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THE HYDRAULICS OF OVERLAND FLOW ON HILLSLOPES

By WirLiam W. EMMETT

ABSTRACT

Overland flow resulting from rainfall on natural hillslopes
responds to the downslope increase in discharge by increasing
its depth and velocity. Depth absorbs about two-thirds of the
increase in discharge; velocity absorbs about one-third. For
straight slope segments investigated in the field, resistance to
flow remains nearly constant in the downslope direction. The
comparison of field data to laboratory data shows general agree-
ment, but it illustrates the extreme influence of vegetation and
topographic irregularities on resistance to flow over natural
hillslopes. Values of resistance to flow expressed as Manning's n
were as high as 1.0 and averaged about 0.5; this roughly corre-
sponded to a Darcy-Weisbach friction factor of 100.

A theoretical model of overland flow on slopes was developed
based on most probable statistical concepts. Evaluation of the
model for laminar and turbulent flow, and the interpolation of
these two cases, corresponds to overland flow on hillslopes from
laminar at the hilltop to fully turbulent at some distance down
the slope. The model is in general agreement with measured
data on the downslope increase of depth and velocity and further
shows that when no constraint is placed on slope, the slope for
laminar flow increases downslope, the slope for turbulent flow
decreases downslope, and a mixed or disturbed flow has an
intermediate value or generally constant downslope gradient.
This requires that a hillslope must have a convex upper segment,
a straight middle segment, and a concave lower segment. This
is the slope profile more often than not found in nature. Slope
steepness and the length of each segment are controlled by the
runoff rate and the initial gradient at the top of the slope.Thus
the shape of each slope profile is related to its climatic and geo-
logic environments.
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INTRODUCTION
DESCRIPTION OF THE PROBLEM

Overland flow is the initial phase of surface runcff.
It is sometimes referred to as sheet flow because the
water is envisioned as moving in a sheet downslope
over a plane surface to the nearest concentration point
or channel. Nearly all surface runoff starts as overland
flow in the upper reaches of a watershed and travels
at least a short distance in this manner before it reacl os
a rill or channel. Once a known flow rate reaches a
defined channel its action may usually be characterized
adequately by standard hydraulic procedures.

In overland flow the variables are more difficult to
define precisely and the use of a simple hydraulic pro-
cedure for predicting overland flow is beset with many
difficulties. Overland flow is both unsteady and spatially
varied since it is supplied by rain and depleted by infil-
tration, neither of which is necessarily constant with
respect to time and location. Flow may be either laminar
or turbulent or a mixture of these two conditions.
Flow depths may be either below or above critical, or
the depths may change from subcritical to supercritical.
Under certain conditions the flow may become unstable
and may give rise to the formation of roll waves. The
action of raindrop impact on the sheet of flowing water
further complicates the overland flow problem.

Although the ground surface over most of the plot
areas was covered by surface detention during overland
flow, most runoff occurred in several laterally-spaced
concentrations of flow. These concentrations of flow
wove anastomosing paths downslope. Over the short
lengths of the runoff plots, the Reynolds number, a
measure of fluid turbulence, remained in the regime
normally considered laminar flow, but the flow was not
truly laminar because of the disturbance by falling
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raindrops and the influence of topographic irregulari-
ties. Such a disturbed flow is capable of eroding and
transporting sediments. Despite surface erosion by the
runoff, no rilling was observed to have developed. It is
suggested that the studied slopes are in dynamic equi-
librium with other slopes in the drainage system. A com-
plex interaction of vegetation, topography, and other
friction terms provides a resistance to flow that main-
tains depths and velocities, and thus erosion is just
sufficient to continue downcutting equilibrium with
other slopes in the drainage system. Rilled slopes are in
areas which require more rapid erosion to maintain
equilibrium.

The need to accurately determine the hydraulic
parameters characterizing overland flow and the role
of overland flow as a landscaping agent led to the present
experimental study directed toward quantitative eval-
uation of the variables associated with overland flow.
The experimental study is still in progress, but sufficient
data on the hydraulics of overland flow have been
collected to enable the present analysis of that aspect.

REVIEW OF THE LITERATURE

In the course of the initial literature search it became
apparent that many aspects of the hydraulics of over-
land flow have not been investigated. Early researchers
tended to direct their studies toward individual aspects
of overland flow. Little effort has been made to integrate
various aspects into an attempt to quantify the hy-
draulics of overland flow. However, the individual
aspects did serve to provide some of the important
initial theories; for example, the behavior of laminar
sheet flow and the theories of infiltration and detention
were well documented. These writings were followed
by a series of experiments in which investigators at-
tempted to determine values for the constants in the
earlier theories. Most of the more recent researchers
have directed their attention to analytical and the-
oretical solutions to the hydraulics of overland flow.

Although his studies are not directly related to the
present study, Kuichling (1889) made the first attempt
to rationalize computations of surface runoff. The for-
mula which he proposed, popularly known as the
rational method, is expressed as

Q=kiA (1)
in which @ is the discharge in cubic feet per second,
k is the proportion of impervious surface, ¢ is the max-
imum intensity of rainfall in inches per hour, and A
is the area in acres. It is evident that the rational method
contains many deficiencies; even Kuichling noted that
it is “nothing more than a crude approximation * * *’’

During the next half century following Kuichling’s
work, few studies were conducted to increase the knowl-
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edge of surface runoff computations. Most of these
investigations were confined to filling the deficiencies
in the rational formula or in applying the rational
formula to special shapes of watersheds.

The first of the works utilizing details of the surface
phase of the hydrologic cycle began in 1933, when R.
E. Horton described his theories of infiltration capacity
and surface detention (Horton, 1933). This work was
closely followed by Horton, Leach, and Van Vliet (1934)
in a study of the basic behavior of laminar sl aet flow.
In this study, values of depth and velocity associated
with the shallow flow of water over sloping surfaces were
predicted. Horton (1936, 1938) continued to be the pace-
setter for a description of overland flow. His efforts
resulted in a classical work on geomorphology (Horton
1945) in which he postulated that a condition of mixed
flow exists in nature; that is, areas of fully turbulent
flow are interspersed with areas of laminar flow. For
turbulent flow, depth can be estimated by the Manning
equation. Horton expressed this as

q=KD* @)

in which ¢ is the unit discharge in cubic feet per second,
K is a coefficient of runoff reflecting among other things,
slope and bed roughness for turbulent flow and slope
and viscosity for laminar flow, and D is the depth in feet.

For laminar flow a form of the Poisseuille formula
may be used to estimate the depth. This is expressed as

g=KD?. ®3)

For either turbulent or laminar flow, depth can be
expressed as
q=KD* @

in which M is an exponent reflecting in part the degree
of turbulence. The value of M for fully turbulent flow
is % and is 3 for fully laminar flow. Thus, with increases
in discharge, depth increases more rapidly in turbulent
flow than laminar flow. For mixed flow, as Horton pos-
tulates occurs in nature, values of M would range be-
tween these two extremes. Horton continued his analysis
with expressions for the downslope profile of overland
flow and surface erosion by overland flow. Among those
who determined the values of the constants in Horton’s
(1938) equations were Ree (1939) and Izzard (1943).

Keulegan (1944) employed a mathematical analysis
to obtain a complete solution to spatially varied dis-
charge over a sloping surface. One of his conclusions
was that the direct resistance effect of falling rain is
small, but the perturbing effect will give an increased
velocity close to the bed of the channel.

Verifications of the Horton, Leach, and an Vliet
(1934) investigation of uniform laminar flow were con-
ducted by Parsons (1949), Straub (1939), Owens (1954),
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Figure 9.—Hillslope profiles of field sites.

ments and the general appearance of the artificial rain-
fall over the test plots can be seen in figures 3 to 8.
Water was pumped to the sprinkler units from a
nearby stream or lake source. The pump had sufficient
capacity to maintain a constant pressure gage reading
at each sprinkler. Throttling of water was achieved
with the gate valve at each pressure gage. The suction
line of the pump was placed above the stream or lake

bed to eliminate pumping any sediments to the sprin-
klers. Sediments could clog the sprinkler openings snd
also supply extraneous sediment to the runoff water
and thus influence analyses of sediment concentrations
in the runoff.

The first two plots (Pole Creek Sites 1 and 2) were
sprinkled at a pressure gage reading of 25 pounds per
square inch (7.80 in. per hr). The other five plots were
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sprinkled at a gage reading of 30 pounds per square
inch (8.50 in. per hr). Fourteen rain gages placed over
the sprinkled area were used to check the uniformity of
rainfall distribution and to compare the actual intensity
with that indicated by the pressure gage reading. At
most sites some of the artificial rain fell outside the
boundaries of the plot, largely from wind. At four sites,
this loss of water was severe enough to warrant the con-
struction of 7-foot high windscreens on the windward
side of the plots. The windscreens successfully mini-
mized the windblown loss of water. At each site, an
estimate was made of any water falling outside the
plot. At four sites, sufficient water fell outside the plot
boundaries to warrant a reduction in rainfall intensity
from the calibrated intensity. The calibrated rainfall
intensity and a weighted rainfall intensity for each site
is listed in table 3. The maximum difference in the two
intensities is for Pole Creek Site 1 where a 10 percent
correction was made.

TaBLE 3.—Rainfall and runoff rates at overland flow field sites

Caleculated Measured Weighted Weighted Runoff

Site name ?ginfall 1 (g:lmﬁ r(a}infs.ll * :.unoﬂ 2 rszinfall

in. per .per (in.per (in. per per-

hr) hrg hxg hr) cent)
New Fork River Site2_..____ 8.5 4.5 8.1 4.1 51
Pole Creek Site 1. ______._____ 7.8 1.8 7.0 3.0 42
New Fork River Site 1...___. 8.5 3.9 8.5 4.5 53
Boulder Lake Site 1 8.5 4.4 8.5 4.5 53
Pole Creek Site3...__.._ 8.5 5.0 8.5 4.5 53
Boulder Lake Site 2 8.5 4.2 8.1 4.1 51
Pole Creek Site 2__...._....__ 7.8 2.5 7.4 3.4 46

! From laboratory calibration using pressure gage reading
2 Weighted values used in all computations. Note that the welghted values indicate
an infiltration rate of 4 in. per hr.

