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INTRODUCTION

Corrert distribution and disposal of water on farm lands are the
key to successful conservation farming. An earth channel for
disposal of excess surface water is much more stable if it has’a
lining of vegetation (5).? The roots of the vegetation bind the
asoil mass, and the plant cover protects the channel surface from
the erosive action of flowing water and hinders movement of soil
particles from the channel bed. This protective action varies with
kind of vegetation and with uniformity of cover. For any indi-
vidual kind of vegetation it varies according to age and condition
of the plants, whether the vegetation is cut short or left long, and
season of the year,

Wherever natural sodded drainageways are available on agri-
cultural land, they should be used and should be carefully main-
tained, They are the best type of channels for collecting and
conveying surplus surface water. Where terrace systems are
installed, new drainage channels must sometimes be made. New
channels should be lined with vegetation, and whenever plant
covers protecting drainageways are seriously damaged, as they
often are by weathoe factors, rodents, sediment deposits, or farm
implements, they should be reestablished. A field engineer under-
taking to establish a vegetation-lined channel needs to know the
characteristics of different kinds of vegetation with reference to
channel capacity and stability.

This publication presents the resulis of a study made at an out-
door hydraulic laboratory near Spartanburg, S. C., concerned
principally with the effects of vegetal linings on the eapacity and
stability of small channels.®* The study dealt with plant species
adapted primarily to the Southeastern and South Central States.
Extensive experimentation was carried out with Bermuda grass
(Cynodon dactylon}, common lespedeza (Lespedeza striata),
sericea lespedeza (Lespedeza cuneate), and a mixture of orchard
grass (Ductylis glomerata), redtop (Agrostis albe), Italian rye-
grass (Lolinm multifforum) and common lespedeza. Tests were
made also on centipede grass {(Eremochloa ophiuroides), Sudan
grass (Sorghum vulgare sudenense), and Dallis grass (Paspalum
dilatatum) and crabgrass (Digitaria sanguinalis). A channel
lined with kudzn {(Puerariec thunbergione) was subjected to
experiments pertaining to seasonal conditions and growth and to
one designed to determine the effect of plowing in channel banks
covered with kudzu in 2 dormant condition.

Agronomic variables involved were growth, season, and channel-
maintenance conditions. Slope of channel bed ranged from 1 to
24 percent, but in most instances was either 3 or 8 percent. Two
general types of channel were used, the trapezoidal and the rec-
tangular.

The protective capacity of each channel lining was measured by

z Italic numbers in parentheses refer to Literature Cited, p. 115,

1 This study and its results have been the subject of several hrief pre-
liminary reports (2, 3, 4, #). Also see Ree, W. O. SOME EXPERIMENTS ON
SHALLOW FLOWS OVER A GRASSED SLOPE. Natl. Res. Council, Geophys. Union
Trang. 1939 653-656, illus. [Processed.] :
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determining the maximum mean velocity of flow to which the
lining could be subjected for a reasonable length of time without
ceaging to protect the channel from severe erosion, This velocity,
sometimes called “safe,” “allowable,” or “noneroding,” is referred
to in this bulletin as *permissibie,”

For vegetation-lined channels that are subjected to intermittent
flows only, duration of flow has a bearing on permissible velocity.
If the flows are of short duration, some surface scour can be
permitted. TUnder those conditions surfaces from which small
guantities of soil have been eroded usually heal over., Accordingly,
velocities that may cause slight scour are classed in this bulletin as
permissible.

The results of the experiments demonstrate that the degree to
which cha~nnel vegetation retards flow of water depends largely
upon the degree to which the vegetation is bent and flattened by
the flow, and that this depends mainly upon physical character-
istics of the vegetation, its manner of growth, and the velocity
and depth of the flow.

Findings from the study have immediate practical value for
application not only in the Southeastern and South Centra! States
but also in other areas where the same or similar types of vegeta-
tion may be used as channel linings. Data obtained have served
as a basis for (1) establishing permissible velocities of inter-
mittent flow and (2) developing a graphic method of determining
a eross section that will permit a channel to ecarry the expected
flow at a wvelocity not exceeding the permissible. The design
#raphs were constructed specifically for long green, short green,
and short dormant Bermuda grass and long green sericea
lespedeza, and the channel-section curves apply to ~ither trape-
zoidal, triangular, or parabolic channels,

This publication presents a complete, detailed record of the
studies conducted and the results obtained.

EXPERIMENTAL CONDITIONS AND PROCEDURE

The outdoor hydraulic laboratory of the Soil Conservation
Service near Spartanburg, S. C,, in the Piedmont plateau, which
was used in making the study reported here, was located on a
relatively steep hillside along a small stream. Slopes as steep as
30 percent were available for experimental purposes.

A masonry dam across the stream impounded the water supply.
Water for the tests was drawn through an opening eontrolled by
a hand-operated screw-hoist gate (fig. 1). Flows as great as 35
cubic feet per second were obtainable. That rate of flow could be
maintained for an hour with a draw-down of less than a foot.
After passing through the gate opening the water flowed over a
sharp-erested weir into a 900-fool supply canal, of which ihe first
300-foot portion was lined with masonry (fig. 1) and the remain-
ing 600 feet with Bermuda grass sod.

The general procedure was to construet test channels on the
laboratory site, establish vegetal linings in the channels and
maintain them, subject the channels to controlled flows of water
Trom the supply canal, and measure the hydraulic elements. For
compatative purposes, three channels were tested when they had
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no vegetal linings. The water passed into the test channels
through eut-off gafes and side openings. Testing equipment
included rate-measuring flumes, current meter, water-level re-
corders, point gages, and the necessary auxiliary devices, As the
work progressed new techniques were developed and new equip-
ment was designed, and these improvements were put to use.
Construcrise ANp PREPARING CHANNELS

The trapezcidal channels used in the study resembled those
commonty used on agricultural land in the Southeast, except that
they were somewhat smaller. It was necessary to make them
small in order to obtain appreciable depths and velocities of flow
with the maximum discharge available. They had bottom widths
of 1 to 4 feet, side slopes of 1.5:1 down to 4.1, and depths of from
1t0 2.5 feet. The rectangular channels had sheet-metal side walls
{fig. 2). They were 2 feet wide, with the exception that those
having a lining of Bermuda grass sod ranged in width from 1 to
6 feet. The hydraulic behavior of channels of this smooth-sided
type was found tr be practically the same regardless of whether
they were narrow or very wide. In other words, this kind of
channel construction in effect eliminated width as a variable. It
also simplified the study of channel scour and the assignment of
permissible velocities, Bed slope for the trapezoidal channels
ranged from 1 to 24 percent, but in most cases was either 3 or
6 percent. All the rectungular channels were eonstrueted with »
3-percent bed slope.

In constructing the channels, most of the excavaling was done
by hand; occasionally 2 mule team and a slip seraper were used.

Floere 1.—-Dam, hendgate, weir, and masenry-lined portion of canal conveying
: water to experimental channels,
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Fiarnre 2. Tepical arvingemer? of evtag apental chimnels laving rectaneular
vrasoserbial el cteeetameta) stle wilis,

During excayation i chunnel was held to the desived eross section
by use af o lemplate.

Toeliminde =ofl type as a varcialde, the sod Lo be used Tor lining
channelz was produced on Cocil sandy foam and the test channels
that were not Lo he sodded woere lined with | o 6 inches of the
same soil - Ceeil sandy foam was considered more typical of the
soils of the Southeastern States than the inferior clay found on
the steep slopes of the Inboratory <ite. Moreover, sinee this soil
i= more snbjeel to semr than the elay materind, use of it tended
to resull in derivation of congervalive values Cor permissible
velocity.

Vegetalion was extablished in channels by solid <odding, sprige-
ring, seedings, or selfing ond plentz, The method chosen was
eommonly the one nsed witl the =apwe plant species in establishing
farm drainarewavs, Sometimes, o asive establishment of o
=land, e plunts were watersd and <shaded, and 2:omelimes weods
woere remeved o el

Ti~jive

The dimenzions and vewetallining conditions of the supply
canal ard the 35 vhaniels msod i e tests are presonted in lable
1.

When o channel reaeludd the desired condifion i was subjected
Poou measared tlow of wafer fae oz delinile pervind, usaally 30
grinntes The first fov was n-aadiv o low one. 1o low first How
eartsed noodwmaeee, o laveer ose was dischareed down the channel,
This procedure was veseated qut? the channel failed or aniil the
rapine iy of e chape! e al e Taberntory water svstem was
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TasLy lo—Dimensions and vegetul-lining conditivnz of experimental chunnels

Nomira! channel

O
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reached. In some tests the progression was from high to low
flows.

As the surface of the pond lowered during a test, the headgate
opening was continuously adjusted in order to maintain a steady
flow in the chunnel for a definite period. Wherever possible, u
diversion arrangement near the channe] entrance was used. The
flow would be bypassed at the head of the channel until discharge
became steady, then admitted into the channel. At the end of the
test period the flow would be turned out abruptly. Where it
was impossible to arrange a diversion system, an effort was made
to fill the conveying canal and forebays with water to satisfy
storage requirements before opening the gate to the test channel.
By this method of operation the flow could be kept practically
constant during the test.

MEASGREMENTS AND ONSERVATIONS
DISCIIARGE

In the earlier experiments, discharge was measured by use of a
sharp-crested weir, which had suppressed end contractions. The
weir was rated by making head measurements simultaneously on
it and a previously calibrated rate-measuring flume. During a
test the weir head was measured with a point gage and a water-
level recorder. Because of the distance between the test channels
and the weir, it was necessary to correct the discharge measure-
ment made at the weir for leakage in the canal conveying the
water to the channels. The leakage rutes were determined by
closing off the conveying canal, the volume of which was known,
filling it with water, and de-
termining the rate at which its
water surface dropped.

This method of determining
discharge was not very satis-
factory. Whereas the leakage
correction was determined for
a level water surface, during an
experiment the water surface
had considerable slope. In ad-
dition, the storage effect of the
conveying system on the dis-
charge was hard to eliminate.
These difficulties were over-
come, wherever possible, by
making the measurements near
the fest channel. sometimes
with a 2-foot modified Parshall
flume and sometimes with an
| L H-flume (fig. 8), which was
- LN P = available in the 1-fnot, 2.foot,
Fiaere 3—Two-foot H-rate-measur- and 3-foot sizes. All the flumes
ing Hume )hiuvli"g ““xirnm“r gage for hy been calibrated in advance
Leraing, cogupe Tor HsuUring s
;?*]zﬁll.n;n:il ?ognr:’i‘i:&:guglc. f[:::“ :qt.tilu]::lk- and were moved about and in-

imge dlepth of fow. stalled where necded.
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In 2l but a Tew bests, only the inflow Lo 2 channel was measured.
Where the test flows were so low that the infiltration loss might
become a relatively high percentage of the discharge, the flows
were measured alse at the outlet end, sometimes volumetrically
and sometimes with a 1-foot H-flume,

CHOSS SECTION, WETTED PERIMETER, AND SLOPE

Several methods were used to obtain data for determining the
cross-seetionual area, wetted perimeter, and slope of a test reach.
For the earlier tests strings were stretehed across each channel,
10 feet apart, between previously leveled stakes on the two sides.
The horizontal coovdinates of the channei cross section were
marked by tying tufts of string, usually 0.5 foot apart, to the
strings across the channel, The vertical coordinates were
determined by measuring down from these strings with a gradu-
ated metal rod, For the first tests the distance between strings
was measured horizontally ; fater, it was measured along the slope.
Measuring alony the slope was folnd to be more convenient both
for laying out distance and for analyzing the data. For slopes
ap to 10 percent the difference between measurement on the slope
and horizontul measurement is practically negligible. The gradu-
ated vod was held in a vertical position except in measuring
channels of 10-percent or steeper slope, when it was held normal
to the channel grade. A small level was aflixed to the rod to serve
as a guide to holding it correctly. Readings of the vertical
coordinates were taken to the nearest 8.01 foot. This method is
referred to later as the string-and-rod method.

To obtain betier measurements, a more precise eross-seetioning
method was developed. Instead of a string a structural-steel
angle, usually a 8- % 3- » UV -inch scction, was placed across the
channe! (fixr. 4). An adjustable truss was provided io prevent
sagging. The ends of the angle rested on carefully leveled sup-
ports. Later in the study, screw-adjustable supports were substi-
tuted, The upstanding leg of the anvle accomrmodated a rider
holding s standard point gage. The angle was so mounted that
when the rider was elamped to it the point gage was normal to the
channel bottom., A scale was placed on the lower leg of the angle
to mark the horizontal coordinates of the cross section. The
vertical eoordinates were read with the point gage. Where the
nature of the surfuce made it practical to do so, the ordinates were
measurcd to 0.001 foot. The elevation of a channel’s bottom
surface was measured by use ol a blunt point one-quarter inch in
dinmeter, und that of the water surface by use of a sharp point.
In order that all elevation measuremenis on a channel might be
referenced to the same datum a stake was placed ocutside the
ghannel at cach of the stations where measurements were to be
made, so located that a point-gage reading could he obtained on
it. The stakes were carefully leveled with respeet to cach other,
and a nail was set in each to mark the elevation of the point from
which measuremenis were made., This method is referred to
later as the point-guyre method.

in all experiments, channel-bottom measurements were made
before and after cach test flow and water-surface measurements
during each flow. The methods and equipment used in making
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it Lo Fygnipment used in crovsoseetion measurements, A seale clampen
Lo the horizontad Taee of the anele s w-ed o lgeate the position Cor mensure-
e,

these measgurements were changed and improved as the work
progresseil. Partteulnrly, the number and order of water-surface
moasurements wore changed,  The number of stations where cross
seclions wore fuken in a channel varicd from three to six.

During cach test in (he early experiments one observer made
waler-surliace megstirements at all stations, beginning at the
station Farthest upstream and proceeding downstream, making
only one traverse at caeh slation.  Decawse of the length of time
required Pfor making these measurements, the st was made 40 to
Hominutes dader than the dest,  If considerable erosion had
securred 10 was diflicatl (o compute the refutive water-surface
clevations (for slope determination) and the eross-gectional areas.
The procedure was inproved by providing Tor simultineous
mvastrenends at o oall stations, A wader-surfave (raverse wuas
made at eaeh of (hree stadjons as soon after the water was turned
intocthe channel as steady Qow provailed, and again just belore the
How wis shut ol With this proceduare Lthe corrections to the cross-
seelional areas, necessttated by occnrrence of erosion hefore the
firsl and qCier the st waler-surfaee measurement of o test, weee
held 1o o minimum, aud no covrvetion of the water-surface slope
Wis required,

Another chanee in procedure was made (o reduee errors intro-
diteed by the peesonal clegent, Usaaldly the wiler surlace in the
chinels was ripple or waev, and the obzerver would atlempt to
esfimate it~ wverare bosition, An hadividual observer would
ustally reaed con<i-Conily Livh o o, To reduee the resulling
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error a third water-surface measurement was made at each sta-
tion during the test. With three measurements being made at
each of three stations, it was possible to rotate the observers so
that each man made one measurement at each station. When the
results were averaged, errors due to differences in observers would
to some extent balance out,

VEGETATION

To identify and describe the vepetation in each channel, careful
stand counts were made at locations where, to the eye, channel
lining conditions seemed to be typical. A naumber of 6-inch
squares were laid out on the chunnel surface, the plants or stems
of each kind of vegetation within these squares were counted, their
length was measured, and the cover was classified as green, dor-
mant, or dead. The slowness and laboriousness of counting the
vegetation vsually made it impractical to count more than six
squares in each channael,

OTHER MEASUREMENTS AND ORSERVATIONS

Other factors noted were tempervature of the water and flow
characteristics such ag waves, aeration, and uniformity.

After each test the channel bottom was carefully inspected. To
supplement the geour-rate figures, obtained at selected stations
only, notes were made on the condition of the vegetation and the
soil surface, and the depth and extent of any eroded areas were
extimated.

METHODS OF COUMPUTATION AND BSTIMATE
Hypuacie CoMpLrvTioNs

The capacily of an open channel i usually estimated by one of
several empirieal formulas, of which the two most commonly used
in the United States are Manning's and Kutter’'s. In each of these
a retardance coeflicient, », represents the effect of all factors tend-
ing to retard flow of water in the channel. Other factors are
symbolized in these formulas ns follows:

A Area of water eross section in square fect,
-z Wetted perimetor in feet,
() = lischarge in cubic feet per second.
A . ..
o= Hydraulic rudius In fect.
K+ = Slope of water surface in feet per foot.
N o Hydraulie gradient or slope of specific energy line in feet per foot.,
e o Coellicient of retardance in Manning’s formula.
e - CoeMcient of retardance in Kutter's formaula,

The Manning formula is;

04 W g

Hun
The Kutter formula is:
ALG5 & QE_EE} 4 L1

He [v—

VRS,

o m - n.nuzsl)
1 —={ 4105 . 200281
T ( 05 A g
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In the study reported in this publication the slope tcrm-%g?zﬁ;—

0
was omitted from the Kutter formula in ecalculating 1, values.
For channels of such slopes as those used in this study the omission
of this term has negligible effect.

In uging the Manning or the Kutter formula in the field to
determine the eapacity of a vegetation-lined channel all items
except the retardanee coefficient n,, or n, can be determined from
the dimensgions of the channel. The retardance coefficient, which
represents chiefly the retarding effect of the channel lining, is
cstimated by comparing the appearance of the lining with those of
other linings for which »n, or n. has been determined by experi-
ment. The coefficient represenis also the effecis of all the other
retarding factors in the channel, which include any irregularities
in cross section, slope, and alinement of channel and in channel
surface, any other flow obstructions, and any blecking out by
vegetation of part of the channel’s cross section. It has been
found that retardance coeificients for vegetation-lined channeis
vary with shape of channel cross section, slope of bed, and depth
of flow.
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The Manning and Kutter retardance eoeflicients are egual only
for a hydraulic radius of 1 meter (3.28 feet), They differ most
for shallow flows in rough channels. Figure 5 illusirates their
refation.

In this study the values of Manning’s and Kutier's retardance
eoefficients were eomputed for individual 19-foot portions of test
channels, referred to here ag “reaches.” In almost every one or
the test ehannels, measurements and computations were made for
two or more reaches, which were consecutive. The n values com-
puted for different reaches of a given channel were averaged.

To compute mean velocity (V), discharge was divided by the
average of the end eross-sectional areas, ineluding the portions
occupied by vegetation, of each test reach, The discharge, as
previcusly explained, was determined by making a head measure-
ment of the flow with a weir or a previously calibraled rate-
measuring device and, if necessary, corvecting the measurement
for leakage or storage eflects.

The eross-sectional areas and wetted perimeter were determined
either graphically or by a compuiation method. The average area
and average wetted perimeter for a reach were computed for each
set of measurements by averaging the values for the stations at
the ends of the reach. For trapezoidal channels the hydraulie
radivs {2) for a reach was computed as the quotient of average
area of cross seciion in square feet (A) and average wetted peri-
meter in feet (P). For rectangular channels with sheet-metal
side walls the depth was used as the hydraulic radius, when it had
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flow for rectangulnr Bermuda prass-lined channel having sheet-metal side
walls, Data from experiment 1 with channel B2-19.
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been determined (by experiment 1 with channel B2-19, described
herein) that the side walls had negligible retarding effect. Kxcel-
lent agreement of Manning's n with depth was obtained for
rectangular channels of various widths when depth was used as
the hydraulic radius (fig, 6).

In cases of nonuniform flow it is necessary to determine the
slope of the energy line, 8, instead of using the channel-bed or
water-surface slope. To compute S, for every test flow, the water-
surface slope, computed by dividing the drop in elevation by the
slope r.;istance, was corrected for changes in velocity by use of the
formula—

. v
S,sz-—-? (Ve — V1)

in which
S« = Slope of water surface,
V = Mean velocity in reach.
V1 = Mean velocity at beginning of reach.
V2 = Mean velocity at end of reach.
g = Acceleration of gravity (82.14).

! Slope length of reach.

The values of the retardance coefficients were computed for
each reach by substituting in the Manning and Kutter formulas
the values of @, 4, B, and S, that were determined by measurement
or computation. Values computed for individual reaches of the
same channel were then averaged.

Scour CoMPUTATIONS

The effect of each test flow on the channel was determined by
computing, for each of several stations, the difference in cross-
sectional area of the channel as measured before and after the
flow. Because scour was the expected result, scour values werc
recorded as positive and deposition values as negative quantities.

