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ABSTRACT 

The main objective of this study is to develop an accurate design method for com­
puting inlet hydrographs of surface runoff, with average recurrence intervals of 10, 25, 
and 50 years, from typical urban highway by flood routing technique. 

Resistance to sheet flows over natural turf surfaces is experimentally investigated. 
The formulation of a functional relationship between the resistance coefficient and con­
trolling parameters for shallow flows over various turf surfaces is essential to the mathe­
matical modeling of surface runoff from urban highway sideslopes cuvered with different 
species of turf. An analysis of results obtained from laboratory experiments for laminar 
flow on Kentucky Blue grass and Bermuda grass reveals that a relationship exists between 
the Darcy-Weisbach friction coefficient, Reynolds number, and bed slope. Time did not 
permit tests to be performed on all species of turf other than Kentucky Blue grass and 
Bermuda grass which can be sodded. However, a general trend of the resistance relation­
ship for shallow flows over such dense turf surfaces as affected by raindrop impact and 
roughness is qualitatively determined. 

Chen, C. L., Urban Storm Runoff Inlet Hydrograph Study: Vol. 2. Laboratory 
Studies of the Resistance Coefficient for Sheet Flows Over Natural Turf Surfaces. Final 
Report, PRWGI06-2, Utah Water Research Laboratory, Utah State University, Logan, 
Utah 84322, May 1975. 

Key Words: Flow resistance, Friction, Laboratory tests, Roughness coefficient, Sheet 
flow, Soil surfaces, Surface runoff, Testing facilities, Turf grasses 
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PREFACE 

The work described in this report was performed under contract DOT-FH-11-7806, entitled 
"Urban Storm Runoff Inlet Hydrograph Study" between the Federal Highway Administration and 
Utah State University. This research contract aimed at the development of an accurate design 
method for computing inlet hydrographs of surface runoff under intense rainstorms on urban 
highways. One of the major tasks in this research project was the laboratory determination of the 
flow resistance on various paved and turf surfaces during and after rainfall. This information is 
essential to the accurate computation of flow variables at any point and time on the surfaces. A 
functional relationship between the resistance coefficient and controlling parameters for shallow 
flows on various turf surfaces was experimentally determined and then incorporated in a 
mathematical model of surface runoff from a highway sideslope. The mathematical model was 
formulated in the analytical phase of the project. The work reported herein was part of the 
laboratory phase of the project. 

This report is a summary of important results obtained from the flow-resistance tests on 
Kentucky Blue grass and Bermuda grass which were sodded. Experiments were not conducted on 
other species of turf which could not be sodded. Investigations on some species of turf directly 
seeded on the test bed are still underway, and if any meaningful results can be obtained, they will 
be reported later. Tests on synthetic turf and paved surfaces were not performed in the present 
study, but can be done in the future, if time and funds are permitted. 

The research was conducted under the general supervision of Dr. Cheng-lung Chen, Professor 
of Civil and Environmental Engineering at Utah State University. During this research, Messrs. 
Frank W. Haws and Duard S. Woffinden helped design the storm flow experimentation system. Drs. 
Neil W. Morgan and Leon A. Huber helped develop the computer control and data acquisition 
program for operation of the whole system. Professor Duane G. Chadwick helped calibrate the 
modules of the rainstorm simulator. Mr. I. Wayne Noble helped repair and fix electronic troubles 
in the system during the experiments. Mr. Gilbert Peterson and his laboratory shop personnel 
helped build the system. All of the mentioned are, or at one time were, professional staff at the 
Utah Water Research Laboratory. Without their help, this study could not have been successfully 
carried out. Gratitude is also due many students who helped fabricate, test, and calibrate the 
system that consists of thousands of hydraulic and electric components as well as to those who 
helped collect, reduce, and analyze experimental data in the course of the investigation. 

The contract was monitored by Dr. D. C. Woo, Contract Manager, Environmental Design and 
Control Division, Federal Highway Administration. The author is indebted to him for his ideas to 
initiate this study and overall research plan, detailed discussions of research conduct of all phases, 
and critical reviews and comments of the results during the course of the work. 
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INTRODUCTION 

In the application of the Saint-Venant equa­
tions to the computation of free surface flow, 
difficulties are encountered in the evaluation of the 
friction coefficient for flow over a surface when 
starting with a completely dry condition at the onset 
of rain. For other conditions, it may not be known 
what it should be, but it can be evaluated from the 
known equations. The value of the friction co­
efficient varies among many other factors with the 
surface roughness, such as the relative roughness 
(smooth or rough), roughness concentration (e.g., 
maximum density for the surface of a sand-grain or 
turf roughness), roughness mobility or erodibility 
(fixed or movable), and roughness stiffness (rigid or 
flexible). The values of the friction coefficient for 
laminar shallow flows over various practical surfaces 
can vary over an order of magnitude, of course, 
depending upon the roughness characteristics of the 
surfaces under study. A big error in the evaluation of 
the friction coefficient will result in the unrealistic 
values of the flow variables computed, if there ever 
exists a solution of the equations at all. Suffice it to 
say that success in the mathematical modeling of the 
surface runoff hinges greatly on the accurate evalua­
tion of the friction coefficient and hence that of the 
friction slope, aside from many other considerations 
such as a numerical technique used for solution. The 
present study is thus directed to investigate, by using 
unique laboratory equipment, the friction coefficient 
for flow over various natural turf surfaces which have 
the maximum density of typical rough, movable, and 
flexible roughness. 

Four flow regimes are known to exist in an 
open channel, namely, subcritical-Iaminar, super­
critical-laminar, supercritical-turbulent, and sub­
critical-turbulent [Robertson and Rouse, 1941]. 
Among them, the first two regimes (laminar) are not 
commonly encountered in applied open-channel 
hydraulics except for the place where there is very 
shallow depths of flow (Le., sheet flow) and erosion 
control for such flow [Chow, 1959]. All the four 
flow regimes are expected to occur in the case of flow 
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over a natural turf surface. However, limitations in 
the flow capacity of the laboratory equipment does 
not permit the high range of turbulent flow. Also, 
lack of time did not permit experiments on all the 
species of turf originally specified by the Federal 
Highway Administratioll. Only two species of turf, 
Bermuda grass and Kentucky Blue grass, which can be 
sodded, were tested. (At the time of writing this 
report, tests are still planned on Crested Wheat grass 
which is being planted by direct seeding on a test 
bed.) Despite these limitations and other inherent 
problems associated with such experiments, labora­
tory observations reveal a relationship between the 
friction coefficient and some significant parameters at 
least qualitatively, if not quantitatively, in the range 
of subcritical-Iaminar flow. The experimental results 
reported herein agreed surprisingly well with those 
obtained from previous investigators such as Ree and 
Palmer [1949]. No attempt was made, however, to 
develop similar relationships in the other flow regimes 
such as for supercritical-Iarninar flow because of its 
inherent instability and degeneration into roll waves 
[Robertson and Rouse, 1941]. 

Fixed-bed, open-channel resistance formulas are 
well known to hydraulicians. These formulas [see, 
e.g., Chow, 1959; ASCE Committee, 1963; Rouse, 
1965] can form the theoretical basis for the develop­
ment of resistance formulas for movable-bed and 
vegetated channels. The early investigations of flow 
resistance in grassed channels can be traced back to 
the work of the U.S. Soil Conservation Service 
[Palmer, 1946; Stillwater Outdoor Hydraulic Labora­
tory, 1947; Ree, 1949; Ree and Palmer, 1949]. 
Because of the ever-increasing interest in the math­
ematical modeling of the rainfall-runoff process and 
sediment yield from a watershed, in which overland 
flow over paved or vegetated surfaces during or after 
rainfall plays an important role, attention has been 
focused on the study of flow resistance for such 
surfaces. The early work as well as the most recent 
developments on this subject were extensively re­
viewed and are discussed briefly. 





REVIEW OF LITERATURE 

Presence of grass or vegetation in channels 
causes considerable loss of energy and retardance of 
flow [Chow, 1959]. The U.S. Soil Conservation 
Service conducted a series of experiments in channels 
with various kinds of grass and then computed 
Manning's n (retardance coefficient) for each of the 
measured mean velocity, V, and hydraulic radius, R, 
of flow. They discovered that the retardance co­
efficient, n, holds a certain relationship with the 
product, VR, of the mean velocity and hydraulic 
radius, but this relationship was found to be 
practically independent of channel slope and shape. A 
number of experimental curves for the relationship 
were developed for five degrees of retardance 
[Palmer, 1946; Stillwater Outdoor Hydraulic Labora­
tory, 1947; Ree and Palmer, 1949; Ree, 1958]. For 
details of the five retardance curves and the cor­
responding kinds of grass, the readers are referred to 
Chow [1959]. 

For many years engineers have used these n 
versus VR curves for the design of vegetated channels 
without knowing their implications and validity. It 
is interesting to note, however, that the retardance 
coefficient, n, can be expressed in terms of the 
Darcy-Weisbach coefficient, f, as 

11 = 1.49 fl/2Rl/6. . . . . . . . (1) 
yI8g 

in which g is the gravitational acceleration and R is 
the hydraulic radius of flow. If the Reynolds number, 
R, is defined as 

R= VR ............ (2) 
v 

in which v is the kinematic viscosity of water, then 
the product, VR, is actually the product, v R, from 
Eq. 2. Therefore, the n versus VR curve is equivalent 
to the f 1/2 R 1 6 versus v R curve with the only 
difference being a constant scale factor between the 
two curves. A close inspection of the n versus VR 
curves, especially ones for Bermuda grass plotted by 
Ree and Palmer [1949], reveals that three distinctive 
flow regimes exist in the plot. The three flow regimes 
seemingly correspond to those for laminar, transition, 
and turbulent flows in the f versus R plot. Because 
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the retardance coefficient, n, and the product, VR, all 
have dimensions, the plots of the n versus VR curves 
do not seem to be unique for any species of grass 
(or degree of retardance). The previous investigators' 
claim that the n versus VR relationship is practically 
independent of channel slope and shape may only be 
true in the turbulent tlow regime, but not in the 
other flow regimes. Given sufficient data points, if 
the n/Rl/6 versus R (which is essentially the same as f 
versus R) relationship is plotted instead of the n 
versus VR curve, one may readily discover that the 
relationship, even in terms of f and R, is not 
independent of channel slope and shape. This along 
with other findings will be discussed further in this 
report. 

Factors Affecting Flow Resistance 
in Vegetated Channels 

The importance of developing valid flowequa­
tions. for the various flows regimes has also been 
recognized by engineers in surface irrigations [Myers, 
1959]. Myers has stated that flow in surface irriga­
tion commonly occurs at low R and a valid equation 
in this flow regime must include a viscosity factor. 
This means that the flow under consideration is in the 
laminar flow regime. Relative roughness is also of 
extreme importance in shallow flow or furrow flow. 
Many difficulties encountered in attempts to 
characterize Manning's n for various conditions of 
irrigation flow have quite probably resulted from the 
fact that Manning's equation is not valid for such 
shallow flow conditions. In large open channel flow, 
however, turbulence in flow through vegetation is 
undoubtedly more closely related to diameter, spac­
ing, and flexibility of plant stems and leaves than to 
the depth of flow or hydraulic radius. Unfortunately, 
critical Reynolds number for such irrigation flows has 
not been satisfactorily determined. 

In order to develop the more suitable expres­
sions for flow resistance in vegetated channels, Fenzl 
[1962] investigated the effect of density of the 
vegetation on the flow characteristics, using a dimen­
sional analysis for conditions of uniform flow in a 
simulated vegetated channel. A similar dimensional 
analysis has been applied by Wessels and Strelkoff 
[1968] to the solution of established surge on an 
impervious vegetated bed. 



Kouwen and Unny [1973], using flexible 
plastic strips to simulate a vegetative channel lining, 
studied the variation of the relative roughness with 
the stiffness of the vegetation. Three basic flow 
regimes (erect, waving, and prone) corresponding to 
laminar, transitional, and turbulent flow were ob­
served by Kouwen and Unny [1973] and also by 
Gourlay [1970] for Kikuyu grass. Kouwen and 
Unny's plot of the Darcy-Weisbach friction co­
efficient versus the Reynolds number showed the 
friction factor to be a function primarily of the 
relative roughness for the erect and waving regimes. 
Phelps [1970] also found that the relative roughness 
was one of the factors that influence the friction 
coefficient at low Reynolds number, based on labora­
tory data obtained from experiments on steady 
uniform flows over a simulated turf surface. However, 
Gourlay [1970], after reevaluating Kouwen, Unny, 
and Hill's [1969] data, concluded that the channel 
slope would also be a parameter in defining the 
retardance of flow in laminar and transitional flow 
regimes. 

For the prone roughness such as tall grass 
submerged under deep flow conditions, the flow 
boundary in effect becomes a smooth wavy surface 
and the friction factor appears to be a function of the 
Reynolds number [Kouwen and Unny, 1973]. How­
ever, if the plant or vegetation is stiff and tall, the 
roughness size and concentration such as those 
utilized in fixed-bed formulas play a more important 
role than the Reynolds number in the determination 
of the friction factor for turbulent flow. Several 
researchers have attempted to modify the Karman­
Prandtl logarithmic resistance equation for use in 
vegetated channels. The Sayre and Albertson [1961] 
idea of combining channel geometry and roughness 
height to a single parameter in the Karman-Prandtl 
equation have been adopted by Kruse et al. [1965], 
Heermann et al. [1969], Kouwen et al. [1969], Nnaji 
and Wu [1973], and Li and Shen [1973] for 
turbulent flow in vegetated channels. Furthermore, 
Kouwen et al. [1969, 1973] suggested that in 
practice, use of the ratio of the total cross-sectional 
area and the area of the cross section blocked by 
vegetation might be more convenient than that of the 
relative roughness. 

In fixed, rigid-bed, open channel, Koloseus and 
Davidian [1966b], after experimentally investigating 
roughness concentrations for different forms of 
irregularities, concluded that the ratio of the sum of 
the upstream projected areas to the total floor area 
was, within some range of density, a satisfactory 
measure of roughness concentration. They have also 
found that a simple relation between the resistance 
coefficient and the roughness concentration, which is 
independent of the roughness shape (and, possibly, 
the pattern as well), pertains over some range of 
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concentration. No similar study in this regard has 
been conducted for flow in vegetated channels. 

Unstable flow as manifested by the presence of 
roll waves and increased channel resistance exists in 
both laminar and turbulent flows as well as in both 
subcritical and supercritical flows. Koloseus and 
Davidian [1966a] proposed that the regimes of 
open-channel flow should include the stable and 
unstable, in addition to the laminar, turbulent, 
subcritical, and supercritical. Because of the potential 
instability of ultra-rapid, open-channel flow, the usual 
relation between the resistance coefficient, relative 
height, and Reynolds number cannot be extrapolated 
indefinitely. In other words, when the flow is 
unstable, channel resistance in a uniform open chan­
nel is a function of the Froude number. To the 
writer's knowledge, no data on unstable flow in the 
field have been collected so as to show an increase in 
the channel resistance over that for stable flow. 
Because of rather small increases in the friction 
coefficient due to instability, it would be very 
difficult, if not impossible, to differentiate it from 
that brought about by variations in such other factors 
as channel roughness, channel shape, and channel size 
[Koloseus and Davidian, 1966a]. 