RUNOFF MEASUREMENTS

Runoff water was directed into a funnel-shaped col-
lector at the lower end of each runoff plot. On the enter-
ing end, the funnel collector had a l-inch lip which
protruded into the ground and prevented flow losses
under the collector. Depending on the topography
of each site, 3-inch-high aluminum stripping of the
type commonly used as flower garden borders was
placed in a slit in the ground surface and further di-
rected the flow to the runoff collector. (See, for example,
figure 7 (lower photograph).) In a few instances, short
lengths of the stripping were placed at locations along
the sides of the plots. Care was taken not to divert any
of the flow leaving the plot back onto the plot but rather
to direct it downslope outside the plot and include it
in the collection of total runoff. Without extensive side-
walls at each site, it was impossible to collect all of the
runoff in the downslope collector. And, in some instan-
ces, runoff water was collected which fell as rain outside
the plot. As in the determination of effective rainfall,
a weighting of the measured runoff was made based on
field observations of the effectiveness of collecting total
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runoff. Although these observation are only estimates,
they are considered more factual than the measured
values. Measured values of runoff and the weighted val-
ues of runoff are listed in table 3. Weighted values of
runoff are used in later computations of hydraulic
parameters.

At the instant that artificial rainfall application be-
gan, a clock timer was started and all data are refer-
enced to this as zero time. Beginning with the first
runoff, the rate of runoff passing through the funnel
collector was volumetrically measured. The successive
collection of runoff rates allows the shape of thke rising
hydrograph and the eventual constancy of runoff to
be determined. An example of runoff hydrographs for
New Fork River Site 1 is illustrated in figure 10. Figure
10 shows the rapid achievement of a constant runoff
rate and the effects of sprinkling on a previously wetted
surface and of increasing the rainfall intensity. Figure
10 and table 3 show that the infiltration cap=city of
all sites was about 4 inches per hour. This value of
infiltration may seem high, but investigations by
Smith and Leopold (1942) and Hadley, McQueen,
and others (1961) report values of infiltration compar-
able to those found in the present investigatior. Smith
and Leopold showed a correlation of infiltration rates
with vegetation density, but the present data, with
only a limited range in density of cover, failed to show
any correlation. The data of Hadley were observed on
surfaces of the Wasatch Formation, one of the geologic
formations underlying the present sites.

All measurements of velocity and depth wers made
after the runoff rate became constant.

SEDIMENT SAMPLES

Periodically, the containers used to measure runoff
rate were put aside after filling for analysis of the
sediment concentration. The samples wer> later
filtered through filter paper and the trapped seliments
were analyzed. Total sediment and organic content,
expressed as milligrams per liter by weight of the total
sample weight was first measured and then the organie
content of the total sample was removed by hrrdrogen
peroxide (H,QO,). Thus, a separate measure of toth the
organic and sediment contents was obtained. The
data are presented in a later section of this report.

SURFACE-VELOCITY MEASUREMENTS

Surface velocity was measured for two trials at
each site. One trial was essentially over the left half of
slope and the other over the right half. A liquid dye
(food coloring) was poured over the ground surface at
the upper end of the runoff plot (0-foot dovmnslope
position). As the dye touched the ground, one observ-
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Freure 10.—Hydrographs of runoff for New Fork River Site 1.

er, watching the dye trace, called for a second observ-
er, with stop watch and note pad, to start the watch.
As the dye front passed each successive 1-foot down-
slope distance, the first observer notified the second
who recorded the time. Increments of time provided
the average velocity over each 1-foot reach of slope.
As the dye trace became faded, it was reinforced with
a new slug of dye. Always, the leading edge of the
dye trace was used in timing its movement. Since
the flow tends to accumulate in particular transverse
concentrations, and in these concentrations velocity
is highest, measurements of surface velocity were con-

siderably higher than the actual average velocity.’

An example of the actual velocity measurements for
Pole Creek Site 3 is included in the “Summary of
data,” table B. For the other sites, velocity measure-
ments are listed in the “Summary of data,” table F.

FLOW PATTERN OF OVERLAND FLOW

As previously mentioned, surface runoff within the
plot area tended to accumulate in several lateral
concentrations. Dye ftracings used to measure the
surface velocity clearly demonstrated this tendency.
On nearly flat slopes, microrelief features on the order

368-391 0—70——3

of only 0.10 foot appeared to dictate the paths of the
flow concentrations. However, on steeper slopes, small
microrelief features did not appreciably alter the down-
slope gradient and their influence on concentrations of
flow was masked. Since detailed topography was
surveyed for each site, a mapping of the pattern of
flow concentrations was made to determine if any
relation could be established between these concen-
trations and any of the other measured variables. Maps
of the flow patterns are included in a later secticn.

The food coloring dye was introduced as a line
source at the upper end of the plot and the stringers
of dye left behind as concentrated flow advanc~d
downslope more rapidly than the general sheet of
water were mapped. The dye was reinforced every
several feet downslope with new line sources of dye
to detect new concentrations as they formed downslope.

DEPTH MEASUREMENTS

Depths were measured with the same type of point
gage used in the laboratory investigation. A carriaze
was constructed of %-inch steel pipe to accommodate
the point gage. The carriage was constructed such
that measurements at two slope stations could be made
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with one positioning of the carriage and then the
carriage was positioned at another upslope position.
Depth measurements began at the downslope end of
the plot and the observer worked from the downslope
side of the carriage. In this manner, the area not yet
measured had not been influenced by trampling.

The vertical-positioning mechanism of the point gage
was loosened so that only slight resistance to lowering
the point would cause slippage in the mechanism rather
than to continue to lower the point. A blunt, %-inch-
wide tip was affixed to the lower end of the point to
offer additional resistance as the point touched the
ground surface. Along with this sensitivity in locating
the position of the ground surface, close visual obser-
vation as the point was lowered assured accuracy in
determining the elevation of the ground surface. A
second point-gage reading at each location determined
an elevation of the water surface. The difference in
ground-surface and water-surface elevations was re-
corded as depth. Observations were read directly to
the nearest 0.001 foot.

Depths were measured on a 1-foot-transverse by a
2-foot-downslope grid system. Over the 7-foot-wide
test plot, eight depths were thus recorded for each
downslope position. These eight depths were averaged
to give the mean depth as a function of downslope
distance. Depth measurements at Pole Creek Site 3
are included in the “Summary of data,” table C. For
the other sites, only the average depth for each down-
slope position is listed in the “Summary of data,”
table F.

ANALYSIS OF RESULTS AND DISCUSSION
GENERAL

The presentation and analysis of hydraulic data
follow a theme analogous to the hydraulic geometry
of streams introduced by Leopold and Maddock (1953).
The general technique in hydraulic geometry is to
relate changes in the hydraulic parameters of flow to
changes in discharge. This method of analysis is similar
to the technique used by Horton (1945) except that
Horton plotted discharge along the ordinate axis rather
than the more conventional manner of plotting dis-
charge along the abscissa axis. Thus data from the
present investigation can be easily compared to both
Horton’s studies and the more voluminous collection
of data for flow in river channels.

Because water temperature (and therefore values for
the viscosity of water) varied in the present investiga-
tion, the Reynolds number, R, has generally been
substituted for discharge in the analysis of data. The
Reynolds number, here proportional to the discharge
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per unit width, is a nondimensional paramete- relating
the effect of viscosity to inertia and is defined as

_4VD

v

R

in which V is the mean velocity in feet per second, D
is the average depth in feet, and » is the linematic
viscosity having dimensions of feet squared pe second.
Depths of flow in the study were sufficiently small that
depth rather than hydraulic radius could be used in
computations of the Reynolds number. Use of the Reyn-
olds number does not influence the comparison of
data with other studies of hydraulic geometry and the
use of the Reynolds number is convenient in visualizing
whether the flow is laminar or turbulent.

For uniform flows in the laboratory flume, the
analysis is similar to at-a-station hydraulic geometry
because for a given discharge, depths are constant
downslope. Generally, data are also plotted against
depth, as well as Reynolds number (discharge), to show
the importance of geometric similarity on values of the
hydraulic parameters.

For tests with artificial rainfall, and thus with in-
creasing downslope discharge, the analysis is similar to
the case of downstream hydraulic geometry. At-a-
station relations may also be developed by considering
only data collected at the same downslope position.

Because the mass of collected and computed data
is so large, it has been placed in the ‘“Summary of data.”
All data collected are included in these tables, but in
some of the illustrations which follow, only examples
are plotted and summary curves describe the remainder
of data. Throughout this section of the report, the data
are presented with limited discussions. A more complete
discussion follows after all data have been introduced.

Some of the results reported herein are not always in
agreement with previous experiments in hydraulics
and seemingly violate some of the known laws of hy-
draulics. Rather than a violation of the laws, the ex-
planation is that the present investigation was
conducted at an extreme end of the spectrum for which
conventional hydraulic formulas are applicable. It is
emphasized even before the data are introduced that
many of the relationships indicated by the following
analysis are unique to the flow of very shallow depths
of water over sloping surfaces. Serious error could be
incurred by the extrapolation of the present data to
conditions beyond those investigated. It is as equally
inapplicable to apply open channel hydraulics to the
analysis of overland flow as it is to apply the present
data to studies of river channels.
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LABORATORY TESTS WITH UNIFORM FLOW

Detailed data from the laboratory tests with uniform
flow are included in the “Summary of data,” table D.
Graphical representation of the data is illustrated with
the next series of figures.

Figure 11 illustrates the relationship between the
depth of uniform flow and the Reynolds number. The
two most apparent observations are the break in the
relationship at a certain critical value of Reynolds num-

Al5

ber between 1,500 and 6,000 and the increase in deoth
with decreasing slope. The critical Reynolds number
marks a change in regime from laminar flow at smaller
Reynolds numbers to turbulent flow at greater Reynclds
numbers. For both smooth and roughened surfaces,
the critical value of Reynolds number increases with
increased slope. This indicates that the shallower flows
on the steeper slopes are somewhat more stable against
change to turbulent flow.
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F1gure 11.—Depth of uniform flow as a function of Reynolds number.
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In terms of hydraulic geometry, the depth may be
expressed as

D @’ (5)
A similar expression for the present analysis is
D <R’. (6)

The values of f are the reciprocal of the M values
(refer to=4) used by Horton (1945). Values of f are
tabulated in the explanation blocks in figure 11. For
turbulent flows over the smooth surface, the value
of f is 0.60 for all slopes. As well as the lines can be
fitted to the data (all curves in this report were fitted
by eye), this value is equal to the theoretical value of
34 or, in the Hortonian expression (see=2), M=% for
fully turbulent flow. For laminar flow over the smooth
surface, values of f range from 0.27 to 0.37. These
values tend to center around the theoretical value of
14 (M=3; see eq 3). The scatter of values around a
central value is attributed to the accuracy of data
rather than any trend that might be suggested. Consid-
ering that errors of only a few ten-thousandths of a
foot would appreciably alter the plotting position of the
data, the plotted points appear to be satisfactory.