Average depth of scour or deposition was computed by dividing
Lhe cross-seetional area of scour or deposition by the wetted peri-
meter. Average rates of change in channel depth resulting from
scour or deposition were computed, in inches per hour.

EsTiMaring PErmissisLE VELOCITFIES

To estimate permissible velocity of flow for a given lining, a
study was made of the change in the channel surface as revealed
by the cross sections taken before and after each test, by supple-
mentary observations recorded in notes and sketches, and by
photographs. Evidences of scour were considered with reference
to the mean velocities that had existed in the channel during the
tests, and scour rates were piotted against velocities,

RETARDANCE OF FLOW

INFLUENCE OF A Veorral LINING
Wuter flowing at slight depths through vegetation encounters
resistance from stalks, stems, and foliage. Often a large propor-
tion of the cross-sectional area of a channel is actually blocked out
by vegetation. The presence of numerous obstructions in the
path of the flow may result in considerable turbulence. Under

these conditions, flow of water is greatly retarded.
As depth of flow increases, the force exerted by the flowing
water causes the vegetation to bend. The vegetation is bent over
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Ficure 7—Hydraulic behavior of vegetation-lined channels, having a bed
slope of § percent, subjeeted to low and then to high flows. A, Bermuda grass
channe! B2-7T. Bottom width 4 feet; side slope 1.5:1; good cover, B inches long
at time of first experiment (in August) and 12 inches long at time of second
{in March), B, Sericea lespedeza channel B2-14C, Bottom width 2 feet;
vertical metal walls; good cover, 17 inches long and dormant at time of
experiment (in March): channel bottom covered with leaf muleh. ¢, Sericea
lespedeza channel B2-10B. Bottom width 2 feet; vertical metal walls; good
cover, 22 inches long and green at time of experiment {in June).
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*goward th_e bed of the channel when the bending moment, which
is a function of depth and velocity of flow, becomes greater than
the resisting moment. With highly flexible vegetation such as
Bermuda grass, bending cccurs rapidly, When a portion of the
crosy section of the channel is freed of vegetal obstructions by
bending of the vegetation, resistance to flow is greatly lessened
with the result that retardance decreases sharply (fig. 7).

Often a high retardance coefficient holds practically constant
through a considerable range of depths before a stage is reached
at which the flowing water exeris sufficient forece to bend the
vegetation. This is illustrated by the graph for the Bermuda
grass channel in fipure 7,

The presence of dead, loose plant material in the channel bed
may give an odd shape to the first part of the resistance-depth
curve. This is illustrated by the resulis, shown in figure 7, of an
experiment on a channel (B2-14C) lined with sericea lespedeza
in dormant condition. The lining consisted of almost bare stems
and a blanket of dead leaves covering the soil surface, The initial
retardance coefficient was very high (n, greater than 0.40).
After decreasing sharply for the second flow the resistance
remained practically constant for a range of depth, then again
decreased, but at a much slower rate than for Bermuda grass.
The shape of the resistance-depth curve was influenced by the
presence of the bed muich, the rate at which the mulch was
removed, and the stiffness of the dead, bare stems.

A good stand of fal! green lespedera sericea produced another
type of resistance-depth relation, shown by the graph for channel
B2-10B in figure 7. The sericea plants, averaging 22 inches in
height, were flexible, not having attained a woody condition. Dur-
ing the first test the vegetation remained entirely ereet. In the
sccond test, when depth of flow was greater, the retardance
coefficient was higher. As submergence increased further the
resistance decreased, at a much slower rate than fov either Ber-
muda grass or dormant sericea. The same phenomenon was noted
by . E. Ramser in his study of resistance to flow in drainage
channels (8},

The structure of sericea lespedeza offers an explanation of its
performanece. Short stems and leaves did not occur in abundance
on the stalks for a distance of about 0.15 foot above the ground
line: water flow to this depth was obstructed only by almost bare
stems. With an increase in the depth of water a greater portion
of the eross-sectional area of the flow was filled with feliage.
Unlike Bermuda grass, green sericea lespedeza offers considerable
resistance to bending and does not readily become flattened when
- gsubmerged. Even though the submerged plants are bent severely,
large portions of them remain within the flow area, waving back
and forth. It is because of this and of their mass of foliage that
the plants have a marked retarding influence on deep flows.

IxvLuuNcr oF Bep SLope
For flows of sufficient depth to bend over and submerge the
channel vewsetation, greater velocity due to greater slope of
channel bed results In lower resistance to flow, apparently becanse
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it results in greater fattening of the vegetation. The correlation
of lesser retardance coeflicients with steeper slopes is illustrated
in figure 8. It is more pronounced where flows are shallow, and
tends to become insignificant where flows are deep.

The variation ot retardance with kind of vegetation is due
larirely to differences in structure, number, and distribution of
plants. The taller the plants, the more widely are n values for
different kinds of vegetation likely to differ. For short plants
# values tend not fo vary significantly unless flow is very shallow,
This is indieated by the fact that in figure 9 the plotted values
for cuk Bermuda grass, cut sericea lespedeza (both green and
dormant), and cut common lespedeza arve all included within a
relatively narrow band.

Except for the common lespedeza ehannels B2-11B and B2-15A,
the » values Tor short and medium-tall vegetation appear to reach
a nearly constant value, as depth of flow increases, of about
§.835. Channel B2-11B had a thin stand that offered very little
resistance, and echannel B2-15A had eonly short bare stems.
SQericea lespedeza channel B2-10C also had only short stems when
tested, yet its u values were significantly higher than those of
channel B2-15A. Perhaps the difference resunlied from a dif-
ference in seour and increased roughness of the bed, which were
appreciable with sericea and insignificant with common lespedeza.

The effect of density of cover is illustrated by the graphs in
figrure 9 for channels lined with eommon lespedeza. Channel
B2-15B had a very good stand with an average height of 415
inches and an average density of 290 piants per square foot.
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channels (B1-2, B1-3, and B2-8) lined with long green Bermuda prass, hav-

ing bed slopes of 20, 10, and 3 percent, respectively, and having a bottem
width of 1.5 feet and a side slope of 1.5:1.
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Channel B2-11B had a sparge stand of about the same height,

averaging only 17 plants per square foot. For a depth of 0.4 foot

the thick cover offered twice as much resistance to flow.
InFLeence oF Tyre ano CoxpimioN oF VEGETATION

Data presented in figure 9, representing channels identical in
cross-sectional shape and bed slope, indicate variation of retar-
dance with type and condition of vegetal lining. Extremely wide
variation of % values iz shown to occur not only according to
species of vegetation but according to seasonal condition, height,
and density of stand of an individual species.

Retardance varies with season because season affects physical
features of vegetation such as stiffness of stem and quantity and
condition of foliage. Vegetation's resistance to bending, the cross-
sectional area it oceupies, and its behavior when bent over and
subimerged change as these factors change. Seasonal variation,
particularly of faliage effect, is iljustrated by the graphs in figure
4 for channels lined with lony sericea lespedeza. For channel B2-
14C, tested when the sericea was dormant and its stems were bare
of foliage, the retardance coefticient is appreciably lower, at flows
of 0.45 foot and more, than for channel B2-10B, tested when the
sericea was green and retained its foliage.

Errect or Curnne VEGETATION

If vegetation is cut short instead of heing left to grow rank,
chviously it occupies less space, presents less vegetal surface, and
offers less resistance to flow. Long plants, stems, and leaves tend
to vibrate and whip more in the flow and thus to introduce and
maintain considerable turbulence. The longer the stem, the
rgreater this tendency. Sericea lespedeza channels B2-10 and
B2-14, tested with both long and short growth, demonstrate this
contrast in retardance (fig. 9). The effect of cutting is particu-
larly marked in the case of sericea lespedeza because of the stiff-
ness of the plant.

The reduction in flow retardance associated with the mowing of
a vegetal lining is illustrated in figure 10. Two channels with the
same bed slope and with Bermuda grass linings nearly identical
in density and length were tested first when the vegetation was
long and then when it had been cut to a length of 4 inches. For
a hydraulic radiug of 0.4 foot the channel capacities, as reflected
hy the n values, were increased 52 and 92 percent, respectively,
by the cutting.

INFLUENCE 0OF S1Are oF CIIANNEL

In view of the general behavier of vegetation when subjectoed
to water flow, it i5 reasonable te expect variation in flow retardance
with variation in cross-sectional shape of channel. In a triangu-
lar-shaped channel a larger proportion of the channe! eross section
or of the vegetation is affected by a flow of small volume than in
a trapezoidal channel. Other factors being equal, the lesser mean
depth of a triangular channel as compared with a trapezoidal
channel results in a higher n value.

The difference in flow retardance between channels B2-7 and
[2-8, shown in firure 10, tor test 1. in which their hydraulic radii
were approximately equal, might be attributed to channel shape.

TFhwifle. - 4n--2




18 TECHNICAL BULLETIN 967, U. 5, DEPT. OF AGRICULTURE

AL LI

”

CIEFFICIENT,

HEuO SR

TEg

u
1]
L3
-
o
-
-
w
=

BEnETL LEBRESCIA " Wi
: i
: T :
t 3 \, N
e i ST

L ay
o LR T — T . .
i

WANNING'S

L ISRV
HEE L LML
i

|

X2 [} ] ok gy

oCrFIH OF  FLOwW LFEETH

FiGURE 9.— Variation of retardance coefficient with kind and condition of
vegetution and with depth of #low, for channels having & bed slope of 3 per-
cent subhjected to low and then to high tlows: ¢, Short dormant Bermuda grass,
good stand kept cut, 2% inches iall when tested (channel B2-19-2, test in
December) ; b, long green sericesa lespedeza, good stand 22 inches tall, not yet
woody (channel B2-10B, test in June); e, long dormant sericea lespedeza,
rood stand 17 inches tall, stems bare, bed covered with leaves {channe]l B2-
14€, test in March); d, short ygreen sericen lespedeza, good stand cut to 2
inches iust before test {channel B2-14A, test in October); ¢, short dormant
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Ficyre 10.—Effeet of cutting of a Bermuda grass lining on retardanee

cocfficient, Duta from experiment 3 on chananel B2-7 and experiment 2 on

cthannel B2-8, condueted in October and November, Bed slope 3 percent, side

slope L.5:1; bottom width 4 feet for channel B2-7, 1.5 feet for channel B2-8,

Bensity of vegetation similar for the two channels. At time of test 1, height

of grass 11 and 12 inches for the two channeis, respectively; grass then cut
to 4 inches. Submergenece was complete.

The side slopes of the two channels were similar, but bed width
was 4 feet for B2-T and 1.5 feet for B2-8.

InkLuENce of Onoer oF TesT Frows

If the usual practice in these tests had been reversed and the
high flows had preceded the low flows instead of following them,
somewhat different values of n would have been obtained. A
moderate flow over vegetation well flattened by a preceding high
flow generally encounters less resistance than if it coursed through
upright vegetation, particularly if the vegetation is of a flexible,
sod-forming plant such as Bermuda grass. Sericea lespedeza,
however, may offer greater resistance to shallow flows if it has
already been subjected to high flows. Because sericea is stiff and
tends to resist fattening, low first flows through a channel lined
with it are resisted chiefly by upright stems with little foliage.
It the sericea has been compressed toward the bed by a high flow,

serices lespedezn, pood stand, cut previous fall, stiff stalks 1 inch tall (channel
B2-100C, test in April) ; f. green and dormant grass mixture cut previous fall,
4 inches tall {channel B2-16C, test in March); g, uncut green and dormant
grass mixture, good stand 4 to 7 inehes tall {ehannel B2-168, test in June) ;
k. uncut green common lespedeza, very good stand 4% inches tall (channel
B2-158, test in June) ; §, uncut green common lespedeza, thin stand 4 inches
tall {channel B2-11B, test in June); j, short green common lespedeza, good
stand, cut to 2 inehes of hare stems {channel B2-15A, test in October); k, no
vegetation {chanaels B2-138 and B2-13C).
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a subsequent low flow encounters resistance not merely from stems
but also from a mass of foliage.

Channet B2-3, lined with Sudan grass, was tested in November,
vwhen the cover consisted of dead stems 2 to 4 feet long, first with
high and then with low flows., For the first flow the hydraulic
radius was 0.42 foot and the mean velocity 4.83 feet per second,
The vegotation became submerged during the first test and re-
mained submerged for suceeeding lower flows. The data (fig. 11)
indicate but slight increase in » with decrease in volume of flow.
It is probable that the retardance coefficients for tests 4 and &
would have been zppreciably higner had these tests been con-
ducted first. They would not have been hixher, however, if
veloeity and depth were sufticient to bend and submerge the
vegetation,

Figure 11 iilustrates another influence of order of test flows.
Test 3a was a repeat of test 3 conducted on channel B1-6 after
the regular series of tests with low to high flows was compieted.
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Ficeng 11.—Effect of order of tests on velation of hydraulie radius {depth of

Kow) and retardance coetficient. Numbers indicate order of tests, {Test da

followed test 8.) A, Channel Bl-6, lined with short green Bermuda grass.

led slope 20 pereent, hottom width 1.5 feet, side slope 4:1. £, Channel B2-3,

lined with long dead Sudan grass, Red slope i percent, bottom width 2 feet,
side slope 3:1.

The » value obtained in this duplicate test was significantly higher
than that obtained for the sume hydraulic radius in the initial
test. This resulted from actual roughening of the channel bottom
Ly intervening flows. If the high flows had been run first, still
higher retardance coefticients might have been obtained for the
smaller hydraulie radil because of this increase in bottom rough-
ness.
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VR AS AN INDEX OF RETARDANCE

At the present time the product of mean velocity and hydraulie
radius, V&, suggests ifself as a suitable eriterion for estimating
2, the retardance coefficient, for channels lined with vepgetation.
The resistunce to flow is a2 function of the degree of fattening of
the vegetation, which is influenced by velocity and depth of flow,
The product of veiocity, which is affected by channel slope, and
kydraulic radius, which is determined by channel shape and depth,
constitutes a criterion that is relatively easy to apply.

Availability of data for Bermuda grass-lined channels varying
widely in slope and cross-sectional shape has made possible a study
of the variation and limitations in the usefulness of V& as an
index of retardance. Figure 12 illustrates the #,~-V R relation for
five channely lined with short green Bermuda grass that had bed
slopes of from 0.2 to 20 percent, bed widths of 1.5 and 4 feet, and
side slopes of 1.5:1 and 4:1; three channels lined with short
dormant Bermuda grass that had bed slopes of 3 and 1 pereent,
bed widths of 1.5 to 4 feet, and side slopes of 1:1 to 4:1; and six
channeis lined with long green Bermuda grass that had bed slopes
of 3 to 24 percent, bed widths of 1.5 and 4 feet, and side slopes of
1:1 to 4:1. Dimensions and data on vegetal covers for these
channels are presented in table 2,

TanLe 2.—Dimensions and vegetal-tining conditiona of channels from which
the dala vepresewled by fhe na-VIE cirves in figire 12 were ebtained

CHANNELS LINED WITH SHORT GHEEN BERMUDA GHASS {FIG. 4}

12,

——— - T

Nominal lir 6 w':";-szt:tu!-!inim: canditions
Chunncel Experts ited !iolmm ' Shde Mow- Helzht | Stems per
ment slape witdth | slope ingt square fL
Frrcent Fert Incles Numbrer
By 1 28.0 1.5 1 1.5 208
115 2 18.0 . 1.5 i 2 2 =0
20K 1 1.0 1.4 H 4 320
2.8 2 3.0 1.5 ! 1 4 iy 1]
Buppiy cuasl 22 i 4.8 : 1 4 164
CHANNELS LINED WUITH SHOHRT DORMANT BERMUDA GIIASS {FIG. 17, Hs
827 % 3.0 1.0 .o ] 4 250
HE-19 z 4.0 N Verticnl 2 2.4 R
H2-17 i i 1.3 R | 2 a ARG
CHANNELS LINED WITH LONG OGHEEN BESMUDA CHABS (Fig. 19, &)
H1-1 1 3.5 | A k4 i)
10 e . 1 B ia atd 13 148
=3 ... 1 JLIXH 1.3 i1, i% 214
15 1 10,0 1.3 HE id A
Be-7 . . i 8.0 4.0 7. ) R0
H2-R { ! 3.0 t.s it 18 2
2} 3.0 15 b 12 220
11 Maowel akartly before test, 2 Moswed reruinrly.
2 Vsgelation fririy lexurinnt,
The scatter of the points representing values for different

channels in each of the curves of fipure 12 may be influenced

somewhat by differences in length and density of vegetation.
figrure 12,

In

A, values of 1 for given values of VR are hizhest for

channel B2-18, and the vegetation height-and-density counts for
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Fieure 12.—Relation of VR and Manning’s » for channels lined with {A4)
short green, (B) short dormant, and {C) long green Bermuda grass. Dimen-
sions and vegetal-lining conditiens of the channels are presented in table 2.
The vegelation was completely submerged by all flows exeept the first two in
chuannel B2-19 (lined with short dormant grass).
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this channel indicate that it had better cover than any of the four
athery; but no variation of the n-V R relation with quality of cover
is indicated for the other channels. All the channels represented
in figure 12, A, had dense, uniform covers, and a single curve rep-
resenting the n—V R relation for these channels is believed to be
applicable to other channels having good eovers of shert green
Bermuda grass. The coeflicient of iinear vegression of VR values
0.18 to 2.5 ig 0.85. The effect of channel slope and shape is believed
to be reasonably well accounted for.

The curve for channels lined with long green Bermuda grass,
Hgure 12, C likewise reveals a satisfactory relation of 4 with VE.
Excellent agreement appears here among values for seven chan-
nels differing markedly in slope and cross section, with the one
exception of channel B1-3. This channel was irregular in slope
and cross section and was tested before the technique of testing
vegetation-lined channels was well developed. Its 24-percent
slope and the roughness of its water surface made measurement
difficult. All the other channels were regular in cross seetion znd
bed slope. Consequently channel B1-1 hasz been disregarded as
not comparable, and data for it were not used in eonstructing
the eurve in figure 12, C.

Beyond the VR values of 3 and 3.5 for short and long Bermuda
grass, respectively, the retardance coefficient ceases to be associ-
ated with VR, Further significant changes in # are due chiefly
to roughening of the channel bed by scour. '

The evidence that the relation between % and VR is reliable
for Bermuda grass channels differing widely in slope and shape
suggests that VR may well be used as a general criterion of
retardance. This value appears to be the best, most readily
applied index of retardance now available for use in desighing
small channels that are to be lined with vegetation. The presenta-
tion and discussion of the hydraulic behavior of the different kinds
of vepetation tested are largely in terms of the n-VR relation,

BERMUDA GRASS EXPERIMENTS

Bermuda grass, a perennial that makes vigorous and persistent
growth in nearly all the warmer parts of the world, is the most
commeon and most valuable pasture plant in the Southern States.
having the same relative importance in that region that Kentucky
bluegrass has in the more northern States. In many sections of
the South it is one of the best grasses for hay. It spreads by
runners, by rootstocks, and by seed. Its erect flower-bearing
branches usually grow fo a height of 6 to 12 inches. The leaf
blades are narrow, flat, and 1 to 4 inches long. Bermuda grass
requirer warm weather during its growing season, bears intense
summer heat without injury, is seriously injured by a moderate
degree of cold, and seldom persists where the temperature falls
much below zero. Tast of the 100th meridian the northern limit
of its profitable growth is about the same as the southern limit of
that of Kentucky bluegrass, Tt is not common north of the Poto-
mac and Ohio Rivers or north of central Missouri and south-
castern Kansas, It is common in irrigated valleys of the South-
west.  Bermuda grass is probably more effective than any other
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grass now used fo prevent washing on levee banks, in road cuts,
and in gullies.

Because of its importance and widespread use, Bermuda grass
was tested extensively. Ten trapezoidal and four rectanmular
channels were employed in testing it in various conditions—green
and dormant, lory and short,

Experimental conditions and results for channels lined with
Bermuda grass ave presented in table 3, and further information
regarding the experiments on these channels is suminarized in the
following material in small type. The relation between 5 and VR,
shown in figure 12 for Bermuda grass-lined channels in which
the grass is short and cither green or dormant or is long and green,
it shown in figure 13 for those in which the grass is long and
dormant, BDimensions and data on vegetal covers for the channels
represented in figure 13 are given in table 4.
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Prre 1. Relation of Manaing's » and 'R for channels lined with lony
dormunt Hermuda grass.  Dimensions and vegetal-lining conditions of {he
channels are presented in table 4

Recorn oF EXPERIMENTS
Cuaxsin Bil-1

Bed stope 2207 pereent, hottom width appreximately 1.3 feet, side slope
apprroximalely 1:1, length 70 foet, slape and eross section irregulur but aline-
ment Lrae, plianted September 1935 by solid sodding.