Most shallow flows over plane surfaces, smooth 
or rough, fixed or movable, porous or impervious, are 
believed to be in the laminar flow regime. However, 
laminar flow in a wide channel has been classified as 
unstable when Froude number is greater than 0.5, 
which is about one-third of that for a comparable 
state in turbulent flow. Thus, sheet flows, according 
to Koloseus and Davidian's [1966a] new classifica­
tion, may fall in one of the following laminar flow 
regimes: Stable-sub critical , unstable-subcritical, and 
unstable-supercritical. Among them, only the study 
of the stable-sub critical flow regime has been exten­
Sively conducted with success for several flow condi­
tions. In the following, previous findings on shallow 
flows over various existing surfaces such as glass, 
masonite, cement, concrete, sand, and grass (natural 
or Simulated) with or without rainfall are reviewed. 

Shallow Flows Over Various 
Existing Surfaces 

The earlier studies on this subject were con­
cerned with various kinds of smooth surfaces. It was 
shown by many previous investigators that the 
theoretical value of C(=24) in the laminar flow 
equation with the Darcy-Weisbach friction co­
efficient, f, 

f = ~ ............. (3) 

was valid for flow on smooth surfaces. For example, 
Hopf [1910] examined the theoretical C value for 



laminar flow on polished brass, unfinished brass, and 
glass surfaces. Jeffreys' [1925] experimental results 
also confirmed the theoretical C value. Other experi­
ments such as Horton's et al. [1934] on white pine 
surfaces, Allen's [1934] on painted wood and paint­
mixed sand surfaces, Parsons' [1949] on troweled 
mortor surfaces, Owen's [1954] on polished brass 
surfaces, and Straub's et al. [1958] on smooth 
surfaces (constructed of rolled structural shapes) all 
checked very well with the theoretical C value. All 
the aforementioned experiments were performed in 
rectangular channels with small bed slopes. 

Discrepancies from the theoretical C value were 
observed on some previous experiments in rough 
steep channels with cross-sectional shapes other than 
a rectangle. For instance, Parsons' [1949] experi­
ments on a rough surface of a mixture of sand and 
cement gave the increasing C values with increasing 
surface slopes. Straub's et al. [1958] experimental 
results obtained from a 90
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triangular channel with a 
rough surface of sand cloth showed clear differences 
from the theoretical C value. Chow [19 S9] noted the 
general trend of the variation of the C value, i.e., 
being higher for rougher channels as well as higher for 
rectangular than for triangular channels. 

Izzard [1944], after conducting a series of 
experiments under rainfall, concluded that the C 
value for shallow flows over paved and turf surfaces 
departed Significantly from the theoretical 24. With a 
paved surface, he found the C value other than 24, 
such as 27, 40, and 58, for various bed slopes and 
rainfall intensities tested while with a turf (Kentucky 
Blue grass) surface, he obtained the C value as high as 
10,000 which was a few hundred times higher than 
that for the paved surface. 

Woo and Brater [1961] studied the effect of 
channel slope on the C value. For a masonite surface, 
despite for all 11 channel slopes ranging from 0.001 
to 0.06 being tested, the C value obtained from their 
experiments was about the same, equal to 30.8. 
However, for a glued-sand surface, they found that 
the C values increased with increasing channel slopes. 
Woo and Brater [1961] also analyzed Vicksburg data 
[U.S. Waterways Experiment Station, 1935] for 
various packed-sand and cement surfaces. They found 
that the finest sand surface acted as a very smooth 
surface having the C value of 24, whereas the C values 
for other six sand surfaces were larger than 24 with 
the largest C values being obtained from the roughest 
sand surface. The C values for the intermediate sand 
surfaces obtained from the Vicksburg data were of 
the same order of magnitude as those determined by 
Woo and Brater [1961] on the masonite and glued­
sand surfaces having the same slopes. The C value for 
a cement surface with different slopes was found to 
be 31.6. 
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In a recent experimental study conducted by 
Phelps [1975] on a granular surface having spherical 
roughness elements with a diameter of 0.046 in., he 
found that a relationship existed between the Darcy­
Weisbach friction coefficient, Reynolds number, and 
relative roughness in the laminar flow range. The f-R 
relationship, according to his analysis of his data and 
Woo and Brater's data [1961], follows a similar trend 
as represented by Eq. 3 with the value of C constant 
for a given relative roughness instead of channel 
slope. However, close examination of his experi­
mental data reveals that the relationship would more 
likely vary with both the relative roughness and 
channel slope than just the relative roughness alone. 
Woo and Brater [1961] already recognized this 
functional relationship when they experimentally 
studied the flow resistance for a given surface. 

Woo and Brater [1962] also studied the addi­
tional effect of raindrop impact on the friction 
coefficient and hence on the C value for shallow 
flows over the masonite and glued-sand surfaces. 
They found that the effect of raindrop impact on the 
C value was much greater for small slopes than for 
large slopes. However, for channel slopes being 
greater than 0.01, according to their experimental 
results, the effect became negative (or reversed). The 
negative effect on the C value did not agree with 
Yoon and Wenzel's [1971] study in which a glass 
surface with slope ranging from 0.001 to 0.03 was 
tested under various rainfall conditions. Y oon and 
Wenzel's study showed that the C values increased 
with both increasing channel slopes and increasing 
rainfall intensities. In Yoon and Wenzel's experi­
ments, roll waves which occurred at the slope of 0.03 
reduced the accuracy of the depth measurements. 

Wenzel [1970] further analyzed Los Angeles 
airfield data [U.S. Army Engineer District, 1954] for 
five types of rough surfaces: Concrete, simulated turf, 
roughened simulated turf, excelsior turf, and actual 
grass. Wenzel's analysis of the Los Angeles airfield 
data revealed that rainfall did not significantly affect 
the friction factor in the range of Reynolds numbers 
studied. A close examination of the simulated turf 
data [Wenzel, 1970] indicated that the rainfall had 
actually lowered the value of f, a similar negative 
effect of rainfall impact on the C value as discovered 
by Woo and Brater [1962]. Whether or not this 
negative effect is caused by erroneous depth measure­
ments should be investigated further. Because data 
points for the excelsior turf, actual grass, and 
concrete surfaces all fell in either transition or 
turbulent flow ranges, no definite conclusion from 
the analysis could be drawn as to the effect of 



raindrop impact on f as well as on C in the laminar 
flow range. 

Laboratory experiments similar to Y oon and 
Wenzel [1971] were conducted on a smooth surface 
of stainless steel by Shen and U [1973] in order to 
find the effect of rainfall on the friction factor, f. 
Using multiple linear regression analysis, Shen and U 
[1973] found that the f value varied with both the 
Reynolds number and the rainfall intensity for a 
Reynolds number less than 900, but depended on the 
Reynolds number only for a Reynolds number 
greater than 2,000. Additional statistical tests 
performed by U [1972] using his and Yoon's [1970] 
data showed that the C value in Eq. 3 was not highly 
correlated with the channel slope under a constant 
rainfall condition. For a Reynolds number between 
900 and 2,000, the relationship between the friction 
coefficient and the rainfall intensity was found to be 
very complicated, though the linear interpolation of 
the relationships between the two end points of the 
upper and lower regimes was still possible. Details of 
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these investigations are also included in Shen's 
[1972] report. 

Other investigations on the Darcy-Weisbach 
friction coefficient, f, for sheet flow as affected by 
one or some important parameters such as the 
Reynolds number, roughness, bed slope, and rainfall 
intensity are those conducted by Yu and McNown 
[1964], Emmett [1970], Brutsaert [1971.], and 
Kisisel et al. [1971]. 

In light of the recent developments and findings 
in this field, a general function relationship between 
the Darcy-Weisbach friction coefficient, f, and the 
relevant parameters such as the relative roughness, 
channel slope, channel cross-sectional shape, and 
rainfall intensity for stable-Iaminar-subcritical shallow 
flows in vegetated channels can be formulated and 
then tested by using the unique equipment built at 
the Utah Water Research Laboratory. 



THEORETICAL CONSIDERATIONS 

Parameters Describing Flow 
Resistance 

Consider a free surface flow under a rainstorm 
in a vegetated channel with arbitrary channel section 
and slope. The resistance coefficient for open-channel 
flow is well known to hydraulicians. It is a function 
of all the relevant parameters that describe the 
characteristics of flow, roughness, channel geometry, 
and rainfall [Chow, 1959; Rouse, 1965]. Some of the 
parameters involved are insignificant in rather 
restricted particular cases, and others are not, depend­
ing on the type of flow under study. The major 
parameters that describe the flow characteristics in 
open channels are the Reynolds number and the 
Froude number. As indicated in the previous section, 
if the flow is very shallow, it becomes either 
laminar-subcritical or laminar-supercritical. In this 
case, both the Reynolds number and the Froude 
number should be considered in the analysis. Un­
fortunately, laminar-sub critical flow for a Froude 
number greater than 0.5 and larninar-supercritical 
flow are extremely unstable. Because of the lack of 
knowledge in the analysis of instability in the laminar 
flow range, we may have to confine ourselves to the 
study of the stable-Iaminar-subcritical flow conditions 
only. Within this rather restricted flow regime, the 
Froude number may be ignored. 

The second important group of parameters 
related to the friction coefficient are those which 
describe the roughness characteristics. There are 
many properties which can be used to define the 
roughness characteristics of a surface, as mentioned in 
INTRODUCTION. In general, they can be classified 
into two categories: Geometric and physical. The 
geometric characteristics of the vegetation in the 
channel can be best described by use of lengths 
defining the height and spacing of plants, such as used 
by Kouwen and Unny [1973], as well as shape, 
pattern, and concentrations of plants. The physical 
(or particularly mechanical) characteristics of plants 
are more difficult to be defined. Kouwen and Unny 
[1973] have adopted the flexural rigidity of plants in 
their dimensional analysis. The deflected height of 
grass, as defined by Kouwen et al. [1969] and later 
adopted by Gourlay [1970], can be regarded as a sort 
of the combination of both geometric and physical 
characteristics of roughness. Whether the resistance 
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coefficient is a function of all the parameters involved 
in describing the roughness characteristics of the 
vegetation is a relative matter. In many practical 
cases, for example, the concentration of plants is 
considerably small, but important because such 
roughness can no longer be described by the height of 
a protrusion (i.e., plant) or by the corresponding 
relative measure only. However, if the flow resistance 
is due chiefly to the drag on the roughness elements, 
such as grass stems which are planted with maximum 
density, then the roughness concentration, shape, and 
pattern seem no longer important. Furthermore, if 
the flow is very shallow, the grass is not, or barely, 
submerged and the flexural rigidity of grass may not 
be so important. The most Significant roughness 
parameter for a shallow flow in a grassed channel is 
thus the relative roughness. 

The third important group of the parameters 
related to the friction coefficient are those which 
describe the channel geometry. Unless there exists the 
nonuniforrnity of the channel in both profIle and 
plan, the important parameters in this group are 
channel cross-sectional shape and channel slope. In a 
wide open channel, the shape of channel section is, of 
course, no longer a variable. 

The final group of the parameters which are 
significant in determining the value of the friction 
coefficient are related to those which describe the 
rainfall characteristics. Application of dimensional 
analysis to a shallow flow under a rainstorm by Y oon 
[1970] and Wenzel [1970] revealed that there 
appeared several parameters which might affect the 
flow resistance. However, after conducting extensive 
experiments on a smooth surface of glass, they 
concluded that the terminal velocity and spacings of 
raindrops were not significant enough to affect the 
flow resistance. Although some indication of the 
effect of raindrop size on the flow resistance was 
reported by Kuhlemeyer and Warner [1963] in their 
discussion of Woo and Brater's [1962] paper, their 
experimental results did not seem to give a definite 
conclusion to the magnitude of its effect. The most 
significant parameter in this group is thus the 
raindr~p Reynolds number, Rd ' defined as 

R = ~ d v ............... (4) 



in which r is the rainfall intensity, d is the raindrop 
size, v is the kinematic viscosity of water. If d is 
fixed and the variation of v with respect to tempera­
ture is ignored, the value of Rd is proportional to r 
[Yoon, 1970; Wenzel, 1970; Yoon and Wenzel, 1971; 
Shen and Li, 1973]. 

From what we just discussed, the resistance 
coefficient, f, for a stable, shallow flow under a 
rainstorm over a turf surface with infinite width may 
be assumed to take the following functional rela­
tionship: 

........ (5) 

in which R is the Reynolds number [i.e., Eq. 2 after 
specifying for a wide open channel R = Yo (flow 
depth measured perpendicular to the bed)], k/y 0 is 
the relative roughness, k is the roughness size for turf, 
So is the bed slope, and Rd is the raindrop Reynolds 
number defined by Eq. 4. Although Gourlay [1970] 
found that both the relative roughness, k/yo' and 
channel slope, So' were closely related to the 
resistance coefficient, f, for short Kikuyu grass and 
also with Kouwen's et al. [1969] data, his analysis 
seemingly raised a question regarding the necessity of 
including both parameters in the functional relation­
ship. Phelps [1970; 1975] considered only k/yo' 
Although Woo and Brater [1961] took only So into 
account for a given surface, they recognized the 
importance of including both parameters in Eq. 5. 
Whether both parameters should be included in a 
functional relationship for f, such as shown in Eq. 5, 
merits a comment from the theoretical point of view. 

Functional Relationships for Laminar 
Flow Resistance Coefficien t 

First, consider shallow steady, uniform flow 
with depth, Yo' in a wide open channel having a 
smooth bed surface with slope, So' If the flow is 
stable and laminar, 

3vV 
So = gy 2 ••••.••••.••.• (6) 

o 

in which g is the gravitational acceleration, V is the 
mean velocity of flow, and v was already defined. 
Also the boundary shear , To' of the flow can be 
expressed in the following forms: 

f pV2 
"4 -2- = pgyo So ........ (7) 

in which f is the Darcy-Weisbach friction coefficient, 
p is the mass density of water, and the other symbols 
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in Eq. 7 were already defined. Immediately, from Eq. 
7, 

S 
o 

f V2 

""8g Yo 
............ (8) 

the well-known Darcy-Weisbach formula for flow in a 
wide open channel is obtained. A combination of 
Eqs. 6 and 8 gives 

f = 24 
R 

............. (9) 

in which R = V Yo /v = q/v is the Reynolds number 
for flow. Equation 9 is the theoretical expression of 
laminar flow in a wide open channel and q = V Yo is 
the discharge per unit width. 

Effect of bed roughness 

Next, if the original smooth bed surface is 
roughened artificially by using a roughness size, k, 
and concentration, "A, but keeping the same bed 
slope, S and discharge q, the flow is retarded, 
resulting ~n smaller velocity, Vr ' and larger depth, Yr' 
Under this situation, the flow is supposedly still 
sub critical with the same Reynolds number because 
Vr < V and Yr > Yo' If Yr is still very small, about 
of the same order of magnitude as k, the correspond­
ing velocity of flow, Vr , is proportional to So in a 
way analogous to porous media flow, as long as the 
flow is laminar. Therefore, a general laminar flow 
equation for a rough surface similar to Eq. 6 may be 
assumed as 

Cv Vr 
So = 8g y/ ........... (10) 

in which C is a constant for given S ,k, and q. A 
comparison of Eq. 10 with Eq. 6 leads ~o 

............ (11) 

It can readily be seen from Eq. 11 that the C value 
must be greater than 24 because physically yr> Yo' 
A slight increase in depth from Yo to Yr will result In 

a big increase in the C value by a factor of (y r /y 0 )3 . 
Evidently the new flow depth Yr depends primarily 
on the bed slope, So, the original depth, Yo' and some 
measure of the roughness characteristics such as the 
size, k, and concentration, "A, if other factors are kept 
invariable. The discharge, q, is fixed by So and Yo 
through Eq. 6, thus it cannot enter the function if 
both So and Yo are already included. Application of 
dimensional analysis to this laminar flow on the 
rough surface leads to 



F (Yr k S ) 
1 Yo ' Yr ,A, 0 

o ....... (12) 

or 

c = F 2 (y~ , A, SO) ........ (13) 

Woo and Brater [1961] experimentally proved 
that for flow on a glued-sand surface (k = 1 mm or 
0.04 in., A = maximum similar to Nikuradse's 
experiments), the value of C varies with S . Gourlay 

o 
[1970] used both k/Yr and So as reference param-
eters in his analysis of data points for all flow 
regimes, but did not elaborate specifically on the 
analysis of the C value as affected by both parameters 
within the laminar flow regime. Meanwhile Phelps 
[1970; 1975] took only the relative roughness, k/Yr ' 
into consideration in his analysis of shallow flows 
over a simulated turf surface (k = 0.01 ft assigned) 
and later over a granular surface. In practice, as 
Phelps [1970] noticed, the measurement or assign­
ment of k posed a problem. Without accurate 
measurement of k, the effect of k or k/Yr on the C 
value cannot be studied. 