For theroughened surface, the value of f for turbulent
flow is 0.57. Values of f less than 34 would indicate flow
less than fully turbulent. The effect of a roughened
surface is to retard the flow near the bed of the flume.
In flows as shallow as those investigated, that which
is considered to be flow near the bed actually may
represent a considerable part of the entire depth.
Thus, it is quite reasonable to expect extremely shallow
flows over roughened surfaces to exhibit some tenden-
cies of laminar flow.

The laminar flow regime for the roughened surface
produces values of f ranging from 0.36 to 0.43. One
explanation for the values slightly higher than the
theoretical value of 14 is that no correction was applied
to values of depth as measured from the top of the
roughness element. At the extremely shallow depths
for flows in the laminar region (generally less than
0.007 foot), a correction that allows for the voids be-
tween bed roughness particles and is added to the
measured depths would, percentagewise, increase
the shallowest depths most; the effect would be to
decrease the value of f. For depths as large as those
in the turbulent flow region, the effect would be neg-
ligible.

The effect of roughness on values of depth is both
general and complex. Because of the additional resist-
ance to flow, roughness increases the depth of flow for
a given discharge. The maximum influence of roughness
appears near the transition from laminar to turbulent
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flow. In this region, depths on the roughened surface
are from 15 percent greater (for the less steep slopes)
to 30 percent greater (for the steeper slopes) than
depths oun the smooth surface. In the turbulent region
of flow for roughened surfaces, depth increases with
increases in discharge less rapidly than for a smooth
surface. Therefore, for flows at the highest Feynolds
numbers investigated, increase in depth due to rough-
ness is less pronounced. At a Reynolds number of
20,000 this increase in depth ranges from zerc for the
less steep slopes to about 25 percent for the steeper
slopes. These data demonstrate that relative rcughness
for a given surface decreases as flow depths increase.
At depths of flow somewhat greater than those inves-
tigated, further increases in depth would only negligibly
decrease relative roughness and the influence of rough-
ness on depth would be minimal.

In the laminar flow region, f values are hiyher for
roughened surfaces than for smooth surfaces slthough
as explained above, this is probably true only because
no correction was made for measurements cf depth
for the roughened surface. Using the data as plotted,
as Reynolds number decreases, the percentage influence
of roughness on depth decreases. At a Reynolds number
of 200, there are actually smaller depths reported for
the roughened surface than for the smooth surface. For
a low Reynolds number, a certain finite depth must
exist regardless of further decreases in the F.eynolds
number. Thus for Reynolds numbers lower than those
reported in this investigation, the relationship shown
in figure 11 must begin to tail off to the left and the
lines for all flume slopes would merge into a single
curve at some small given value of depth. Likewise,
as depths and Reynolds numbers increase above those
reported in this investigation, the f value for the
roughened slopes would approach a value of % a~ effects
of roughness diminish.

The effect of flume slope on depth is to decrease
depth for increasing slopes. The relationship is hyper-
bolic; that is, as slope approaches zero, depth approaches
infinity and as slope approaches high gradients, depths
approach some minimum value. A roughened surface
tends to dampen this effect. That is, the approach to
some minimum depth regardless of further increases
in slope occurs at a smaller gradient for the roughened
surface. Thus, for flume slopes of 0.0775 ancd 0.0550
foot per foot, data on the roughened surface nearly
describe a single curve while for the smooth surface,
the data are still separate by a small distance.

A measure of the resistance to flow, the Darcy-
Weisbach friction factor, is plotted in figure 12 as a
function of Reynolds number and average depth.
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The Darcy-Weisbach friction factor is defined as

8¢DS

=== (7)

in which g is the acceleration of gravity in feet per
second squared and S is the flume slope in feet of
drop per foot of slope length.

The expression for velocity in terms of hydraulic
geometry is

V<@ (8

or

V«Rm. 9)

The friction factor, in terms of hydraulic geometry,
may be written as

A17

When slope, S, is constant, equation 7 may also be
written

Frocpn (12)
or
Froe g (13)

Thus for a constant gradient, the slope, ¥, of the frict’on
line as a function of the Reynolds number is f—2m.
Also, since VD—=¢q, then f+m=1 or m==1—f. Ior
turbulent flow, the slope of the line is 0.60—2 (0.40)==—
0.20 and for laminar flow it is 0.33—2(0.67)=—1.0.
Negative values of ¥ indicate a decrease in resistance
to flow with increasing Reynolds number. For laminar
flow in smooth rectangular channels, the equation of
the line with a slope of —1.0 is

=3 (14)

Sroc@ (10)
or For rough channels, values of the friction factor would
be higher and would plot above the lower limits defined
JrocRY. (11) in equation 14,
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F1curE 12.—Darcy-Weisbach friction factor for uniform flow as a function of Reynolds number and average depth.
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For turbulent flows, the {riction factor-Reynolds
number relation has a slope of —0.20. For a smooth
surface flume, this value is indicated in figure 12 with
a line representing data from experiments by Tracy
and Lester (1961).

The data of figure 12 plot higher than the limits in-
dicated by the equations applicable to a smooth surface.
This illustrates the pronounced effect of channel rough-
ness on the friction factor. The smooth flume in the
present investigation was in fact not completely smooth
as indicated by the data plotting higher than the equa-
tions for a smooth surface.

Using the average value of the friction factor at a
Reynolds number of 20,000, reference to a Stanton or
Moody diagram gives a relative roughness of 0.03 for
the roughened surface and 0.002 for the smooth(er)
surface. At an average depth of 0.03 foot for a Reynolds
number of 20,000, a computed absolute roughness is
0.0009 foot for the roughened surface and 0.00006 foot
for the smooth surface. One-half the diameter of the 0.5
millimeter grain roughness used on the flume is 0.00082
foot. This is very close to the computed roughness for
the roughened surface. The computed value for the
smooth surface is not unreasonable for sanded ply-
wood with a paint finish.

Only two roughnesses are involved with the two
surfaces but because each plotted point in figure 12
has a different depth, the data include many values of
relative roughnesses. For a Reynolds number of 300,
depths are approximately 0.003 foot and the relative
roughness is 0.3 for the roughened surface. This is 10
times rougher than at a Reynolds number of 20,000.
If points representing equal depths were connected,
one would find the beginnings of a family of curves,
each representing a given relative roughness. The curves
are not drawn in figure 12 because the data are too
sparse. However, it is interesting to note that most of
the data lie in a range of friction factors and relative
roughnesses much greater than those included on con-
ventional Moody diagrams. This again illustrates the
tremendous influence of even small surface roughnesses
on flows as shallow as those investigated and that
occur in overland flow.

The right half of figure 12 again illustrates that plot-
ted points represent differing depths. To maintain geo-
metric similarity between the depth of flow and scale
of roughness, friction factors are plotted against depth.
The tendency to converge into a single curve for laminar
flow and into two curves, one for each roughness, at
higher Reynolds numbers is apparent. The remaining
scatter in data is most likely within the accuracy of the
experiment. From equation 7 and the relation V=¢/D,
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the friction factor may be expressed as

8gD*S
qz

Jr= (15)
from which it can be seen that the percent error in
friction factor is three times the percent error in depth.
Using a nominal depth of 0.005 foot (typical of depths
at low Reynolds numbers), an error of only 0.0005 foot
(one-half the direct reading accuracy of the point gage)
in the measurement of depth yields a 30 percent error
in friction factor.

A commonly used uniform flow formula is the
Chezy formula,

V=0C(D8)%, (16)
where C is a factor of flow resistance called Chezy’s C.
Normally, hydraulic radius would be used rather than
depth, but in the present investigation, depth and
hydraulic radius are practically identical. Substitution
of equation 7 into equation 16 gives a solution for
Chezy’s C in terms of the Darcy-Weisbach friction
factor:

Sg 3%
C={=2) - 17
7, (17)

Figure 13 illustrates values of Chezy’s C as a function
of Reynolds number and of average depth. T"e slope
of the Chezy C-Reynolds number relation is equal to
m— (%)f or 0.5 for laminar flow and 0.1 for turbulent
flow. Upper limits for values of C are shown in the same
manner as for friction factor in figure 12. The influence
of laminar, transitional, and turbulent flow, as well as
roughness and geometric similarity, are analogous to
those in the previous discussion of the Darcy-Veisbach
friction factor.

Another popular open channel formula is the Man-
ning equation:

V=l7'z—5D%S% (18)

in which = is a coefficient of roughness known as Man-
ning’s n. In terms of Chezy’s C:

1.5D%
C

n= (19)
Computed values of Manning’s » are plotted in figure
14 as a function of Reynolds number and average depth.
In terms of hydraulic geometry, Manning’s 7 can be
expressed by

D% Q% R%
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Fiaure 13.—Chezy’s C for uniform flow as a function of Reynolds number and average depth.

Thus the slope of the Manning’s relation as a function
of the Reynolds number is (%)f—m or —0.45 for laminar
flow and 0.0 for turbulent flow. The data closely follow
these values. The previous discussion concerning the
Darcy-Weisbach friction factor is again applicable to
both plots of figure 14. ‘

Figure 15 is a plot of the ratio of mean velocity to
surface velocity, V/Vs, as a function of Reynolds num-
ber and average depth. In the turbulent region of flow,
the velocity ratio is very close to the theoretical value
of 0.8. In the laminar flow region, the theoretical veloc-
ity ratio of 0.67 tends to define an upper limit to the
measured data. Most likely, the explanation for the
lower measured values is the extreme retardance of flow
of shallow depths by surface friction. This argument is
supported by the plot of velocity ratio as a function of
average depth. The close grouping of the plotted data
and the variation with depth suggest that depth of flow
is an influencing factor.

LABORATORY TESTS WITH ARTIFICIAL RAIN

All of the measured and computed data for the lab-
oratory experiments with artificial rainfall are included

in the “Summary of data,” table E. As will be shown,
the maximum Reynolds numbers which occurred with
flows from artificial rain were less than 1,500. The dsta
from uniform flow tests indicate this is entirely witl'in
the region of laminar flow. The effect of falling rain suffi-
ciently disturbed the flow of water that injections of
dye were rapidly dispersed. Although this flow has some
characteristics of turbulent flow, it exhibits most of the
properties of laminar flow. This type of flow does rot
belong to any of the classifications of laminar, transi-
tional, or turbulent flow. In this report, runoff from
artificial rain will be called disturbed flow.