Erperiment §, October 1836, gruss green and wancal—Average .]cngth af
grass, B inehes; stand deseribed as “laivly lusoriant” (fg. 14). Soil firm.

Equipmenl: Sharp-erested weir, rod and string.

During eteh test a single observer mude water-surfuee measurements at
three stitions, progrossing downstream.  There were bwo 10-foot reaches,

Vegelaution was submerged during nl] tests. Water surfaee very roujrh
for all flows,  Seme solfperation during ell tests. Values of n unusuadly
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TABLE 3.—Eaperimental conditions wid

TRAPEZOIDAL BIIAPE,

Nomina)
stlmensiona
-t L1
-3 L1l
o s o = | 2
- ) 5 & ¢ i ]
Eosal olig EE AT 5| ug
c - " R g ] o B ug [TP=1 % @ El
2 (%338 2t EQ g B Z o ES (85
o Q3 | #Hw | w= o8 o R as a <5 | B
! @ E ] h [ 7 R 9 3]
Cu Ji, FE. pei
Fuel per sec| Sq. i, s,
1 | Oct, 28, 1006 8.06 | 007 | S.09
2 | Get. 248, 1988 1.86 A0 | 446
3 ] Get. 29, 1934 2.860 547 | B.30
V| Green, long . 400 cde, ., 3.6 £7%2 | B.5R
B Oect, 28, 1036 4,550 oo 6.20
13 L5 1:1 o de.., 2.5 Bidh | B2
10 | Oet, Do, 1936 0,52 Jb8 | G.62
11 | Feb, 11, 1038 3.0 S0 | 6.68
31 Durmant, lung 12 Fob, 14, 1038 632 JBR | T.E4
i1 Fub, 24, 10318 7.2 LT 778
TRATEZOIDAL SHAPE,
[
H 1 Sept, 2, 104 I 4,20 9.848 5.0
K Sept, 7, {3458 G.68 LG 6,68
I R T 0.86 | 1,27 177
ity 1.h | LGt V] Creen, lome 4 | Sept. & 1038 | 144 1.55 8.04
5| Sept, 12, 1088 | 17.3 1.82 0.48
i Sept, 14, 1938 ] 21.8 .18 9.88
Gin | Sept, 16, 1UsM 21.4 2138 10.00
21 Bormant, long 1 Feb, 12, 1048 | 27,2 2.3 031
o Bepl, 14, 104 G611 Wdd ) 2,32
Z Hept, 20, 1841 3.02 NiH] 4,12
. ) Sept, 24, 1041 4,68 Rikri] 5.04
4 Sept, 24, 134t D40 1.48 6.72
Hi-g.,,.. 1.5 4:1 11 {ireen. Shari, 5 odo. 4.2 | 1.70 7.98
ct whortly i | Sept. 46, 1041 | 1807 | 2,17 885
" hefore Lest- T Sept, 29, 1041 20465 2,40 0.809
in, B | Oct, 41981 ] 2oun | 2ol | ic.as
N IR TP 467 | 112 4,58
TRAPEZOIDAL SHAPE,
1
|| Aug. 149, 1808 4,66 | 114 4.6%
2 1 Awg. 20, 1988 7120 1.4% 4,07
k) Aup. 22, 1638 0. 1.797 B.64
Ht i 1.5 [ 16 1] fiecen, fong 4 Aug, 20, 1WIR 14,5 2.1 6.40
\ ] Auw. 24, 1038 170 2.6 7.87
# Awe. 20, 1048 | 25.0 2,808 180
7 Auwg, 27, 138 | 281 3.8 B.0%
1 Feb, 14, 1044 b 3.07 851
2 Feh. 14, 1w | 250 2.Mm; .74
2 Bormant, long 3| Feb, 16, 1930 | 263 3.02 8.70
: 4 Foeb, 16, W10 | 26.% 2,98 B.82
5 Feb. 17,1038 | 261 2.7 B.Ok
1 Bept. 2i, 1030 pRL] 1. 040
2 Sept, 22, t4in 204 1.52 1.04
3 R 1 T 4.1 1.85 2.66
L} Green, long . 4 Bopt. 25, 1940 0,84 1 2.6% .08
nm-s 1.6 4:1 B Coda, 152 195 4.08
i Sept, 26, 1049 | 26,82 3.5 5.0
T Supt, 28, 1900 | 25.84 4 6.56
i b Qet. 8, 1049 | 4844 A1 7.07
] ot, 4, 1039 | 36,48 412 7.51
. 1 Nev, 8, 1948 il N30 1.h8
2 Niw, 12, 144 2,582 RIS R
£ . R 4N 21 A.94
24 Muost of prusy 4 Nov. 15, 1840 9.0 L 8.7
Ereen, & oode L, LT 2,24 .50
Bhorl, kepl f Nov. 1%, 1940 | 188 2,465 T.44
vk, 7 ot L L 2408 3.88 A.06
S Nowv, 23 1648 | 208 342 874




FLOW OF WATER IN CHANNELS

rogults for channels [lined with Bermuda grass

HED SLOPE 24 PERCENT

27

Coeffielents
N
& C]
] o
£ g g | £8 g
¥ o o = oz - -
& oo Y L g a2 e 5 -] " .
o, FA = L 2y b BS L . g o @
- -] S A i z & Fup = E 8 ]
P LI [ T ] = w25 | 7] bx} H
Sy =3 o o -3l E‘E = B E) ] £} W o
£ =E %k o a'%s =3 j a8 ] E] F B,
11 12 | 14 15 16 17 i8 10 20 n
In, per
Feet Fuet Feet M. F, Itonr
2.10 Q.14 6.2345 0.22 L Y 16.74 0.0648 4.0902 0.4
2,27 LJ80 2408 28 1)1 I S0 0546 26l B3
2,43 L2258 L2476 k| 1 I I 23,40 0484 0344 1.19
2. L2484 AL A8 Wliivae fosnnnns 23.20 L5800 Rinkl 1.28
247 ATE L1032 A0 Y3 TN IO, 26.02 0446 .08 1.70
244 L2l 2262 Rk F L1 R I 23,72 0400 A4 1.10
2.06 256 Slda 1 I SO e 23,32 418 03140 1.70
.27 L2186 LAB60 .38 11} oh .80 24.08 4R L0042 1.94
2.6% 280 2247 A8 110 55 =07 2095 0463 RiGTE] .11
2z | s [ lzw0T | e | 1s0 )  s1| a9 27Ee | G463 | losd7 | 2iee
BED SLOPE 20 PERCENT
2902 0.287 0.1028 045 HE 1| =0.14 21 0.0567 0.4108 1.44
3.0% A16 L4 a0 53 T3 =03 26.00 J04B7 L0542 2.1¢
3,48 78 J1854d .68 BT 72 A2 28.61 0442 REE]E 2.4
3.61 A2 1081 G0 4B i 42 29,52 L3428 00T J.42
310 L4081 L1074 W81 Bl 6h 49 A0.46 L0404 0340 4.66
4,06 A4l L1064 .37 124 i1 .24 436 0442 L350 bulb
4.06 520 2042 L85 Lk 111 =02 40,88 38 0455 5.2h
4.67 628 A0 1.10 40 50 640 26,82 0514 L0416 6.B5
3.40 136 1064 21 bb T0 Rilt 14.00 0824 D466 J28R
4.07 180 1078 a7 44 ) A8 21.63 0618 Bid L JT42
4.47 208 1961 31 40 6l A1 24,91 04610 Ageg 1.05
534 2052 1984 Al 40 66 a7 20.32 L0404 L0302 1.7¢
5.TH 308 2012 48 k13 66 .27 HY A b L0380 L0294 2,46
[ 1 S 1000 Ad 30 L) J28 HERL] 0367 L2090 .08
ANy 358 2062 G0 40 n A6 A6.6R Nist A278 .54
16 Al J077 R 40 68 .15 356.71 03560 262 4.09
4,71 248 1078 .36 24 68 W08 18.82 0622 A4 971
BED SLOPF, 10 PERCENT
3,18 0460 00016 056 35 Tl 6.17 22,86 0.0565 0.0412 1.47
Wt A0 090G Ak kD] T0 AT 26.2G L0405 0478 2.0t
3,90 Adi Pkl LT Al T4 .07 28.056 0470 0365 2,68
4,18 RiH: 090G Bl 40 T4 A3 30.08 445 86T 3.2a
4.6 40 0884 L] 47 T4 .18 32.63 0416 0341 .82
5.06 L8 BT 1.08 44 T .10 J4.80 RELE] 0431 4.56
B.41 G645 L8456 1.16 &0 T3 06 3474 L0402 L0340 5,20
4.0 G212 0542 1.04 a1 48 .16 47.26 L0369 03146 5.29
4.80 A06 L0872 1.00 30 48 AT 38.06 L0ua0 0307 b0
4.9% 14 L0R80 1.02 A H —.0% 37,48 0364 e 6.4
4,88 GLE [JOB45 1.02 a0 48 26 18.88 0352 L0300 F.349
4.86 608 L0857 1.02 k] 45 W06 39.18 0349 L0800 5.7
4.466 238 L1024 38 28 6% .09 .03 106 L1039 224
6,30 L2BT L1009 A4 10 |...... .10 11,42 064 L0654 AT
6.00 = GOR8 .5l 40 :1:] 07 16.10 0811 0535 JB22
6.9% .36d D085 A2 40 6 10 20,64 0618 L0438 1.42
T.56 A4 0982 Rit] 35 67 .10 24.94 612 FEEL] 2.m
A2z A28 Rl 4 41 ik .10 29,18 0442 0348 2.64
B0 Gl 0RT4 78 41 70 08 21.20 418 0335 2,08
.06 AT 0064 B4 40 BT R .04 .0308 0424 3.36
.87 ATR L0980 .BR 40 68 06 .64 0350 0312 360
3.05 170 A0Ln 25 21 b1 i 15.02 0922 0520 L2648
4.37 218 .1012 ] 10 B2 =01 15.90 530 ikl A5
476 254 000 S0 40 R4 05 24.45 484 345 el
B.T2 AN 0084 i1l L1 47 .l 3267 REVE] L0280 1.74
B4 SR LED AT 41t 4R N0l AR50 JIEA1 0262 2,28
115 T2 (199 iR 40 4R 2 38.67 Ry 0268 2.7
T.64 S0 AN0TT 0B 40 47 08 410,87 N3l A2i1 3.22
.02 425 1002 ] 40 BT L0 42,30 a05 L0258 T2
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TaABLE 3.—FExperimental conditions and resulta

TRAPEZOIDAL SHAFE,

MNaominal
imensions
- -]
B
g e, 1 - =2
T = " E L =) E? EA [ L (Y g
£ 5.2 g na i 2 S 2 :5 £
2 (33123 At & %5 £% 21 23|35
5 | 8% | aw | 43 8% £ 23 B | 48 | =2
1 2 i 4 b 6 T ] 10
Cu. fe. Ft. per
Feef per sec.| g, fi, e
1 | July 26, 1038 4.02 | 2.61 1.63
1n | July 27, 1048 4.00 2.42 1.690
2 | July 29,1038 6.B7 | Z.93 231
1| Green, ‘ong .. 3 Aug, 1, 1918 0.76 | 3.60 2.7
4 Aug., 2, 1938 14.0 4.00 3.50
& | Aug, 3, 1938 | 18.8 4.69 4,10
6| Aug. 4, 18187 223 5.4 4.54
7 Auwg. 5, 1038 1 20.0 5.77 6.04
1 Mar. 13, 1935 093 A12 J226
1327 11 LAl H Z Mar. 14, 1939 215 715 401
' b Mar. 15, 1045 L3066 982 4363
4 | Mar, 16, 1832 661 1.30 A32
2| Dormant, long % | Mar. 17, 1939 48 L4 530
: G i Mar. 27,1939 144 | 1.51 BT
7 ceoode . 176 | 1.68 1.05
B Mar, 28, 1939 269 1.87 1.44
: i ceaendoa ., 4.39 2.16 2.0%
1. Dormant, 1 Qet. 24, 1938 3,88 | 2.06 1.88
Limg in 2 Qet, 26, 1039 1.05 1.06 099
test 1, B Oct. 27, 1039 2.86 1.42 2.08
i ghort in 1 | Det. 30, 1939 4.8 | 194 2.82
; tosls f | Nov. 1.193% a9.86 | 2.98 4.14
! 210 f | Nov. 17,1089 1484 | 5.04 | 494
. T Nov. 5, 1938 20,63 67 6.64
; B ] Nowv, 10,1939 | 25.04 | 4.27 6.07
, a Nov. 13, 1939 2B.AT 4,65 6.26
: 10 | Mov. 14, 193% | 35.42 | 5.2R 6.72
1 Aug, 8, 1948 3.80 1 172 2.32
2 Aug. 10, 1938 A.B1 .22 2,83
a |- |+ AR 2.51 2,78 3.67
| ; Green, long .. 4 Aung. 11,1038 | 137 3.32 4.13
i Aug, 12, 1038 18.5 3.98 4.65
i Aup. 16, 1938 24.8 4.74 6.08
T | Aug 17, 1988 | 304 5.64 6.37
1 Qet, 5, 1930 31.85 1.60 344
24 Lo a0 2 Qet. 6, 1939 1.08 534 1.72
3| Qut. 7, 1988 281 | 1.03 2.85
; 4 1 Qet, 9, 1949 4,86 | 1.45 3.35
2. {3reen. Long 5 | Oet. 10, 1939 0.85 | 2.20 4,46
i in test 1, & Oet. 11, 1929 | 16.2 2.94 518"
short in T Cacb, 12, 1939 | 20.2 .56 5.68
lests 210, A PRI - T 24.6 4.08 6.04
i 0 Oct. 20, 1938 | 25,8 4.78 6.30
! 1 cendol L. 34.8 5.30 5T
1s2=18 1.5 411 1 ; Green. Short, 1 Sopt. 19, 1941 ann| 1.42 B0
cul shortly 2 Sept, 20, 1941 248 | 2.10 1.42
hefare 3 | Bept. 23, 1041 4£.68 | 2.54 1.84
Lesting. 4 Sept. 24, 1941 .44 A58 2.64
1 coedoa o 1430 ] 457 3.29
] Sept. 26, 1941 15.66 B.21 3.78
TRAPEZOIDAL SHAPE,
R2-17 1.5 4:1 1 l Purtinlly 1 Mov. 8, 1940 0980 1.2 0,606
dnrmant, 2 Nov. 12, 1840 " 2.64 1.07
t Shart, 20 ..... do...... 4.74 1 3,38 1.40
i hent cut. 4 | Nov, 15, 1840 no2 | 484 2,06
H i ] oo, L 14.63 B.95 246
i i 6 | Now, IS, 1840 | 1968 | 6,29 2.82
: T ... de. ., .., | 24.67 | 800 3.09
I ! 8 Nowv, 22, 1940 30.00 .82 3,40
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for chawnels lined with Bermuda grass—{Continued)

BED SLOPE 3 PERCENT

Covffielents
3 s
a =
E e Eles & “
o ] I g L . K
] 3% g e L S les | o £ . 1%
RN ERE R R I
Ty | 95 ] 2% | g [ E2 | 3F jsE3| | § 3 |2
gy | @7 85 S | as | 22 | 232 o = o4 S
R4 12 13 14 15 16 17 13 10 20 a
! In. per
Feet Fert Fret 1tin, *F, hons |
TR #.44h 00424 8.60 38 ki -0.23 13,78 4.8043 6.8646 £0.769
5.7 420 ikt 50 49 15 =09 14.48 B892 614 Reit:
.00 JAER RinTE:] B8 43 T4 D8 18.35 0708 L3516 1.14
h.41 Ll L8 N 43 TG 2h 21.28 i G636 484 1,52
6.75 it JB318 86 a8 T8 —87 25.63 L5865 AT 2.68
T.14 Al 018 B2 41 1.3 05 28,97 I 8481 L8105 2.64
T.47 il fiKEE] .02 R 3 -0 16,77 JH400 (484 3.138
1.81 L40 A2 1.16 35 1 —16 33.48 #4327 B304 3.72
il 114 izt A4 pt:] 113 A1 .74 277 Ayl 2SR
3.04 A7 0120 .22 41 [i%] ] 4.01 217 130 JO5GR
$.27 Peiii] BIET S0 36 52 - 4.19 278 145 0835
4.52 J2R2 B328 36 40 1 1] 4.52 266 RE) 122
. 4.78 361 L W48 22 Bl —.0h 5.46 .23z 123 Y]
4.5 -H18 8408 1 At 4 EG 82 5,42 Rk e 1R
4.08 a3 M2 oA 24 57 T 10.2¢ 122 0762 366
R.O# 68 Hixel | AR 26 1 8 ] 13.21 L0852 0631 530
B6.27 AN Riabiil .Bd 22 h¥ LB 1751 8731 LA518 Baz
. 5.28 S0 ik B2 40 G2 .07 16,68 B763 A337 733
' 1,064 L2209 G422 41 kit G4 A8 11.73 6501 AE52 227
483 ZRE 328 B 27 £5 iy BL.&0 0562 JB806 L589
5.16 SR 32 A6 40 :x) .07 26.66 L0465 50 .853
b.fi4 422 ¢ .Diﬁa N1 40 52 L5 34,01 478 066 1.75
£.17 Jng Rk BT A0 EL 08 37.36 464 $206 2.44
B.h3 Y JBY55 TG 4l ol ; ] 40,68 L3386 5289 314
BA7 L5 54 86 40 &% L8 41.42 432 O2ER 3.72
109 JAdd SEEd 51 Bli] B3 Kk 41.94 0429 JI288 3.87
T.60 B8 D48 1.61 A0 B2 i 08 14,62 JA32e 5284 4,62
Lod A4 LG8 Y 4] €8 A2 18.59 L0889 0af6 1.82
4.40 [ 0361 il 16 i 08 21.B6 808 L0462 1.48
198 A 8T8 1.04 A4 00 —.02 24.72 L0548 0432 .04
349 Rkt LO3GE 118 A% 72 a7 27.32 00 L0410 2.60
5,84 82 0354 1,48 18 730 -0t 4601 L0465 0387 337
i3, TR A362 146 i3 T3 .14 31.64 S50 381 3.42
H.81 _B2R8 SEh2 1.60 3z T .18 31.93 RN En L8R 4.45
®.84 AR BRI .G3 40 5 3 26,36 B6I2 A462 1.63
2,54 2hi 0318 6 41 53 10 1%.381 61 0412 480
308 oi2d Rk RES .60 22 L1133 W10 27.36 S£ri50 A9 L824
4.60 Pl RinEi] it 4 B S04 28.69 A4 0346 142
4.43 405 Histl B2 A0 i3 ) 3132 H4R5 Rizit.3 2.2t
5.k L83 (I 1o 48 iR W16 26.71 Ri-kl:] 314 A.02
5.4R S0 0314 1.6 A 3 .00 37.08 D364 0313 .69
BRI Wit 0342 1.26 4qn L1123 i 39.20 J0367 LETRS 4.22
25 ! .752 UR4B 1.39 B hE i 38.04 36 319 4.74
B4 708 8348, 1.48 An 6 a2 3047 363 0420 5.24
5.07 .280 Jd Al 51 T -.03 T.04 1710 g 185
5.0 and RiGIT 54 [11] 0 fLy) 13.62 4m8 0687 LED3
B£.55 a58 312 W63 12 G R 16.714 L0780 A2 LT14
775 A2 JHLE 6 40 ] ] 21.97 a4 B44T 1.22
B.44 518 0312 86 14 [ .18 25.04 0514 L0404 1.70
LT ] HER a2 6 17 ke K- 28,67 0572 L0384 2.3t
BED SLOPE 1 PERCENT
. frfibis ] 8501 0.8698 4,48 o0 51 0. 11.49 6.1782 004672
#.84 L3RR Ruiiing it 38 5l .82 17.66 LT23 508
T.50 A48 Al W74 41 751 O 24,82 B2 e
B85 S42 M08 3 44 47 B 26945 EL | Rekihs
.88 D2 it 1.0 46 A -3 nH.22 3156 Rikss
. 1086 LRk 001 A 47 44 i) 35.28 SIS Rizwt
13,63 SRR g2 1.25 afi 4B - JIT.06 . 3T 0326
12,40 it 4102 133 449 & G2 4007 ¢ REEES 08
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TABLE 3.—Experimental conditions and results