Effect of raindrop impact 

Instead of roughening the smooth bed, let 
raindrops act on the free surface to the same effect 
that the smooth bed is roughened. The steady 
uniform flow with discharge q on the smooth surface 
with slope So is now changed to the spatially varied 
flow due to adding mass from rain. Also, the flow is 
retarded by additional resistance caused by adding 
momentum (or energy) from rain. Because the 
disturbance of the water surface caused by raindrops 
is physically equivalent to that caused by the rough­
ness of the bed surface, the preceding discussions in 
connection with the surface roughness also apply 
here. It is at once evident that the C value is also a 
function of r, or a dimensionless form thereof, l\i, as 
defined by Eq. 4, in addition to those parameters 
shown in Eq. 13; namely 

Whether the effect of r on the C value is greater 
or smaller than that of k is simply a relative matter. It 
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was judged from laboratory observations [Wenzel, 
1970; Y oon, 1970; Y oon and Wenzel, 1971] that the 
effect of r on the C value would be maximum for 
flow on the horizontal smooth surface (Le., So = 0 
and k = 0), but would decrease as both k and So 
increase. Because turf surfaces are very rough and 
highway side slopes are usually steep, from 0.5 
percent to 1.5: 1, the effect of r on the C value is 
believed to be insignificant. Furthermore, because the 
roughness concentration of the turf surface, similar to 
that of the Nikuradse sand surface, is constant and is 
fixed at the maximum value, the variation of the 
parameter representing the roughness concentration, 
A, in Eq. 14 can be neglected. Removing A and Rd 
from the functional relationship for C, Eq. 14, yields 

C = F (Js... s) 
4 \ y r' 0 • • • • • • • • • • • • (15) 

The hardest to determine with regard to the 
measurement of the relative roughness, k/y r' is 
probably the bed level of the rough surface over 
which k and Yr are measured. The geometric mean 
bed level first suggested by Schlichting [1936] and 
later adopted by Koloseus and Davidian [1966a] may 
be used. The adoption of the equivalent Nikuradse 
sand-grain size, ks' as a roughness standard for the 
rough surface has merit because the surface roughness 
is then put in terms of a single type of roughness that 
is easily visualized and appreciated. It has the further 
advantage that ks is independent of concentration 
considerations because Nikuradse's roughness con­
centration is constant and is fixed at the maximum 
value. However, adding to the difficulty in the 
measurement of k is the measurement of Yr which 
usually amounts to merely a fraction of an inch for 
very thin flow. An error, say by a small fraction of an 
inch, in the demarcation of the mean bed level or 
flow depth measurement can easily result in the over­
or under-estimation of the f and hence C values. 

To measure k accurately for different species of 
turf is a formidable task. For simplicity in the present 
analysis, only the functional relationship between C 
and S for each species of turf was considered o 
without further determining k or k/Yr ; namely 

C = Fs (So) .............. (16) 

Experiments were conducted to investigate this func­
tional relationship for each species of turf and a 
special piece of equipment was developed for this 
purpose. 





DEVELOPMENT OF EXPERIMENTAL EQUIPMENT 

In the present study, tests on the effect of 
raindrop impact on the flow resistance were not 
contemplated due mainly to the limit in time to 
perform such tests, aside from some theoretical 
considerations, as discussed in the preceding section. 
If this is the case, the major equipment needed in the 
flow-resistance experiments is a tilting test bed which 
can simulate different urban highway sideslopes 
covered with various species of turf. For use with the 
test bed a rainfall simulator was built to aid in 
investigating the infiltration characteristics of slant 
turf surfaces overlying various topsoils and subsoils. 
Because some features of the test bed constructed 
were decided in conformity with the design criteria of 
the rainstorm simulator, th~ concurrent description 
and discussion of the whole stormflow experi­
mentation system including the rainstorm simulator 
and the test bed are desirable. Although it is beyond 
the scope of the present study, the rainstorm 
simulator might be used to study the effect of 
raindrop impact on the flow resistance. 

The stormflow ~xperimentation system that is 
capable of reproducing the natural conditions of 
rainstorms (moving or stationary), soil, and vegeta­
tion with sufficient dimensional fidelity for proto­
type testing of surface and subsurface stormflows has 
recently been completed at the Utah Water Research 
Laboratory (UWRL). The system consists of 
computer-controlled rainstorm simulator, a forcibly­
drained tilting test bed, a computer, a console for 
manual control, and a sunlight simulator for plant 
growth, as schematically shown in Figure 1. Each of 
the equipment in the system is briefly described 
below. 

Computer-Controlled Rainstorm Simulator 

An extensive review of rainfall simulators and a 
critical evaluation of their strengths and weaknesses 
had been made before a new one with versatile 
features was designed and built at the UWRL. Design 
criteria as well as construction, operation, and 
performance of the new rainstorm simulator will be 
given in detail in a separate report. Reported herein is 
simply the present configuration of the rainstorm 
simulator developed. 
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The rainstorm simulator consists of 100 drip 
modules. Each module, as shown in Figure 2, consists 
of a rectangular box 24 in. (60.96 cm) square and an 
inside depth of 3/4 in. (I .90 cm). The bottom side of 
this box is drilled with 3/8 in. (0.95 cm) diameter 
holes spaced one inch apart in a triangUlar pattern. 
Each hole is fIlled with a rubber stopper which 
contains a brass tube 2 in. (5.08 cm) long with an 
inside diameter of 0.032 in. (0.81 mm) and an 
outside diameter of 0.082 in. (2.1 mm). These brass 
tubes make the drop-formers when the box is fIlled 
with water under constant pressure and produce 
drops approximately 0.177 in. (4.5 mm) in diameter. 
Each module contains 672 tubing tips. 

Water under constant pressure enters the box 
through an orifice plate which controls the flow into 
the box and through the tubing tips. There are five 
different orifice plates leading into each module and 
the flow through these plates is controlled, either on 
or off, with a d.c.-operated solenoid valve. The areas 
of the orifices in each of the five plates have been 
determined to give approximately a ratio of 
1:2:4:8:16 (the same code numbers shown in Figure 
2), the areas doubling with each increase in size of 
orifice. Flow rates into the box can thus be con­
trolled by opening or closing the five solenoid valves 
with 31 possible combinations, which permit rainfall 
intensities to vary from 0 to 31 in./hr (787.4 mm/hr) 
in 1 in./hr (25.4 mm/hr) increments. Each solenoid is 
controlled either manually at a console or by a 
computer kept at a dista...'lce from the console. During 
initial fIlling of the box, a sixth opening on the top 
(marked AIR in Figure 2) is opened to allow air to 
escape. As soon as the box is completely filled with 
water, the air opening is closed by using another d.c. 
solenoid valve. 

Each module was cast in two halves in silicone 
rubber molds with a polyester resin fIlled with 
chopped glass fibers and solid glass spheres. The two 
halves were then cemented together. Rubber stoppers 
and brass tubing tips were inserted in the openings 
after casting was complete. The orifice plates were 
constructed of 0.005 in. (0.127 mm) thick stainless 
steel by a photoetching process and were cemented 
over openings cast in the top of the module. A brass 
tubing insert connector was attached to the orifice 
plate and provided a means of attaching the plastic 
supply tubes. 
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Figure 1. Block diagram of stormflow experimentation system. 

Figure 2. Typical rainstorm simulator module. 
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The full scale rainfall simulator consists of 100 
modules arranged in a square pattern to cover a 400 
sq. ft (37.16 sq. m) area. Storm patterns can be 
reproduced in temporal and areal increments of 1 
in./hr (25.4 mm/hr) with a spatial resolution of 2 ft 
(60.96 cm) square. The modules are supported on a 
structural system which can position the modules 
over the test bed with a maximum 16-ft (4.88 m) 
raindrop falling distance. 

The support rack for the modules was construc­
ted of 3 in. (7.62 cm) diameter nickel steel pipe 
which also serves as the water supply manifold to the 
modules (see Figure 3). The pipes are spaced 24 in. 
(60.96 cm) apart and are connected at each end to a 
larger 6-in. (15.24 cm) pipe which in turn is con­
nected with flexible plastic hose to an 8-in. (20.32 
cm) supply pipe coming from the constant head tank 
(see Figure 4). All pipes and hoses from the constant 
head tank to the modules were sized large enough to 
keep head losses as minimal as possible. The constant 
head supply tank was provided with a weir having an 
equivalent overflowing length equal to 14 F1. (4.27 
m). The rated maximum flow is 0.287 cfs (0.00813 
cms) (3] in./hr x 20 ft x 20 ft) which gives a totaJ 
variation in head over the weir less than 3/8 in. (9.53 
mm). The constant head tank is adjustable vertically 
so that a constant head, 3.53 ft (1.08 m), can be 
maintained at any elevation above the rainfaJl simula­
tor. 

The combined water supply -structural system is 
supported at each corner on pedestals so that the 

system rests on the ground when servicing is required. 
As shown in Figure 5, a block and tackle hoist 

system, mounted on horizontal rails fastened to the 
roof beams, raises the rainstorm simulator to the 

desired vertical height and also moves horizontally 
over the test bed. The individual modules hang from 

the pipe support structure on turnbuckles (see Figures 
3 and 5) which further support horizontal cables 
placed under the modules (see Figure 6). The 

turnbuckles permit the modules to be leveled. As 
shown in Figures 2 and 3, the five solenoid valves for 
intensity control are mounted directly on the 3-in. 

(7.62 cm) pipes by means of a welded length of 
3/8-in. (9.53 mm) pipe nipple. A various diameter, 
flexible plastic tubing connects each solenoid valve to 
the module. The wiring to the solenoids lies on top of 

the pipe structure and the 600 wire pairs terminate in 
a console box (Figure 7) where a manual control 
system has been constructed with cables transmitting 

control signals to a remote computer interface. The 
console also contains control switches to operate the 

four lifting hoists. A 500-amp d.c. power supply 
operating at 28 volts operates the solenoid valves as 
weB as the d.c. motor drives on the lifting hoists. 

Figure 3. A top view of combined water supply-structural system for 100 modules. The photo shows that each 
module has 5 solenoid valves for intensity control and 1 solenoid valve (at top of 3-in. pipe) for air 
release. 
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Figure 4. A photographic view of rainstonn simulator positioned over test bed, with combined water supply­
structural system. Sitting beside test bed (left front) is a sunlight simulator which can be slid over test 
bed when rainstorm simulator is not in operation. 

Figure S. A view of a pedestal and a hoist at each comer of combined water supply-structural system for rain­
stonn simulator. 
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Figure 6. A bottom view of 100 simulator modules supported by horizontal cables. 

Forcibly-Drained Tilting Test Bed 

The tilting test bed is essentially a 20 ft (6.096 
m) square box hinged at the downstream side and 
supported upon hydraulic cylinders near the up­
stream tanle The telescope-type cylinders can be 
extended to tilt the test bed from the horizontal. The 
test bed in its present form is built to support a 1 
foot (30.48 cm) deep soil layer, but with slight 
modification can accommodate a soil layer 2 feet 
(60.96 cm) deep. The soil is supported on a porous 
floor over a suction chamber which is divided in the 
tilt direction into ten 2-ft (60.96 cm) wide compart­
ments, as shown in Figure 8. The suction chamber is 
connected to a vacuum pump to permit the applica­
tion of suction pressures to the bottom of the soil 
layer as a quick solution to the poor drainage 
problem in the soil. It is found that the performance 
of the present suction chamber is most efficient when 
the soil moisture content is above field capacity. As 
the soil moisture content decreases, soil pores 
essentially become the media to leak air from 
atmosphere to the suction chamber to such a degree 
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that suction created in the chamber can no longer be 
effective to suck water out of the soil. Water 
infIltrated into the chamber can be measured in each 
separate compartment. 

Water can be applied as a constant flow through 
a head tank at the upstream end of the test bed 
and/or can be applied anywhere to the soil surface by 
means of the rainfall simulator. The present capacity 
of the head tank with the test bed in a horizontal 
position is 20 cfs (0.566 cms) and the rainfall 
simulator can produce flows up to 31 in./hr (787.4 
mm/hr) over the 20 ft x 20 ft (6.096 m x 6.096 m) 
area. The runoff from the test bed exists through ten 
2-ft (60.96 cm) wide channels at the downstream end 
of the test bed where the flow is measured. Hinged 
flaps in the exit channels can be varied to a maximum 
depth of 24 in. (60.96 cm) for controlling the depth 
of water flowing over the soil surface. The side walls 
of the test bed are built of one-inch (2.54-cm) thick 
plexiglass to permit visual examination of the surface 
and subsurface flows. 



Figure 7. Console for manual control for each of 600 solenoid valves. The console also contains control 
switches for operating four hoist systems to position rainstorm simulator, two hydraulic cylinders to 
tilt test bed, and a vacuum pump to drain water from test bed. 

SCREEN TANK 

Figure 8. Schematic diagram of forcibly-drained tilting test bed. 
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Water enters the test bed through a baffled 
head tank which has dissipated sufficient energy in 
the water to permit a quiet, smooth approach over 
the soil surface, as schematically shown in Figure 8. 
This head tank can be removed from the rest of test 
bed, if desired, so that the test bed can be tilted to a 
maximum 45° angle when it is used for rainfall 
interception only. The head tank is coupled to a 
supply line with flexible pipes to permit the test bed 
to be tilted to desired slopes. A screen tank was 
installed to trap debris and trash entrained in Logan 
River water which is withdrawn from the reservoir to 
the laboratory. Two three-stage hydraulic cylinders, 
as shown in Figure 9, provide the force necessary to 
tilt the test bed. 

A data collection system consists of 10 dis­
charge-measuring flumes, 20 depth-measuring mano­
meters, and 24 soil moisture blocks. Each of the 
discharge-measuring flumes collect water passing 
through the 2-ft (60.96 cm) exit section on the test 
bed and measure the discharge by reading the water 
stage in a stilling well. In each stilling well located at 
the end of each flume is a float mechanism which 
turns an electric potentiometer. The voltage output 
of the potentiometer changes with the depth of water 
in the stilling well which in turn gives the discharge 
proportional to the voltage reading. For covering a 
wide range of the measured discharge, two sets of the 
discharge-measuring flumes were built. One set, as 

shown in Figure 10, which is large and measures the 
discharge ranging from 0.04 to 1 cfs (0.00113 to 
0.0283 cms), was used for friction tests only, while 
the other set, as shown in Figure 11, was used for 
measuring smaller discharges ranging from 0.0008 to 
0.06 cfs (0.0000227 to 0.00170 cms) for both 
friction and inmtration tests. 

