in elluvial chaanels, ccnsider the situation
where there was a channel constriction at the end of the flume. The chennel
slope end size of constriction were of su;h a nebture thet at small dischsrges
flow was rapid; and as discherge was increé;éed, the constriction cavsed tyon-
quil flow conditions to develop. This condition could e:»tis:.t in :thc;- field

upstrean of a bridge, culvert, or natural comsiriction. The depth-discharge



»,

ralation for thiy condition is illustrated in Fig. 10. At the beginning

of the run, equilitrium condition, flow wes ragid. There were small stand-

~ ing sand end weter weves as well as antidunes. As discharge wes increesed,
the mgzaituzié of the Froude number soon began to decrease because of the
backwater effect ¢f the constriction and dunes began to develop. With siill
further increase in discherge, large dunes developed end this bed configu-
ration existed at meximum discherge. As magnitude of discharge was decreased;
lerge residuel dunes ypersisted which caused & greater resistance to flow

with decreasing discharge then that which existed at the same discherge with
inereasing depth. With further reduction in discharge, the backwater curve
effect reduced and the Froude mumber incressed until the transition condi-
tion (washed out dunes) developed. With still further reduction in dlscharge,
the TFroude number became greater than unity and repid flow developed with
standing sand and water waves and same entidune activity.

The depth-discharge relation of Fig. io is practically the reverse of
the ones illustrated in Fig. 6 and 7.

As with the other depth-discharge relations presented herein, the form
of the curve or curves is intimstely related to the rete of change of dis-
charge with time end the size and gradetion of the bed materisl. Except
for plane bed, standing wave, and antidune conditions, the dexmthédischarge
relations cen only be identical for rums snd physical conditions which

are identical.

OTEER FACTCRS WHICH INFLUENCE DEPTH AND STAGE-DISCHARGE FELATIONS

Thus far, the importence of the physical conditions exdsting in a
channel incliuding the rate of change of discharge with time and the
characteristics 'of the bed material on depth-discharge and stege-discharge

relations have been emphasized. There are other factors which can be of at
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least mizor imporionce; such as, bank vegetation, seovr ard/or £111, the
bulking or consolidation of the send bed as chenges cccwr in the form of
bed roughness, multiple roughness, end wind action. These additional
factors will be discussed qualitatively.

It is o matler of fact thet the presence of benk vegetation which
trails in the water cross section md/or aquatic plants cen apyreciably
increase resistence to flow in natural channels. In view of this, it is
suggested that the presence of '}egetation in an alluvial chennel can deley
the break in & rating curve end even eliminate it in some cases. It can
also change the spread between rising stage and falling stage curves within
the tranquil flow regime. For example, the chsnnel vegetation presents a
large resistance to flow on thz rising stege increasing depth wntil the
vegetation is plestered down by the action of the water-sediment complex.
Then on the felling stage after the plastering down and the possible
removal of some vegetation, the resistance to flow is relatively smaller.
Considering the super-positioning of a vegetation effect on the depth-
discharge relation of Fig. 6, it is conceivable that the spread between
the two curves would be reduced and certainly it would be at least slightly
changed depending on the characteristics and behavior of the vegetation.

Under certain phyéical conditions, the reach for which a stage-discharge
relation is being developed may tend to scour or aggrade during a flood.
This chenge in bed clevation naturally effects the stage-discharge relation-
ship. Also, the resultant change in bed elevation can influence bed rough-
ness and the depth-discharges relation for the reach. Comsider, for exsmple,
Fig. 10. Ir this case, the stream has a relatively lsrge cepacity to trans-
port sedimept per unlt of flow at smell discharges. As discharge increases 5
the backwater effect develops and reduces the transport capacity in the
backwater area. That is, a large sediment load is being cerried into &

reach of reduced slope and velocity; as a result, the bed of the chenmel
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vegins to sggrode socking & new equilibrium level. With increas ing depth,
the bed level increases with tize; and on the falling stage, it continues to
rize with tire at o diminshing rate wntil the backwater effcet is clinmdnated.
At this time, because of the agraded bed, & steeper than normal chennel.
slope can exist in the reach causing a larger Froude number and incressed
sediment trensport in the aggraled reach until the original equilibriuvm is
ras tored.