RECTANGULAX SHAPE (METAL SIDE

Numinal
dimenalons
-
: g
¥ ] o - =
‘o - " Eu .5 E ™ o i - |4
g g g 52 ZE & °2 3 [ w8 | &n
o prg) - =] B w e Pogi Eﬂ‘ & 2 .
= 3 | B8 | & 50 g3 =y E Lo =
] mEl em ! ooie [ 01 R= =4 a < A
1 2 2 4 S 6 T ] L] 14
Cu. fz. Ft. per
Feel per sec, | g f8 1ee,
: 1 Do, 3. 1940 Lnin 154 643
i 2 Dee. 6, 1010 41 217 1.41
3 Dee. D, 1040 E Y 247 1.91
4 B [ TN, A 286 2,42
B Dee, 11, 1040 1.13 ik 1.34
B2-18=1. 1 0 1| Durmant. ] P [ J 1.43 300+ 358
Short, T .. do 166 42 3.84
. kept ecut, 1 Dee. 12, 1540 o.12 A8 440
! 9 i Dec. 17,1940 2,02 565 | B.17
i 10 codaa L, 4,94 L1581 6.45
11 Dee. 18, 1048 .47 A0 T.05
1 ..., do. . ... 7.81 1.02 T.H8
1 Dee, B, 1940 a0 248 w385 .
2 | Dee. G, 1940 SO J3Ee K96
I 4 Dec O, 1540 LBRY 4251 1,62
i : i Duee, 11, 1040 1.44 hT2 1 2.52
’ . 8 Dee, 13 140 2.12 604 .20
132 -10-2. 2 a! 1  Darmant, 4 | Dee, 17, 1840 | 2,90 75 1 374
Short, 10 ] . odo 4.86 1.00 4.84 M
' kept cut, 11§ Dee. 18, 1040 6.45 | 1.17 | 549
: 12 . caetda L, 7.85 L0 | 6.00
i : 13 Occ, 1% 1940 | 106 156 | 6.8
' 14 AP 13.4 L7% | .50
1 | Dee, &, 1940 00| 528 1 5GR
4 Dee. 9, 1940 B8R A0 109
L] Dec, 11, 1940 1.44 LA LY8
; . R Dee, 12, 1040 2.2 s | 8,87
Be-19-434 3.6 0 1t Dormant, 1o Dee, 17, 1940 486 | 133 | 3.68
| Shart, 12 Nee. 18, 1940 T.79 1.64 4.69
| kept cut. 11 Dec. 1D, 1840 | 1845 [ 2.20 | 6.12
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TABLE d-—Pimensions and vegetal-tinivg vonditiong of channels Tined with
fong dormant Bermpda groass from wiich the date vepredented by
the we-VE enrves in figitre 13 were obtained

1 t Veuelation stand
Nominal dimensionn Tount
Chnnnel Experl-

ment Bed Butta Side | Stema per

L {H] m i} }! M ht £m4d [H
alope witith slope ik auare foot
Percent Feet {nckes Number -
Hi-r L 24 1.5 1 :l 12 101
L - 10 1.5 1.8:1 15 160
27 { i ] 4 1.5:1 12 ]
.......... Ft 3 4 1.5:1 11 250

Some damage to channel, but no drastic change. Grass seemed to have
thinned out slightly. About six small holes 2 to 3 inches deep aypeared in
channei bottom, and there seemed to be some scour over entire chitrnel bottom.

Expertment 2, February 1940, gragy dormanl and uneut.—Grass probably
15 inches long and as dense as in experiment 1, Soil irm,

Equipment: 2-foot modified Parshall flume, point gages. Discharge was
measured indivectly. Procedure same as in experiment 1.

During each test three men made water-surface measurements simul-
taneously at three stations, each making two at the same station., There
were two 10-foot. reaches.

At start of test, gate between supply canal and test channel was opened
too fust and too much. As a result, considerable water was drawn from
supply canal storage during first few minutes. Severe scour is believed to
have occurred at start of test because of heavy Aow overload,

Veypetation was submerged. Flow ways extremely rough, and considerable
self-neration took place (fig. 16). According to figure 13 the » value for long
dormant Bermuda grass when VR equals 5.84, as in this test, is about 0,036.
In this instance the considerably higher n value of 0.05f resulted from
increase in bed roughness due to severe seour and actual removal of sod.

Ficuge 15.-—Bermuda grass channel Bl-1, experiment 2: A, View dwring
test 3; It scoured portion ut completion of testing.
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Channel definitely faited. Most of sod was Lorn off lower 20 feel of channcel.
sSod had failed to root to subsoil, and a plane of weakness may have develuped
through frost action, However, this ehannel had withstood higher fows the
previous summer without severe damage.

Cuaxner Bl-6

Bed slope 20 per ceat, bottom
width 1.5 feet, side slope 4:1, length
50 feet, planted December 1040 by
solid sodding. Channel very uni-
form in slope and tross section,

Experiment 1, September 1941,
Grass green aud recently cal for
first time—Cutting had left only
stiff brown base stalks 3% inches
long. Density 208 steins per square
foot (fig, 17). Soil hurd,

Equipment 2-foot modified Pap-
shall flume, point guges,

During each test three men made
water-surface measurements simul-
taneously at three stations, cach
man making one at each station.
There were two 10-foot reaches.

Vegetation was submerged during
all tests. Water surface varied from
very ronprh for low flows te ex-
tremely rough for high flows. Some

: aeration during all tests apparently

S *1;4 increasing as flow increased. Aera-

) T tion increased with distance along

FicuRe 16.—Bermuda grass channel Channel. Values of u in fair agree-

B1-2 during test 1, experiment 2.  ment with those for other channels
i having similar linings.

Considerable erosion. In seme places, bottom was seoured to a depth of
about 2% inches. Very few plants were torn eut, and ne large bare spots
or holes developed,

Cuaxxen B1-3

Bed slope 10 percent, botfom widih 1.5 feel, side slope 1.5:1, iength 56 fect,
planted July 1837 by solid sodding. Channel faivly uniform in slope and cross
seckion. Bome frregulurities due to variation in thickness of sod used.

Expevimenl 1, Angust 1938, grass green and e —Grass, on averaye,
18 inches long, stems per square foot 340 on sides and 214 on bottom. Soil
firm. '

Equipment: 2-foot madified Purshall flume, rod and string.

During each test a single observer made waler-surface measurements al
four slations, progressing downstream. There were three li-foot reaches.

Vegetation was submerged during all tests. Water surface very rough
during every flow. Slight seration during higher flows, Owing to channel
eatrance condition, a wave oceurred in channel at 5-foob stution; this is
betieved not &o have affected results. Values of n in agreement with those
far other channels with similar linings,

Bome erosion ovcurred in channel duving tests, but no serious damage
resulted,  Grass was slightly thinned out, a littlo soil was taken off channel
bottom, and fwe holes about 2 inches deep and § inches in diameter appeaved,

Evperiment 2, Februaryg 19028, gruss dormant und wrent.—Grass, on aver-
npe, 15 inches long, stemns per square foot 190 on bottom, 153 on sides. Soil
firme.  Lining thin. Channel in shightly eroded condition as result of previous
test. Channel hed conlained a few holes about 2 inches deep.

Equipment and observational technique same as in experiment 1 exceps
that there were only two 10-foot reaches and three stations.

Pracedure deviated from the ordinary in that five tests about the same as
to discharge nnd duration were conducted, ane daily lor five consecutive duys.

Vegetation was submeryed during all tests,  Water surface was vory rough

ToRMET 40
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Iigurg 17.—Bermudn grass channel B1-G, experinient 1: A, View before
testing; 3, view luring test 6.
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and some uerstion oecurved (fig, 18). No apparent increase in bed roughness
due to scour. A slight deevease in » from tests 3 to 5 is evident, probably
reflecting thinning out of cover. Values of m in agreement with these for
other channels with similar linings.

i No serious damape to channel. At
end of experiment grass seemed to
have thinned out considerably, but all
parts of channel bed still had cover.
Some areas weve scoured to a depth
of ahout 1 inch, and there were five
holes about 2 inches deep and 6
inches in diameter.

Cuannei B1-5

Bed slope 10 percent, bottom width
1.5 feet, side slope 4:1, length 50
feet, planted May 1939 by selid sed-
ding., Channel uniform in cross
section and slope.

Experiment 1, Septenber 1939,
grass pgreeir and wnent—Grass, on
averagre, 14 inches long, 312 stems
per squarve feot (fig, 193, Soit firm.

Equipment: 2-foot modified Par-
shall flume, point gages,

. During each test three men made
FiauRe 18 —Bermuda grass channel Wwater-surface measurements simul-
Bi-3 during test 1 of experiment 2. laneously at three measuring sta-
tions, each making two at the same

station. There were two 10-foot reuches.

Vegetation was submerged except at edges during all tests. Water surface
was rough for lowest flow and inereased in roughness uatil it was extremely
rough for highest flow. Some aeration. Values of % in agveement with those
for other channels having simtlar linings.

No damage te channel could be detected by visual inspection (fig. 19, ).
No grass had been torn out and no holes appeared. Cross-section measure-
ments showed, however, that ehannel bottom had been eroded evenly about
one-half inch.

Froure 18.—Bermuds prass channel Bi-3, experiment 1: 4, View before
testinge; I2, view during test 6; 0, view ab completion of experiment,
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Exporiment 2, November 19450, gruss moutly green, kept cut.—Grass about
2 inches long, density believed to have been about 480 stems per square foot.
Boil firm.

Equipment and observational techaigue same as in experiment 1.

Vegetation was submerged during all tests, Water surface wus very
rough for lowest flow and increased in roughness untii it was extremely rough
for highest flow, Some aeration. Values of n in fair agreement with those
for other channels having rsimilar linings, but generally lower—probably
beeause of unusual shoriness of grass.

No apparent damage to channel, Cross-section measurements revealed
less than li-inch scour,

Cisaxxen B2-7

Bed slope 3 pervent, hoitom width |l feet, side slope 1.5:1, length 50 feef,
planted July 1937 by solid sodding. Channel uniform in siope and cross
seclion. Some roughnoss in bettom owing to small difference in sod thickness.

Seperinent {, July wnd dngust 1998, gruss green end wuent—Grass, on
svernge, 8 inches long, 330 stems per sguare foot.  Soil frm.

Bquipment: 2-foot modified Parshall Bume, string and rod.

During each lest a xingle obzerver made water-surface measurements at
five stations, propressing downstream.  There were four 18-foot reaches.

Vegetation was submerged during ail tests. Water surface was slightly
reugh for lowest flow and beesme rougher until it was decidedly rough for
highest [low. Slight aeration accurred during highest flow. Values of » in
agreement with those for other channels with similar linings,

Praciicaily no seour ocecurred.  After the higher flows a fow thin spets in
the prass cover were noticed,

Experimen! 2, Marveh 1829, gruss dormant wnd anent.—Grass, on average,
12 inches long, 350 stems per gquare foot {fiz. 20}, Secil firm,

seharge measured volumetricaily for fivst four tests, with 2-foot modified
Parshall flume for remaining tests, Cross sections measuved with point gages.

During each test a single observer made water-surface measurements at
two stations, progressing downstream, There was one 10-foot reach only.

During tests 1 to 4 the vegetstion was not submerged—in fact, it hid the
water,  During test 5 it was approximately 39 pereent submerged. Sub-
mergence increased until final test, when fiow submerged grass except at
edpes of channel, Water surfacve slightly rough,

FiarRe 20.--Bermuda grass channel B2-7 before experiment 2,
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In this experiment with shallow flows of low velueily, almost identical n
vadues prevalled for the three lowest liows, which coursed through the mass
of stems and lenves without viusing more than slight bending or movement.
The roughness or retarding element remained unehanged. A ropid decresse in
1 oceurred as soon ax bending nnd submergence began, Values of i for the
higher 'f2 values ure in agreement with those for other chunnels having
similar linings.

No scour oceurred,

Experiment 3, Octaber and November 1939, grass dormant, nuenl und eut.—
Gruss was uncul and 11 inches long on avernge in test 1, was cut lo length
of 4 inches befare other tests (Hg. 21).  Density, 250 stems per sguare foot.
Hoil frm,

Sgquipment ! 2-foot modified Parshall lume, point gages.

During each test three men made water-surface measurements simul-
taneously at three stations, cach making twe at the snme station. There were
two tB-fool reaches.

Vegetation was submerged during all lests,  Waier surface was slightly
rough duriag first test and beeame rougher as fHow increased until it was
very rowgh for final test, SHght acration cceurved during tests 8 and 9.
Values of » in agreement with those for other channels having similar linings,

Slight scour oceurred, A few holes appeared in channel bed, of which one
wag 4 inches in diameter and 3 inches deep.  Vegetation appeaved rather
thin sfter tests,

Cnaxxen B2-8

Bed slope & percent, botbom widih 1.5 feet, side slope 1.5:1, length 50 feet,
planted July 1037 by solid sedding. Channel fairly uniform in slope and
eross section.  Seme roughness in bottom due to small differences in sod
thickness. Scelion 82 to 36 feet from head of channel about 2.5 inches low,

Experimend 1, Augnst 1838, grass greest and wnent.—CGrass 12 inches long
on average, 345 stems per square foot. Soil firm.

Eqguipment: 2-foot modified Parshall flume, string and rod.

During each fost a single obsmerver made water-surface measurements at
five stations, progressing downstream. There were four 10-foot reaches.

F.’i(:t‘_m: 2l —~Bermila grass _ch:m- Fim‘ltr-: 22 —Bermuda grass channel
nel B2+7 before lesl 2, experimoent B2-B before test 2, experiment 2,
4, when grass had been cnt fo when grass had heen cut o lepgth

length of 4 inches. af 4 inches,
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Vegetution was submerged during all tests. Water surface was slightly
rough during test 1 and became rougher as flow increased until it wus vevy
rough during final test. Low spet in channel grade st 34-foot station coused
4 wave and considerabie roughness below, Values of » in agreement with
those for other channels having similar linings.

No measurable scour occurred. Lining nppesred thin in a few places, but
no holus or bure spots formed during tests.

Experiment 2, Qetober 1939, grass green, wncut aned ent,—Grass wias uneut
and 12 inches longr on average in test I, was cut to length of 4 inches before
other tests (fig. 22). After being cut it had the wppearance of dormancy.
Density, 220 stems per square foot. Seil firm.

Equipment: 2-foot medified Parshall fume, point gpages,

During each test three men mude water-surface measuremenis simul-
taneously ut three stations, each making twe at the sumoe station. There weve
two 10-foot reaches.

Vegetation wus submerged during all tests. Water surface wuas stightly
vough daving test 1 and beeame rougher as flow increased untdl it was very
vough during final test. Low spot in channel grade at 34-foot station aprain
caused 1 wave and wdditional suvrface roughness, Values of » in fair agree-
ment with those for other channels having similay linings,

Slight scour oceurred. Some bare spots formed, but no holes appeared
in channel bed.

Cranyen B2-18

ited slope § pereent, bottom width 15 feet, side slope 4:1, Tength 50 feet,
plunted Janusry WML by solid sodding. Chunnel very uniform in slope und
cross seclion,

Erpertment 1, Seplonber 1951, grass greei wied recently cut for first time,
—Cutting had left only stiff brown base stalks 4 inches long {Bg. 23). Density,
420 stems per square foot, Seil havd.

Equipment: 2-fool modified Purshall flume, poink poyges.

During each test three men mude water-surface measurements simul-
taneously at three stations, ench man making one at wach station. There
were Lwo 10-foot reaches.

Froune 23.—Termuda grass channel B2-18 before experiment L




FIOW OF 8T IS AN [ w Ni3]

Fravee: 26 Borpeols ya s eiraaed B2 15 i-fure experinent 1,
Veset e v - i el e adl tusts, Woater <uiface vavicd From
Perroy ez fo bese t low 1o moddecately rough o prgheel. Valuwes of o
Soowrrivniet b wilh fre e Fap adher it e L e snuih STTTIIE
Flan! cvoo Wats tradae st Ty Inviedrementattuoanl it wias not dpparen.
Beokatd on Ieeid g

Conavssen 2223

Uil b ] Beternt, Yotton sty 1o fect, ~ide <lopp IS P I T S T fonr,

thinhed Mae 100 Ly ol wheliie, Uhanel aiferm in sbope and erass ree-
et ot el aed T igeat " of all tirnee at thie lahoratory.

P I N T R B R R R RN LT T P TIY I B Pk Upass

et e fool, appearaiee (hat of o erazomd

=

et 2ooreh el Isir ot em
i b e e Sl fivm,
Forpaspnzen 2 foot puolitiod ing- il thitne, poilt goges,
Aobawed water -l wae el wirh ol ow s tesvend o to-U b, measurement 29,
Hoe Lewrist of which wee 10,02 Tt ghen o whivke Tor (ost~ 13, 0L30 ool ahove

srade Fog ot 1) w
Dravree vy teot 1ee nten nrde sl eraanrfue Mued-urement< <sfmultane-
by S thres s lafton, ench mabiee tao al the sume <tatjon, There were twa
B NTTE I FYH YR CT
Veweratios sias sobine)eed, txeer b al the edges, duvine all tesis. Witer
s free wa- fainly oot tmasimn dilferences in elovation seross oo
sevtoatorarned Frong 0000 fout Cor Jow w1 U7 Fout for himhest Howy, A
Pew wave mnd hotde, No coration, Vilues of o b urreement witl Uiose Tor
ooy el el havine amilar Hnine-,
Novoto o o viginel boed o g theteet g,
Cirssser< B2 13 1L B2 g 2 432 19 3 B2 g
el e perevrt, Lty wedtis- 1 Toots 2 Teet, 0.3 Teet, and o o,
R ] L T B ) B T FPOT B Py shteowalls aeedn, doneth 05

Tpwd,

Phered Beoboaoy tgeiey oo (00 B Chottizel s very vegntar i ernes
cot e T e e 1

TR LR P S N SR S it ke et Fatinnted HESO

R I L P 172 RN P T P ety abeen B e e RTUEEED



http:11').":11.11

40 TECHNICAL BULLETIN 967, U. S. DEPT. OF AGRICULTURE

foor (g, 253, Growth of grass had not been affocted by metal ehannel walls,
\bvhich had been erected ubout a month before tests. Cover very uniform.
joil firm,

Equipment: 3-foot [f-flume (for measuring discharge inte channels), 1-foot
H-flume {for measuring discharge out of channel in tests 1-4}, 1)0i.nt gages.

During cach test three men made water-surface mensurements simultane-
cusly at three stations, cuch making one, There were two 10-foot reuches.

Vegetation was entively submerged {fiz, 23) except during first two tesis
oh ench channel, when submergence was estimated to have been at least 75
percent.  Water surface was rough in all cases, and was “frothy” in channel
L during tests 10-12 and in channel 2 doving tests 11-14, Values of » in fair
agrecment with those for trapezoidal channels having similar linings, For
the higher Vi values, the agreement is excellent.

Very little scour was upparent on visuul inspection.  Measurements showed
a little erosion.

SUPPLY GANAL, TANCENT REACHE

Bed slope 0.2 percent, botlom width 4 fect, side slope 1.5:1; length of veach
99,02 feet, plunted in 1937 by sodding, Oross section and slope fairly uniform.

Feperiment 4, Aungust and September 1840, grass green, kept et —Grass
34 to 4 inches long, 169 stems per square foot,

Equipment: 2-foot modified DParshall flume, point gapges. Water-stage
recorders used sl ends of reaeh to check steadinesy of {low,

l.i"ivc repeat Losts designated 1a, 3a, ete., made as cheeks on water-surface
slape,

Vogotation on bottom of canal was submerped by all flows, Water surface
fairly smocth for all flews (fig. 263, Values of n in apreement with these
for other channels having similar linings,

No scour was apparent. .

Tivoraviic Beiavior oF Berymupa Gnass

Bermuda grass, being very flexible, bends and readily becomes
submerged as depth and veloeity of flow increase. With cessation
of flow the stems reassume their erect peosition rapidly unless
excessive deposition has occurred. Even if eovered with a shallow
deposit of sediment, Bermuda grass has the capacity to develop
rapidly into a satisfactory cover.