Along the centerlines of the third and eighth 
2-ft (60.96 cm) exit sections, two rows of ten 
depth -measuring manometer tubes were installed on 
the test bed, spacing 2 feet (60.96 cm) apart, except 
for the first and last ones that were set 1 foot (30.48 
cm) away from the upstream and downstream edges. 
Each of the 1/2-in. (1.27 cm) aluminum manometer 
tubes on the bed side is extended through the soil 
layer and the suction chamber. The top end of the 
tube capped with fine-mesh brass screen is positioned 
at the geometric mean level of the soil surface while 
the bottom end of the tube is clamped to the bottom 
plate of the suction chamber with a 3/4-in. (1.91 cm) 
straight, strain relief, liquid-tight connector. Across 
the bottom of the test bed, as shown in Figure 12, is 
a flexible plastic tube with a short soft rubber tube 
which connects the bottom end of the manometer 
tube (aluminum) on the bed side to the other end of 
the 1/2-in. manometer tube (plastic) that was pivoted 
to the side wall of the test bed to maintain in the 
vertical line when the test bed is tilted. Helical wound 
resistance wires were inserted in the vertically-hanged 

Figure 9. A photographic view of test bed which is tilted with two three-stage hydraulic cylinders. A flexible 
pipe is used to connect head tank to a rectangular conduit leading to screen tank. 
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manometer tube (plastic) and their voltage output 
was calibrated individually against the meniscus 
(water surface) in the tube. Before starting any 

experiment, the manometer tubes are first filled with 
water at the soil side and the geometric mean bed 
level is read automatically by use of the computer. 

Figure 10. Large discharge-measuring flumes for friction tests. Measurable discharge for each flume ranges from 
0.04 to 1 cfs (0.00113 to 0.0283 cms). 

Figure 11. SmaU discharge-measuring flumes for both friction and infdtration tests. Measurable discharge for 
each flume ranges from 0.0008 to 0.06 cfs (0.0000227 to 0.00170 cms). 
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Figure 12. Manometer tubes pivoted on side wall of test bed on one side and connected to bottom of test bed 
on the other side. 

Any appreciable change in the water depth on the soil 
surface will respond by raising or dropping the 
meniscus in the manometer tube, where the water 
depth difference is measured in terms of voltage 
difference by means of the resistance wires. 

Along the center lines of the third and eighth 
2-ft (60.96 cm) exit sections where the manometer 
tubes were installed, two rows of 12 soil moisture 
blocks, spaced equally 4 ft (1.219 m) apart, with 
three moisture blocks at each location are buried 
inside the soil layer at different depths 2, 5, and 8 
inches (5.08, 12.70, and 20.32 cm) deep, respec­
tively. Since the resistance of the soil moisture block 
varies with the soil capillary potential, the voltage 
output of the soil moisture block can be converted 
from the resistance reading and calibrated against the 
soil capillary potential. The calibration tests were 
performed in an air-tight pressure container, such as 
shown in Figure 13, with as many as 24 soil moisture 
blocks being calibrated at a time. The voltage versus 
soil capillary potential curve for each moisture block 
so calibrated is unique, regardless of types of the soils 
tested. 

For illustration, the relative position of the data 
collection system with respect to the rainstorm 
simulator and the test bed is schematically drawn in 
Figure 14. 
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Console and Computer 

For checking the individual performance of all 
modules of the rainstorm simulator, a manually­
controlled console was built in line between the 
rainstorm simulator and the computer, as shown in 
Figures 1 and 7. All of the control switches for 
operating the four hoist systems to position the 
rainstorm simulator, the hydraulic cylinders to tilt 
the test bed, and the vacuum pump to drain water 
from the test bed were also built in the console. 

Rainstorm computer control is connected to 
the console by 1,000 wires. The measurements 
needed during an experiment are sensed by the 
appropriate sensors and fed into data conversion (a.c. 
resistance-measuring) circuits through a precision 
power supply unit at the console. The data conver­
sion circuits for the water-depth and soil-moisture 
sensors are housed in a small cabinet, as shown in 
Figure 15. Briefly, typical discharge, water-depth, and 
soil-moisture sensors with their electric circuits are 
schematically drawn in Figures 16, 17, and 18, 
respectively. The data output proceeds over 256 data 
lines to a multiplexer, then to an analog-digital 
converter, and finally to a computer which outputs 
the data in a digital form. Acting as an interface, 
controls between the solenoid valves and the com-



Figure 13. Pressure-controlled, air-tight container for calibration of soil moisture blocks. 

ENLARGED SECTION SHOWING NEEDLE 
PATTERN 

COMPlJTER CONTROLLED RAINSTORM SIMULATOR 
(lOOmodulesl 

;tiif<~--__ ---':-::"::ii-.u-JilmLLINGWEu.. WfTHWATER-LEVEL. SENSORS 

Figure 14. Computer-controlled rainstorm simulator with tilting test bed. 
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Figure 15. A view of data conversion (a.c. resistance-measuring) circuits for water-depth and soil-moisture sensor 
at console. 
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Figure 16. Discharge-measuring flume and electric potentiometer. 
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puter as well as the multiplexer and analog-digital 
converters are all accommodated in a big cabinet 
(Computer Product RIP Interface). The computer 
used is an EAI 640 digital computer which reads or 
stores a control program before punching out the test 
data. The output data from an EAI 640 computer can 
be directly analyzed through a hybrid computer (EAI 
PACER 400 system) which consists of an EAI 
PACER 100 digital computer, an EAI 693 interface 
controller, and an EAI 580 analog computer. 

Sunligh t Simulator 

Plants cannot survive without light of adequate 
intensity for photosynthesis. Because the test bed was 
built in the laboratory which does not have enough 
light for grass to grow, especially under a prolonged 
poor drainage condition during an experiment, a 
sunlight simulator combining light from fluorescent 
and incandescent lamps was built in order to provide 
the best balance of radiant energy needed for good 
grass growth during the experiment. 

The efficiency of this lighting system is in­
fluenced not only by lamp selection and operation, 
but also by the size and layout of a supporting frame 
for the lamps to cover the entire growth area as well 
as by wall reflectances. It is essential that lamps 
should be mounted so that light intensity over the 
grass is high and uniform. This was achieved by 

arranging lamps in closely spaced banks for high light 
levels and using high-reflectance metal as a light 
reflector. For covering a 20-ft (6.096 m) square 
growth area of grass which is the same area as the test 
bed, 176 eight-foot (2.438 m) and 14 four-foot 
(1.219 m) cool-white, high-output fluorescent lamps, 
1-3/4 inches (4.45 cm) apart are mounted on the 
frame, as shown in Figure 4, about 3 feet (91.44 cm) 
above the grass bed. The light intensity with this type 
of arrangement gives approximately 1,500 foot 
candles after 100 hours operation with optimum 
lamp-cooling conditions. For combined, balanced 
lighting, 25 incandescent lamps, each covering 4 ft 
(1.219 m) sq. are added to the fluorescent lamps. 

Lamp holders are fastened to the grounded 
metallic ceiling of the growth area by means of 2 in. x 
4 in. (5.08 cm x 10.16 cm) timber beam supports, 
and the ballasts [88 for 8-foot (2.438 m) lamps and 7 
for 4-foot (1.219 m) lamps] were mounted on the 
other side of the beam supports. Mobile carts were 
fitted at four footings of the supporting frame so that 
the entire sunlight simulator is wheeled to move, if 
necessary, from one place to another, to facilitate the 
experiments. Horizontal rails were mounted on top of 
the side walls of the test bed and the supporting 
frame so that the sunlight simulator can be moved 
over the test bed when grass needs light (see Figures 
19 and 20). 

Figure 19. A side view 0 f test bed under sunlight simulator. 
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Figure 20. Inside view of test bed, facing downstream, under sunlight simulator. 

Heat built up around the lamps and ballasts and 
circulated in the grass growth area could be detri­
mental to grass. Although heat-producing ballasts 
were mounted outside the grass growth area, con­
ducted-convected heat from the lamps cannot be 
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removed unless cooled air can be introduced past the 
lamps. Therefore, the metallic ceiling was made of 
1-1/2 in. (3.81 cm) wide strips, placed 1/8 in. (3.2 
mm) apart, and an electric fan was used to blow heat 
off the lamps through the 1/8-in. (3.2 mm) slots. 





EXPERIMENTAL PROCEDURES 

The preparation of desired soil-and-turf samples 
for testing is an important task. Whether or not 
follow-up experiments are successful depends in a 
great measure upon how well a soil-and-turf sample 
has been prepared before an experiment. Precaution 
was taken to avoid excessive leakage and settlement 
of a soil layer resulting from poor workmanship. This 
and other related problems which required special 
attention as well as the specifications of the soil-and­
turf samples for realistically simulating a highway side­
slope are discussed in the following. 

Acquisi tion of Soils and Turf 
for Experiments 

To simulate an urban and suburban highway 
side slope as closely as possible in the laboratory one 
needs to know some special characteristics of the 
sideslope which are different from the natural or 
agricultural grassland as follows: (1) The sideslope is 
composed of disturbed soils; (2) topsoil is needed to 
grow fine turf; (3) only fine turf species are used; (4) 
fertilizer is applied, whenever and wherever needed; 
and (5) the height of turf is maintained at 4 to 6 
inches. Usually the sideslope consists of subsoil, 
topsoil, and turf. Four kinds of subsoil representing 
four major different drainage conditions can be 
artificially made according to the Soil Conservation 
Service (SCS) classification of soil groups A (well 
drained), B (average or modestly drained), C (poorly 
drained), and D (very poorly drained). Six species of 
turf such as Bermuda grass (Cynodon dactylon) , 
Crested Wheat grass (Agropyron desertorum), Fescue 
grass, (Festuca elatior var arundinacea), Kentucky 
Blue grass (Poa pratensis), Red Top grass (Agrostis 
palustris; Agrostis alba), and Rye grass (Lolium 
multiflorum; Lolium perenne) are most commonly 
used on the urban and suburban highway sideslopes. 
However, not all of the foregoing turf species are 
suitable for all types of subsoil. There is a definite 
relationship between subsoil types and turf species. 
The following subsoil-turf combinations provided by 
the Federal Highway Administration represent the 
major urban and suburban highway sideslope sec­
tions in the country. 
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Su bsoil Types 

SCS Group A 

SCS Group B 

SCS Group C 

SCS Group D 

Turf SpeCies 

Bermuda grass 
Crested Wheat grass 

Kentucky Blue grass 
Fescue grass 
Rye grass 

Red Top grass 
Rye grass 

Red Top grass 

Among the six species of turf specified, only 
Bermuda grass and Kentucky Blue grass can be 
sodded [Indyk,l 1973, personal contact] while the 
rest needs to be seeded directly on the test bed. 
Unfortunately, time did not permit tests to be 
performed on all of them. Only Bermuda grass and 
Kentucky Blue grass which can be sodded were 
tested. Physical (particularly, mechanical) properties 
and geometric dimensions of subsoil, topsoil, and 
sodded turf used in the tests are briefly reported 
herein. 

Subsoil 

Subsoil representing SCS Group A was 
simulated by using washed sand which is composed of 
71 percent sand particles passing 200 mesh sieve (2 
mm). Namely, 29 percent of the sample is coarser 
than 2 mm (0.079 in.) in diameter. Water holding 
capacities by weight for this sample are 3.0, 2.6, and 
1.3 percent at 1/3, 2/3, and 15 atmospheric suction 
pressures, respectively. The final inf:tltration rate 
varies with the compaction or the bulk density of 
soil. The final inftltration rates measured at three 
different bulk densities 98.6 (1.58), 102.4 (1.64), and 
112.4 (1.80) lb/cu. ft (g/cu. cm) are 13.1 (332.7), 
11.2 (284.5), and 2.9 (73.7) in./hr (mm/hr), respec­
tively. 

lIndyk, H. W., Specialist in Turfgrass Management, 
College of Agriculture and Environmental Science, Rutgers­
The State University of New Jersey, New Brunswick, N.J. 
08903. 



Subsoil representing SCS Group D was 
simulated by using a locally available heavy soil 
composed of 38 percent sand, 46 percent silt, and 16 
percent clay. Moisture contents by weight at 1/3,2/3, 
and 15 atmospheric suction pressures are 18.5, 13.7, 
and 6.8 percent, respectively. The final inf:tltration 
rates measured at three different bulk densities 79.3 
(1.27), 93.6 (1.50), and 102.4 (1.64) lb/cu. ft (g/cu. 
cm) are 1.50 (38.1), 0.09 (2.3), and 0.05 (1.3) in./hr 
(mm/hr), respectively. 

Subsoil representing SCS Group B was 
simulated by mixing three parts of washed sand (SCS 
Group A) and one part of heavy soil (SCS Group D). 
This soil mixture is composed of 84.5 percent sand, 
11.5 percent of silt, and 4.0 percent of clay. Soil 
moisture contents at 1/3, 2/3, and 15 atmospheric 
suction pressures are 12.4, 9.5, and 4.1 percent, 
respectively. The final inftltration rates measured at 
three different bulk densities 97.4 (1.56), 103.0 
(1.65), and 107.4 (1.72) lb/cu. ft (g/cu. cm) are 3.39 
(86.1), 1.04 (26.4), and 0.39 (9.9) in./hr (mm/hr), 
respectively. 

Subsoil representing SCS Group C was 
simulated by mixing one part of washed ~nd (SCS 
Group A) and three parts of heavy soil (SCS Group 
D). TItis soil mixture is composed of 53.5 percent 
sand, 34.5 percent silt, and 12.0 percent clay. Soil 
moisture contents by weight at 1/3, 2/3, and 15 
atmospheric suction pressures are 14.7,12.5, and 5.8 
percent respectively. The final inftltration rates 
measured at three different bulk densities 86.8 
(1.39), 90.5 (1.45), and 98.0 (1.57) lb/cu. ft (g/cu. 
cm) are 1.03 (26.2),0.66 (16.8), and 0.12 (3.0) in./hr 
(mm/hr), respectively. 

Subsoil was placed on a porous bed which is 
made of galvanized grating steel covered with fiber­
glass, as shown in Figure 8. Fiberglass was glued all 
the way around the side walls of the test bed for 
avoiding excessive leakage of water along the side 
walls. A similar treatment was made on each of the 
depth-measuring, aluminum manometer tubes that 
were to be penetrated through the soil layer. Subsoil 
was placed in layers, not exceeding 1 inch (2.54 cm) 
in uncompacted depth, properly moistened, and 
compacted by using a roller before the next layer was 
placed. Each layer of soil was spread uniformly and 
raked to uniform thickness prior to compacting. As 
the compaction of each layer progressed, continuous 
leveling and manipulating was made to assure uniform 
density. The thickness of subsoil was kept from 6 to 
8 inches (15.24 to 20.32 cm) for a total of I-foot 
(30.48 cm) soil layer to be tested. Topsoil was next 
hauled over the subsoil after subsoil was ftlled to a 
desired thickness. During filling work moisture­
measuring sensors were buried at predetermined 
locations and depths and tamped, as necessary. 
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Topsoil 

Locally available topsoil composed of 40 
percent sand, 41 percent silt, and 19 percent clay was 
placed to 4- to 6-in. (10.16 to 15.24 cm) thickness 
over the subsoil layer. A photographic view of a 
typical soil profile consisting of 6- to 8-in. (15.24 to 
20.32 em) thick subsoil (SCS Group A) and 4- to 
6-in. (10.16 to 15.24 cm) thick topsoil is shown in 
Figure 21. Soil moisture contents by weight at 1/3, 
2/3, and 15 atmospheric suction pressures are 18.4, 
16.0, and 10.5 percent, respectively. The final in­
filtration rates measured at three different bulk 
densities 60.5 (0.97), 63.0 (1.01), and 69.1 (1.11) 
lb/cu. ft (g/cu. cm) are 2.50 (63.5), 2.45 (62.2), and 
0.61 (15.5) in./hr (mm/hr), respectively. Compaction 
of the topsoil layer and installation of soil moisture 
sensors were treated in a similar way as were done to 
the subsoil layer . 