The downslope change in depth of nonuniform flows
resulting from a uniform increase in discharge is illus-
trated in the lower half of figure 16 by two examples
of the tests with artificial rain. The data are for five
intensities of rainfall on both the smooth and rough-
ened surface. The same depth data are plotted on the
lower half of figure 17 as a function of Reynolds number.
The effect of plotting against Reynolds number is to
eliminate the influence of increasing rainfall intensitios.
The single line drawn through the data of figure 17
represents the average downslope increase in depth
due to increasing discharge. The single line relationslip
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F1gure 14.—Manning’s n for uniform flow as a function of Reynolds number and average depth.

from figure 17 is shown on figure 16 as the downslope
profiles for each intensity of rainfall.

One effect of the falling rain is to increase the varia-
bility in depths and possibly to decrease the accuracy
in measurement. The irregularities in the downslope
profiles of figure 16 are not consistent and indicate
that the variability in depth is random and not related
to the experimental apparatus. The downslope profiles
in figure 16 suggested by the single line relation of
figure 17 are not unreasonable representations of the
measured profiles. This indicates that for increasing
discharge, the at-a-station changes in hydraulic param-
eters are identical or close to the downslope changes
in parameters.

An at-a-station type of analysis may be conducted
by connecting points from equal downslope distance
from the depth profile plot in figure 17. That is, if each
of the first plotted various symbols were connected,
followed by the second, third, fourth, and so on, the
slope of these short line segments would describe the
at-a-station relations of hydraulic geometry. The varia-
bility of the data is such that no distinction can be
made between the at-a-station and downslope hydraulic
geometries. Thus for the analysis of laboratory data
with increasing discharge, at-a-station and downslope

changes in the hydraulics of flow are considered
analogous.

The most important effect of the falling raindrops
is to retard the flow and increase the depth for a given
discharge. Consideration of the momentum exchange
between the mass of falling water and the mass of
water as surface flow would predict this increase in
depth. The momentum of the falling rain has little
downslope component compared to the surface runoff.
One would expect that the increase in depth would be
least for the lowest intensities of rainfall and the high-
est rates of surface runoff. The present data do not
entirely confirm this hypothesis. The effects of rainfall
intensities are masked because lowest intensities are
accompanied by lowest runoff rates, highest intensities
by the highest runoff rates, and the overall ef'ect is a
balancing of the momentum exchange so that the
percentage effect is roughly equal to all inten-ities of
rainfall. For a constant intensity of rainfall, greater
depths downslope should be less effected by raindrop
impact than shallower upslope depths. The depth
profile for the smooth surface in figure 17 illustrates
this by a convergence of the plotted data to the line
representing depths from the uniform flow test. That
is, the f value for the runoff from rainfall is less than
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the f value for uniform flow. The data for test series 3
(smooth surface) plotted in figure 17 indicate that the
percentage increase in depth over uniform flow depth
is about 60 percent at a Reynolds number of 100 and
decreases to about 35 percent at a Reynolds number
of 1,000. This increase in depth due to rainfallim pact
is considerably greater than the average of 17 percent
reported by Parsons (1949).

The data for test series 8 plotted in figure 17 does
not show a reduction in the increase of depth with an
increase in Reynolds number. However, if a correction
in depth to allow for the voids between grains in the
roughness was added to the measured depths, the data
would more closely conform to that from the smooth
surface. For the uncorrected data from the rough sur-
face plotted in figure 17, the increase in depth is about
50 percent at a Reynolds number of 200 and about 65
percent at a Reynolds number of 1,000.

Summary curves describing the relation between
average depth and Reynolds number for all tests are
shown on the lower graphs of figure 18. For all tests,
the depth profiles with artificial rain showed greater
depths than for uniform flow. No test data differed
greatly from the examples plotted in figure 17. For

368-391 0—70——4

smooth surface tests, the f values with artificial rain
are slightly less than the f values for uniform laminar
flow. Conversely, the f values for artificial rain on the
roughened surface are slightly greater than the f valies
for uniform laminar flow.

Unlike the present study of shallow flows in a con-
stant width flume, most rivers are also free to change
their width with changes in discharge. This change in
width may be expressed as

W o« @ g’ 21)
Since VDW=¢, then m+f+b=1. It is of interest to
briefly summarize and compare values of the exponents
m, f, and b from the present laboratory data with values
from rivers and a constant width flume with grester
depths than those in the present study. This summary
is shown in table 4; river and flume data are after
Langbein (1965).

It is apparent from the data of table 4 that the con-
straint of constant width for overland flow impcses
additional requirements for depth and velocity to absorb
changes in discharge. The nearly comparable cases are
the roughened surface sprinkled tests and the down-
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stream river channel. The river channel absorbs half
of the increase in discharge by an increase in width, but
for the constant width, roughened surface, overland
flow in the laboratory, the increase in discharge is about
equally absorbed between increase in depth and veloc-
ity. The constant width flume data for uniform
sediment concentration compare with reasonable agree-
ment to the present data for uniform turbulent flow.
Measurements of the downslope changes in surface

fall intehsity. For all laboratory tests, there appears to
be some reduction in surface velocity, when compared

TABLE 4.—Summary and comparison of exponents in hydraulic
geomelry

Values of exponents in hydraulic geometry
Depth () V7idth (b)
Theory Data Theory Data Theory Data

Type of channel Velocity (m)

Laboratory Shallow Flows:

velocity are shown in the upper parts of figures 16 and stlg?;gzhr,‘ltﬂr”l;ulent ....... 0.60 060 040 040 O 0
17 by two examples from the nine-test series. The actual ool mminer e % 8% % G2 3o
downslope profiles are illustrated in figure 16 and the  gpoasis pomminar. . o-ooo-o-o-- 39 s 8L 0
same data are plotted as a function of Reynolds number — Rosehenod ditebed: 700 d8 I BRI
in figure 17. A straight line relation of surface velocity —“Cimavarseton: PP 2 .m 5 .o
to Reynolds number was determined for the data in mivesdewsisin - o @ (BT lRTIR
figure 17 and this relation is used in figure 16 to suggest F‘g,g?s?d’;giggt width, uni- o . @ o ,
(03 | U .

the downslope surface velocity profiles for each rain-
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to the suggested profiles, in the upstream reaches of
the flume and especially for the flows at higher rain-
fall intensities. In figure 16, this gives the appearance
of the radial family of curves rather than the suggested
parallel profiles. The apparent upslope reduction in
velocity is attributed to the greater retarding effects of
high rainfall intensities in the region where surface
velocities and momentum of flow is initially small. This
influence is not as noticeable in figure 17 where surface
velocities are plotted against Reynolds number.

As partly supported by figure 17, surface velocities
in flows from artificial rain are generally lower than
surface velocities in uniform flow. Summary curves
for all tests are shown on the upper part of figure 18.
The slope, or m value, for the downslope profiles of
surface velocity is approximately the same for smooth
and roughened surfaces and it averages about 0.60.
The range in values about this average is not system-
atic with flume slope and apparently is related to
measurement accuracy in timing surface velocities
over 2-foot reaches. The m values for surface velocity
as shown in figure 18 do not have to be identical to the

m value for mean velocity. By the law of continuity
for constant-width channels, the m value for mean
velocity is 1.0 minus the f value.

The Darcy-Weisbach friction factor for two of the
test series is plotted in figure 19 as a function of Pey-
nolds number. Summary curves for all tests are shown
in figure 20. The same discussion of the friction factor
for uniform flow is applicable to the friction factors
plotted in figure 19. Thus, much of the scatter in data
is related to the effects of relative roughness.

The lines of best fit to the data of figure 19 average
a value of resistance to flow about four times greater
than the theoretical value of f,=96/R for uniform flow
on a smooth surface. However, in the present exveri-
ment, friction factors for uniform flow tests (see figure
12) were also greater than the theoretical value
(f,=96/R) by about a factor of 2. Therefore, the iso-
lated effect of the type of artificial rainfall used ir the
present investigation is to about double the friction
factor over that for flows without rainfall.

The line of best fit to the data in figure 19 is a com-
puted line from the relation established betveen
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depth and Reynolds number in figure 17. Computed
lines of best fit are used in the analysis because any
percentage errors in the original depth measurements
are multiplied in the computations of hydraulic param-
eters. This enlarges the scatter of points on plots of
computed data and increases the difficulty of curve
fitting. The relation of depth to Reynolds number can
be accurately determined from graphs with little
scatter to the data and computed lines of best fit to
other graphs are equally good fits. The computed
lines of best fit are used for the summary curves in
figure 20.

The resistance terms in the Chezy and Manning
formulas are plotted for the same two examples in
figure 21 and summary curves for all tests are shown
in figure 22. Because these terms are related to the
Darcy-Weisbach friction factor, they follow the same
pattern as figures 19 and 20. The inclusion of graphs
for all three resistance terms is to facilitate the visuali-
zation of the behavior of these terms. Each of the
three most common resistance terms is presented

inasmuch as individual hydrologists are more familiar
and have customarily preferred to use one expression
rather than another.

The examples of data in figure 23 and the summary
curves in figure 24 show the relation of the Froude
number and the ratio of mean velocity to surface
velocity as functions of the Reynolds number. The
Froude number is defined as the ratio of inertiel forces
to gravitational forces; flows with a Froude number
greater than 1 are supercritical, flows with a Froude
number less than 1 are subcritical. Within the range
of conditions investigated, most of the flows observed
in the smooth channel and all of those observed in the
roughened surface channel were in suberitical flow.
Over longer slopes, however, supercritical flovs could
be expected. Theoretically, the slope of the line relating
the Froude number to Reynolds number is 0.5 for
laminar flow. The present data for the smooth surface
tests indicate a value slightly higher than 0.5 and the
roughened surface tests have a value somewhat less
than 0.5. This difference is related to the difference in
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J values shown in figure 18. (Lest the reader jump to
early conclusions, it will be shown in the next section
that the Froude number for natural slopes is nearly
constant with increasing discharge and generally stays
below a value of 0.2.)

The upper parts of figures 23 and 24 show values of
the ratio of mean velocity to surface velocity. Nearly
all values of the ratio are smaller than 0.67, the theo-
retical value for uniform laminar flow. This indicates
that mean velocity is retarded more than surface ve-
locity and this influence is greatest at the lower Rey-
nolds numbers. For seven of the nine test series, the
slope of the line relating the velocity ratio to Reynolds
number is positive. The slope of this line is determined
by the ratio of the computed m value for mean velocity
(m=1—f) to the m value for measured surface velocity.
The actual slope is this ratio minus 1.0. From the infor-
mation in figure 18, the value of 1—fis greater than the
surface velocity m value in all test series except numbers
6 and 7.