These characteristics, prevailing both when the plants are green

Fioure 25.—Bermuda grass channels B2-18-2 and B2-10-1 during test 6.
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Fuore 2060 Bermaudi wriss-lined tiopgen perch of supply ehannel as viewed
upesbreant daring test 3, expeciment -,

wndd whoen they are dormant, Lowelher with the density of the cover
renerally Tormed aml the relative vase and rapidity of cover
eatablishmoent, make this evass destrable Fer use in ehannels. The
pendy Halttening of the stems produces o relatively smooth ehannel
strlace The 19, 071, 0 the channe! bed ilgell is not rough, which
oifers relatty ely low resistance,

The eneves for the o UR retation for channels lined with short
vreeen, shord dormant, long ereon, and long dormant Bermuda
erasd (Hess 12 o 1093 indicate that this relation ditfers very
N le acvording to whether the grass is creen or dormant; practi-
cally, one curve wooalll sullice for cach fengtn,

An invrease in bed roughiness durving the final test on channel
BT Do to an inerease tn the retardance eoellicient (i, 13). Thiy
resttlt 1= not wncomuonon in vegelation-lined carth channels,

Stagtaey ar v Croassen Fosee weene Busnena Girvss
LU GOV EY DRSS

A plotting of seour rates against volocilios tor five channels
Ened with fong green Dermada grass, presenled as fiwore 27,
Pustrates the diftlically of estimuting permisaible velueities from
stich data alone, Scour rale appears Lo decrease after long grass
is thoronghly fattencd,  Astde fram this, no covrelation is ap-
parent hebween veloeily and seour rale.

The reason v this kel of correbition may e in the method
of determining =scour rates, As o basis for computing n rate for
the enfive eliained, change in ehannel bod due (o sconr or deposi-
Hon was determimad gt only o few slations, o oaddition, it is
Lodieved that the appaeattes s the nhaeeving teehnigque were not
very <hitable for determining snaall ehanges in depth. Stdy of
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a large number of the diagrams made shows that scour rates
higher than 0.2 inch per hour usually are definite rates increasing
with veloeity of flow but that lower rates scatter considerably.

. Sometimes higher scour rates resulted from low flows than from
succeeding high flows. This was probably due to “wash-off” of
loose material present on the channel surface when the tests began.

A careful study of the data suggests the following as permissible
velocities of flow for channels, similar to those used in the experi-
ments, lined with long green Bermuda grass: Slopes up to and
including 10 percent, 8 feet per second; slopes over 10 and up to
20 percent, 7 feet per second. These velocities are recommended
only for channels free from sharp irregularities in cross section,
olinement, slope, or bed surface and having dense, uniform stands
of vegetation.

SIHIORT GREEN GRASS

Permissible veloeities of flow for channels lined with short
Bermuda grass differ according to whether the grass has just been
mowed atter being allowed to grow long or has been kept short by
repeated mowing.

Channel Bi-5, experiment 2, is an exampie of a waterway in
which the grass has been kept short. It withstood a flow of 8.7
feet per second with practically no erosion. The permissible
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velocity for a channel having a bed slope of 18 percent or less and
2 well-maintained lining in this state is at least 9 feet per second.

Channel B1-6 was mowed just before bheing tested. Scour at
high rates resulted from velocities between 5 and 6 feet per second.
These are rather low veloeity figures for this type of cover, but
it should be noted that the channel had a slope of 20 percent.
Velocity of flow for a smooth, regular channel of this type and
steepness having a dense, uniform ecover should not exceed 5 feet
per second. Channels with less than 10-perceni slope having
linings of Bermuda grass recently cut for the &rst time probably
can withstand flows of 8.5 feet per second.

LONG DORMANT GRASS

Two of the most complete failures oceurred in channels lined
with Bermuda grass that was dormant and long, However, these
channels were the steepest tested. During experiment 2 on chan-
nel B1-1, which had a 23.7-pereent slope, a high rate of soil loss
wasg agsociated with a velocity of only 5.7 feet per second. This
channel was somewhat irregular, For a very steep, rourh ehannel
lined with long dormant Bermuda grass the veloeity of flow should
probably be limited to 5 feet per second,

The channcl with 20-percent slope, B1-2, failed completely in
cxperiment 2 under a velocity of 9.3 feet per second after only 30
minutes of flow. The lower 20-foot portion of the channel was for
the most part washed bave of sod. Examination revealed that the
sod had never rooted to the subsoil, although it had been in place
214 years, The failure in this February test may have been due
in part to development of a plane of weakness at the base of the
sod layer through frost action.

Channel B1-3, with 10-percent slope, under long dormant Ber-
muda grass (experiment 2) withstood velocities of more than 8
feet per second without serious damage. Some holes appeared in
the channel bottom, but none of these were very larye,

Study of the data available suggests that the follow.ng velocities
of flow are permissible for relatively smooth channels lined with
long dormant Bermuda grass in excellent condition: Slopes of 10
percent and less, 8 feet per second; slopes of 10 fo 20 percent, 8
feet per second.

SIFORT DORMANT GRASS

Channels having dormant Bermuda grass linings that had been
kept cut, the B2-19 series, carried flows of velocities as great as
7.6 feet per second with negligible seour. 1t is believed that for
a channel having a good lining of this kind a velocity of 8 feet
per second is permissible.

The channel having a lining of dormant stubble, B2-7-3, was
subjected to velocities as high as 6.7 feet per second without
serious damage. However, study of this channel gave rise o the
opinion that 6.0 feet per second is the maximum velocity of flow
to which a recently cut dormant Bermuda grass lining should be
cxposed. This applies to smooth, regular ehannels having dense,
uniform covers and subjected only to flows of relatively short
duration.




44 TECHNICAL BULLETIN 967, U. . DEPT. OF AGRICULTURE

CENTIPEDE GRASS EXPERIMENTS

Centipede grass forms a heavy sod and is especiaily adapted to
the Guif Coast Region. It competes successfully with other vege-
tation, but its spread ean be checked by plowing. Therefore it
offers promise as a grass to be used for lining channels in localities
where farmers object to the vigorous spreading characteristies of
Bermuda grass. It is not generally recommended for pastures,
but offers promise for use where a turf is desired on drourhty
z0il of low fertility.

One channel was sprigged with centipede grass, and was tested
both when the grass was green and when it was dormant.

Experimental conditions and resulis for the ehannel lined with
centipede grass are presented in fable 5, and further informa-
tion regarding the experiment on this channel is summarized in
the following material in small type. The relation between n and
V 1?2 for long centipede prass is shown in figure 28,

.3

SYMBOL  EXPERMMERT
x 1,GRASS GREER
o 2,GRASS DORMANT
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Ficure 28.—Relation of Mauning’s » and ¥R for a channel (Bl-4} lined

with uncui centipede grass averaging G inehes in length 2nd 160 stems per

square foot, in contrast with that for channels lined with long green Bermuda

grass. Nominal dimensions of chaunel: Bed slope 10 percent, bottom width 1.5

feet, side stope 1.5:1, Vegsetation completely submerged by all flows, Value

plotted for experiment 2 is average for tests 2 to §, in all of which discharge
was approximutely the same.

Recony oF EXrERIMENTS
Cranxen Bl-4

Bed slope 10 percent, bottom width 1.5 feet, side slope 1.5:1, length 50 feet,
planted Aprvil 1938 by sprigging. Channel very uniform in eross section,
slope, and alinement.

Experiment {1, August 1938, grass green and wicnt—Grass, on average, i
inehes longr, 160 stems per squave foot (. 29). Soil sofl.

Equipment: 2-foot modified Parshall fume, point gages,
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During cach lest three men made water-surfaee measprements simul-
taneously nt three stations, each making two at the sume station. There wore
two t0-fool reaches,

Vegelation was submerged during all tests. Grass stems (lattened an
shingled veadily (fig. 30, A}, Water surface was rough for first test anel

Froyke 20 —Coentipede  grass channel Bl-4
before experiment 1.

beeame rougher as flow increased {fig. 30, £7) until it was extremely vough
for finul test. Some aeration along channel edpes.  Values of i approximate
those for lonyr green Bermwin grass,

Practicatly no eresion oceurred. A Fow small spots were eroded along ieft
cdyre of channel bottem. Vegetution remuined intact,

Erperiment 2, Pobruarg 1350, grass dermant and encnl—Grass, on aver-
e, G inches long, 160 stems per square foot,  Soil soft.

lquipment and observationa! techuique same as in experiment 1. Experi-
ment deviated From the prdinary in thal five tests of about the same discharga
and duration were conducted, one daily for five conscoutive days.

Vepetation was submerged during all tests, Water surface very rough.
Solf-aeration orcurred. Value of # practically constant for all five tests and
almost ideatieal with that for long dormant Bermuda grass at the same VR
vitlite,

Afler Lhe tests Lhe channel was still in very good condition. There were
about six hare spots along the lelt edge, averaging 4 inches hn dinmeter and
havinge o moaximum deplh of one-half inch,  In seven places the lining seemed
tn have thinned out. AL the end of the channel the grass had a frayed




LLGW 6F WATER TN CILANNE LS 37

-‘{';;‘ ¢3“‘kc‘.-:b

Pios se 300 Centipede ora o clatoee] BT L experiment 1200, View after Lot

RS UN YRR T R FIS B W




48 TECHNICAL BULLETIN 9067, C. 8. DEPT, OF AGRICULTURE

uppearance {fig. 31}. In the spring it was discovered that about 70 percent
of the gruss had been hilled. 1t is not known whether this was due to the
ux(,:ptr:unal]y cold weather of the 1939-40 winter or to the February tests or
to hoth.

Fioune 31—~Centipede grass channel Bl-4 at
completion of experiment 2.

Tlypeaviie Benaviow oF CENTIPEDE GRASS

Centipede grass resembles Bermuda grass in the physical prop-
erties having an important bearing on hydraulic behavior; it
forms a dense sod and a uniform cover, and the short uncut vege-
tation readily flattens to the channel surface under flow and
quickly straightens up apain when flow ceases. According to the
=V curves (fig. 28) the two grasses have a similar retarding
influence on flow of water. Until more data are available, those
obtained in this study tor Bermuda grass may be used as a guide
in estimating n for centipede grass.

Staninrry o & CianNyel Laxep wirit CENTIPEDE GRASS

Contipede grass appears to e a channel lining capabie of “tak-
ing considerable punishment” from fowing water and continuing
to afford protection. The denseness of the sod and the resilient
character of the stems result in high protective capacity.

Receause of its short growth, centipede grass is unlikely to be
mowed, _

It appears that an uncut green stand of centipede grass is
capable of taking a velocity of 9 feet per second and that the same
~tand when dormant can take a velocity of 8 feet per second. These
estimates apply only to excellent stands in uniform channels. hav-
ing slopes nol greater than 10 pereent, that are subjected to flows
nf short duratinn,
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DALLIS CRASS-CRABGRASS EXPERIMENT

Dallis grass is a long-lived perennial now gaining increasing
favor as a forage plant for both meadow and pasture. It has a
strong root system, and its branches grow 2 to 4 feet high. If its
seed is added to those of other grasses planted in a channel, the
resulting cover affords better protection against erosion. Dallis
grass occurs abundantly from North Carolina to Florida and west
to Arkansas and Texas. It is one of the best winter-pasture
grasges for heavy, moist black seils, because it remains green all
winter where severe frosts do not occur.

One experimental channel was sceded with Dallis grass. Only
a partial stand was obtained, and a considerable quantity of erab-
grass voluntecred. It was realized that the same thing was likely
to oceur in field channels, therefore the experiment was continued.

Experimental conditions and results for the channel lined with
[1allis grass and crabgrass are presented in table 6 and further
immformation regarding the experiment on this channel is sum-
marized in the following material in small type. The relation
hetween 1 and VR for ehannels lined with long green grass of
these two species is shown in figure 32.
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Fiarke 32--Relation of Maaning's p and T/ for a channel (B2-6) lined

with uncut green Dallis grass and erabgrasy aver aging 20 inches in lenglh

and 73 stems per H({Ll(ll(.‘ fout, Nominul dimensions of channel: Bed slope 6

percent, bottom width 2 feet, side slope 3:t,  Vegetation was compleiely
submerged by all flows.

Reconp op Fxrerivgsy
Cuasxen B2-o
Bed slope & percent, bottom widih 2 feet, side slope 3:1, lenpgth 50 fect.
Datlis prass planted by seeding in Mareh 1938, reseeded in May 1938 and twice
in June 1938, Sland 20 pereent Daullis grass, 80 percent cralyrass. Channel
Fairly uniform i slope and alinement,  The lell side was a little low, and

it wooden wall huad to he vu:-tvd alonge this stde 1o conlain the How for tests
3 oand &,
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Eeperiment 1, Octoher 1948, griss green and nienf.—Grags length uveraged
0 nches, varying from 10 to 48 ijnches. Density averaged 75 slems per
square foot. Soil frm to lvose {at sides),

Equipment: Sharp-crested weir, string and rod.

During each test a single observer made water-surface measurements at
four stiations, progressing downstream. There were three 10-foot reaches.

Vegctation was submerged and water surfuce was vough during ali tests.
Plot of u-VR relation (fig. 32) approximately parallels that of long yreen
Bermuda grass, but at a higher leve),

Although the long grass tended to hide the scoured areas by shingling over
them (fig, 533}, numerous holes and vills ranging in depth from 3 to b inches
were found. Little damage was observed until the ffth test.

Hypravric BEnavion oF Darus Grass axp CRABGRASS

Both Dalliz grass and crabgrass are flexible, hending and
flattening readily when subjected to water flow. The flow-retard-
ing influence of the long green lining tested was relatively high—
higher than that of a long Bermuda grass lining in a similar
channel, although the Bermuda pgrass lining was much more
tense, Probably the high retarding influence of the Dallis grass
and crabgrass was due in considerable degree to greater length
of stems. The high retardance coefficients were due in part to
roughness of the channel bottom resulting from the erosion that
iook place during the later tests.

STamLry oF Ao CeanNnNeL LiNep wrrH Dacnis Grass anp CRABGRASS

tn comparison with other linings, the Dallis gvass and crabygrass
afforded rather poor protection to the channel. They permitted
severe scour to occur at a flow velocity of 4.8 feet per second. -The
tests indicate that for a channel lined with a fair stand of long
grass of these species a flow velocity of approximately 31/ feet per
second is permissible. ;

KUDZL EXPERIMENTS

Kudzu is a deep-rooted, vigorous perennial leguminous plant,
introduced trom the Orient, that provides a dense cover of vines
and broad-leafed foliage during the growing season. It drops its
leaves after the first killing frost in the fall. The fallen leaves,
together with the vines, form a heavy layer of absorptive organic
material that reduces runoff and erosion during the winter. The
vines grow very rapidly during the spring and summer. Kudzu
makes hay of excellent quality, with a feeding value as high as
that of alfaifa, and can be depended upon to yield fairly well
each year, since it is not seriously affected by seasonal droughts
(1). It has been used suceesstully in large natural waterways of
slight slope where moderate reduction in cross section of waterway
is not objectionable.

Kudzu has been grown successfully on most of the soils found
in the Southeast, but is not well adapted to areas having poor
drainage, It has a wide climatic range, extending from Florida
to Maryland, but is best adapted to the middle and lower South,
where the growing season is long and annual rainfall refatively
high. 1t would be of little value where winter weather is severe
enough to kill all vines back to the original crowns each year.

An experimental channel lined with kudzu <was subjected to five
series of tests, at times when the kudzu was in various conditions.
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Gullies are sometimes controlled in the Southeast by planting
kudzu slong the edges and, after the vegotation becomes estab-
lished, plowing in the banks. Often, satisfactory waterways are
thus developed. The plowing is ustially done in the spring when
the new growth is just starting. It reduces the steepness of the
sides, and flls the bottom of the gully with soil and kudzu plants
with the result that the latter become established in the bottom
and help to stabilize the gully. Plowing is repeated for several
years until a wide and shallow cross section is achieved,

In an attempt to evaluate the effects of this practice on the
stability of the watberway, the sides of the experimental kudzu
channel were plowed in on April 1, 1941, when the new growth was
just beginning o bud. This operation changed the side slopes of
the ehannel from 1.5:1 t¢ approximately 2:1 and the bottom to
@ parabolic section. After the plowing, the channel was rolled.
At thig time the waterway was bare of cover except for a few
scattered, torn-up vines and roots.

Experimentual conditions and results for the channel lined with
kudzu are presented in table 7, and further information reparding
the experiments on this channel is summarized in the following
material in small type. 'The variation of Manning’s » with
hydraulic radius for the channel lined with kudzu is shown in
figure 34, and the relation of Munning’s # and ¥R for this channel
is shown in figure 35.
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TABLE T.—~Experimental conditions and results for channel B2-9, lined with kudzu

TRAPEZOIDAL SHAPE, BED SLOPE 3 PERCENT, BOTTOM WIDTH 4 FEET, SIDE SLOPE 1.5:1
1
Nomiinal -~ Coeflicients
dimensions . °
- . E b eldA
g o © 3 5 & 5 5 £ a
< £, S s o AR S 21zl g 1-1ls Blegy | © o
£ . 4 ] = .5 Z S i e S g > TR = = & Sl w5l¥oc o & -
85 g g2 = B S o5 g .2 138 =1 E2 LX) 2 =2| S&jEHe g 3 E
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vvvvv 1.511 14 Green. Long, ! { 1 | Nov. 4,1938] 119 | 4.52 | 0.925! 7301 0620 0867 701 6110131 6.31!0219 {0.145 0.574
first-season 2. |"Nov. B,1938{ 9.4% 5.12 1.85 T.63 671 95 1 100 61 040 12,79 1098 |- L0801 1.24
growth, 3| Nov. 9,1938 1137 5.63.| 2.43 | 7.89% 714 1.05] 70| 547 .03] 16:35; .0864| .0859 1 1.74
) 4 | Nov. 10,1838 } 19.5 6.73 | 290 | 839 .s03 1271 90} 52 05 1856 .0783 | .0618! 2.33
. 5| .iodo L 24.4 7.36  3.32 ] 8721 845 1.26| 75} 51% 011 20.34] 0716| .0578: 2.80
1.5:1 2{ Green. Long, 1 | Aug. 2,1939 [ 224 {-4.09 548 7041 581 82| -60 ) 74 .03 4.011 340-1 .21 318
second- s 21 Aug. 3,1939] °5.16 | 6.06 8521 '8.10'| -.750 1.08] e0f T2: 04| 542] 262 ¢ 178 639
season 3| Aug. 4,1939 {102 740 } 1.38 | 8.68] .B54 1250 60| 723 .03] 806} .180 ! .131 1.18
b growth. 47| Aug. 5,1939 |15.6 8.56 | 1.82 | 9.221 932 1400 60| 3§ .03] 10.064 .146 © an 1.50
: 51 Aug. 7,1939 [ 211 028 ] 2.28 | 9511 .976 1.50 60| 70:; .03} 1281} 116 - 08047 222
: 6.1 Aug. 8, 1939272 9.80 | 2.78 | 9.78 | 1.001 58] 65f 71i ... 1 14981 1019 0812% 2.7§
1.5:1 3 . Dormant, 1| Feb. 19,1940 -1.17 | 1.64 716 5.39 ]  .304 40| 40] 441 o1 me9| 159 ! L0923 218
" Heavy 2} 'Feb, 20,1940 | 2.8 | 238 .; 1.25 | 5871 .406 55] 39| 47! .08 11.05| .116 | .0756 508
mulch of 3 sovedol, .. .92 | 2.86 § 1.72 ! 6.24| .459 631 40| 471 .187 14.00] .0934] .0648 789
vines 4 | Feb. 21,1020 { 1020 | 362 | 2% [ 667 | 513 81 40| 461 .08% 2121 .0634] 0484 1.53
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FiGcure 35.—Relation of Manning’s n and VR for a channel {B2-9) lined with
kudzu when the lining was in four different conditions. Nominal dimensions
of channel: Bed slope 3 percent, bottom width 4 feet, side slope 1.5:1.

Frgune 36—Kudzu channel B2-9 in November 1938, % months after the plients

were seb out: A, Before testing; B, during test 1, experiment 1.
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Recore or EXPERIMENTS
Cnanyen B2-9

Bed slope 3 pereent, bottom width 4 feet, side slope 1.5:1, length 50 feet,
planted February 1938 by setting plants, Channel fairly uniform in cross
section, stope, and alinement.

Experiment {, November 1938, kudzi green wid witcnt.—The mass of
vegetation filled the channel (fig. 36, A}, The usual stund count counld not be
made. 1t was observed that, on an average, 10 vines cressed 1 square foot of
channet, and that five nodes per sguare foot had rected to the channei surface,
Seil firm.