The bed material of an allwisl channel is fairly loosc and soft when
rigples exists. It becomes eve: softer and bulks to an even gregter extent
as cdunes develop. When the traisition stege is resched (washed out dunes),
the bed begins to firm up.‘ Its weight per unit volume increases. With
further inecrease in sheer, the ed continues to become firmer until with
plane bed and/or standing sand :nd water waves, the bed has a maximum
density. With still further in- rease in shear, antidunes develop. As
larger and more violent antidun: action occurs s the bed density may decrease
slightly. This variation in deisity with bed]configuration causes minor
changes in bed elevetion which can, at least slightly, affect stage-discharge
relations. This concept is app icable %o all breaking stage-discharge
relotions but can have only & vory minor effect when confined to ripple and
dune type configurations in the tranquil flow regime. By working with
depth instead of stege, this efiect is automatically eliminsted. In most
cases, 1t is quite difficult to measure and record depth, but this problem
may be eliminated eventually by using o sonic depth sounder to record bed
elevations. A sonic depth sowncer developed by Richardson, Simons, end
Posakony (1959) does an excellert Job of recording bed elevation under
leberatory conditions and it shculd be possible o redesign this instru-

ment so that it will measure end record depth of flow in the field.



Tae Porms of bed roughness which werce observed on the bed of the
Isboratory fluse were corsistent acrces the full width of the fiume. In
the field this moy not be the ease. A mulbiple rowhness pattern may exist.
At the middle of the streem, the bed may be plene or have antidunes; whercas
at the sides, there may be dunes. With these multiple roughnesses, the bed
wonld be firm in the middle and soft at the sides of the channel. Another
possible coumbinatlion of roughness clements is antidunes m&/or plene bed
on one side of the stream with duncs on the other and this situation may
reverse with time at the sawe site. As changes occur in the magnitude and
areal extent of the various forms of bed roughness in a stream, the depth-
discharge, and consequently, the stage-discherge relation will also change
during & runoff event.

Deperding on the way in which the wind is oriented with respect to the
reach of chennel in question, the resistance to flow.may be inecreased or
decreased and in every cese, chamnel stablility is d.eqreased. Wind in the
opposite direction to flow can increase resistance to flow an appreciable
amount. Wind in the direction of flow slightly decreeses resistance to
flow. Wind in either direction caﬁses instebility of banks because of
the weve ection it generates a.ﬁd reduces the stability of bed materizl by
causing seepage forces. It has been quonlitetively verified by Simons (1955)
that wind generated weter surface weves can reduce the effective weight of
bed material by as much as tvenﬁy per cent as a result of the additional
tractive force exerted on the bed material due to the water waves and seep-
age forces set up in the bed due to change in elevation between wave crests
end troughs. V

As in the ypreceding cases, because the wind action can affect the
stability of the bed material and chenge the resistance to flow, it is

enticipated that wind action can also affect the stage-discharge relations.
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& bed configuration, resistonce to flow, and

rete of change of discharge on depth-discharge relations forr alluvial channels
&3 been emphesized. Al) of the loors in the curves discussed were obviously
the result o changes in bed roughness. However, there ave also Joop rating
curves, under certain cirewrstances, in rigid boundery streams. The mogni-
tude of the sypread betwesn the two curves forming the loop depends on the
slope of wetor surface, msgnitude and velocity of the flocd wave, rate of
change of dischexrge with time, channel storsge and overbank storage (Cérbett
lS?ﬁ 5). These, Tectors will elso effect the stage~discharge relationship
for alluvial cheanels in the seme menner e&s in rigid chennels, but in addition,
these fectors mey play & more complex role since they way also change the

bed roughness and the resistance to flow.

CONCLUSIONS

The resistance to flow in an 2lluviel chamnel under ell conditions of
flow is intinately related to the form of bed roughness. In turn, the form °
of bed roughness varies with such factors as:

1. The magnitude of the shear stress exerted by the water on the bed.

2. The characteristics of the bed meterial.

3. The fine sediment lossd.

L. Seepmge forces caused by flow through the bed snd bank materisl.

5. Tempersture.

As the form of bed roughness chenges, the magnitude of the resistance
to flow can change as much as 300 per cent. For example, considering flume
conditions ard & plane or standing wave bed configuration the Manning n ecan
be as small es 0.012;but by slightly decreasing the shear stress the plane
bed or standing waves vanish and a dune bed condition results which can have

a Manning n as large as 0.036.
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The lsrge changes in resietance to flow whiech occur zs o yesult of

b

changing the form of bed roughness inflvences the form of the stage-discharge
or depth-discharge curves for alluvial channels.