The degree of compaction of a disturbed soil is 
often measured by soil bulk density which varies with 
structural condition of the soil, particularly that 
related to packing. Changes in the degree of compac­
tion thus result in the differences in bulk density that 
in turn produce the various final inftltration rates for 
the four subsoils and topsoil used. For brevity in 
illustration, these soil properties are plotted, as shown 
in Figures 22 and 23. 

Sodded turf 

Turf which can be sodded is cut and rolled as a 
carpet. The common dimensions of each roll are 16 
in. (40.64 cm) wide, 6 ft (1.83 m) long, and 1 in. 
(2.54 cm) thick. To cover a 20 ft x 20 ft (6.096 m x 
6.096 m) area of the test bed, at least 50 rolls of 
sodded turf are required. Every roll of sodded turf 
was paved side by side on the topsoil. Special care 
was taken to position the capped ends of the 
manometer tubes at the geometric mean level of the 
soil surface. In view of the fact that the thickness of 
sodded turf acquired from a nursery farm was 
practically nonuniform, to make the turf surface 
perfectly level was almost impossible. This non­
uniformity in the bed could become the major source 
of errors in the flow depth measurement. 

Before testing was started, approximately two 
weeks were allowed for sodded turf to establish its 
own root system deep into the topsoil and, possibly 
further into the subsoil. In this transplanting period 
of time, an adequate amount of water and liquid 
fertilizer was applied to the turf to keep its optimum 
growing condition under the sunlight simulator. 

Tall turf tends to become prone by its own 
weight, even though there is no external force acting 
on it. Thus, for simplicity in the analysis, turf was cut 



Figure 21. Typical soil proftle consisting of 6- to 8-in. thick subsoil and 4- to 6-in. thick topsoil. 

shorter than specified 4 to 6 inches (10.16 to 15.24 
cm) with the hope that the effect of roughness 
stiffness on the flow resistance was small enough to 
be neglected. Average turf height, as shown in Figure 
24, was approximately maintained at 3 inches (7.62 
cm) during experiments. The grass was cut by using a 
hand mower and clippings were raked and collected 
for dumping. 

Kentucky Blue grass sod was locally available so 
that it was tested first. Bermuda grass sod was 
obtained from California through a nursery farm in 
Las Vegas, Nevada. Bermuda grass sod tested was 
Hybrid Bermuda grass because Common Bermuda 
grass could not be sodded. It was noticed that Hybrid 
Bermuda grass had a deeper root system than 
Kentucky Blue grass. Nevertheless, both are good, 
solid, dense turf which can stand against erosion. No 
salient erosion from the turf surfaces was observed 
during experiments, even on a slope as steep as 1.5: 1. 
No soil or chemical measurements were conducted in 
this study. 

Experiments began in the third week after turf 
was sodded. It was found that no more than one 
inf:tltration test could be conducted every day in 
addition to a number of friction tests because for the 
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inf:tltration test the average initial soil moisture 
content should be reestablished before starting any 
further experiment. With the present facility includ­
ing use of both suction pump and sunlight simulator, 
excess gravitational water in the soil cannot be 
removed faster than within a half day by means of 
forced drainage (suction pump) and evapo­
transpiration (sunlight simulator). It was desired that 
the initial soil moisture content could be held at field 
capacity or less before an infiltration test. Time did 
not permit the initial soil moisture content to be held 
at wilting point. However, it should be remembered 
that there was no such need for having a limitation in 
the initial soil moisture content as far as the friction 
tests were concerned. 

Before an experiment was started, water was 
introduced into the discharge-measuring flumes and 
depth-measuring manometer tubes to have the 
reference levels or zero readings of both discharge and 
depth sensors checked by a portable voltmeter 
(Digitec Digital Multimeter SIN 3164) or a computer 
(EAI 640). These reference levels were used in the 
later analysis when the computer output data in the 
form of voltage were reduced to the usable units, 
such as cfs (cms) and inches (cm), through the 
calibration curves or relationships. 
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Figure 24. Average turf height maintained during experiments. 
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Measurements of Flow Rates 
and Depths 

The fluid used for the friction tests was Logan 
River water from a reservoir which supplies the 
laboratory. The test bed was first tilted to a desired 
angle of inclination by operating the two hydraulic 
cylinders (Figure 9). Although both hydraulic 
cylinders connected to an oil reservoir in parallel were 
designed to support the total load equally, a slight 
discrepancy in the telescoped length between them 
(even within the manufacture's tolerance) has com­
pelled us to use a hand-operated hydraulic jack for 
leveling the tilted bed more precisely. Once the test 
bed was properly set, water was delivered through the 
head tank (Figure 8) over the turf surface. 

Seven bed slopes for each turf were tested. The 
slopes tested were 0.1 percent (0.001), 0.5 percent 
(0.005), 2° (0.035), 5° (0.087), 6: 1 (0.164), 3: 1 
(0.316), and 1.5: 1 (0.555). The rate of water 
introduced onto the turf surface was varied by 
adjusting a gate valve which was installed in line 
connecting either to the screen tank or directly to the 
head tank in case that the test bed was tilted more 
than 5° in angle. The discharges and depths for each 
test were measured in voltage through the sensors and 
printed instantaneously with the teletype of an EAI 
640 computer. 

As described previously, two sets of the flumes 
were used in the discharge measurement. One set of 
the relatively large flumes, as shown in Figure 10, was 
made of sharp-crested weirs, each of which is capable 
of measuring the discharge ranging from 0.04 to 1 cfs 
(0.00113 to 0.0283 cms). Another set of the rela­
tively small flumes, as shown in Figure 11, was made 
of V-notched weirs, each of which is capable of 
measuring the discharge ranging from 0.0008 to 0.06 
cfs (0.0000227 to 0.00170 cms). 

For each slope, ten or more different flow rates 
were tested. Although the maximum discharge 
needed to be tested for a standard highway cross­
section within the right of way may not exceed 0.129 
cfs/ft (0.0120 cms/m) (= 31 in./hr x 180 ft) which is 
tantamount to the equilibrium overland flow rate for 
a foot wide, 180-ft (54.86 m) long drainage area 
under a 31 in./hr (787.4 mm/hr) rainstorm, the 
friction tests were conducted for discharge as high as 
0.45 cfs/ft (0.0418 cms/m) in the case that the bed 
slopes were less than 5° in angle. The flow for such 
high discharges would probably fall in the turbulent 
or transition flow region that is of course beyond the 
scope of this study. However, such experimental data 
would indeed be valuable in bridging the missing 
information on the flow resistance between the 
laminar and turbulent flow regimes. 
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Immediately after an experiment, the SUnlight 
simulator was pulled over the turf surface and lamps 
were lit for about 12 to 16 hours per day before the 
next experiment was started. Meanwhile, the vacuum 
pump was turned on to suck excess gravitational 
water out of the soil layer. The operation of the 
vacuum pump might continue until there was no 
apparent excess water dripping at the bottom of the 
soil layer. Unfortunately, since there was difficulty in 
keeping this vacuum pump running satisfactOrily, the 
practice of forcibly draining water out of the soil 
layer by means of the vacuum pump was dis­
continued. 

Although the soil layer under investigation was 
only one foot thick, consolidation took place during 
experiments. Note that subsoils for Bermuda grass 
and Kentucky Blue grass are respectively SCS Groups 
A and B which consist mainly of coarse-grained sand, 
as described previously. Because coarse-grain soils are 
relatively pervious, it can reasonably be assumed that 
they are compressed as rapidly as loads can be 
applied. Consequently, consolidation is judged to 
result mainly from the compression of topsoil which 
was composed largely of fine-grained silts and clays, 
as exemplified on Bermuda grass tests as shown in 
Figure 23. The uneven consolidation of the soil layer 
made the flow depth measurement extremely dif­
ficult, especially for very low flow on a steep slope. 

Also noted is an apparent difference between 
the turf sodded on the test bed which is tiled and the 
naturally growing turf on the highway sideslope. 
Natural grass always grows vertically, regardless of the 
slope, whereas grass simulated in the laboratory grows 
perpendicular to the test bed. It was hoped that this 
difference would not affect Significantly the flow 
resistance results. 

Accuracy of Measurements 

Errors involved in the measurements of the 
flow variables such as the discharge and depth can be 
attributed to three major sources: (1) Defects in the 
discharge and depth-measuring devices, (2) uneven­
ness of the soil surface due to poor workmanship, 
consolidation, and local erosion, and (3) instability 
and channelization of a thin flow. Some, but not 
inherent, problems associated with the measuring 
devices were readily corrected or improved by adopt­
ing some unique experimental procedures, but others 
which were inherent in nature could not be remedied 
without partial or entire modification of the instru­
mentation systems. Each of the aforementioned 
sources of errors and its possible remedies is discussed 
in the following. 



The discharge in the flume can be calibrated 
against the depth of water in the stilling well, which 
in turn can be measured by using an electric 
potentiometer, as shown in Figure 16. However, the 
discharge was actually measured directly by reading 
voltage in the potentiometer without taking data on 
the depth of water in the stilling well. The potentio­
meter was built for measuring the water depth to the 
accuracy of 0.001 ft (0.3 mm). The discharge, Q, in 
cfs was thus calibrated against the potentiometer 
voltage reading, Y, in volts for the large flume (Figure 
10) as 

Q = 0.0845 y1.61 0.04 < Q < 1.0 ... (17) 

and that for the small flume (Figure 11) as 

Q = 0.0055 y 2.025 0.0008 < Q < 0.06 (18) 

The measurement of the discharge by means of Eqs. 
17 and 18 was highly accurate (within 1 percent 
error) in the mid-range of the specified discharges, 
but the accuracy became poor, probably with an 
error as high as 10 percent, as the measured discharge 
approached to the extreme values of the range. The 
causes of inaccuracy, if any, in the discharge measure­
ment may be twofold. Either defects in the potentio­
meters or nonuniformity in the flumes, or in both, 
could cause serious errors in measuring the discharges, 
using Eqs. 17 and 18. Because all the potentiometers 
were carefully checked before an experiment, the 
potentiometers seldom, if ever, gave us any trouble in 
this aspect. Each of the sharp-crested weirs for the 
large flumes and V-notched weirs for the small flumes 
was repeatedly calibrated so that non uniformity , if 
any, in the fabrication of the weirs was already 
corrected before its application. Consequently, errors 
in the discharge measurements were believed to be 
small unless the discharge-measuring flumes were 
wrongly selected to measure extreme values. 

Helical wound resistance wires in the mano­
meter tubes, as shown in Figures 12 and 17, were 
used to measure to O.OOI-ft (0.3 mm) accuracy the 
flow depth on the soil surface. Many problems were 
encountered, however, in connection with the use of 
such resistance wires and manometer tubes. First 
each resistance wire needed to be calibrated in~ 
dividually and since there were 20 manometer tubes 
20 calibration curves were required. Second, th~ 
calibration curves changed in a short period of time 
for unknown causes (probably evaporation causing 
mineral deposit on the resistance wires). Third, there 
was a time lag for the meniscus in the manometer 
tube to change in response to a change in the flow 
depth on the soil surface; the situation aggravated in 
the receding stage of the surface runoff. (Of course, 
as long as the friction test was concerned, this time 
lag did not constitute a problem because the uniform 
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flow was maintained during the test.) Finally, air 
bubbles easily got trapped in the line connecting to 
both sides of the manometer tube so that the depth 
measurement became erroneous. Among these four 
problems, only the second one could be corrected by 
draining the manometer tube immediately after a test 
and then filling it up again before another test. The 
other three problems are inherent in nature with this 
type of instrumentation system and thus cannot be 
corrected without resorting to another type of 
depth-measuring device. 

Although the soil layer had been well com­
pacted prior to experiments, consolidation continued 
in the repeated wetting and drying processes under 
the compression of its own load and additional water 
pressure. Furthermore, local erosion took place at 
several spots where soil particles were loosely packed 
and eventually detached from grass roots while 
high-speed water was flowing over them. As a result, 
the soil surface gradually became uneven with the 
time during which experimental data were taken. The 
fact that the degrees of unevenness (Le., variations 
from the geometric mean bed elevation) was almost 
of the same order of magnitude as the thin flow 
depth or higher made the accurate measurement of 
the depth extremely difficult. 

To sod rather than seed grass directly on the 
test bed has several advantages, as mentioned previ­
ously, but also has disadvantages which should be 
carefully examined. For example, topsoil which came 
with I-inch (2.54 cm) thick sod would not be the 
same type of topsoil used in the test; this in effect 
would add one more dimension of unknown factors 
in the later analysis. In addition, supposedly the sod 
acquired was very uniform in thickness; however, it 
(especially Bermuda grass) did not arrive in such a 
perfect shape, and extra efforts and time were spent 
on the adjustment of the previously-leveled topsoil 
surface on which sod was laid. Unfortunately, poor 
workmanship on this type of patching work caused 
the turf surface to become more uneven. Therefore, if 
time and situation permitted, it would be more 
advisable to seed grass directly on the test bed than 
use sod. 

If the test bed was tilted with a slope as steep as 
1.5: 1, inherent instability in flow coupled with the 
unevenness of the soil surface might cause the 
channelization of flow over the turf surface, as shown 
in Figures 25 and 26. Since there were only two rows 
of 10 depth-measuring manometer tubes installed 
along the centerlines of the third and eighth 2-ft 
(60.96 em) exit sections in the test bed, as illustrated 
before, it is possible that some or all of the tubes 
were not covered by the flow at all when the flow 
became channelized. It appears that the only way to 
overcome the inaccuracy of the flow-depth measure-



Figure 25. Front view of a channelized thin flow over a turf surface with 1.5: J bed slope. 

~. - \ 

Figure 26. Side view of a channelized thin flow over a turf surface with 1.5: 1 bed slope. 
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ment due to flow channelization is to install more 
manometer tubes on the test bed. However, the more 
manometer tubes installed, the more would be the 
preceding inherent instrumentation problems 
associated with the adoption of helical wound re­
sistance wires and manometer tubes for flow-depth 
measurements. Thus, this and other related problems 
should be carefully studied and solution alternatives 
to the problems compared before any further im-
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provements on the present instrumentation system 
are initiated. 

Water temperature was not taken for each 
experimental run. Water temperature measured on 
the daily basis was found to be fairly constant during 
experiments, ranging from 45° to 50°F (7.2° to 
10.0° C). For simplicity, the average water tempera­
ture, 4r F (8.3° C), was used in the analysis. 



ANALYSIS OF RESULTS 

For the friction tests, water was introduced 
from the head tank over the turf surface to the 
downstream exit sections where water overfell into 
the discharge-measuring flumes. The depth of flow 
for a given constant discharge over the infiltrating 
turf surface varied with the entire test-bed length 
(i.e., 20 ft). This is a typical case of the so-called 
spatially varied flow which may be subcritical, 
critical, or supercritical, depending upon whether the 
bed slope under test is mild, critical, or steep. 
Theoretically speaking, a given slope can be classified 
as mild or steep, depending solely on the given 
discharge at the time of test if the hydraulic 
roughness of the turf surface is given. For gradually 
vaIied flow (if infiltration is ignored) on both mild 
and steep slopes, the flow depth at the upstream end 
of the test bed is much higher than the normal depth, 
but it gradually approaches the normal depth as the 
flow moves downstream. The flow depth mayor may 
not attain the normal depth at the downstream end. 
However, if the flow is shallow, the flow on the 
downstream side of the test bed is virtually at the 
normal state (Le., uniform flow) despite its relatively 
short test-bed length. For simplicity, such a gradually 
varied flow is treated as a uniform flow and the 
uniform flow equation such as Eq. 8 is applied to the 
computation of the friction coefficient. This 
Simplification in the analysis of the shallow flow on 
the turf surface is justified for the following reasons. 