Kquipment: 2-foot modified Parshall flume, string and rod.

During each fest u single observer made water-surface measurements at
five stations, progressing downstream. There were four 10-foot reaches.

Vepetation wus submerged in central portion of ehannel in all tests, but
upright vines and leaves hitled considerable portions of the cvess section of
the How {fige. 36, £). Water surface was fairvly rough for first test and
bogame rougher until during last test it was very rough, with some rather
large waves. Curve of n—Vi relation approximately paralieled that for long
green Bermuda grass, but at 4 much higher level, At compiction of experi-
ment, » wag still decreasing as depth and velocity of flow inereased.

Slight erosion oveurred, but channel remained in very good condition. Rates
of erosian were higher for fivst two tests than for later tesis with higher
flows, probably beeause of initial washing out of loose material.

Experiment 2, Aigust 1848, kndzu green and wnent—-Channel was filled
with a very dense growth of kudsu (fig. 37, A). Soil frm. ’

Beuipment same as in experiment 1,

During each test three men mzude water-gsurface measurements simul-
tancously at three stations, ench making two at the same station. There were
two 10-foot reaches.

Vegetation remained erect during {irst test, corapdetely hiding the water
curface. That in center of channel was submerged in second test, More of
the kudzu was submerged by succeeding flows, but in large corner arcas the
vegetation still extended above the water surface. In test 1 the water surface
was fairly smooth except for small ripples, in later tests it was rough.
Values of » were at a considerably higher level than in experiment 1, owing
Lo increased density of cover,

The vines and leaves were pushed to the edges of the channel or hroken
down in its center. There was but little scour of the channel bottom (he.
HY RN

Experiment 3, February 1940, kuday dormmant—Channel was covered by
n heavy mulch of vines and leaves (fig. 38). Soil firm, unfrozen,

Equipment: 2-foot modified Parshall flume, point gages.

During ench test three men made water-surface measurements simul-
Lancously at three stations, each making two at the same station. There were
two 10-foob reaches,

Flow was very rough and very irregulay in all tests (fig. 38}, Vepetation
tended Lo pile up in clumps and cause a_very irregular flow pattern. Flow
during test 6 was chacacterized by standing waves approximately 5% inches
high from trough to erest ab stations 12, 18.5, 23.5, 30.5, 37.0, 44.0, and 50.5
foot From head of ehannel, Duringr test 7, waves were not so high or so well
defined. Floating vegetation blocked out a considerable part of the water
cross section atong ehannel sides. Curve of »=VR relation considerably lowesr
than that for fong, green kudzu,

During early tests much of the loose mulch was wushed off channel bottom
and there was some scour in upper part of channel and some deposition in
iower part along edjres of flow. The higher flows produced some erosion and
loft no deposition, No severe failure cecurved, but channel bottom was left
in poor condition.

Erperiment 4, Angust and Septentber 1840, kudoe green und cut.—Cutting
of what appeared o be very dense growth revealed that there were very few
plunts growing on hottem but a good growth on sides of vhannel. A mass of
cut beaves and vines Ly en hottem and sidex of channel (fg. 39, A). Previous
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test~ Hwd Dot channel a Hode irvegular i ceoss seetion, Suil firn Tests
were ntide immedintely after culting,

Eguipment amd observation procedure same as in experiment 3.

Vepeluzion wis submel gl exeept ab ediges of channel {Hig 39, 0, Watler
~uiFoee rough for all test=,  During lower Hows, How pattern very irregular;
wiker seemed Lo wind s way between clumps of vegetation,  Higher fows
niore unifarm,

Vegetation was witshed off channel bottem, teaving it nearly bare {figr. B4,
¢ and D2y, Shuht seour oecurred over most of channel, and in o few places
there was erosion of groater depth.

Frat g 30, Koo chaneet B2 80 in Augnst aod Seplember 1040, expeviment
oot View ey entrine, befere fostinig s f view durimge test 35 (', view after
et b f v e et of Ywbrom at completion of Lesting,
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Duting eitch test three men made water-surface measurements simuls
tanecusly at three stations, each making two at the sume station. There were
two 10-feot reaches.

In test u, water surface was rough and Bow changed considerably, increas-
ing in depth and decreasing in width owing to scour. In b tests, scour in
upper reach deepened and narrowed flow during tesit 1. During test 2, flow
was extremely nonuniform owing tn variation in cover and scour development ;

Fioure 43.—Kutlzu channel B2-0 on April 18,
1Udl, after test a of experiment 5.

aceeleration took place to 235 foel Crom head of chanmel, & jump at 25 feet,
retardation st 25 to %7 foet, an overfall at 37 Ceet, and rough but uniform
How ab 47 to 50 feet. In ¢ tesis, during test 1 the flow exhibited the sume
churacteristics as during tost 2L, Water surface was rough, and vegetation
was submerged in center part of channel, During tests 2 and 3, flow was still
nenuniform but without such sharp breaks as in test 1. In test 4, water
surface wig rough and flow showed same nonuniformily as in test 1. In d
tisls, verctation was not submerged during test 1. Flow was hidden, In
second test {4, flow submerged the vines and was rough but uniform. The
three later flows wore rough bug faivly uniform.

During these testa, » values inereased as kudzu hecame reestablished.

ffect of test Mows on channel: T best i, channel was eroded considerably
(fig. 43). In test h, channel was seaured considerably in upper portion {(fiy.
40, 1) much ol the sediment was deposited in lower reaches of ehannel. In
tests o, stighl seour occwrred in upper end of channel (g, 41, B}, and some
deposition in lower end of witerway.  In wests d, practically no scour oecurred
Liig, 42, 12},

Flvoeac tie Benavior oF Koz

Kudzu has a considerable retarding influence on flow of water,
beeause its greal mass ol leaves and vines, which do not flatten so
readily as these of Bermuda or centipede grass, occupies a rela-
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tively large part of the cross section of the channel and greatly
disturbs the flow. The reduction in velocity thus effected results
in increase of depth of flow and decrease in channel capaeity.
With regard to scour, the reduction in velocity may be advan
tageous. It was observed that when subjected to flow the kudzu
vines tended to roll up inte large clumps, whieh acted as dams
and obstructions. These elumps ereate considerable disturbanee
in the deeper, switter flows.

in figure 34 the retardance coefficient is seen to vary strikingly
with age, condition, and treatment of the kudzu. The tests on tha
first-year growth yielded relatively high values of #. The next
year's tests yielded stilf higher values, explained by inereased
number of plants and by growth., The first-ycar growth in the
experimental channel was probably the equivalent of 2 years'
growth in a field waterway; the heavy planting rate and the
favorable growth conditions at the laberatory promeoted very
rapid establishment. In the second year, the stand achieved what
is thought to be probably maximum density for this plant.

When a channel lining of kudzu is dormant, dead leaves and
stems form a thick mulch on the channel surface (fig, 38) and the
bulk of vegetation in the channel is considerably less than when
the plants are green. Accordingly, retavdance of flow is much
lower. Cutting of the vegetation at this stage leaves the channel
with still less cover and results in the jowest u values.

Srasiesty oF A Crannel Lixep wrru Kubzu

Kudzu was found to have a much lower proteetive eapacity than
any of the grasses tested. This, however, does not preclude its
use as a lining for waterways; other characteristics such as rapid
vstublishment sometimes make it a desivable choice as a channel
lining, within the permissible range of flow veloeity. The pro-
tective value of kudzu seems to lie chiefly in its property of
reduecing veloeities of flow near the soil surface; it provides little
aetual protective cover for the surface of a channel.

A study of the tabulated scour rates and of the general appear-
ance of the channel after each test indicates the following veloci-

ties ax permissible tor the various conditions tested :
iive, heavy growth:

Fect por sccond

Unecud . PP .
Cur e . 3
Dorma«t, heavy growth, uncuf . 25

These velocities are classed as petmﬁ;mbie only 101 dcn e, uni-
form covers in channels free from sharp changes in grade, aline-
ment, or cross section. Under less faverable conditions, and also
on the lighter, more sandy soils, channels that are to be lined with
kudzu should be designed for lower velocities.

The tests on the dormant vegetation showed that a loose mulch
has very little capacity for protecting a channel against concen-
trated flows. Most of the heavy muleh of dead leaves, stems, and
vines that covered the channel surface was washed away by the
low first flow. 'Thereafter the only eover remaining was the
vines, bare of leaves, rooted to the channel bed. The vines then
had much less retarding influence on flow than when they were
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areen, and, beeause Lhey were separated by bare arens constituting
4 large percentage of the total surface ares, offered scant protec-
tion to the ehannel.

Errecr oF Prowing a Rupze-LiNen CuHANNEL

When the aliered channel B2-9 was first fested, on April 18,
1941, before growth of kudzu had started or the soil had settied
to any considerable degree, a test flow of 0.9 cubic foot per second
for 40 minutes scoured the channel badly (fig. 43). On May 15,
when the soil of the repaired channel had become somewhat
compacted and the vines had made considerable growth, the first
tiow of 0.9 cubic foot per second for 40 minutes caused scour (fig.
40, B} about half as severe as what occurved during test a. The
second and higher fHow had damaging results. On June 2 and 3,
when the vines covered about 99 percent of the channel area, the
standard test 1 resulted in no pereeptible gseour. After the three
ather ¢ tests, in which the flows ranged from 2.65 to 9.3 cubic feet
per second, testing was stopped because of high seour rates (fig,
41, BY. ©On June 24, about 12 weeks after the plowing, when a
cood growth of kudzu completely covered the channel, a discharge
of 23.4 cubie feet per sccond caused practically no scour {(fig.
42, B).

A plotting of retardance coeflicients against hydraulie radius
for all the tests of the plowing experiment appears in figure 44,
The increase of the coeflicient with time is readily apparent. As
Lhe growth of the vegetation progressed the retarding influence
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Ficrae 44.—Relation of Manaing's w and hydraulic vadiug ab various inlervals

after April 7, 11, for kndze channel B2-%, the sides of which were plowed

in on that dute, and for the same channel at carlicr times, The “before

plowing" curve represents estimites based on results of tests made when the

kudzu was dormant.  Values for fivst vear {7 mouths’ growth of uncut vines)
are probable maxima for that year,
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increased.  Also plotted in figure 50 are lines of equal discharge
rates.  These illugirate how a flow of given discharge necessarily
hecomes deeper it, through inerease of vegelal yrowth, retardance
Iy increased. A flow of 0.9 cubic foot per second, which had a
velocity of 2.5 feet per second 2 weeks after the plowing, v
slowed to 0.7 foot per second 9 weeks later. The corresponding
reduction in velocity of larger flows is not so great.

A study of the scour rates shows that the permissible velocities
inerease as cover increases.  In a bare, unsettled channel, such as
lhe experimental channel 2 weeks atter its sides were plowe(l in,
Lhe soil will be washed away by flows having velocities of 1 fool
[ser second or even less. For a channel lined with o good growth
of kudzu, such as this chunnel 12 weeks after the plowing, flow
velocities of at least 3.5 feet per second and probably 4.0 feet per
sceond are permissible,

From these studies it can be concluded that a channel lining of
lkudzu requires at least 8 weeks of growth after plowing to develon
adequate proteetive capacity. [t can Le seen, then, that to plow
a kudzu-lined ehannel completely is to take a risk. l'f a heavy flow
oceurs shortly alter the plowing, the channel is likely to be seri-
ously gullied. Howoever, if excessive runoll does not take place for
at least 2 months it may be expected that a good lining capable of
offering considerable protection to the channel will develop within
that time.  If a temporary diversion is provided, this safeguards
the channel while the reestablishment of kudzu is taking place.
IT the sides only are plowed in and the bottom is left undisturbed,
with capacity for ordinary volumes of runoff, the likelihood of
Failure is reducoed.

COMMON LESPEDEZY EXPERIMENTS

Common lespedeza is a slonder annual plant, with small leaflets,
that usuallv wrows prostrate except in dense stands. It begins to
grow late in spring, grows most rapidly in midsummer, seeds in
Inte summer or early fall, and is killed by the first severe freeze.
Its optimum range in the United States is the region lying south
of the Potomac and Qhio Rivers and including central and
southern Missouri and southeastern Kansas, It is widely used for
soil conservation, and proper attention te management and to
combining other crops with it is likely to lead to its being used
cven more widely in the future (6). It is probubly the most
widely useful and productive leguminous forage erop in the South
ehd makes excellent hay. Although perennial plants are usually
preferred for planting in waterways, common lespedeza is often
used for this purpose, particularly in meadow-type outlets.

An extensive series of experiments was made on common
lespedeza, including tests of uncut green vegetation, fall dead
stubble, spring dead stubble, and cut stubble.

Fxperimental conditions and resuits For the channels lined with
common lespedeza are presented in table 8, and further informa-
tion regarding the experiments on these channels is summarized
in the following material in small type. The relation between u
and VI for channels lined with common lespedeza is shown in
firure 45, Dimoensions and data on vegetal covers for the channels
represented in figure 45 ave wiven in tahle 9,

EROCH 'R R 1 -1




PaBLE -B.—Experimental conditions and results for channels lined acith common lespedeza
TRAPEZOIDAL SHAPE, BED SLOPE 6 PERCENT, BOTTOM WIDTH 2 FEET, SIDE SLOPE 3:1
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iauRe 45—Relstion of Manning’s n and VR for channels lined with common
lespedeza,  Data in euch instance are from c\pcnmcnt 1. Dimenstons and
vegetution daia for the channels vepresented ave given in table 9,

Recorn or Exespiaexes
Cranxer 32-2

Bed stope 6 percont, bottom width 2 feet, side siope 3:1, length 50 foul,
planied by seeding Day 17, 1937, and again June 12, 1087, Channel faivly
uniform in cress section, alinemaont, and cover., The nwht side was a little
low, and it was necessary to erect a wooden wall along thtr-; edge to contain
Lhe higher Hows within the channcel,

Faperinent 1, Novewber 1837, lespedeza mostly dead, wnent—Lespedeza
avernped probably 4 inches in height, 36 plants per sguare foot. Soil firm
for fivst three tests, Debween tests 3 and 4 the ground froze; during test 4 it
thawed out and became very soft and loose,

Hauipment: Sharp-crested weir, string and rod.

Tavis S—Dimensions und vegetul-lining conditions of lespedeze chawnels
From which the data represented by e w,=ViR curves in
Frure 45 were obtained

Negainnl dimenslans Stund connt
Time
Chinnel I of axpui- "‘nlumu.”:'m."
fted Ballom Side | ImentoDogpegehy [ 20E SR
slope wildth slupe
Prrcent Feet fuches Nreuher
leiniag green and ppeuk: !
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B2 o, . b1 : 2 dus ; do. . 4 i 17
Lininy u!e:nl. unent; : :
ni-2 S e e 6 H S Nov, Lo 4 i
wE e 1 2 Vertieal 1.\inr. v 1¢ A1
Eindige soreen, vt .
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VOnly e stems reninined,
I Dengily o,
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Crnanyen B2-15C

Bed slope 8 percent, bottom width 2 feet, sides vertical (sheel-metal wally
used}, length 50 feet, stand maintained by natural reseeding,

Experiment I, Mureh 1840, legpedeza dead and uncnt.—Lespedeza averaged
10 inches in length, 43 plants per squure foot {fig. 49, A). Soil firm,

Equipment: For measuring inflow, 1-foot H-flume in tests 1-3, 2-foot II-
flume in other tests; for measuring cutflow, weighing tank in tests 1-4 1-fool
H-flume in test 5; point gapes.

Three men made water-surfuce measurements simultancously at three
stations, making one set for eich of tests 1-6, two sets for each other test.
Observers did not rotate positions for second meusturements, There were
two 10-foot reaches,

Submergence of vegetation did not begin until test 4. During test 6,
vepgetation still projected above half of water-surface area. High initial »
was probably due to influence of mulch on flow only 0.05 foot deep. During
tests 2-5 » remained practically constant, indicating no change in position of
tlead stems and leaves as depth of flow inercased. Hydraulic behavior during
tests G and 7 was influenced by rapid secour rate and actual washing out of
portions of cover.

Little or no seour oceurred during tests 1-4, A little erosion took place
during test 5. In test § about a third of the cover was svashed out and
(.‘l;l].‘-ii(fﬂl'(lhle erosion took place. Channel falled completely in test 7 (fig.
40, B).

Iicure 49.—TLespedeza channel B2-15C, with sheet-metdl gside walls, {(A)
before testing and (£) after completion of testing.

Ciiaxxen B2-15B

Channel deseription same ag that of channel B2-15G.
Eeperiment 1, Juwe 1RO, lespedeze green id wnen! —Lespedeza, on
average, 4% inches high, 290 plants per square foot {fig, 50, 4). Soil fum.

Equipment: 2-foot H-flume, point pages.
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TABLE 10.—Experimental conditions and results for channels lined. with sericea lespedeza
TRAPEZOIDAL SHAPE, BED SLOPE ¢ PERCENT, BOTTOM WIDTH 2 FEET, SIDE SLOPE 3:1
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in channels of 3-percent slope the retardance coeflicients were
0.028 and 0.0530. For shallower flows the difterence was much
sreater.

Cutting a good stand of green lespedeza to 2-inch length, so
that only bare stems remained, in channel B2-15A lowered the
eturdance coeflicient for flows deeper than 0.5 foot on a 3-percent
slope to less than 0.025. Fairly high u values were obiained for
good stands that were green and uncut (fig. 48). The w-VI
curve established for long green Bermuda grass (fig, 12, C) lies
between these for lespedeza and approximates their shape.

Results of the tests made on the stubble that remained after
cutting of the vegetation in channel B2-156A are rather surprising.
Although there was not much cover on the channel surface to
protect it from erosion, a flow veloeity of more than 7 feet per
second eaused very little damage. The low scour rate was prob-
ably due to the very firm condition of the channel bed. In view of
the results obiained on the other channels it is believed that the
permissible velocity for this type of lining is not greater than 4.5
feet per sccond.

"The permissible-velocity figures suggested apply only to ehan-
nels of uniform alinement, slope, and cross section that have good
stands of vegetation and are subject to flows of short duration.
For channels not meuting this description, permissible velocities
are iowetr.

Comparison of the cxperimental vesults for the two channels
lined with uneut dead lespedeza is difficult because the channels
differed in shape and slope and the range of VR values was not
the same lor both. The difference in results evident in figure 45
may be attributed to actual vemoval of vegetation from channel
R2-150. The final test flow caused complete failure (fig. 49, ).

Sramniry oF A CHANYER Lainep wrrs CondoN Lespeneza

The seowur rates obtained in the tests on lespedeza linings ve-
venled that an uncut green lining gives a waterway fairly good
protection. Channels B2-5 and B2-158 both withstood a veloeity
of more than 5 [eet per second without appreciable damage. The
permissible velocity of flow when the vepetation is in this condi-
tion is about 5.5 feet per second,

Results of the tosts made on channel B2-15C in the spring show
{hat 2 lining of dead lespedeza stubble gives a channel practically
no protection. The permissible veloeity for a lining in this condi-
tion is approxmately 1 foot per second. In the fall, however, the
protective capacity of the dead stubble is much greater. The
resalts of the tests on channel B2-2 indicate that the permissible
velocity for fall-dead stubble may be as high as 3.5 feet per
second. The cxcessively high scour rate during test 4 on thiy
channel resulted from a heavy frost that occurred the night before.
When the water was dischargred down the channel in the moraing
the surface soil thawed out and was quickly croded from the
channel bed.

SERICEA LESPEDEZA EXPERIMENTS

Sericea lespedeza is a deep-rooted percnnial legume. Plants

grown from broadeast sced may attain heights of 12 to 18 inches
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Lhe first year it weather conditions are favorable, and in the seconsd
year usually develop into w dense, well-branched stand having a
height of from 2 to 5 leet, according to moisture and soil condi-
Lions. Sericea lespedeza is valuable as a pasture and hay crop.
Spring growth ig rapid, and if the herbage is cut early it makes
excellent hay. In the soil conservation program sericea has been
Tound very useful for the region to which it is adapted (7). It has
bern employed extensively for lining waterways of the meadow
type. So far as present knowledge goes, the plant appears to be
adapted to the territory from perhaps 100 miles north of the
Ohio River to the Gulf of Mexico and from the Atlantic coast to
central Kansas and Oklahoma.

Because of its importance, sericea lespedeza was subjected to
an extensive serics of tests in growth conditions including long
dormant, stubble, uneut green, freshly cut green, and preen with
some growth since cutting.