Thers mre, in general, three types of stage or depth-discharge relation-
ships for elluvial chennels. If the bed form alweys ccnsisis of some combi-
nation of ripples, dunes, or washed out dunes regardless of veriation in
dischorge; then consccubive messurements of depth and discharge mede during
ore flood, when plotied, may loop or even cross forming two loops. That is,
the depth for a given discharge on the increasing discharge curve will
usually be larger or smaller than the depth at the corresponding discharge
with decreasing discherge conditions. These loop rating curves for increasing
and decreasing discharge conditions sre infinite in number for & given reach
of chennel. Each ncw runoff event yields a new set of curves unless the
flows and chennel conditions are identical. Hence s stable depth-discharge
relationshipe do not exist under these conditions.

The reason for the loop or multiple loop depth-discharge curves is that
the formatior. and alteration of roughness elements for each change in sheer
stress, with the increase or decreese in depth, will lag the change in depth.
For instance, with increesing discherge, the dwnes do not ircrease in size
at a rate corresponding %o the rate at which the dischage and shear stress
are Increasing. Consequently, the resistance to flow will be less then under
equilibriuam flow conditions. Wherees, with decreasing discharge, the rate
of decrease of the large roughness elements formed et the lerger depth,
residual roughness is lagging; the decrease in discharge and the resistance
to flow is larger then it would be for equilibriwm conditions. Thus, the
curve for increasing depth is lower then the cwrve for deecreasing depth in

this instence.
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The reverse situabicn, vhere the incressing discherge curve is ebove the

decreasing discharge curvs can also be explained in o similar manner by the

lag in the chenge of resistance to flow with respect to chenge in dischexge.
However, in this case the resistence to fliow is lorger with inereasing depth
than with decreasing depth.

The shape of the loop curves depends on the form of bed roughness which
forms wnder equilibrium conditicne for & given depth, the amount of time it
takes for the bed roughness comsistent with equilibrium conditions to form,
end the amount of time available for the bed to edjust before the depth
changes as a resuli of additional change in discharge. The above three
factors are determined primarily by the energy gradient, effective size of
the bed material, end the rate of change of discharge with time.

The second type of depth-discharge ewrve occurs when the bed form is
elways plane, standing weves, or antidunes regardless of the discharge.

In this case, the slope of the eﬁergy grade line is steep enough and the
sheer stress is large enough, for the effective size of the bed material
witdch is involved, that only these forms of bed roughness can develop. For‘
these conditions, the depth-discharge cuxve is the same for both increasing
and decreasing discharge and is stable and realisble.

The third general relationship resuits when the shear veries over such
8 wide rangs thet ripples and/ or dunes form et smell discharges, and plene
bed, steading waves, or antidunes form at large discharg With these
conditions; the lower portion of the depth-discharge relationship will be
the same es the first type of general curve including all of its variebility.
Then, there will be & break in the relationship at some intermediate discharze
which leeds to the second type of curve. This break will be downward snd o

the right on a plot of depth ws. discharge with incressing depth because of
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be wpward and to the left on the recession curve because of the incresse in
resistance to flow. In accordsnce with the deseription of the Tyre two curve,
there is lj.'htle veriation in the depth discharge relationship to the right of
the bresk. However, the breek in the depth-fischarge eurve will not oceur

at the seme discherge on the recession as it did on the rise, or at the same
discherge from one runoff event to ancther., Wheve the break ccours in the
relationship depends on the discherge, rate of change of discharge with time,
and the cheracteristics of the bed material; and its position may very from
rise to rise.

Stage-dischexge relationships are influenced by all the variations which
occur in depth-discharge relationships in addition to those resulting from
local scour and £ill as well as bulking or consolidation of the bed materisl.
Thus, stege-discharge curves cen be similar to the aépth-discharge curves
presented or quite different depending on the .'amount of scour and fill, the
poresity of the bed which is related to form of bed roughness, and the time
elemént involved.

The form of the stege or depth-discharge curves can be changed slightly,
rarticularly the position of the point of discontinuity by:

s P The presence of seepegé forees.

2. Large concentretions of fine sediment in the stream.

3. Wind action.

L. vVegetation.

5. Temperature change.

6. Rete of chenge of stage with time.

To Multiple roughness.

8. Unsteady flow.

With an understanding of the basic rrinciples which cause the observed
variation in depth-discharge and stage-discharge relations, & more effective

use of these relationships 18 possible.
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