FIELD INVESTIGATION OF OVERLAND FLOW

The results of the field verification studies are illus-
trated by an example of data from one site, Pole Creek
Site 3, and summary curves representing the data from

all sites. Al of the measured and computed data
from the field sites are included in the ‘“Summary of
data,” table F.

Topographic maps were prepared from the detailed
surveying at each site. These maps are shown as part
A of figures 25 to 31. All of the maps show the gereral
downslope orientation of the runoff plots and bec~use
of the close contour interval, many details of the
microrelief on the slopes are apparent. Supplemerting
each topographic map is a grid layout covering the area
of the runoff plot. At each field site, physical feainres
influencing the runoff of water were observed and
located on the grid layout. These layouts are shown as
part B in figures 25 to 31. The mapped features influ-
encing flow include vegetation mounds, exposed rock
surfaces, the aluminum stripping used as a barrier to
direct runoff, and the position of the collecting trough.
The vegetation mounds were generally less thar 0.1
foot high and normally occurred at places where sage-
brush overstory was removed. Most likely, the sage-
brush had protected mound areas from erosion by
wind, rain, and the trampling of livestock.

As explained earlier, the flow rarely occurred as a
uniform sheet of water and the majority of water
travelled downslope in several lateral concentrations of
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flow; however, these concentrations were not considered
rill flow. Dye tracings were mapped to determine the
patterns of flow illustrated in part B of figures 25 to 31.
Each site exhibited a unique flow pattern dependent
mostly on the physical characteristics of the slope.

It is emphasized that not all the runoff occurs in the
concentrations of flow shown in figures 25 to 31. The
general appearance of runoff at most field sites was one
of omnipresent surface detention, easily detected by
the glistening of the sheet of water in sunlight. Dye
tracings showed that this sheet of water moved slowly
downslope and often it moved laterally to join the
concentrated areas of flow. Few areas approached
stagnation because continuing rainfall forced runoff.
Therefore, the flow patterns shown represent only the
concentrations of flow and not all the flow. A number
of flow lines uniformly spaced, as in the lower fourth
of the plot shown in figure 27B, indicate depths of flow
great enough that runoff is uniform over the entire
width.

Pole Creek Site 1 is shown in figure 25. This site was
relatively free of topographic irregularities and surface
runoff was essentially downslope. Note in figure 25 the
trending of the flow pattern in the lower half of the plot

in response to the curvature of the contour lines.
Runoff from this site and some of the other sites was
also characterized by surface detention in a series of
puddles formed by barrier dams of organic debris.
These miniature lakes are illustrated in figure 3 (lower
photograph). Surface runoff occurs, in part, by a suc-
cession of failures of these barriers.

The slope of Pole Creek Site 2 was great enough to
override the influence of minor topographic irregular-
ities. As shown in figure 26, the general pattern of flow
is directly downslope with little anastomosing of the
flow concentrations. A similar flow pattern is noted in
figure 278 for Pole Creek Site 3. However, the less steep
slope of Pole Creek Site 3 begins to show the influence
of small topographic features and the curve of flow lines
around topographic highs. In the lower fourth of the
runoff plot at Pole Creek Site 3, depths of flow are suffi-
ciently great and are evenly enough distributed so that
flow was nearly uniform across the plot. Note also the
shift in direction of the flow pattern in this are~ in re-
sponse to a curvature in slope direction.

The ground slope at New Fork River Site 1 is flat
enough that small topographic features are obvious in
the topographic map in figure 28 and are visible in the
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upper photograph of figure 6. The flow pattern respond-
ing to this topography is shown in figure 28B. The
gradient at the lower end of the plot was such that water
ponded in the lower 2 feet of slope. In this ponded area,
sediment was deposited as a delta. The size of the delta,
shown in the lower photograph of figure 6, indicates the
effectiveness of overland flow to erode and transport
sediments. The eroded sediments apparently were de-
rived as sheet wash since no rilling was observed. The
ponding had no effects on the upslope hydraulics of flow
and affected only the analysis of sediment concentra-
tions.

The flattest slope of the sites investigated was for
New Fork River Site 2. Irregular surface features are
unmistakeable in the topographic map in figure 294
although they stand out only slightly in the photographs
of figure 7. The pattern of flow over this topography
is shown in figure 29B. The flow is definitely directed
around the topographic highs and follows the micro-
valleys indicated by the contour map. Water in the
lower 8 feet of this site was also ponded and there was
some deposition of sediment in this area. The deposition
was distributed over the area and did not form a delta
as at New Fork River Site 1.

Figures 30 and 31 illustrate the topography end
flow patterns for the two Boulder Lake sites. The
appearance and behavior of flow at these sites are
similar to those just described for the other sites.

Examples of downslope profiles of depth and surface
velocity are shown in figure 32 for Pole Creek Site 3.
This site was chosen as an example because it repre-
sented an intermediate slope in the range of slopes
investigated. Measurements listed in the ‘‘Summary
of data,” table C, were used to construct the downslope
profile of depth. With little variation, the data can
be described with a straight line having a slope of
0.80 on the log-log plot. Surface-velocity measure-
ments are plotted as the downslope profile in the right
half of figure 32. Part B of this figure is a plot of the
actual individual measurements and part A is an
attempt to smooth the data by using a running 3-foot
average of the measured velocities. The data can be
adequately expressed with a straight line of slope 0.25.

Summary curves of downslope profiles of depth end
surface velocity are shown in figure 33 for all field sites.
Values of f for the exponent of depth range from 0.4( to
1.00 and m values of velocity range from 0.25 to 1.00.
More will be said about these values of f and m later.
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Depth data are also plotted as a function of Reynolds
number on the left of figure 34. The same line of fit for
figure 32 is also shown in figure 34. Summary curves of
depth as a function of Reynolds number are shown in
the left graph in figure 35.

Values of the Darcy-Weisbach friction factor for Pole
Creek Site 3 are plotted in the right graph of figure 34.
The scatter of data shows the tremendous effect of
small depth discrepancies in the computation of friction
factors. The suggested straight line relationship is a
computed line of best fit taken from the opposite graph
in the figure. The slope of the straight line relationship,
as determined from equation 13, is equal to /—2m or
f—2(1—7). For a value of f equal to 0.67, the slope of
the friction factor relationship is 0; smaller values of f
yield negative slopes, and greater values of f give posi-
tive slopes. Since f=0.80 for Pole Creek Site 3, the
slope of the friction factor relationship is 0.40 and this
indicates the friction factor increases in the downslope
direction. Summary curves of the friction factor-
Reynolds number relation are shown in the right half
of figure 35 for all field sites. The wide range in values
of slope for the friction factor relation are due to the
range in values of f for the depth relations.

Values of Chezy’s €' and Manning’s » for Pole Creek
Site 3 are plotted as a function of Reynolds number in
figure 36. Summary curves for all plots are shown in
figure 37. The appearance of these curves is similar to
those for the Darcy-Weisbach friction factor.

The relation of the Froude number to Reynolds num-
ber is shown in the left graph of figure 38 for the data
of Pole Creek Site 3. Positive or negative slopes for the
straight line relation depend on whether the f value is
greater or less than 0.67. The summary curves for
Froude number as a function of Reynolds number are
shown in the left graph in figure 39.

The ratio of mean velocity to surface velocity for
Pole Creek Site 3 is shown as a function of Reynolds
number in the right graph of figure 38 and summary
curves are shown in the right graph of figure 39. The
near horizontal to negative range in slopes of tl'e lines
in figure 39 indicate a relatively more rapid downslope
increase in surface velocity than mean velocity.

COMPARISON OF FIELD RESULTS TO LABORATORY
DATA

The most apparent difference in field and laboratory
data is the greater depths occurring in the fie'd run-
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off. This was not an unexpected observation. The
laboratory data indicated that the effect of rough-
ness is to retard the flow and increase the depth; the
sand grain roughness in the laboratory increased the
depths up to 30 percent over those on a smooth surface.
Surface roughness of the field sites is difficult to esti-
mate. The roughness of field sites consists of both par-
ticle roughness (sand grain roughness in bare areas and
plant sprouts in vegetated areas) and form roughness
(topographic irregularities). Mean grain sizes of the soil
particles at the field sites are smaller than those in the
laboratory roughness so that the increase in depths is
due primarily to vegetation and topographic character-
istics of the field sites. Depths at the upslope end of the
field plots were comparable to depths at the upstream
end of the flume in the laboratory. Thus the downslope
rate of increase in depths is greater for the field sites.
Figure 33 shows f values for field sites range from 0.40
to 1.00, average 0.69, and compare to an average f value
of 0.48 for the rough surface tests in the laboratory.
Higher f values are related both to the magnitude of
relative roughness (degree of overall retardance) and
the character of the runoff (for example, ponding as at
Pole Creek Site 1, lower photograph in figure 3). The
368-391 0—70——5

f values for the field sites show no correlation vrith
ground slope, or, at least, the data indicate that other
characteristics of the field plots override the influence
of slope. Since no correlation could be established be-
tween vegetation cover in percent (or type of vegsta-
tion) and f value, the increase in f values at field sites
is attributed to topographic form and, dependent on
form, the character of runoff. No two field sites are
identical in form and no two depth profiles are the same.

Values of f in the relation D ocg’ are related to down-
slope changes in resistance to flow. Resistance to fow,
expressed in this report as the Darcy-Weisbach friction
factor f,, Chezy’s C, and Manning’s n, describe hlk
resistance to flow rather than resistance attributable to
grain roughness alone. With increasing downslope dis-
charge, one would expect resistance to flow to decrrase
downslope as relative roughness decreased (as in all
laboratory cases). Overriding influences, such as pond-
ing, are analogous to tremendous retarding forces. T us,
depending on topographic form, relatively smoother
surfaces may show higher resistance to flow and different
rates in downslope changes in roughness.

The average of the downslope changes in roughness
at the field sites is approximately zero, this indicates a
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downslope increase in relative roughness. Absolute
roughness is probably not increasing, so the apparent
increase in roughness is due to a decrease in runoff effi-
ciency and is related to the microtopography of the site.
As a first approximation to overland flow on natural
ground surfaces, an f value of 0.67 and no downslope
change in roughness may be used to estimate the hy-
draulic parameters. Absolute values of depth and the
resistance term may be approximated from figures 35
and 37. Values of relative roughness corresponding to
values of the Darcy-Weisbach friction factor are beyond
those shown on conventional Moody diagrams, but they
would appear in some instances to have a value greater
than 1. This is not unreasonable comparing the shallow
depths of flow to the magnitude of vegetation and topo-
graphic barriers.