Experimental conditions and results for the channels lined with
sericea lespedeza arve presented in table 10, and further informa-
tion regarding the experiments on these channels is summarized
in the following material in small type. The relation between i
and VE for leng and short green and short dormant sericea
lespedeza is shown in figure 51, A, and that for long dormant seri-
rea lespedeza in figure 31, 8. Dimensions and vegetal-lining condi-
Lions of the channels represented in figure 58 are riven in table 11,

Tanle VL-—Bimensions wad vegetad-lining eomditions of chunnels ted with
sericen fespedesi from which e deta represented by the wa—VER
cwrvvs M figire 51 were oblained

I Nomina! dimensions ) Stand count
[ining vondibiun aned channet ’
Itenl Hutiien Sitly Hisdizht  Stemis per
#liypne wulih slope siitnre fout
— —- ; . o
oo fraon? Fard I dnehes Npmber
Verolilen b bl grrecns i
132 i : 3 2 t\eprienl | . a9 £0
K2 ; 4 9 [L I 16 1345
Yeretalion lnng amd doomant: !
Kz 1 6 2 st : 14 14
IERRNIN k] 2 Vertieal 17 L1
Vewrlation shart and wreon:
L] . i G R [ 4]
TENAY ! 3 2 Vertfeal 2 17y
Veretnt-on shoet and deemant ¢ :
K toge 3 2 o 1 1]

T Na taunt, Stamld ddeseribeld as wool, weedy,
Mo ennl, Bt cnbo st before teala sfes i o very ool
SUnbtine an precedmge fall kol eft oaly <14F alantks.

Rrcoun or FxprgivesTs
Cuaxag, Ba-1

Red slope G pervent. bottom widil 2 feet, side slope %11, length 50 foet,
Manoted May 17, 1957, by seeding, Channel faivly uniform in eross scetion,
slope, and alinement.  The right =ide was o Hitle low, and o wood side wall
wis erected along it fo confine the higher flows to the channel.

Erpeciwmegt 1 Deeewler 1007, regelittion ducnad oood wpnent.—-Serivea
lespedezit, on average, probably 18 inches high, 13 plants per square Toot,
Hoil rfairly fivn
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fguipment: Sharp-crested weir, string sod rad,

During eneh test a single observer muade water-surlace messarements 2t
fuur stalions, progeessing downstream.  There swere three L0-Toot rerches,

Mest of vegetativn remained erect Tor first two fests (g, 52}, No record
avaifuble of vegetation’s behavior in tests 4 and 4; it s believed that only
vegelation in center portion of channel was submerged.  Water surface very
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e 51.---Relation of dianning’s » und TR for channels lined with (A4)

long green, shorl green, and short dormant sericea lespedera el {(8) long

dormant sovicen lospodeza.  Vegelation in channel 2-1 remained erect during
tosts 1 and 2 for the other teslts, no record is available,
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rough for all tests. The facl that values of # were unusoally low even for
first two tests can be attributed to sparseness of cover., Value of » did not
decrense mueh when submergence inéreased, srobably beczuse of increase of
bed roughness by scour,

Considerable seour oceurred.

CHaxxer B2

Bed slope 6 percent, bottom width 2 fect, side slope 8:1, length 50 fect,
planted May 17, 1837, by sceding. Channel fairly regular in cross sectinn,
siope, and alinement. The left side was low, and a wood side wall was erected
along it to confine the higher flows to the channel,

Experiment 1, October 1828, vegeindion green and cnt.—Cutting, 2 months
hefore testing, had reduced height of sericea lespedeza to about & inches.
Some new growth had taken pluace, bub vegetation was still velatively short.
No stand count made; uncut sland described as good, Soil firm.

Equipment: Sharp-crested weir, string and rod.

During each test » single observer made water-surface measuremencs sl
Four stutions, progressing downstream. There were three 10-foot reaches.

Vegetation was submerged during all tests, Water surface very rougrh,
Bome stalks stood up against flow and caused splushes 6 inches high.

Some scour took place. A fairly large number of holes in Lhe channel
boltom were more than 3 inches deep (fig. 53).

Cnaxyen B2-10C
Bed slope 3 percent, bottom width 2 reet, sides vertical (sheet-mela] side
witlls used), length 50 feet, planted May 1939 by seeding,  Channel very
regular in eross section, slope, and alinement.

Fietvrr 52.- -Serieen lespedeza ehannel B2-1 during test 2.
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Expeviment I, April 1351, vegelation dormant and cul—Cutting, in pre-
ceding Fall, had left only stiff stalks about 1 inch high. Average density 50
stems per square foot. Seil slightly disturbed where metal walls had been
crected u few weeks before tests. Channel bed covered with Fairly thick muleh
of dead leaves and stem {fig. 54, 4.

Frouae a3.-—Sericea lespedeza channel B2-4
after completion of testing,

Fguipmenl: 2-foot H-llume, point gages.

During each lest three moen made wafer-surfuce measurements simul-
Limeously at three stations, each man muking one at each station. Therc
were two 10-[oot reaches.

Vepotullon was submerged during all tests, Water surface rough during
all tests,

Loose mulch on channel bed was washed out during beginning of low first
llow, Channel was eroded very uniformiy over entire length, Numerous
heles, ene-half to 1 inch deep and 3 to ¢ inches in diameter, scoured at intervals
of G to 1B inches over entive channel botiom, giving bottom a rough, pitied
appearance.  Most roots cxposed fo depth of 1 to 2 inches. Scour slightly
greater near side walls, owing to disturbance of soil by installation, Very
Iittle or ho material deposited in channel {Ag, 51, £2).

Citaxxen B2-108

Channel deseription same as thot of channel B2-10C.

Faperiment 1, June 1851, vegetabion green wud wnent.—Stems, on averago,
24 inches long, and not yvet woody (fig, 53, /1), Density 80 stems per snuare
foot. Sheeb-metal side walls had not affected plants, having heen ervected
aboul 2 weeks hefore tests, Soil slightly disturbed wherve walls had been
installed,

Eoauipment: 2-fuot [{-llume, point gages,

Purving each test three men made water-surface measwremeants simuols
{nneously at three staliens, cach man making one ot each station. There weore
twi Ifoof reaches.
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1M we 55, Sericow lespedeza ehannet B2-100 (A)
Lefore testing and {87} during Lest 3.
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Slemy remuined crect during Cest 15 beni slightly duving Lest 2: bent
further, and 4 third of them hecame submerged, during test 8 (lig, 55, #).
All but a few were submerpged during test 1, and all were submerged daving
test 5. Water surface rough. Value of » was lower for Lest 1 than for lest 2
beeause folinge did not occur in abundance on stems to height of ubout 0,15
Toct nbove ground line. At completion of tests, value of » was still decriensing
rupdly as depth and velocity of flow increased,

Seour was almost Impereeptible,. Even some dead leaves and other muleh
remained in place on bed, Some scoured material was deposited on down-

stream side of stems,
Cirannsr B2-14C

Bed slope 3 pereent, bottom width 2 fuet, sides verticn! {shest-metal side
wulls used), length 50 feet, planted May 1439 by seeding. Channel YOry 1egi-
lar in eross section, slope, and alinement,

Exporiment 1, March 10,0, wegetntion dorntent and  uneit—Sericon
lespedeza on averape 17 inches high, 88 plants per square foot {fig. BG, A).
Soil surface covered by layer of dead lenves, Soil firm.

Eyquipment: For measuring jnflow, 1-foot H-flume in tests 1. 3, 2-foot
Il-flume in other tests; for measuring outflow, weighing Lank in tests 1-4,
1-foot H-Mlume in test 5; point gages,

Three men made water-surface measurements simultaneously at three
stations, muking one set for ench of tests 1-6 and making two for cach of
the remuining tests without rvetating positions. There were two 10-Fool
reaches,

In tests 1-3, flow was practically hidden by muleh in channel. The loose
materinl was washed out by succceding tests, until at the completion of tost
8 it wus gone. Submergence of vogotution started during test 7 (fg. 56, &),
and wus complete during fest 10, Water surface was (airly smoolh uutil

Figure 56.—Sericea lespedrzn channel B2-14C (A) Lefore Lesting amd (£

during test 7.
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tost 7. In this and later tests the surface became more and more roagh until
it was very rough in test 11. A high initiul value of s resulted from
resistance of the layer of dead leaves to a flow 0.07 foot deep. Retardance
vemained practically constant during flows 2-6, and no marked change in %
oceurrved until depth and velocity of #ow became great enocugh to effect
considerable bending and submergence.

Slight seour cceurved in final test, practieally none in earlier tests. All
loose muleh was washed out, and a few stalks were broken off,

CuanncL B2-14B

Channel deseription same as that of channel B2-14C.

Experiment 1, June 1940, vegetation green and uncut~—Sericea lespedeza,
on average, 16 inches high, 135 plants per squarve foot, Soil frm.

Equipment: 2-foot H-flume, point gages.

During esch test three men inade water-surface measurements simul-
taneously at three stations, euch making two at the same station, There were
tweo 10-foot veaches.

In test 1 vepetation bent slightly but remained above waber surface; in
test 2 it bent farther and a few stems became submerged (fig. 57, A}, In
test 3 all but 10 percent of the stalks were beneath the water surface. In
test 4 all vegetabion was submerged and the flow was decidedly rough, High
level of  values in agreement with those for other channels having simitar
linings. At completion of experiment values of » were still decreasing vapidly
as depth and velocity increased.

Practically no scour took place {8, 57, B}, After the festing, the vegeta-
tion rapidly recovered its upright position (fig. 58}.

Cranner B2-14A

Channel description same as that of chaonel B2-14C.

Fuperiment !, Qetober 1940, vegetation green and recenily cul.—Bericea
lespedeza averaged probably 2 inches in height (8. 59). No stand count
made; uncet stand desceribed as very good. Soil firm.

Equipment: 2-foot H-flume, point gages.

During each test thrvee men made water-surface messuremenis simul-
tanecusly at three stations, each making two at the same station, Theie
were two 10-foot resches, -

Vegetation was submerped except for a few stems during tests 1 and 2,
ane was completely submerged during other tests. Water surface rough.

Very little erpsion occurred,

Hyonaviic BEnavior oF SERICEA LESrepeza

The retarding influence of sericea lespedeza on water flow varies
widely according to season, length, density, age, and maintenance.
The magnitude of the variation is illustrated by figure 60, which
presents results from channels identical in cross-sectional shape
2nd slope and having good linings that were closely similar. lLong
woady stalks, not tested, would cause even greater refardance.

The stems of tall green serices not vet in a woody condition are
relatively large in diameter but sufficiently pliant to bend when
subjected to flows of the depths and velocities common in field
waterways. Figure 51, presenting %-VE relations, includes data
on the behavior of long green sericea as the value of VR increased.
When VR reached a value of about 0.3, bending started, At VR
— 0.9, submergence was well advanced. The bending and flatten-
ing presumably continued somewhat beyond VR = 4.0, as % had
not begun at that point to approach a constant value, For long
green Bermuda grass, # had reached a constant value when VR
equaled 4. In comparison with = values for Bermuda grass those
tor sericea lespedeza at given values of VR are considerably
higher. At VR = 1.0, the = value for the lespedeza is more than
{wice as great as that for Bermuda grass.
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Fuicer 7. Sericed lespedeza channed D20 0H G daving lest 2 a0
al completion af testing.
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Freesy 58, - Rericoa jespedeza channeg! B2-14B {d) 24 hours
and (£ days after being subjeeted Loy a servies of five 40-
minute test flows,
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The n-VR relation for two channels lined with long dormant
sericea lespedeza is presented in figure 51, B. The retardance
coefficients reflect the wide difference in vegetation density that
existed between these channels. Channe! B2-14C had a good
stand that when green would be comparable to those of channels
B2-10B and B2-14B. At the same VE value the dormant plants,

Fiqure 55 —S8ericea lespedeza channel B2-1 1A,
View of channel bottom befove testing.

devoid of folinge, offered about 50 percent less resistance to flow.
However, owing to the stiffness of the stalks and their resistance
lo bending the retardance coefficients were maintained at a high
level until VR was 0.3.

When sericea lespedeza was cut short all that remained of it was
stiff stalks that offered low resistance not greatly different from
that of cut common lespedeza. Short Bermuda grass causes
greater flow retardance at a given VR value less than 2.5 than
short sericea lespedeza, because it covers the ground more com-
pletely.

StasiLitY oF & CianyeL Laxep witu Sericesa LESPEDEZA

Sericea lespedeza in a woody state permitted considerable scour.
The turbulence set up around each stiff stem scoured the soil at
the base of the stem. This was noticed both in the tests on chan-
nel B2-1 and in those on channel B2-4. The scour rates werc
somewhat higher in channel B2-1, where the lining was in a
dermant state, From these experiments it appears that the
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permissible velocity of flow for a channel having a dormant uncut
lining is approximately 2.5 feet per second and that for a channel
having a woody green lining i{s approximately 8 feet per second.

The tests on the fwo channels having green uncut linings (B2-
10B and B2-14B) caused no appreciable scour. The retardance
coeflicients were so high that the capacity of each channel was
exceeded before scouring velocities were produced. It is believed
that the protective capacity of green sericea lespedeza exceeds
that of green annual lespedeza. Accordingly, until more infor-
mation is availuble it is recommended that the permissible velacity
for a channel having a green uncut lining of this species not yet
in the woody stage be set not lower than 5.5 feet per second.

Tests of rectangular channels showed 3 feet per second to be
the maximum permissible velocity of flow for channels tined with
dormant vegetation, either short or long, The test of channel
B2-14A when the lining was green and short caused very littls
scour cven though the flow reached a velocity of 6.4 feet per
second. The soil in the bottom of the c¢hannel was hard during
these tests. If the soil had been less firm, erosion certainly would
have taken place. It is believed that 3.5 teet per second is a per-
missible velocity for a lining in this condition.

Results of the experiments on sericea lespedeza indicate that
in the green pliant stage this plant is an excellent cover for chan-
nels. Becau o of the scour produced when the vegetation is in
the woody state, it seems desirvable to cut it before it reaches that
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state, This recommendation concurs with the usual practice of
cutling sericea lexpedeza for hay belore it becomes woody.
SUDAN GRASS EXPERIMENT

Sudan grass is 2 rapidly growing annual very widely used in
the United States (£7). It is particularly adapted for lining
waterways where the flow cannot be diverted and a rapidly estab-
lished cover is needed for temporary protection until perennial
grasses can beeome established. When seeded broadeast it prows
2 to b feet high and has stems about %w inch in diameter. [t is
one of the most productive and palatable of all annual pasture
grasses for summer grazing, It is primarily a hay grass, its feed-
ing value being equal to that of millet, timothy, Johnson grass,
aund other nonleguminous roughage species.

Experimental eonditions and resuits for the channel lined with
Sudan grass are presenfed in table 12, and further information
regarding the experiment on this channel is heve summarized.

Rzcown orF Exrenniest
Cuaxnyen B2.-3

Bed slope G percent, botlom width 2 feet; side slope 3:1, length 50 feet,
planted by seeding May 17, 1937, and apain June 12, 1937, Channel fairly
uniform in cross section, slope, and alinement,

Feperiment 1, November 1947, grass mostly deed and nnen! —Length of
stems was 2 to d feet, density 20 plants per square foot. Soil firm.

Bnuipment: Sharp-erested weir, string and rod.

Tests were run in order of decreasing flow magnitude. During each test
a single ohgerver made water-surface measuremenls at four stations, pro-
grousing downstream, There were three 10-fool reaches.

Vegetation was submerged during all tests.  Water surfoce rough {fig. 61),

Friiirs 81 —S8udan grass channel B2-3.
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TABLE 12.——Euxperinental couditions and results for channel B2-3, lined with long dead Sudun grass
TRAPEZOIDAL SHAPE, BED SLOPE ¢ PERCENT, BOTTOM WIDTH 2 FEET, SIDE SLOPE 3:1
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The fuct that o increased for the final {lowest) fAow iz probably due chielly
to an increase in bed roughness by scour rather than to a decrease in depth
ani velecity.

Consitlerable erosion took place but did not damage the c¢hannel to the
extent of complete failure.

HryoravLic Beuavior oF Supan Grass
The stems of the Sudan grass were not woody, and they readily
bent over and shingled under the force of the fowing water, which
was not extremely turbulent, The values of Manning's retardance
coeflicient obtained in this experiment, with its relatively narrow
range of depths, do not vary yreatly from 0.045, If the tests had
been run in order of increasing magnitude, as in all other experi-
ments in this study, it is believed that retardation of flow at the

lower stages would have been greater than it was,

S'I'.-\BILI’I‘Y OF A CII.—\NL\'EL Lixen wirinn SUIL\N GR;\SS

The results of the experiment on Sudan grass indicate that a
good stand of this grass growing on Cecil sandy loam in a channel
of moderate slope may endure a velocity of 4 feet per second when
full-grown and green. This velocity is believed to be too great
for a Sudan grass lining that is young or that is grown on light
sandy soil.

GRASS-MIXTURE EXPERIMENTS

For outlets that are to be grazed, a mixture of plant species
is sometimes desirable (20). In addition to providing better
pasture, a mixture may give better service as a channel lining.
It the plants differ as to periods of flush growth and dormancy,
hetter year-around protectien is likely to result. Tests were con-
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TABLE 13.—FExperimental conditions and results for channels lined awith a grass mixture
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ducted on a mixture of orchard grass, rediop, Ialian ryegrass,
and common lespedeza.

Experimental conditions and results for the channels lined with
this grass mixture are presented in {able 13, and further infor.
mation regarding experiments on these channels is summarized in
the following material in small type. The relation between n and
VR for ehannels lined with this mixture is shown in figure 62.
Test conditions for the channels represented in figure 62 are
indicated in table 14,

TasLe M~~Time of testgy and vegetal-liniey conditions of channels lined
with grasg mivtare from which the date vepresented by the n.—VE curves
in figure 62 were oblained

four, Ve
Tlme of Veuxetul vover

Chasinel \ tout D © e rmm— Remnrks
!Il.‘u;hl, Qunlity
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nB-12y B 172 T 4 Falp ... .00 Qover “climpy'™ s soll
; W opereent heow,
2000 L. ! I G Gowl ...... ... Cover fairly wnifarn,
2120 P £ 17,71 . e A4 Fade . L. Cal previeus Sl
g dnld . Mureir ... 4 do . . | 3,
MZ~1G4 . oo Oetslber 0 L., i b de .o CGut Just before lesls.

Recorn oF EXPERIMENTS
Cuaxygn B3-12C

Bed slope 3 percent, bottom width 2 feet, sides vertical (sheet-metal side
walls used), length 50 feut, planted day 19309 by seeding. Channel very
uniform in eross section, slope, and almcment

FEaperiment 1, Aprit 1952, grosses varying in eondition, ent preceding fall,
—New growkh of grass averaged 43 inches in length, There were about 6
plants per squnre fool and ahout 10 grass blades per plant. About half the
cover was small itallan ryegrass plants; the other half was redtop and
orchard grass {fig, 03, A}, A light growth of ground moss covered 10 per-
cent of the channel hottom, Seil firm.

Equipment: 2-foot H-flume, point gapes.

Puring cach test three men made water-surface measurements simuliane-
ously at thvee stations, each man making one atb each stafion. There were
two 10-feolb reaches.

Vegrelation was submerged, except for a few stoms, during tests 1 and 2.
Water sarfuce vough duving all tests, Values of » in agreement with those
for other channels having similar lining*; of grass mixtures Lhat wore lested
it spring and fall,

No crosion was apparenl on mea's covered by ground moss, and littie
serioug seour cisewhere (Bg. 63, [7 and C). Surface of channel was washed
ciran of lnose muleh, and fine motc. were exposed in a few small areas, Many
gmall deposits of coarse sand were lovated at downstream side of lavger
elumps of vegetation, Very little increase in erosion near side walls,

CHANNEL B2-12B

Channel description sume as that of channel B2-12C,

Bxporiment 1, Juwe 1841, grasses varying in condition, wncit~-Orchard
rrass and redtop were the only prasses evident, and they were green; Italian
ryegrass was dead or dermant {fig. G4, A). Bfems were 25 inches long, the
masg of biades § inches long, About 3 plants per square foot, and abeout 2
stems and 20 biades to each plant. At least 30 percent of area was bare of
cover. Boil firm and cumpact, but not hard,

Fquipment: 2-foot H-Hume, point gages.