For analyzing gradually varied flow, strictly 
speaking, the gradually varied flow equations must be 
used. However, if the depth is very thin, say in the 
order of magnitude of the roughness size or the 
height of random variations from the geometric mean 
bed elevation, the flow profile measured by means of 
the manometer tubes at 10 different locations on the 
test bed did not represent the flow characteristics of 
the gradually-varied flow. In other words, if the flow 
depth is less than the roughness size or the height of 
random variations from the mean bed elevation, the 
consideration of the flow as a gradually varied flow 
over the entire test-bed length is meaningless unless 
the one over each small length of a random variation 
from the mean bed elevation is microscopically 
treated as a gradually varied flow. The microscopic 
treatment of the thin flow in a sense needs hundreds 
more depth-measuring devices which, nevertheless, do 
not warrant higher accuracy in the analysis. Con-
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sequently, unless the flow was deep enough to be able 
to measure the difference in the depth, the flow was 
assumed uniform and the average value of the 
manometer-tube readings was used to represent the 
average depth of overland flow. Given the discharge 
per unit width and the average measured depth of 
overland flow, the value of the Darcy-Weisbach 
friction coefficient was then calculated from Eq. 8. 

Determination of Friction Coefficient 

Substituting the expression of the mean 
velocity of flow, V = q/y ,into Eq. 8 yields 

o 

........... (19) 

f ............ (20) 

Note that Yo is the depth of uniform flow which is 
different from the depth measured by the manometer 
tube, d ,as shown in Figure 27. The relationships m 
between Yo' dm, and h (Le., the depth in the vertical 
direction) for uniform flow on a sloping bed with a 
slope angle, (), are as follows: 

h cos () . . 

Yo cos () = h cos2 () . 

.(21) 

.(22) 

Expressing f in terms of d by incorporating Eq. 22 
with Eq. 20 yields m 

f = 
8g So d~ 
q2 cos3 () 

............ (23) 

The Darcy-Weisbach friction coefficient, f, was com­
puted by using Eq. 23. 

The Reynolds number for flow in the wide 
open channel was calculated from Eq. 2 as 



MANOMETER TUBE 

Figure 27. Manometer reading of flow depth on a sloping bed. 

R =.9.. ................ (24) 
v 

in which v is the kinematic viscosity of water taken 
at 470 F (8.30 C). 

Measured and computed data for flow on the 
Kentucky Blue grass surface are tabulated in Tables 1 
through 7 in the Appendix and those for the 
Bermuda grass surface are tabulated in Tables 8 
through 14 in the Appendix. In these tables, the 
Froude number, F, was calculated from 

F 
v 

........... (25) 

Although the Froude number was not used in the 
subsequent analysis, it was computed and listed in the 
tables for those who may be interested in under­
standing the various flow regimes, as classified before. 

Because no manometer-tube problems were 
detected prior to the experiments of the flow on 
Bermuda grass, such as discussed in the previous 
section, the corrections on the experimental 
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procedures for flow-depth measurements could not 
be made in time to test the flow on Kentucky Blue 
grass properly. It is the writer's judgment that the 
accuracy of data points, especially flow depths, on 
Kentucky Blue grass is questionable. 

Friction Coefficient Versus Reynolds 
Number Relationships 

The calculated values of the Darcy-Weisbach 
friction coefficient, f, in Tables 1 through 14 were 
plotted against the corresponding Reynolds numbers, 
R, as shown in Figure 28. An inspection of Figure 28 
reveals that in the laminar-flow range (approximately 
for R < 1,000) a relationship between f and R 
appears to exist for each of the bed slopes tested. A 
best-fitting line can be drawn through data points for 
Bermuda grass on each slope. In Figure 28, there are a 
total of seven solid lines which can be drawn for 
seven slopes in parallel with the theoretical line 
representing Eq. 9. A few comments on the foR 
relationships for flow on the turf surface may be 
appropriate at this stage of analysis. 
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1. Since the physical appearance of Kentucky 
Blue grass is similar to that of Hybrid Bermuda grass, 
data points for Kentucky Blue grass on the cor­
responding slope should not differ very much from 
the best-fitting line for Bermuda grass. As a matter of 
fact, data points for Kentucky Blue grass, though 
their reliability is still in question as far as the depth 
measurements are concerned, scatter closely around 
the corresponding best-fitting lines for Bermuda grass; 
fitting better especially with smaller slopes. This 
experimental result proves that the roughness sizes, k, 
for both species of turf are about equal and Eq. 16 
should be valid. 

2. The f values for flow on the turf surface are 
much higher than expected. The f value increases 
with the bed slope but decreases with the Reynolds 
number (or discharge if the water temperature is 
constant). The range of laminar flow on a small slope 
is larger than that on a large slope. For example, the 
flow appears to be still laminar on the 0.1 percent 
slope for R as large as 104, but would probably: not 
be laminar on the 1.5: 1 slope for R exceeding 103. 

3. Because of the limit in the flow capacity of 
the present facility in the laboratory, the full ranges 
of transition and turbulent flow on the turf surface 
could not be tested. Of course, the friction tests can 
be readily extended in the future with a slight 
modification of the present facility to the inclusion 
of large flows within the full ranges of transition and 
turbulent flow. Before such time comes, for the sake 
of completeness in characterizing the foR relation­
ships for a full range of the flow on the turf surface, 
previous investigators' field data on Bermuda grass 
[Palmer, 1946; Ree and Palmer, 1949] were 
analyzed, as listed in Tables 15 and 16 in the 
Appendix, and then plotted accordingly, as shown in 
Figure 28. Note that Palmer's [1946] field data 
points, though mostly falling in the range of laminar 
flow, tend to underestimate the friction coefficient as 
the flow rate (or Reynolds number) and hence the 
flow depth decreases. The plot of his data points 
clearly demonstrates how difficult the depth measure­
ments are with thin flows in the field which are as 
bad as, if not worse than, in the laboratory. 

4. Ree and Palmer's [1949] field experiments 
on Bermuda grass had two different channels cross­
sectional shapes: Trapezoidal and rectangular. The 
Reynolds number in Table 15 was computed by using 
Eq. 2 rather than using Eq. 24. A plot of their data 
points on Figure 28 reveals three interesting results. 
First, their data points mostly falling in the range of 
transition and turbulent flow tend to converge to a 
fixed f value at a high Reynolds number. From Figure 
28, the fixed f value for turbulent flow in 
Bermuda-grassed channels was found to be about 
0.11 which in turn gave the relative roughness, Yolk, 
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equal to 2.17 by means of the Karmim-Prandtl 
logarithmic resistance equation for free-surface 
turbulent flow on the rough surface. Second, the f 
values for flow on the same slope may differ due 
mainly to various channel shapes. For instance, in 
Figure 28, two broken curves were drawn to connect 
two groups of data points on the same 3 percent 
channel slope: One is for flow in trapezoidal channel 
and the other in a rectangular channel. The f values 
along the former broken curve are greater than that 
along the latter broken curve, but both broken curves 
seem to meet at a point where the R value is 
approximately equal to 2,000. Finally, the point of 
intersection between the two broken curves may be 
the critical point where the flow on the 3 percent 
slope starts to deviate from the laminar flow region to 
the transition. The last statement was confirmed by 
plotting by interpolation on Figure 28 a broken line 
representing the foR relationship for laminar flow on 
the Bermuda grass surface with a 3 percent slope. 

The consequence of the foregOing analyses 
using experimental data obtained from the present 
study and previous investigators [Palmer, 1946; Ree 
and Palmer, 1949] is strikingly useful. In the laminar 
flow regime, a simple expression for the friction 
coefficient such as Eq. 3 is valid and the C value in 
Eq. 3 is a function only of bed slope, S ,for each 
species of turf tested (see Eq. 16). SinceoKentucky 
Blue grass has physical appearance similar to Bermuda 
grass, the C value for both species of turf should be 
about equal. However, Izzard's [1944] experimental 
results on the Kentucky Blue grass surface with 1 
percent slope, as depicted by a dotted line in Figure 
28, gave the lower fvalues than those interpolated by 
the present sets of experimental data on the cor­
responding bed slope. Because we had an instru­
mentation problem at the time of testing Kentucky 
Blue grass, as indicated before, a definite conclusion 
with regard to such a comparison cannot be drawn at 
this moment without analyzing further experimental 
data points. For verification, another set of tests on 
Kentucky Blue grass should be run in the future. 

Modeling the Friction Coefficient for 
Shallow Flows Over Turf Surfaces 

The C value in Eq. 3 for each of the bed slopes 
tested can be read directly from Figure 28. The C 
values versus bed slopes, So' for Kentucky Blue grass 
and Bermuda grass tested in the present study are 
listed in Table 17 in the Appendix and plotted on 
log-log paper, as shown in Figure 29. It can readily be 
seen from Figure 29 that a straight-line (linear) 
relationship on log-log paper appears to exist between 
the C value and So for the two species of turf tested. 
This result implies that Eq. 16 can be simplified by 
use of an algebraic equation of this type: 
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C = as b ............... (26) 
a 

in which a and b are the parameters, the values of 
which seemingly depend on both the roughness size, 
k, and the rainfall intensity, r, if under rain. The 
dependence of the parameter values, a and b, on the k 
and r values was clearly demonstrated in Figure 29 by 
using other investigators' results such as Woo and 
Brater's [1961; 1962] data for a glued-sand surface, 
Kouwen's et al. [1969] data for a simulated turf 
surface, and Yoon and Wenzel's [1971] data for a 
smooth glass surface under rainfall or no rainfall. An 
inspection of the linear relationships between C and 
So for the aforementioned smooth and rough surfaces 
with or without raindrops reveals that there is a 
general trend in the variations of the a and b values 
with the values of k and r, as follows. 

Without raindrop impact (Le., r = 0), the a value 
approaches to the theoretical 24 while the b value 
approaches to zero for a perfectly smooth surface (k = 
0). As the surface roughness increases, both a and b 
values increase with the magnitudes of their increases 
depending upon the surface roughness characteristics 
such as size, geometry, concentration, mobility, and 
stiffness, as classified previously. For rough surfaces 
which have the maximum density such as Woo and 
Brater's [1961] glued-sand surface and the turf 
surfaces, the b values that are the slopes of the CoS 
lines on log-log paper appear to be in the same orde~ 
of magnitude, but the a values differ greatly from each 
other, depending upon the "water holding capacity" 
(Le., detention or Yr in Eq. 11) on the surfaces. For 
example, from Figure 29, the a value is approximately 
235 for Woo and Brater's [1961] glued-sand surface, 
but it becomes as high as 510,000 for Kentucky Blue 
grass and Bermuda grass surfaces. The corresponding b 
value for the former surface was determined to be 
0.296 and that for the latter surfaces 0.662. Thus, for 
Woo and Brater's [1961] glued-sand surface, the C 
value can be calculated from 

C = 235 S 0.296 
a 

C = 24 

for So 2!: 0.00045· 

for So :s 0.00045 

(27a) 

(27b) 

and for Kentucky Blue grass and Bermuda grass 
surfaces, 

C = 510,000 SoO.662 for So ~0.00000029. (28a) 
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C = 24 for So :S 0.00000029 . . . (28b) 

In practical applications, however, Eqs. 27a and 28a 
may be used without specifying a lower limit in So' 
below which the C value is theoretically 24, because 
both lower limits in So are negligibly small. 

With raindrop impact (Le., r =f 0) acting on the 
water surface, the value of the parameter a in Eq. 26 
increases with the rainfall intensity, r, whereas the b 
value with Y oon and Wenzel's r 19711 data remains 
approximately constant for flow on a smooth glass 
surface. The increase in the C value due to r is 
enhanced by the decrease in the bed slope, So [Woo 
and, Brater, 1962]. However, Woo and Brater's 
[1962] data points indicate that there seems to exist a 
limit in the bed slope, above which the effect of r on 
the C value is negligible. In view of Yoon and Wenzel's 
[1971] data points, it may be concluded that this 
slope limit goes up with the increasing rainfall 
intensity, r, and with the decreasing roughness size, k. 
Therefore, for a smooth surface such as glass tested by 
Y oon and Wenzel [1971], the slope limit may 
increase without bound while for a very rough surface 
such as natural turf, the slope limit may go down all 
the way to zero. In other words, the effect of raindrop 
impact on the flow resistance may be insignificant for 
flow on natural turf surfaces. Physically it is con­
ceivable that raindrops falling on the turf surface tend 
to be intercepted and their added energy to the flow is 
broken up by tall dense grass stands before they hit 
the water surface. In any event, the effect of raindrop 
impact on the flow resistance of natural turf surfaces 
should be investigated further in the future. 

Ignoring negligible factors such as raindrop 
impact and the slope limit in Eq. 28, and in­
corporating Eq. 28a with Eq. 3 yields 

f = 
510000 S 0.662 , a .......... (29) 

R 

As long as the flow under study is in the laminar flow 
range (Le., approximately R = 10,000 for So = 0.001 
and R = 1,000 for So = 0.555), Eq. 29 can be used to 
evaluate the friction coefficient for shallow flows over 
Kentucky Blue grass and Bermuda grass surfaces. 
However, whether or not Eq. 29 is also applied to 
those cases with other species of turf rather than 
Kentucky Blue grass and Bermuda grass needs to be 
experimentally investigated. 



SUMMARY AND CONCLUSIONS 

Resistance to sheet flows over natural turf 
surfaces such as Kentucky Blue grass and Bermuda 
grass was experimentally investigated. The formula­
tion of a functional relationship between the 
resistance coefficient and controlling parameters for 
shallow flows over various turf surfaces is essential to 
the successful modeling of surface runoff from urban 
highway sideslor.es covered with differen t species of 
turf. A unique laboratory facility including a com­
puter-controlled rainstorm simulator, a forcibly­
drained tilting test bed, a computer, a console for 
manual control, and a sunlight simulator was develop­
ed to conduct such friction tests as well as other 
required infIltration tests, results of which will be 
presented in another report. Time did not permit 
tests to be performed on all species of turf other than 
Kentucky Blue grass and Bermuda grass which can be 
sodded. An analysis of results obtained from friction 
tests on Kentucky Blue grass and Bermuda grass 
reveals that a functional relationship exists between 
the Darcy-Weisbach friction coefficient, Reynolds 
number, and bed slope for shallow flows over natural 
turf surfaces. A general trend of the functional 
relationship as affected by roughness and raindrop 
impact was also qualitatively determined. 

The major conclusions that may be drawn from 
these laboratory studies of sheet flows over natural 
turf surfaces are summarized as follows: 

1. The functional relationship for the friction 
coefficient formulated in the present study may be 
applied to any species of turf which has the 
maximum roughness density with the physical 
appearance similar to Kentucky Blue grass and 
Bermuda grass. Since only fine turf species are used 
on the urban highway sideslopes, it may be assumed 
that the roughness characteristics of the fine turf 
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species such as size, geometry, concentration, 
mobility, and stiffness are similar to each other and 
the functional relationship is applicable. 