It is difficult to compare values of the friction factor
at field sites to values from the laboratory tests. How-
ever, in general, the field data indicate a tenfold increase
in resistance on the natural field plots compared to the
laboratory surfaces.

Values of m for surface velocity are generally less for
the field sites than for the laboratory flume (compare

figure 33 to figure 18). As depth enlai‘ges its role in
absorbing downslope increases in discharge, mean
velocity must absorb less of the change. Graphs of the
velocity ratio in figure 24 indicate that the velocity
ratio is nearly constant. This is approximately true for
the field data. (See figure 40.) Thus,- m values for
surface velocity in the field must be lower than labora-
tory values. An average value of the ratio of mean
velocity to surface velocity is about 0.4 to 0.5. One
reason for this low value of the velocity ratio is that a
maximum surface velocity was measured in the field.
The leading edge of the dye trace was measursd and
as the dye merged into concentrated areas of flow, the
velocity timed was greater than an average surface
velocity over the width of the plot. Still, values of the
velocity ratio from field data were not substentially
lower than values from laboratory data.

The downslope change in Froude number for field
data varied, but on the average it was nearly constant
down the slope and was considerably lower than values
from laboratory data. This behavior is related to the
differences in depths of field runoff compared to labora-
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tory tests. An average value of the Froude number is
0.1, which is well within the regime of subcritical flow.

PROBABILISTIC APPROACH TO OVERLAND FLOW AND
THE SHAPE OF HILLSLOPES

In accommodating the downslope increase in dis-
charge from rainfall, overland flow on hillslopes can
change velocity, depth, and slope. These are the factors
which describe the hydraulic geometry. The exponents
of hydraulic geometry are indices of the deviations of
the dependent factors for any change in the independent
factor, discharge. The variability of the dependent
factor is minimized when the variance of the factor is
minimized. Such minimization of the variability of the
dependent factors provides the most probable relations
among the factors. When variability of dependent
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factors are jointly minimized, the sum of the varience
of the factors is minimized.

HYDRAULIC CHANGES DOWNSLOPE

In the presentation of data in earlier sections of this
report, hydraulic geometry was used to describe the
downslope changes in depth, velocity, and resistence
to flow. Exponents in the hydraulic geometry equations,
summarized here,

D@ R/, (5, 6)
V@ <R", €.9)
and
fre@ <R, (10, 11)
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Fraure 26.—Topography and flow pattern at Pole Creek
Site 2.
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were computed for the condition of constant slope.
More generally, slope can also be expected to vary with
discharge:

SR (22)
Thus, it can be seen that quantification of four variables,
f, m, y, and z is needed to describe the hydraulics of
ftow with increasing discharge.

The known laws of hydraulics do not provide suffi-
cient physical relations to offer a solution to the above
equations. However, in a clever reasoning of the most
probable energy distribution and expenditure within
a river system, Leopold and Langbein (1962) were
able to supply additional equations needed for a so-
lution to flow in river channels. Namely, they postu-
lated that energy expenditure per unit of surface area
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Ficure 28.—Topography and flow pattern at New Fork River
Site 1.

is equal throughout the river system and that total
energy expenditure in the system is a mirimum.
Langbein (1964) elaborated on this pioneering work;
Emmett and Leopold (1964) presented graphi~al so-
lutions for Langbein’s equations, and Langbein (1965),
in a closure to his 1964 paper, demonstrated the validity
of this new concept through the agreement botween
theory and data for many examples of flow in rivers,
canals, and flumes. Although controversy still exists
about the applicability of “most probable” statistical
concepts to hydraulics, there is increasing accentance
and elaboration of the basic ideas. For example, Mad-
dock (1969) has applied these concepts to seliment
transport in alluvial channels. It would be interesting
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to apply these statistical techniques to an analysis of
overland flow.

For overland flow, width may be considered constant,
b=:0, and increase in discharge is absorbed through the
interaction of depth and velocity and in turn is reflected
in shear and friction. The variability of each of these
dependent factors is its exponent in hydraulic geometry
and the variance of each of these terms is the square
of the exponent relating that variable to discharge.
Thus the variance of depth may be expressed as f?,
velocity as m? shear as (f+2)?, and friction as
(f+2z—2m)?. The most probable way that an increase
in discharge can be met is given by the condition that
the sum of these variances is minimized:

Prmi+ (f+2) 4 (f+2—2m)2—0. 23)
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Minimization of equation 23 will be considered for two
cases: (1) turbulent flow and (2) laminar flow.

The theoretical value of f for turbulent flow is 0.60;
the theoretical value of f for laminar flow is 0.33. These
are the same values illustrated in figure 11 for relation
between depth and Reynolds number for uniform flow.
For constant widths, m=1—jf. Thus, for turbulent
flow, f=0.60 and m=0.40, and for laminar flow, f=(.33
and m=0.67. With these values of f and m for equation
23, minimization of equation 23 gives a value of
2=—0.20 for turbulent flow and z=+0.33 for laminar
flow. Thus for turbulent flow, slope decreases dovwn-
slope and for laminar flow, slope increases downslcpe.
It may be supposed that flows intermediate between
laminar and turbulent (as those in the transition region
or, in the present investigation, a disturbed type of
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flow caused by raindrop impact and the anastomosing
of flow concentrations) would show intermediate values
of downslope changes in slope. In the present probab-
listic approach to overland flow, an intermediate value
(or value for flows somewhere between laminar,
z=+40.33, and turbulent, 2= —0.20) is approximated
by a zero downslope change in slope, z=0.0.
From the computed values of z above, values of the
roughness exponent, ¥, can be computed from the Darcy-
Weisbach formula (eq 7): y=f4+2—2m or y=—0.40
for turbulent flow, and y=—0.67 for laminar flow.
From figure 12 and its discussion, it has been shown
that for uniform flow on a constant slope, the exponent
y should have a value of —1.0 for laminar flow. The less
negative value (—0.67) in the present analysis indicates
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DYNAMIC AND DESCRIPTIVE STUDIES

OF HILLSLOPES

a relative increasing downslope resistance to flow.
That is, when slope is relaxed and allowed to change
in the downslope direction, the resistance to laminar
flow decreases downslope less rapidly than for a fixed
slope. Conversely, for turbulent flow, the data of figure
12 indicate that ¥ should have a value of —0.20 for
fully turbulent flow. The more negative value (—0.40)
in this analysis indicates decreasing resistance to tur-
bulent flow in the downslope direction.

APPLICATION TO THE SHAPE OF HILLSLOPE
PROFILES

It is of interest to apply the results of this analysis
to flow over a long length of hillslope. Without any
external factors affecting the downslope runoff of uncon-
centrated sheet flow resulting from rainfall, Reynolds
number increases in the downslope direction. For
uniformity of rainfall and infiltration, Reynolds number
increases uniformly downslope from a value of zero at
the hilltop to a maximum at the base of the slope.
For sufficiently long slopes, overland flow at the foot of
the hill could be expected to be fully turbulent. It
should be noted, however, that the Reynolds number
is dependent on the runoff rate. The Reynolds number,
R=4VD/v, may also be expressed as

R=cRL (24)
where ¢ is a coefficient including the value of kinematic
viscosity of water, R is the runoff rate in inches per
hour, and L is the length of slope in feet. For an aver-
age value of viscosity of 1X107° feet squared per
second, the following tabulation shows for several
intensities of runoff the length of slope required to
obtain the given Reynolds number:

Length of slope, L, in feet

Reynolds number
0.5in, per hr 1.0in. per hr 2.0in. per hr

500 - 108 54 27
1,000 . 216 108 54
2,000 . 432 216 108
3,000 . _____ 648 324 162
4,000 _______ -1 Tl 864 432 216

Doubling the runoff rate would halve the length of
slope needed to obtain the same Reynolds number.

The preceding analysis would indicate that an upper
reach of slope, characterized by laminar overland flow,
should be convex (z is positive). A middle reach of slope
with mixed flow should be nearly straight (z is approx-
imately zero) and a lower reach of slope with turbulent
overland flow should be concave (z is negative). From
the tabulated slope lengths above for one inch per hour
of runoff, such a slope profile may be convex for about
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Fiaure 32.—Downslope profiles of depth and surface velocity for Pole Creek Site 3.

the first 100 feet, straight for the next 200 feet, and
concave for the remainder of the profile. Such convex,
straight, concave hillslope profiles are schematically
shown in figure 40 for three intensities of runoff on
slopes with the same initial gradient. The steepening
of the straight segment of slope with decreasing runoff
rates may not be significant because the slope of the
straight segment depends primarily on the initial gra-
dient at the top of the hill. The influence of initial gra-
dient is schematically shown in figure 41 for a constant
runoff intensity.

White (1966) has shown that many hillslopes are
indeed characterized by a convex, straight, and concave
profile. The length of each of the three slope segments
is dependent on the runoff rate which in turn relates to
rainfall intensity and infiltration, and short slopes may
not be long enough to develop all of the three segments.
The steepness of the straight segment is dependent on
a number of possible combinations of initial gradient
and runoff intensity. As one possibility, the initial gra-
dient might be associated with a runoff intensity (a
combination of figs. 40 and 41) in such a way that slope
steepness is constant and only the length of each slope
segment is different for differing rates of runoff. But

regardless of the slope steepness, the rate of downslope
change of gradient in the convex and concave segments
should be similar between most slopes, an observation
verified by measurements of hillslopes by White (19€6).
It appears likely that the overall hillslope profile
(lengths of each of the three slope segments) is depend-
ent on the climate which defines the rainfall intensity
and the geologic structure, especially rock type, which
controls the infiltration rate. Differing rainfall intensi-
ties sculpture the ground surface in proportions differ-nt
than those of the observed profile, but the general shape
of the hillslope is that profile determined by a dominant
runoff rate. Slopes with different infiltration rates (dif-
fering geologic structure and rock type) in the same
climatic environment may have different lengths of each
slope segment as may slopes of the same geologic struc-
ture and rock type in different climatic environments.
But all slopes subject to overland flow would tend to-
wards a characteristic convex, straight, and conceve
profile.

It is emphasized that the profile suggested by the
above analysis is not characteristic of any given slope,
but it is a most probable profile toward which all hill-
slopes tend to develop. And, of course, an implieit
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assumption is that overland flow is the only operative
process developing the profile. Other processes, for
example mass movement, might serve to alter a profile
developed only from the flow of unconcentrated runoff.