During each test Lhree men made waler-surface measurements simultane-
ously ni three stations, cuch man making one at cach station. There were twn
tn-faot reaches,
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Grass bludes were not complelely submorged until tost 3 and stems were
not sulsnerged until fest 4. Water surfaee vough {fig. 64, 8}, Level of %
values, high for u rather Lhin cover, is due largely to nonuniform and clumpy
nature of cover.

Practically no change in channel bed resulted from tests,

Cuanner B2-16C

Channe! description same as that of channel B2-120, .

Euxpervimenl 1, Mlareh 1940, grasses varging in condition, cul preceding fail.
—Hedtop and orchard grass were dormant, ryegrass green; dead plants but
no seedlings of laspedezn present (Rg. G5).  No appreciable growth sineo
cutting. Stems averaged about 4 inches in length, Average number of plants
per square fool: Rycegrass, 9; redtop, 17 orchard grass, & dead lespedeza, 3.
Average number of stems or leaves per gruss plant appreximately 8. Seil
firm,

Bquipment: For measuring inflow, 3-foot H-flume in tosty 1-3, 2.foot

Fiaune 63.—Grass-mixture channel BR-12¢: A, Close-up view of channel

hottom befor: Lesting; £, genural view of channol at comipletion of testing;

(', ¢lose-up view, at completion of testing, of aren having least cover and
showing greatest erosion,
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H-flume in ather tesls; for moasuring outllow, weighing tank in tests 14,
1-fonl J-flume in test B3 point gages,

Phree men made wiler-surfuce messurements simultancously at Lhree sta-
tions, each man making one for ench of tests I-G and Lwo, al the same
station, for each of the other tests, There were two 10-foob reaches.

No vegelation sumerged during tost 1. Submergence begun in test 2 and
inereased with discharge until during test 7 it was complete, Water surfuce
wag fairly smooth during test 1 but gradually roughened us discharge
inerensed until it was decidedly rouph during final test, Values of » in_agrec-
ment wilth those for other channels having similar linings of grass mixtures
that were tested in spring and fall.

There was no erosion durving tests 1-8; durving laicr tests very siight seour
oceurred,

Cuanxrl B2-16B

Channel deseription same as that of channel B2-12C,

Experiment !, June 1040, grasses varging v condition, et —0Orehaed
rusy, redtop, and lespedeza were green, itallan vyegrass had alreudy seeded
and turned brown; grasses averaged about 7 inches in length, lespedeza about
314 inches (fig. 66, A). TPlants per square foot: Orchard grass or vedtop, 3;
Italiun vyeprass, 5; lespedeza, 82, Soil firm,

Beuipment: 2-foot H-flume, point guaes,

During each lest three men mude waler-surface measurements simultane-
nusly ut three stations, each making two at the same station. There were
two 10-foof renchos,

Duringe test 1 ull the lespedezn was submerged but aboul 30 percent of the
prass remained above water; during test 2 a few grass stems remained above
water: during later Hews, vogetation was completely submerged. Water sur-
Tace rough during all tests, becoming rougher us flow increased. High level of
3 values due to faet that common lespedeza cover was Lairly dense and uniform
and to effeet of sealtered clumps of orchard grass and redtop.

Practically no scour took place {(fig. 66, 11).

CnanneL B2-16A

Channel deseription same as that of channel B2-120.

Experiment 1, Oclober 1840, grasses wrying in eondition, out—Orchard
rrass and redtop green; some lespedezan green, some dead: ryegrass dormant.,
Girass length 4 to 6 inches. No record of stand count; photographs indicate
fair density (fig, 67}, Seil firm.

FIcune §4.—Grass-mixture channel B2-12B {A) just hefore testing and (7)
during test 3.
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Equipment: 2-fuot H-flume, point
Eages.

During each fest three men made
water-surface meusurements simul-
tuneously at three stations, cach
making two at the same station,
Thove were two 10-foot reaches,

Vegetution, except for a few
elumps, was  submerged  duving
tests 1 and 2. Water surface was
rourh; it appeaved to be less rough
during test 4 than during test 3,
but increased in voughness in tests
b and 6, Values of » in aprecment
with those for similar channels
lined with the prass mixture that
were tested in spring and Eall,

Channe! hottom remained praeti-
cally unchanged,

Hypravrnic Brnavior or
Grass Mixrune
Of the grasses used in mix-
Fioung (6.—Gvass-mixture channel ture to line channels B2-12
B2-16C before testing. and B2-16, both the orchard
grass and the reditop tend to
grow in heavy clumps. A lining of these two grasses without
other grasses or vegetation between them tends to cause rather
rough and irregular flow. However, when depth of flow is great
enough to submerge the plants and stems of the grasses completely
these irregularities are to some extent drowned out, When other
vegetation is growing between the clumps, making the cover more
uniform, more satisfactory hydrautic behavior results,

Pioure G.—CGrass-mixture channel B2-168 (A) Lefore tosting amd (42

alter test 4,

LU R
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The velation of » and V! for the two series of grass-mixture
channels, B2-12 and B2-16, which had similar bed slope and cross-
sectional shape, varies considerably with season and height of

FigeRl G7.—Crass-mixture channegl B2-184A,
hefore testing.

crass (fig. 62}, It is not possible to do more than generalize on
the ofteet of each of fhese variables. The three experiments con-
ducted in the fall, winter, or spring were on vegetation cut in the
fall to a length of d to 5 inches. The n-VR velation is almost
identical with that obtained in tests of channels lined with dor-
mant Bermuda grass of obout the same height.

With [talian ryegrass and common lespedeza dominating the
mixture, the channels had some green protective cover at every
soason, In the summer a zood stand of lespedeza in channel B2
160 Formed o vather dense, fairly uniform cover that resulted in
an n-1 R velation similav to that for channels lined swith long
green Bermuda grass, Duving the late fall, winter, and spring,
italian rvegrass afforded a faiv cover, helping to maintain values
of % auain on a level with those for a channel having a uniform
cover like Bermuda grass.

Channel B2-1283, tested in June, showed values of u relative to
'R comparable to those for channel B2-161, even though vevy
little lespedeza was present.  The cover consisted of clumps of
areen orehavd grass and redtop with stems 25 inches long and the
mass of biades 8 inches long. At least 30 percent ot the surface
aren was bare. The nature of the cover and the length and bulk
of the vegetation tended to develop and maintain excessive turbu-
lence rosulting in high » values,
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StasiLiry oF A CHANNEL Lixep witTH Grass MIXTuRe

The mixture of grasses and lespedeza offered good all-year pro-
tection for the channel. In early spring, when the grasses were
dormant and the new lespedeza seedlings had not yet appeared,
the Italian ryegrass was green and offered good protection o the
channel, For a channel having a lining in this condition the
permissible velocity of flow is 5 feet per second.

In the tests made on uncut grass in June, velocities were not
high enougrh to cause appreciable seour of the channel bed. On
ihe basis of experience with grass linings it is believed that the
permissible veleeity for a channel lined with this grass mixture
in the summer is about 6.5 feet per second. Permissible veloeity
for fall when the lining is short ean be set at 6.5 feet per second.

BARE-CHANNEL EXPERIMENTS

Experiments were conducted on three bare-earth channels. By
comparing the soil losses in thess channels with those in vegeta-
tion-lined channels otherwise identical with them, some measure
of the protection afforded by the vegetation is devived.

Experimental eonditions and results for the bare-earth channels
are presented in table 15, and further information regarding the
experiments on these channels is here suminarized.

Recorn orF EXPERIMENTS
CuanneL B2-3

Bed slope § percent, botbom width 2 feet, side slope 3:1, length 50 feet;
topsoil pluced, graded, and tamped April 5, 1938, Channel very uniform ia
cross section, slope, and alinement.

Evperiment 1, April 18-23, 1938.—8oil stilt loose. =

Tquipment: Sharp-crested weir, string and vod.

During each test a single ebserver made water-surface measuremenis at
four stations, progressing downstream, There were three 10-foot reaches.

Water surface wus decidedly rough except at start of fArst test. BErosion
during each test changed flow characteristics during the test. A pgeneral
inerease in on as testing progressed resulted from inerease in bed roughness
through scour.

‘The channel was seoured rapidly. Even tne lowest flow croded the lower
pertion of the channel to the stiff underlying clay.

Criannesn B2-13C

Bed slope 3 percent, bottom width 2 feet, sides vertical {sheet-metal side
wiils used}, length 50 feel; topsoil placed and graded May 1939, Channel
uniform in eross scetion, slope, and alinement,

Baperimend {, Apiril 1851 —Weed pulling and light raking had distarbed
the surface, but the soil base was fvm {fig. 65, A).

Kquipment: 2-fool H-flume, point gages.

Three men made watzr-suvface measurements simunitancously at three
stations.

During test 1 two measurements were made at cach station; durving each
of the remaining tests, cach man made one measvrement at each station.
There were two 10-foot reaches,

Water surface was slightly vough during test 1 and became rougher until
during test 3 it was wavy and very rough.

Considerable scour took place {fig. 68, D}, particularly aleng walls of
channel.

CuanvenL B2-13B

Channel deseription same as tnt of channel B2-13C.

Foperimenl 1, fune 1857.—80il was firm; it had been disturbed slightly by
nuiling of a few small weeds.

Keuipment: 2-foot H-flume, point gapes,




; i

TFGT '§1 2unp
op

.Pﬁ aunp

IVGI "1 2unp

FIRSLS iy

op
_ 1E61 '8

“ttogel-EN

R Y et |

Ll R e o

"y

J
¢ HLdIM HOLLOT "LNIDYId £

i ! N )
st __ prAl Lig” 6FF Ll _ 8861 ‘g7 "Iy
(R 1L getg Hg © BRGY L Ay
! ) 58'F o'y C8R61 "9 vy R - 41
8°e : .y - BEGL "I v
1224 . . e ad
3w

-]
-
e
-
-
e
o
"W
I

uny ko
AT AY

A3 10 annog

30 DYU DARIDAY
of A

MDY 0
uappangg
~tpaad payiam
Aupysag
PR Y]
danuint
RUBIERTES TS

10 waLy
danang | w

[ﬂllllllll:)

N ranyjpes
I[nuep ALY
o unggaaw

i

A aTny
RT3
ATk )
gt A uan

| w

L334 5 HLAJIM KOLLOT 'INIDYAd % I407TF 39 "IdVHE "IVAIQZAdVHL
S]PUNDYD 304 L0 SIPHSIL PUD SHOT,,PHOD Jouanad s g— el A1av]

BITPER]

=
o
]
=
-
=
o
)
14
o
<
=
Q
'
£
<)
=]
w
=
S
Y
o
Z
3
-l
-t
]
®m
3
-
o
—
Z
o
2
| 3]

100




FLUMW OF WATER IN CHLANNELS 101

Fiorre 65, Hare channel B2-130 {4 befure testing and {1y after only
S minules of test 1.

Daringe each test theee men made walter-surfaee measuremenls simulline-
arsly el thivee <tations, each man making one a cach station, There wers
two T0-Foot rearhos,

Water sarfaee was nut vory rough,

Considerable seour oeeurrel, wapparently unifoom over whole surfice of
channel.

Thser ssias o Best 2is oy Barke Cinanvwees

A the start of ench experiment, before any crosion aceurred in
the channel, How was aivly smooth.  As testing progressed and
an drregular sconr pallern developed, flow generally became
rouphor.  The relardance cocllicients for channel B2-3, expert-
ment 2, show that the channel became roncher as testing pro-
ressed, They are at a much lower lovel than those for the
ehannels Hoed with veretation.

Soil-loss rales were hizh tor all tests an the three bave-varth
channels.  Permissible veloeitios for such channels are probably
nol more than 1 font per seeond.

FIELD APPLIGCATION OF RESULTS
Berwrpasetr Correietings

A grreaphic methad of designinis vegetation-lined channels has
been developed an the bagis of the relation hetween TR, the pro-
duet of mean veloeily of flow and hydraulie radius, and a2, the
retartfanee cocflicient Manning's flow formula = selved on this
hasis for svirions slopes and for differenl kinds of vogetation.

- [
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Channel design curves have been developed for long green, short
green, and short dormant Bermuda grass (fig. 89-71). (The last-
nentioned condition is the one in which Bermuda grass is least
cffective in protecting a channel from erosion.) In addition such
a cutrve has been developed for long green sericea lespedeza (fig.
723, because such vegetation differs widely from long green Ber-
muds grass in structure, manner of growth, and influence on
hydraulic behavier of a channel,

The first items known in a field channel problem are maximum
discharge and bed slope. The design reguives selection of a
channel section of such size and shape that the expected volume
of water can flow through the ehannel at a velocity not exceeding
the maximum velocity permissible. This can be done directly
through use of the desipgn curves presented as figures 69-72 and
the graphic solutions of elements of trapezoidal, trianguiay, and
parabolic ehannel shapes presented as figures 73-79.

The following example illustrates the procedure:

1. Given: = 1900 cubie teef per second,

8§ = 0.03 foot per loot.

2. Problenc: Determine the section of a channel that is to be
lined with Bermuda grass. Consider a long, green econdition.
Design for maximum velocity of 5 feet per second.

3. Soelution for required R: Enter figure 69 at V" = 5, proceed
right to the V-V R curve for § = 0.03, then downward to the
R-V R curve for § = 0.03, then right fo the R ordinate scale. The
ralue of R is found to be 0.76. This value must obtain for any
section selected if the velocity is to be 5 feet per second. Note:
1t is not necessary to know n, since its value is represented in the
design curve placement. If desired, n,, can be defermined by
procecding left from fhe intersection of the vertical dashed line
with the »—-V R curve to the » ordinate scale. In this example u,
= (3.042.

4. Selection of channel section:

a, Solve for A.

b. Determine boitom width, side slope, or top width for a
Eraperoidal, triangular, or parabelic section (whichever shape is
desived) by the intersection of R and 4 in figure T3, 74, 75, 76, 77,
T8, or 7Y,

¢. Determine center depth, D, using figure 73, 74, 75, 76, 77,
78, or 79, by continuing right on the £ line to the intersection with
the sloping line for b, 2, or L.

Dashed lines in feures 74, 77, 78, and 79 continue solution
of the example from the determination of R as 0.76 feot. The
area required g 20 square feet. Channel sections mecting these
requirements are:

Chauncd shnpe Nitde slope, Fpton Crater op

2 widld, drpeh, il
i fa !
Feit Fred Fret
Trapezoidal . ... .. 4:1 b .85
il BN 1.01 -
Trigngular 8.5:1 . 1.53

Parabnlic 136 on
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Figung 73.—Curves for determining the elements of trapezoidal channels
with side slope 2:1.
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iGURE T75.—Curves for determining the elements of trapewoidal channels
with side slope 4:1,
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Ficure T6.—Curves for determining the elements of trapezoidal channels
with side slope 5:1.
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IMigure 77.-—Curves for determining the clements of trapezoidal channels
with side slope 6:1.
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Migure 78.—Curves for determining the elements of triangular channels,
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TMcope 79.—Curves for determining the elements of parabolic channels.

The elements b, z, and { change rapidly as velocity changes,
They are affected to a considerable exten{ by a change in velozity
of ag little as 6.5 foot per second. If the intersection of R and 4
does not lie within a graphie solution, another shape should be
investigated or the velocity should be raised or lowered and the
initial procedure repeated with a new R and 4. Often a reselee-
tion of velocity is desirable to obtain a more favorable section,

Use of the n—VE curves developed in the study diseussed here
allows dirvect eomparison of different kinds of vegetation in the
principal seasonal and maintenance conditions, even though the
experimental channels differed in slope and shape. Such com-
parisons make it possibie to estimate the flow-retarding influence
of other kinds of vegetation, not yet subjected to laboratory test.
Thus the curves presented are of rather extensive value for appli-
cation within the ranges of channol slope and depth that they
represent. Figures 80-83 preseni n-VR curves for vegetation
types and conditions other than those represented in figures 69-72,
and include also the applicable -V R curves used in the graphic
solutions for Bermuda grass and sericea lespedeza. In many
instances figures 69-72 may be adaptable to other covers con-
sidered to offer similar degrees of resistance to fAow.

Until a given vegetal channel lining becomes well flattened
toward the channel bed the value of VR indieates the degree of
resistance the lining is offering. When the vegetation is prone or
nearly so and well submerged, 4 becomes practically constant and
ceases to be correlated with VR. Only scour, loss of vegetation,
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Flayne 80.—Relation of Manning’s 2 and ¥R for channels lined with dense,
uniform stands of green vegatation move thun 10 inches long.
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Freung Bl—Relation of Manning’s # and VE for channels lined with dense,

miform stands of dormant vegelation move than 4 inches but less than 17
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which discharge was apnroximutely the same.)
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and general increase in bed roughness will thereafter cause ap-
preciable changes in . The VR value can be used as an indicator
of whether # has reached a reiatively constant value, Uptoa VR
value of 5 for long, pliant vegetation and one of 3 for short vegeta-
tion % decreased with increase in ¥R. TFor design purposes n can
be assumed to remain constant when VR values o heyond these
figures.

For channels of slight slope containing vegetation that receives
little or no maintenance, application of the n-VR relation has
particular value. Unusually high and variable retardance coef-
ficients may prevail under these conditions,

In applying the n-VR curves to field channels, certain general
limitations should be considered. The experimental channels hac
relatively smooth beds, uniform cross sections, and true aline-
ment; their covers were generally dense and uniform; and the
data on which the n-VR presentation is based were obtained
through tests that proceeded from low to high flows, with the
vegetation upright at the start.

PeErMssIBLE VET.OCITIES

Findings in this study as to permissible velocity of flow, the
factor used as a common measure of the protection offered by a
vegetal channel lining, are summarized in table 16. The standards
of permissible veloecity that have been established, for several
kinds of vegetation differing widely in physical echaracteristics,
may be adapted for similar vegetations not tested. Permissible
velocity consistently decreases as slope increases, for all kinds of
vegetation. The velocity values eannot safely be applied without
modification to soils that are more erodible than the one soil rep-
resented in the experiments, Cecil sandy loam. They apply
directly only to occasional, rather brief flows of water relatively
free of sediment in channels having relatively smooth beds, true
alinement, and dense, uniform plant covers. For field channels,
the econditions of which differ widely from those of the test chan-
nels, permissible velocities are, in general, somewhat lower.
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TABLE 16.—Permissible wvelocitics for chunnels in Cecil sundy lonm having
vegetal Hnings of the kinds studied

3 jug?! 3
Channe! lning species and condition Bed slope Experiments P‘gﬁ:?{:k
Fe
per
Percent Nenber see.
Iitgmu-:!u Hrandt
reent f
20 2 7.6
Shorl, kept eab . oo iiaiviiiirriainanras 13 Non? 5.0
28 Mone .
. 3 2 i+
Short, cub just before test ...l 19 8 8.5
20 1 5.0
Dormoent; 3 1 i
Bong oot nin i iiner e i 10 i I X
20 i 6.8
Short, kept eut ... e 3 5 B.A
Short, cut jusi befure teat 3 1 4.8
Centipale grasy:
Groen, 10RE i b ] 1 9.6
Durmant, long . ., .. 10 1 8.0
By srrose i eroby
Gruen, loayw . ... ... . G H 3.5
Kudau:
Live, heavy growth: :
Uneat ... v et 3. 1 4.0
Ul e e ie e [ R 3 I 1.0
Bormunt, henvy prowth, T . 3 1 2.5
Leapedezn ¢
Gireets ] .
Ureat {apringd oo i i 3 - 1 5.3
Lony {summer) e e aereaaas G 1 5.5
Short, cut Just before test P 3 1 4.5
Deneh, uneut stubble: :
Borittt .o e e 3 1 1.0
27 3 1 2.5
Seriven |L9!IL'¢|L?!I. H |
Green: i
neut (nobt yeb woody) L o0 siiarcneneaal 3 2 5.5
Molinm long {(wootlyy ...... et 6 1 3.6
Shorl, cut just befove test (... ... paemeaand 3 ) 3.5
Bormint: :
Unewt ... ... . oL G ! 1 25
3 3 i 3.0
Bhorl, eut previowd full 0 L L B 1 3.0
Sudan gruss;
Groen, wood gtind e e 3 il 4.8
Bread, long ... . ... ... 3 i 4.8
Grass mixtores . . . ... O | )
Green, lone {summer) . e 1 3 4 6.5
Green andd doermant, ahork:
Spring and cnrly summer ... ... P 3 2 5.0
Fall . ... .. ey 3 H 6.5

! Viloaity developed in tesls wes insufficient to permit eatimate.
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