2. The value of the Darcy-Weisbach friction 
coefficient, f, for laminar flow on the turf surface is 
of few orders of magnitude higher than that on the 
glued-sand ( or concrete) surface. In general, the f 
value increases with the bed slope, but decreases with 
the Reynolds number (or discharge if the water 
temperature is constant). The range of laminar flow 
on the bed with a small slope is larger than that on 
the bed with a larger slope. A best-fitting line on each 
slope can be drawn through data points in the laminar 
flow range to parallel the theoretical line (Eq. 9). 

3. An analysis of field data obtained from Ree 
and Palmer [1949] reveals that in the transition 
regime the f value for flow on the same slope may 
differ due mainly to various channel shapes, and that 
the flow in the Bermuda-grassed channel would not 
become fully turbulent unless the Reynolds number 
exceeds 10(i with the f value about equal to 0.11. 

4. A straight-line (linear) relationship on log­
log paper appears to exist between the C value of Eq. 
3 and the bed slope, So' for Kentucky Blue grass and 
Bermuda grass. The slope and intercept of the C-S 
line on log-log paper depends on the roughness siz~ 
and the rainfall intensity. Without raindrop impact, 
the roughness size seems to be the only factor 
influencing the slope and intercept of the C-So line 
on log-log paper. However, with raindrop impact 
acting on the water surface, the increase in the C 
value due to the rainfall intensity is strengthened by 
the decrease in the bed slope, but is lessened by the 
increase in the roughness size. In application, for 
simplicity, the effect of raindrop impact on the 
resistance to shallow flows over natural turf surfaces 
may be ignored. 





RECOMMENDATIONS 

The principal future work recommended for 
the further investigations of the resistance to shallow 
flows over natural turf surface is as follows: 

1. The functional relationship so formulated in 
the evaluation of the Darcy-Weisbach friction 
coefficient for laminar flow over the two sodded turf 
surfaces could be refined by conducting further tests 
on the same turf surfaces that will be directly seeded 
rather than sodded on the test bed. The direct seeding 
of turf on the test bed, though it will take more time 
for grass to grow and mature prior to experiments 
than sodding, has an advantage of producing a more 
uniform and even soil surface on the test bed because 
longer preparatory time permits fine-grained soil to 
consolidate and thus a chance to have the even soil 
surface fixed before erosion and channelization starts. 

2. Many species of turf other than those 
specified need to be tested for studying the effects of 
the roughness characteristics on the flow resistance. 
For convenience in controlling the roughness factors, 
artificial (synthetic) turf which has a uniform rough­
ness size, roughness density, and roughness stiffness 
may be used in the future study. In addition, other 
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materials such as concrete and bituminus used on the 
roadway, paved shoulder, and paved sideslope need to 
be tested. It is expected that testing each material 
having a different roughness size will produce a 
unique functional relationship of the friction co­
efficient for shallow flow over such a material. 

3. Although the effect of raindrop impact on 
the resistance to shallow flows over natural turf 
surfaces has been qualitatively determined by using 
previous investigators' experimental data on other 
smooth and rough surfaces, it is in the best interest of 
this research to carry some similar laboratory experi­
ments on turf surfaces to determine quantitatively 
the variation of the friction coefficient as affected by 
the interaction of the rainfall intensity, bed slope, 
and roughness size. 

4. Instrumentation troubles encountered by 
the flow depth measuring devices should be corrected 
in the future experiments. As mentioned previously, 
use of helical wound resistance wires and manometer 
tubes in the flow depth measurement has many 
inherent sources of errors in the measurement which 
cannot be improved or modified without resorting to 
development of a new depth-measuring device. 
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APPENDIX 

For compilation of measured and computed 
data, an electronic digital computer (EAI PACER 
100) was used. Tables 1 through 7 are measured and 
computed data for flow on the Kentucky Blue grass 
surface and Tables 8 through 14 on the Bermuda 
grass surface with 0.1 percent (0.001), 0.5 percent 
(0.005), 20 (0.035), 50 (0.087), 6: 1 (0.164), 3: 1 
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(0.316), and 1.5:1 (0.555) bed slopes, respectively. 
Table 15 is measured and computed data for flow 
in rectangular or trapezoidal Bermuda-grassed chan­
nels with various channel slopes ranging from 0.2 
to 24 percent [Ree and Palmer, 1949] and Table 16 
for flow in a rectangular Bermuda-grassed channel 
with 5 percent bed slope [Palmer, 1946] . 



Table 1. Test and computed data on Kentucky Blue 
grass with 0.1 percent bed slope. 

Test 

Date 

Dis­
Charge 

q 
ds/ft 

Depth 
Yo 
in. 

4/25/74 0.1395 3.369 
ditto 0.1310 3.353 
ditto 0.0946 3.083 
ditto 0.0529 2.735 
ditto o. 0260 2. 346 
ditto O. 0100 1. 864 
ditto 0.0551 2.716 
ditto 0.1384 3.436 
ditto 0.1660 3.619 
ditto 0.2041 3.831 
ditto 0.2679 4.133 
ditto 0.2916 4.255 
ditto O. 3442 4.446 

4/26/74 0.1227 3.637 
ditto o. 1979 4.377 
ditto 0.2293 4.202 
ditto o. 2790 4. 300 
ditto 0.3563 4.643 
ditto O. 4064 4. 840 
ditto 0.0660 2.763 
ditto 0.0356 2.435 
ditto 0.0195 2.189 

5/3/74 0.0066 1. 263 
ditto 0.0095 1. 319 
ditto 0.0128 1. 454 
ditto 0.0155 1. 554 
ditto 0.0210 1.737 
ditto 0.0280 1.917 

Mean Friction 
Velocity Coef-

V ficient 
ft/ sec f 

0.496 
0.468 
0.368 
0.232 
0.133 
0.064 
0.243 
0.483 
0.550 
0.639 
0.777 
0.822 
0.928 
0.405 
0.542 
0.654 
0.778 
0.920 
1. 007 
0.286 
0.175 
O. 107 
0.063 
0.086 
0.105 
0.119 
0.145 
0.175 

0.292 
0.327 
0.487 
1. 088 
2.842 
9.549 
0.981 
0.315 
0.256 
0.201 
0.146 
0.134 
0.110 
0.475 
0.318 
0.210 
0.152 
0.117 
0.102 
0.720 
1. 691 
4.083 
6.733 
3.743 
2.779 
2.323 
1.770 
1. 332 

Reynolds Froude 
Number Number 

.. F 

9226.71 
8867.42 
6257.83 
3499.43 
1720.82 
665.05 

3647.57 
9156.08 

10982.76 
13500.00 
17723.69 
'19288.87 
22766.14 
8121.48 

13093.79 
15171.33 
18453.99 
23568.22 
26880.46 
4369.16 
2358.33 
1294.27 
441. 77 
6.32.12 
848.92 

1026.10 
1389.98 
1857.20 

0.1652 
0.1563 
0.1280 
0.8560 
0.0530 
0.0289 
0.0902 
0.1591 
O. 1766 
0.1993 
0.2335 
0.2433 
O. 2689 
0.1296 
0.1583 
0.1950 
0.2292 
0.2608 
0.2795 
0.1053 
0.0687 
0.0442 
0.0344 
0.0462 
0.0536 
0.0586 
0.0671 
0.0774 

Note: Temperature 470 F (8.30 e) is used in the computation, but water 
temperature ranged between 4SoF (7. 2°C) and SOoF (10. DOC) during 
experiments. 

Table 2. Test and computed data on Kentucky Blue 
grass with 0.5 percent bed slope. 

Test 

Date 

3/20/74 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 

4/22/74 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
di tto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 

4/24/74 
ditto 
ditto 
ditto 

4/26/74 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 

Dis-
Charge Depth 

q Yo 
cis/ft in. 

0.0035 1.039 
o. 0046 1. 168 
0.0062 1.291 
0.0083 1.635 
O. 0094 1.766 
0.0124 1.898 
0.0188 2.205 
0.1238 2.561 
0.0891 2.446 
0.0644 2.370 
O. 0478 2. 166 
0.0271 1.994 
0.0100 1. 558 
0.0008 0.803 
0.0116 1. 568 
0.0389 1.984 
0.0734 2.275 
0.1931 3.029 
0.2028 3.047 
0.2268 3.200 
0.2384 3.207 
O. 1011 2. 594 
0.1331 2.873 
O. 1558 3.078 
0.1835 3.254 
0.2204 3.504 
0.2625 3.76'8 
0.2930 3.442 
0.37173.757 
0.4472 4.037 
0.1752 3.003 
0.2345 3.333 
O. 3233 3.734 
0.4112 4.104 

0.1373 3.584 
0.1470 3.752 
0.1603 3.812 
0.2557 3.917 
0.3030 4.344 
0.3686 4.850 
0.3952 4.924 

Mean Friction 
Velocity Coef-

V ficient 
ft/ sec f 

0.040 
0.047 
0.058 
0.061 
0.064 
0.078 
0.102 
0.580 
0.437 
0.326 
0.264 
0.163 
0.077 
0.013 
0.089 
0.235 
0.387 
0.765 
0.798 
0.850 
0.892 
0.467 
0.555 
0.607 
0.676 
0.754 
0.835 
1. 021 
1. 187 
1. 329 
0.700 
0.844 
1. 039 
1. 202 

0.459 
0.470 
0.504 
0.783 
0.837 
0.912 
0.963 

67.399 
56.010 
41. 031 
46.806 
45.941 
32.747 
22.382 

0.816 
1. 371 
2.387 
3.311 
8.008 

27.859 
504.549 

21. 056 
3.847 
1.626 
0.554 
0.511 
0.474 
0.431 
1. 270 
0.997 
0.894 
0.762 
0.659 
0.578 
0.353 
0.285 
0.244 
0.656 
0.501 
0.370 
0.304 

i 1. 817 
'1. 819 
'1. 603 
0.684 
0.664 
0.625 
0.569 

Reynolds Froude 
Number Number 

.. F 

232.95 
304.59 
413.39 
551. 85 
625.22 
824.99 

1249.43 
8188.99 
5895.54 
4263.07 
3162.90 
1796.32 

665.05 
57.89 

772.58 
2572.82 
4858.66 

12772.22 
13418.38 
15000.88 
15773.61 
6690.75 
8806.00 

10310.69 
12138.22 
14577.97 
17362.75 
19382.50 
24585.55 
29581. 44 
11593.55 
15514.40 
21387.96 
27199.39 

9085.65 
9726.89 

10607.41 
16915.54 
20042.66 
24380.78 
26141. 85 

0.0243 
0.0267 
0.0312 
0.0292 
0.0294 
0.0349 
0.0422 
0.2212 
0.1706 
0.1293 
0.1098 
0.0706 
0.0378 
0.0089 
0.0435 
0.1019 
0.1567 
0.2683 
0.2793 
0.2901 
0.3042 
0.1773 
0.2002 
0.2113 
0.2290 
0.2461 
0.2628 
0.3361 
0.3739 
0.4039 
0.2466 
0.2822 
0.3283 
0.3623 

0.1482 
0.1481 
0.1578 
0.2461 
0.2451 
0.2528 
0.2649 

Note: Temperature 47°F (8.30e) is used in the computation, but water 
temperature ranged between 4soF (7.20e) and SOoF (IO.Ooe) during 
experiments. 
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Table 3. Test and computed data on Kentucky Blue 
grass with 2 degree bed slope. 

Test 

Date 

4/17/74 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 

4/23/74 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 

5/1/74 
ditto 
ditto 
ditto 
ditto 
ditto 

Dis­
Charge 

q 
ds/ft 

0.0057 
0.0074 
0.0121 
0.0185 
0.0243 
0.0306 
O. 0369 
1. 919 
0.0499 
0.0759 
0.0589 
0.0402 
0.0175 
0.0936 
0.1078 
0.1320 
0.1536 
0.1695 
0.1967 
0.2178 
0.2652 
0.2762 
0.2790 
0.3578 
0.3984 
0.0056 
0.0076 
0.0100 
0.0128 
0.0157 
0.0208 

Depth 
Yo 
in. 

0.814 
0.995 
1.117 
1. 294 
1.430 
1.772 
1.844 
0.268 
1.988 
1.928 
1.849 
1. 699 
1. 289 
1.998 
2.092 
2. 178 
2.293 
2.370 
2.473 
2.542 
2.675 
2.671 
2.687 
2.848 
2.922 
0.875 
0.976 
1.142 
1.143 
1. 253 
1. 418 

Mean Friction 
Velocity Coef-

V ficient 
ft/ sec f 

0.084 
0.089 
0.130 
0.172 
0.204 
0.207 
0.240 
0.268 
0.301 
0.472 
0.382 
0.284 
0.163 
0.562 
0.618 
0.727 
0.803 
0.858 
0.954 
1.028 
1. 189 
).240 
1.245 
1. 507 
1.636 
0.077 
0.094 
O. 105 
0.134 
0.151 
O. 176 

84.543 
92.671 
49.465 
32.722 
25.659 
30.716 
23.899 
19.930 
16.352 

6.451 
9.457 

15.757 
36.098 
4.723 
4.090 
3.080 
2.656 
2.409 
2.031 
1.799 
1. 414 
1. 198 
1. 296 
0.937 
0.817 

110.177 
1l2.062 
76. 193 
47.145 
41. 052 
34.049 

Reynolds 
Number .. 
380.83 
491. 98 
800.41 

1227.71 
1609.90 
2030.08 
2443.28 
2839.43 
3305.55 
5026.18 
3899.61 
2660.58 
1162.50 
6196.88 
7134.57 
8736.60 

10163.53 
11210.34 
1,013. II 
14410.09 
17542.87 
18l70.37 
18453.99 
23669.22 
26352.08 

372.39 
507.57 
b67.2D 
848.92 

1043.86 
1379.69 

Froude 
Number 

F 

0.0574 
0.0548 
0.0751 
0.0923 
0.1042 
0.0953 
0.1080 
0.1183 
0.1306 
0.2079 
0.1717 
0.1330 
0.0879 
0.2430 
0.2611 
0.3009 
0.3241 
0.3403 
0.3706 
0.3907 
0.4441 
0.4635 
0.4639 
O. 5455 
0.5844 
0.0519 
0.0583 
0.0605 
0.0769 
0.0824 
0.0905 

Note: Temperature 47°F (8.3oe) is used in the computation, but water 
temperature ranged between 4SoF (7. 2°C) and SOoF (10 .00e) durin r 

experiments. 

Table 4. Test and computed data on Kentucky Blue 
grass with 5 degree bed slope. 

Test 

Date 

!./7/74 
ditto 
ditto 
ditto 

4/29/74 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 

4/30/74 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 

Dis­
Charge 

q 
ds/ft 

Mean 
Depth Velocity 

Friction 
Coef-

Yo V ficient 
in. ft! sec 

0.0123 1.258 
0.0151 1. 312 
0.0218 ).510 
0.0268 1. 698 
0.0785 1.768 
0.1040 1. 857 
0.1279 1. 923 
0.1547 1.991 
0.2004 2.119 
0.0777 1. 922 
0.0551 1. 755 
0.0436 1. 608 
0.0170 1. 057 
0.0100 0.984 
0.0190 1. 240 
0.0216 1.318 
0.0283 1. 506 
0.0337 1. 589 
O. 0408 1. 669 
0.0478 1.724 
0.0521 1. 761 
0.0605 1.805 

0.117 169.629 
0.138 128.343 
O. 173 94.226 
0.189 88.432 
0.532 11. 642 
0.671 7.695 
0.798 5.644 
0.932 4.280 
).134 3.078 
0.485 15.277 
0.377 23.085 
0.325 28.421 
O. 194 52. 524 
0.122 122.479 
0.184 68.130 
0.196 63.521 
0.225 55.393 
0.254 45.736 
0.294 36. 102 
0.33229.110 
0.355 26.067 
0.402 20.878 

Reynolds Froude 
Number Number 

.. F 

817.09 
999.75 

1442.01 
1774.57 
5195.83 
6879.64 
8461.12 

10237.01 
13255.71 

5139.04 
3647.57 
2884.83 
1130.40 

665.05 
1260.82 
1431.33 
1873.04 
2233.06 
2704.88 
3162.90 
3450.57 
4002.20 

0.0642 
0.07 ;8 
0.0861 
0.0889 
0.2451 
0.3014 
0.3520 
0.4020 
0.4766 
0.2139 
0.1740 
0.1568 
0.1154 
0.0755 
0.10l3 
0.1049 
O. lIB 
0.1236 
0.1391 
0.1550 
0.1638 
O. 1830 

Note: Temperature 47°F (8.30 e) is used in the computation, but water 
temperature ranged between 4SoF (7.20e) and SOoF (IO.OOe) during 
experiments. 