EROSION AND SEDIMENT TRANSPORT
RILLS AND DYNAMIC EQUILIBRIUM

One of the most ubiquitous processes occurring on
hillslopes is the erosion, transportation, and deposition
of debris by running water. The formation of rills is one
consequence of the flow of water. However, some slopes
may show no rills and may be undergoing uniform deg-
radation by sheet erosion. The question may be logi-
cally asked why some slopes develop rills and others
do not? Since the development of rills is widespread,
the question extends beyond the field sites of this study
and is pertinent to the general science of geomorphology.

Both rills and sheet erosion are the products of over-
land flow. However widespread overland flow may be,
it is one of the most elusive processes to observe and
measure. This fact has made difficult the collection of
quantitative data to help resolve the questions of why
and how rills develop. In fact, little is known of the
general mechanics of slope erosion by overland flow.

The author and others (Leopold and others. 1966)
have measured hillslope erosion for nearly 10 yrears in
a semiarid area of New Mexico. Despite efforts to ob-
serve overland flow from thunderstorms occurring
during the several weeks of residence at the project
area each year, overland flow was never observed in the
field. Yet, during the period of measurement, surface
erosion on unrilled slopes yielded 13,600 tons per square
mile per year or 98 percent of the sediment production
from all sources. Obviously, surface erosion on these
unrilled slopes must be the work of unconcentrated
overland flow, but without the detailed measurements
of hillslope erosion, the full importance of overland flow
was not apparent in the field. Still, the question r»mains;
why did the slopes degrade by sheet erosion rather than
develop rills?

The presence of rills was not observed at any of the
field sites of the present investigation and rillinz is not
common in the general area. Flow concentrations occur-
ring at the sites were dictated by microtopozraphic
features, but the paths followed by concentrations of
flow were not in discernible rills. Nor, during the course
of sprinkling at each site (generally about 6 hours or
longer), were rills observed to be formed by flow concen-
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trations. Rilling is generally considered to be evidence
of more accelerated erosion than sheet erosion. Sediment
concentrations at New Fork River Site 1 were the high-
est observed at that time in the investigation and rilling
was considered most likely to occur at this site. How-
ever, after nearly 10 hours of sprinkling at an intensity
of 8.5 inches per hour, no observable rills had been
formed. The sprinkling intensity was raised to 10.5
inches per hour and continued for over 6 hours. Still
no rills were formed by the increased runoff.

The appearance of rills on a soil surface during over-
land flow as influenced by slope steepness, runoff rate,
and presence or absence of rainfall was reported by
Meyer and Monke (1964) for a laboratory investi-
gation using glass spheres as a noncohesive bed material.
They reported erosion occurs predominately by rilling
and the intensity of erosion increases with increasing
slope steepness and runoff rates. Rainfall tended to
level the bed surface, thereby smoothing its rill-roughen-
ed surface. For a 10 percent slope, the same as the slope
steepness at New Fork River Site 1, Meyer and Monke
report that erosion was rapid and riling was pro-
nounced. Rills were long narrow chutes and were di-
rected predominately downslope. As erosion rates
increased with increased runoff rates, they report that

erosion tended to be uniform since potential rills weve
filled by the great rates of soil movement before they
could fully develop.

Using the reasoning of Meyer and Monke, it corld
be argued in the present investigation that rilling should
be the predominate erosion process but that rills were
obliterated by deposition of sediments from interrill
areas. However, the lack of rilling on both the less
steep and more steep field sites and the lack of rilling
in the general field area indicate that rilling need not
occur where there is erosion and may be related to some
broader aspect of geomorphology. Such an aspect
might be the “equilibrium concept of landscape’ elab-
orated by Hack (1960). Briefly, Hack postulates that
for landforms in dynamic equilibrium, all topograplic
elements are eroding vertically at an equal rate with
no change in time of slope form or areal arrangement
of the topography. Such equilibrium landforms would
be completely adjusted to the processes presently act-
ing on them. The concept of dynamic equilibrium is
supported by the most probable model analysis in the
preceding section which suggests that hillslopes tend to
adjust to and to maintain certain highly reguler,
geometric forms.

Utilizing Hack’s thesis, it can be argued that the gen-
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THE HYDRAULICS OF OVERLAND FLOW ON HILLSLOPES

A4l

T

ELEVATION, IN ARBITRARY UNITS

Low initial gradient

i High initial s
gradient
Laminar flow | Mixed or disturbed flow Turbulent flow
(Convex profile) (Straight profile) (Concave profile)
] i | |
0 40 80 120 160 200 240

DOWNSLOPE DISTANCE, IN FEET

Fiaure 41.—Hillslope profiles for various initial gradients; downslope distance shown is approximate for a runoff rate of 2.0
inches per hour.

eral absence of rilling in the field area is related to the
erosion rate necessary on the reach of slope investigated
to keep in downcutting equilibrium with other slopes
within the drainage system. Under conditions of dy-
namic equilibrium, the behavior of individual hydraulic
parameters need not be elaborated. The requirement
is that there is an interaction among all of the variables
to promote those flow conditions of depth and veloc-
ity to maintain equilibrium. Data for the present
investigation indicate that velocities sufficient to cause
rilling never occurred, and figure 33 illustrates well
that velocities in overland flow are indeed low. But the
principle involved is that velocities were low because
depths were relatively great; the increase in depth is
related to its role in the interaction of all variables.
Rills may or may not develop on unrilled surfaces if
some threshold is exceeded which causes a change in the
degradation rate. Such a threshold may be exceeded,
for example, because of climatic change, but equilibrium
could be maintained by equally altering the erosion rate
throughout the drainage system. It is interesting to note
that even at the high intensity of rainfall applied to the
test plots, a threshold was not exceeded with an external
variable (rainfall intensity and duration) which was
sufficient to cause rilling. This would imply that the

potential for increased erosion (supplied by greater rain-
fall intensities and durations than are probably naturel)
was absorbed by increased depths of flow rather than
by higher velocities and accelerated erosion by rillir=.
To maintain this equilibrium, each slope had developad
both a form and a resistance to flow, manifested in a
complex interaction of vegetation and microtopograptic
form, to which the depth and velocity components of
overland flow must adjust.

Schumm (1962) discussed the development of resist-
ance to flow to maintain equilibrium between pediments
and hillslopes in an analysis of miniature pedimerts
developed on badland topography in South Dakota.
Using the Manning formula (eq 16) to estimate velocityy,
Schumm applied a value of Manning’s n to the rougher
but more steep hillslopes which was three times greater
than the value of n for the smoother pediment surfaces.
(The actual values of n used by Schumm were probakly
Idw, but the relative order of magnitude appears reason-
able.) The pediment slopes were about eight times less
steep than the hillslopes. Assuming that the depth of
the sheet of water moving over the hillslope was the
same as that over the pediment, the computed value of
velocity was the same for the hillslopes as for the pedi-
ments. Thus, in the case of the pediment, the decrea-e
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in roughness apparently compensates for the decrease
in slope angle. Such mutual adjustment of the compo-
nent variables is the key to equilibrium.

This example by Schumm and the data from figure
39 of this report showing values of the Froude number
and its downslope change should serve to discredit the
existance of a hydraulic jump as overland flow on natu-
ral hillslopes passes from a steep slope to a moderate
or flat slope. A hydraulic jump occurs as flow goes from
supercritical to subecritical, but Schumm’s example
shows no decrease in velocity at the base of the steep slope
because changes in resistance to flow compensate for the
smaller value of slope. And the data of figure 39 show
that the value of the Froude number for natural slopes,
even steep slopes, is on the order of 0.1 and is essentially
constant over the length of the slope. Although it is
possible to have supercritical flow in river channels,
especially with flash flooding in ephemeral channels, it
is unlikely that overland flow is ever supercritical and
thus never offers the opportunity for a hydraulic jump.

EROSION AND LAMINAR FLOW

The sediment concentrations observed in the samples
taken during this study illustrate the ability of over-
land flow to erode and transport sediments. The ana-
lytical results of the several sediment samples from each
site are included in table 5 and are summarized as av-
erages for each site in table 6. The average values of
sediment and organic content from table 6 show no

TaBLE 5.—Analytical results of sediment samples from overland
flow field sites

Total
Time? sediment Sediment content Organic content
Site No.t Date  (min- and of total sample of total sample
(1967)  utes) organic
content
(mg/l)3 (percent) (mg/l)? (percent) (mgfl)?
PC-1.________ 6-27 35 31 33 10 67 21
6-27 65 113 38 42 62 71
6-27 129 68 20 14 80 54
6-28 25 43 23 9.7 77 33
6-28 85 83 38 31 62 52
2 7-14 80 35 86 30 14 4.8
7-14 85 24 79 19 21 5.0
7-15 25 75 88 66 12 9.3
F: R, 719 . 25 12 3.0 88 22
719 . 4 8 2.0 92 22
=19 . ____ 29 24 6.9 76 22
NF-1..__..._. 7-29 24 288 90 260 9.9 28
7-29 34.7 184 92 170 7.6 14
7-29 82 41 94 39 5.8 2
7-29 119 36 89 32 11 4
7-30 15 160 94 150 6.4 10
7-31 150 49 90 44 9.6 5
2 . 8-18 48 24 82 20 18 4
8-18 79 10 70 7 30 3
8-18 176 45 96 43 4 2
8-18 270 9 75 7 25 2
BL-1. ... 9-27 56 10 68 7 32 3
9-27 80 14 69 10 31 4
9-27 128.5 7 62 4 38 3
9-27 232 4 50 2 50 2
2. 9-28 30 81 88 71 12 10
9-28 45 87 83 72 17 15
9-28 87 93 89 83 11 10

1 Site numbers: PC, Pole Creek, NF, New Fork River, and BL, Boulder Lake.
2 T'ime is from beginning of rainfall application.
3 Milligrams per liter by weight.
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apparent correlation with the ground slope at the site
(table 6) or with the rainfall and runoff rates (table 3).
The range of runoff rates in the present study is perhaps
too limited to show a correlation. However, it has been
shown (for a summary of investigations, see Smith and
Wischmeier, 1962) that a few high intensity storms
cause a high proportion of total soil erosion. That is,
erosion is caused more by the number of high intensity
storms than by the total volume of runoff. Although
the present data show no apparent correlation of sed-
iment concentration with slope, other investigators (see
Smith and Wischmeier, 1962) have shown soil erosion
to increase with increasing slope. The upper limit of
slopes reported by Smith and Wischmeier was 18 per-
cent (about 10 degrees).

In the present investigation, resistance to fow was
such that downslope profiles of depth and velocity
were only negligibly influenced by slope. The similar-
ity between field plots in the downslope profiles of
depth and velocity is responsible in part for the lack
of correlation of erosion rates to slope. Also responsible
is the differences in vegetation density betwe-n sites.
The average values of sediment concentration from
table 6 correlate well with the density of vegyetation
except for the data of New Fork River Site 2. Ponding
occurred in the lower 8 feet of this site and much of the
sediment load of the runoff settled out as velocities
were lowered. The correlation of sediment concentra-
tions with vegetation density at the other six sites,
however, illustrates the importance of grourd cover
for prevention of erosion. Smith and Wischmeier (1962)
summarize some earlier investigations on the relation
of plant cover to erodibility and generally report
decreasing soil losses for increasing densities of vege-
tation. It becomes apparent that the interaction of
variables may mask the effects of any one variable.
For example, a nearly flat bare surface may contribute
as much sediment as a steeper, more vegetated slope.
For the present data, if vegetation is held constant,
ground slope does appear related to sediment concen-
trations. Comparison of Boulder Lake Site 1 to Pole
Creek Site 2 and Pole Creek Site 2 to Boulder Lake Site 2
illustrates that for the same vegetation density, sedi-
ment concentrations in the runoff increase with in-
creased slope angle.

One important observation is the higher concen-
trations of sediment in the initial runoff and the rela-
tively rapid decrease in concentrations during the
remainder of the runoff. Unfortunately, the data of
table 5 do not entirely confirm this observation because
of a deficient number of samples collected during the
early stages of runoff. Within the limitations of the
present investigation, this observation is best illus-
trated by the data of New Fork River Site 1 included
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TaBLE 6.—Average values of sediment sample analyses compared
{o ground slope and vegetalion cover al overiand flow field sites

[Content in milligrams per liter by weight]

. Total .
Ground Estimated sediment Sediment Organic

Site name slope vegetation and content  content

(ft per ft) cover organic of sample of sample
(percent) content (mg/1) (mg/l)
(mg/1

New Fork River Site 2_... 0. 0290 8 22.1 19.3 2.8
Pole Creek Site1.___.._.. . 0960 20 67.6 21.3 46.2
New Fork River Site1____ . 1000 10 126.3 115.8 10.5
Boulder Lake Site 1 ______ . 1880 28 8.8 5.8 3.0
Pole Creek Site3.....____. . 2080 35 26.0 4.0 22.0
Boulder Lake Site2.______ . 3315 22 87.3 75.3 1L.7
Pole Creek Site 2.._._____. 3320 28 44.7 38.3 6.4

in table 5. From a sediment concentration of 228
milligrams per liter after 24 minutes of runoff, the
concentration decreases to 184 milligrams per liter at
35 minutes, 41 milligrams per liter at 82 minutes, and
36 milligrams per liter at 119 minutes. Similar results
were found by Lowdermilk and Sundling (1950).
Their studies indicate that the erosion rate decreases
throughout a simulated rainstorm as the finest parti-
cles were removed in surficial flow. Their removal led
to the domination of the soil surface by larger particles
until ultimately an erosion pavement was formed.
Similar results were also found by Swanson, Dedrick,
and Weakly (1965). However, the present data do not
strictly support the pavement theory. Using the data
of Pole Creek Site 2 and New Fork River Site 1 from
table 5, comparison of sediment concentrations ob-
served early in the runoff from a second day of sprin-
kling to the concentrations at the end of the previous
day’s sprinkling shows the second day’s initial con-
centration to be considerably higher than the preceding
day’s final concentration. Since a new number of
fine-grained particles could not be produced in the
short interval between sprinklings, higher initial sedi-
ment concentrations appear to be related to some
process making soil particles ready for transport. Over
a single night, as in the present investigation, the
responsible process is most likely a wetting-drying
effect on the soil. Between natural storms, processes
making soil ready for transport would include wetting-
drying, wind, frost action, churning by animals, and
even weathering where intervals are long.

Splash erosion by raindrop impact before a protec-
ting layer of surface detention is built up is also impor-
tant in the initial high sediment concentrations (Borst
and Woodburn, 1942). However, the present data do
not fully confirm the conclusion of Borst and Woodburn
that raindrop splash, not runoff, is responsible for soil
loss. A number of other investigators have shown the
importance of raindrop impact on erosion (for a sum-
mary, see Smith and Wischmeier, 1962). However,
raindrop impact with very little transporting medium
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by runoff is not likely to be an effective agent of eros’on.
As surface detention builds up everywhere and depths
increase downslope, the effect of waterdrop impact
lessens. The data of Palmer (1965) indicate that for
the size of waterdrops and depths of flow in the present
investigation, there was probably little splash erosion
due to raindrop impact.

The values of sediment concentration in table 5
are adequate proof that overland flow can be effective
as an eroding and transporting agent. It is interesting
to note that the values of Reynolds numbers from all
field tests were well within the regime of laminar f'ow
as defined in figure 11. As previously mentioned, over-
land flow is disturbed by rainfall and flow in the con-
centrations of water have higher Reynolds numl ers
than the average Reynolds number for a given down-
slope distance. The actual characteristics of flow are
somewhere between laminar and turbulent and as in-
dicated earlier in this report; the flow is primarily lami-
nar in upslope reaches and becomes more turbulent as
slope length increases. Regardless of the exact charac-
teristics of overland flow, sediment was being eroded
and transported.

Sediment transport occurring at the low values of
Reynolds number are in agreement with Bagnold’s
(1955) observation that turbulence is not an essential
requisite of sediment transport. The present data tend
to invalidate King’s (1953) canon 27 of landscape evo-
lution that laminar flow is nonerosive. That a large vol-
ume of material is indeed eroded and transported by
overland flow is strikingly illustrated by the lower
photograph in figure 6 of the delta formed by deposi-
tion of sediments eroded upslope in the plot at Mew
Fork River Site 1. The photograph, taken after about 6
hours of simulated rainfall at an intensity of 8.5 inches
per hour, does not show all of the eroded and trens-
ported sediment as sediment concentration data of
table 5 show high concentrations in the runoff water.

The average values of sediment content in table 6
show great variability between different field sites.
Although the values shown are valid only for the ob-
served conditions of plot size and the hydrologic, geo-
logic, and vegetation characteristics of the sites, a
sediment production corresponding to the observed
sediment concentrations of runoff can be computed.
Using an average value of 55 milligrams per liter sadi-
ment content, runoff of 1 inch per hour for 1 hour wculd
yield 4 tons of sediment per square mile. The extra-
polation of plot data to watersheds is questionable and
the above computation should be considered only il-
lustrative of the large amount of sediment production
from overland flow with small sediment concentrations.
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SUMMARY OF FINDINGS

Extremely shallow uniform flows over sloping planes
are characterized by laminar flow at Reynolds numbers
less than 1,500 (or somewhat greater) and turbulent
flow at Reynolds numbers higher than 6,000 (or some-
what less). For constant widths and smooth surfaces,
increases in depth absorb about one-third of increases
in discharge for laminar flows, two-thirds for turbulent
flows, and velocity absorbs the remainder. Transitional
flow exists between laminar and turbulent flow; the
range in Reynolds number accompanying transitional
flows is dependent on depth of flow and nature of sur-
face roughness. Surface roughness tends to increase
depth and, for the shallow flows investigated, even
apparently smooth surfaces impart an element of
roughness. For laminar flow on constant slopes, resist~
ance to flow (expressed by the Darcy-Weisbach fric-
tion factor) decreases exponentially by a factor of 1
with increases in discharge, but for turbulent flows,
resistance to flow decreases only slightly with increases
in discharge. Transitional flows show values of resist-
ance to flow intermediate between laminar and tur-
bulent flow. Absolute values of resistance to flow are
dependent on the magnitude of the relative roughness
of the flume surface. The ratio of the mean velocity
to surface velocity is equal to the theoretical values of
0.8 for turbulent flow and 0.67 (or somewhat less) for
laminar flow.

For shallow flows with increasing downslope dis-
charge due to uniform simulated rainfall over the flume
area, depths of flow are increased because of the retard-
ing influence of falling raindrops. The amount of the
increase in depth varies, but for the laboratory condi-
tions investigated the depths of flow due to simulated
rainfall averaged about a 50 percent increase over
depths of uniform flow. For the short lengths of slopes
investigated in the laboratory, all sprinkled tests are
in the laminar regime of flow as defined by the Reynolds
number criterion established by uniform flow tests.
However, the flows are not truly laminar because of the
disturbing effect of falling raindrops. For this disturbed
type of flow, data indicate that depth absorbs somewhat
less of the increase in discharge for smooth surfaces and
somewhat more for roughened surfaces when compared
with uniform flows in the same channel. For disturbed
flow compared to uniform flow, falling raindrops roughly
doubles the resistance to flow. For these same disturbed
(but nearly laminar) flows, the Froude number increases
exponentially as the square of the increase in downslope
discharge. Generally, the ratio of the mean velocity to
surface velocity is about 0.5, which is less than the theo-
retical value of 0.67 for laminar flow. Thus, mean veloc-
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ity is retarded more than surface velocity, hut this
effect decreases as depths increase.

Overland flow resulting from rainfall on natural slopes
is characterized by several lateral downslope concentra-
tions of flow rather than uniform sheet flow. These
concentrations of flow are dictated by the resistance to
flow (obstacles) developed on each slope. The dcwnslope
increases in depth that resulted with increasing dis-
charge varied between field sites, but they averaged an
exponential value of about %. Increases in velocity
absorbed the remainder of the increases in discharge.
Values of resistance to flow for the several field sites
ranged from positive to negative downslope changes in
downslope frictional resistance, but the averaxe value
indicates no change in downslope resistance to flow.
Values of resistance to flow are of a magnitude approx-
imated by a Darcy-Weisbach friction factor c¢f 100, a
Manning n of 0.5, or a Chezy C equal to 2.0. Actual
values of resistance vary between sites and between
downslope distances, but the average values listed above
for the field experiments are of a magnitude 10 times
greater than the laboratory data for sprinkled tests.
On the average, Froude numbers in overland flow were
less than 0.2 and averaged close to 0.1. From these
values of Froude number, it appears unlikely that
superecritical flow ever occurs as overland flow on natu-
ral hillslopes. The ratio of the mean velocity to surface
velocity is somewhat suppressed below laboratory data
and generally remains below a value of 0.5.

A theoretical model of overland flow, based on most
probable statistical concepts of minimizing the variance
in depth, velocity, shear, and friction, was evaluated
for the condition of no constraint on slope and yielded
(1) a downslope decrease in slope gradient for turbulent
flow and (2) a downslope increase in s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>