Table 5. Test and computed data on Kentucky Blue 
grass with 6: 1 bed slope. 

Test 

Date 

3/21/74 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 

5/2/74 
ditto 
ditto 
ditto 
ditto 

1/21/74 
ditto 
ditto 
ditto 
ditto 

Dis­
Charge 

q 
cfs/it 

0.0059 
0.0067 
0.0086 
0.0101 
0.0113 
0.0128 
0.0188 
0.0295 
0.0429 
0.0620 
0.0891 
O. 1268 
0.0794 
0.0918 
0.1059 
0.1147 
0.1248 

Depth 
Yo 

in. 

0.444 
0.506 
0.578 
0.659 
0.691 
0.700 
0.756 
0.79B 
1.097 
1. 2B9 
1. 417 
1.452 
0.984 
1. 015 
I. 067 
1. 049 
1.0,,8 

Mean 
Velocity 

V 

it/sec 

0.159 
0.160 
0.179 
0.185 
0.196 
0.219 
0.299 
0.444 
0.469 
0.577 
0.754 
1.04B 
0.967 
1.085 
1.190 
1. 311 
1.402 

Friction 
Coef­

ficient 

61. 570 
69.253 
63.507 
67.478 
63.363 
51. 086 
29.704 
14.258 
!7.534 
I~. 609 
8.777 
4. b58 
3.704 
3.041 
2.655 
2.152 
1. 914 

Reynolds 
Number 

R 

,91. 37 
447.56 
571.40 
674.33 
747.74 
B48.92. 

1249.43 
1953.91 
2839.43 
4105.80 
5895.54 
8392.77 
5252. B5 
b075.66 
7006.61, 
7589.10 
8256.70 

Froude 
Number 

F 

0.1470 
O. I ~86 
0.1448 
O. 1404 
O. 1449 
O. i 6i4 
O. III 7 
O. l056 
0.2755 
O. l128 
0.3895 
0.5141) 
O. 5995 
0.6617 
0.7081 
0.7866 
0.8341 

Note: Temperature 47°F (ll.3
0e) is used in the computation, but water 

temperature ranged between 4SoF (7. 2°e) and SOoF (10 .00e) during 
exp eriment 5 . 

Table 6. Test and computed data on Kentucky Blue 
grass with 3:1 bed slope. 

Test 

Date 

1/24/74 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 

3/22/74 
ditto 
ditto 
ditto 
ditto 
ditto 

4/19/74 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 

4/30/74 
ditto 
ditto 
ditto 
ditto 
ditto 

5/2/74 
ditto 
ditto 
ditto 
ditto 
ditto 

Dis­
Charge 

q 
cfs/it 

Mean 
Depth Veillcity 

Yo V 

in. ftl sec 

O. 0092 0.469 
O. 0294 0.676 
0.0436 0.811 
0.0566 0.808 
0.0751 0.838 
0.0873 0.866 
0.1002 0.901 
0.1167 0.955 
0.1289 0.965 
O. 1448 0.969 
0.0056 0.319 
0.0067 0.343 
0.0135 0.415 
0.0190 0.538 
0.0245 0.645 
0.0301 1.302 
0.0004 0.296 
0.0006 0.372 
0.0015 0.650 
0.0026 0.814 
O. 0040 0.989 
0.0057 1. 130 
0.0074 1. 156 
0.0096 1. 158 
0.1157 0.768 
0.1592 0.741 
0.1919 0.922 
0.2078 0.916 
0.2191 0.920 
0.0408 0.741 
0.0026 0.538 
0.0048 0.444 
0.0100 0.436 
0.0135 0.408 
0.0213 0.456 
0.0273 0.554 

0.236 
0.522 
0.644 
0.841 
1. 074 
1.209 
1. 334 
1.465 
1. 603 
1.793 
0.212 
0.236 
0.392 
0.424 
0.457 
0.277 
0.020 
0.021 
0.029 
0.038 
0.049 
0.061 
O. 077 
o 100 
1.806 
2.576 
2.495 
2.720 
2.856 
0.662 
0.058 
0.130 
0.277 
0.398 
0.560 
0.591 

Friction 
Coef­

ficient 

56.726 
16.784 
13.244 
7.745 
4.923 
4. 013 
3.430 
1.018 
2.547 
2.043 

47.812 
41.509 
18.334 
W.322 
20.960 

114.743 
4931.768 
5332.226 
5215.895 
3650.860 
2785.620 
2055.737 
1297.923 
784.973 

1. 596 
0.757 
1.004 
0.840 
0.764 

11. 462 
1057.433 

177.682 
38.465 
17.400 
9.849 

10.748 

Reynolds Froude 
Number Nunlber 

.. F 

613.60 
1950.96 
2884.83 
3747.62 
4970.10 
5776.60 
6628.24 
7720.91 
8529.67 
9582.96 

375.26 
447.56 
897.81 

1259.21 
1626.18 
1990.88 

32.92 
44.68 

104.33 
174.58 
267.55 
380.59 
495.26 
639.06 

7654.90 
10532.92 
12692.31 
13745.97 
14493.94 
2704.88 

174.58 
119. II 
667.20 
897.81 

1410.68 
1809.75 

0.2166 
O. 3983 
0.4484 
0.5864 
0.7355 
0.8146 
0.8812 
0.9393 
1. 0226 
1. 1416 
0.2360 
0.2533 
0.3811 
0.3620 
0.3564 
0.1523 
0.0232 
0.0223 
0.0225 
0.0270 
0.0309 
0.0359 
0.0453 
0.0582 
1. 2916 
1. 8749 
1.6283 
1.7804 
1. 8663 
0.4820 
0.0501 
0.1224 
0.2631 
0.3912 
0.5200 
0.4978 

Note: Temperature 47°F (8.30 e) is used in the computation, but water 
temperature ranged between 45°F (7. 20 e) and 500F (10. OOC) during 
experiments. 
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Table 7. Test and computed data on Kentucky Blue 
grass with 1.5: 1 bed slope. 

Test 

Date 

1/25/74 
ditto 
ditto 
ditto 
ditto 
ditto 
ditt" 
ditto 
ditto 
dittn 

3/15/74 
ditto 

5/l /74 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 

ditto 
5/2/74 

ditto 
ditto 

Dis­
Charge 

q 
cfs/ft 

0.0175 
0.0248 
0.0350 
0.0492 
0.0660 
0.0927 
O. 1040 
0.1167 
O. III 0 
0.1427 
0.0161 
0.020B 
0.1438 
O. 1069 
0.1157 
O. 1268 
0.141b 
O. 1';3(, 
0.0294 
0.0652 
0.0811 
0.0234 
0.0 l04 
0.02.59 

Depth 
Yo 

in. 

0.436 
0.414 
0.515 
0.512 
0.528 
0.541 
0.564 
O. (>38 

0.641 
O. b74 
1.1\4 
1.181 
v.754 
0 ... 19 
0.419 
O ... 56 
O ... 66 
O. -t74 
O.3d9 
0.513 
0.515 
O. 109 
0.2"4 
O. -11 0 

Mean 
Velocity 

V 

rtl sec 

O. 4B) 
0.721 
0.814 
1.154 
1. 498 
2.05b 
l. II 2 
2. 194 
2.4S2 
t.. '; lh 

0.171 
0.211 
2.28G 
l. 057 
l.il) 

Ll3l 

1.0-1-1 

;. 886 
0.907 
1.525 
1. 8) 8 
0.909 
1.2-11 
O.73H 

Friction 
Coef­

ficient 

22.207 
9.457 
9.244 
... 575 
2.800 
1. 522 
1. 370 
1.577 
1.268 
1. 245 

460.22-1 
312.136 

1. 718 
O. 533 
0.45-1 
0.488 
0.417 
0.373 
5.630 
2.624 
I. 925 
4.444 
2.274 
!!. -182 

Reynolds Froude 
Number Number 

.R 

1162.50 
1646.56 
2316.29 
3257.74 
4369.16 
6136.15 
6879.64 
7720.91 
8667.42 
9439.85 
1070.79 
1379.69 
9511. 30 
7070.51 
7654.90 
8392.77 
9368.60 

10163.53 
1950.96 
4315.99 
5367.61 
15 .. 8.99 
2015.69 
1716.72 

F 

0.4898 
0.7505 
0.7591 
1.0791 
1.3793 
1.10705 
1. 9716 
1.83BO 
2.0497 
2. 0685 
O. 1075 
0.1305 
1.7609 
3.1593 
3.4256 
30 3011 
s.5714 
3.7754 
0.1241 
1.4249 
).6636 
1.0949 
1.5304 
0.7925 

Note: Temperature 47 0 F (8.30 C) is used in the computation, but water 
temperature ranged between 45°F (7.20C) and 500 F (10.00 C) during 
experiments. 

Table 8. Test and computed data on Bermuda grass 

with 0.1 percent bed slope. 

Test 

Date 

8/28/74 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 

9/3/74 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 

Dis­
Charge 

q 
cfs/ft 

0.0105 
0.0088 
0.0073 
0.0059 
0.0046 
0.0037 
0.0026 
0.0013 
0.0077 
0.0112 
0.0156 
0.0205 
0.0260 
0.0313 
0.0375 
0.0485 
0.0636 
0.0829 
0.0955 
0.1069 

Mean 
Depth Velocity-

Yo V 
in. ft/ sec 

Friction 
Coef- Reynolds Froude 

iicient Number Number 
f .. F 

6.813 
8.329 

10.396 
14.258 
18.942 
26.245 
41.314 

695.95 
584.63 
483.11 
391. 37 
309.39 
245.64 
178.21 

1. 717 
I. 634 
1. 550 
1.469 
1. 406 
I. 344 
1. 262 
I. 157 
1. 769 
I. 919 
2.154 
2.370 
2.575 
2.694 
2.831 
3.027 
3.250 
3.445 
3.587 
J.662 

0.073 
0.064 
0.056 
0.047 
0.039 
0.033 
0.025 
0.013 
0.052 
0.070 
0.087 
0.104 
0.121 
0.139 
0.159 
0.192 
0.235 
0.288 
0.319 
0.350 

129.365 88.32 
515.49 
745.13 

1036.16 
1362.14 
1720.82 
2070.09 
2486. 17 
3210.19 
4210.40 
5483.30 
6319.00 
7070.51 

0.0342 
0.0309 
0.0277 
0.0236 
0.0205 
0.0174 
0.0139 
0.0078 
0.0242 
0.0310 
0.0362 
0.0413 
0.0461 
0.0518 
0.0578 
0.0675 
0.0795 
0.0949 
0.1030 
0.1117 

13.567 
8.296 
6.068 
4.679 
3.758 
2.975 
2.391 
1. 754 
1.261 
0.886 
0.753 
0.639 

Note: Temperature 470 F (8.30 C) is used in the computation, but water 
temperature ranged be tween 4SoF (7. 20 C) and 500 F (10 .ooe) during 
experiments. 



Table 9. Test and computed data on Bermuda grass 
with 0.5 percent bed slope. 

Test 

Date 

8/24/74 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 

9/7 /74 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 

Dis-
Charge Depth 

q Yo 
ds /ft in. 

O. 0012 0.787 
O. 0029 0.957 
o. 0041 1. 076 
O. 0053 1. 146 
O. 0067 1.278 
O. 0080 1. 374 
0.103 ].571 
O. 0121 1. 532 
O. 0195 1. 790 
O. 0248 1. 951 
0.0350 2.116 
O. 0420 2. 209 
0.0514 2.384 
O. 0660 2.477 
o. 0909 2. 618 
0.1157 2.551 
o. 1459 2.704 
0.1706 2.871 

Mean Friction 
Velocity. Coef-

V ficient 
ft/ sec 

O. 019 
O. 036 
o. 046 
O. 056 
O. 063 
O. 070 
0.078 
O. 094 
0.131 
0.153 
0.198 
0.218 
0.258 
0.320 
0.416 
0.544 
0.647 
0.713 

216.076 
76.655 
53.173 
39.126 
33.947 
29.832 
27.196 
18.288 
11.169 
8.931 
5.759 
4.962 
3.818 
2.593 
I. 611, 
0.923 
0.691 
0.605 

Reynolds 
Number 

• 
85.79 

193.09 
276.59 
354.31 
447. 56 
532. 64 
681.49 
800.41 

1294.27 
1646.56 
2316.29 
2660.58 
3401. 97 
4369.16 
60 15. 39 
7654.90 
9654.83 

11281>.59 

Froud" 
Number 

F 

0.0135 
O. 0228 
0.0274 
0.0319 
0.0143 
0.01b6 
0.0383 
0.0467 
O. 0598 
0.O(,6B 
O. 0833 
0.OB97 
0.1023 
O. 1241 
O. 1572 
O. 2080 
0.2404 
0.2509 

Note: Temperature 47°F (8.30e) is used in the computation, but water 
temperature ranged between 45°F (7. 20 e) and 50°F (10. 0° C) during 
experiments. 

Table 10. Test and computed data on Bermuda grass 
with 2 degree bed slope. 

Test 

Date 

6/14/74 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 

7/7/74 
ditto 
ditto 
ditto 
ditto 
ditto 

8/18/74 
ditto 

Dis- Mean 
Charge Depth Velocity 

q Yo V 

ds/ft in. ft/sec 

0.0096 1.281 
0.0200 1.799 
0.0369 1. 953 
0.0443 2.129 
O. 0492 2.259 
0.0551 2.346 
0.0652 2.433 
0.0743 2.482 
0.1352 2.704 
O. 1649 2.788 
0.0088 I. 184 
0.0072 1. 096 
0.0058 1. 010 
0.0046 0.946 
0.0028 0.918 
0.0017 0.825 
0.0083 1.229 
0.0121 1.408 

0.090 
0.133 
0.226 
0.249 
0.261 
0.282 
0.321 
0.359 
0.600 
0.709 
0.089 
O. 078 
0.069 
O. 058 
O. 036 
O. 025 
O. 081 
0.103 

Friction 
Coef- Reynolds Froude 

ficient Number i':umber 
f B. F 

117.206 
75.142 
28.394 
25.571 
24.718 
22.075 
17.578 
14.401 

5.620 
4.144 

110.655 
131. 609 
157.528 
207.550 
511. 154 
954.938 
138: 873 
98.920 

639.13 
1328. 04 
2443.28 
2930.50 
3257.74 
3647.57 
4315.99 
4914.26 
8945.41 

10907.29 
584.63 
477. 09 
385.96 
304.59 
185.57 
115.75 
551. 85 
801.41 

O. 0487 
O. 0609 
0.0991 
0.1044 
O. 1062 
0.1124 
0.1259 
0.1392 
0.2228 
0.2594 
O. 0502 
O. 0460 
O. 0420 
0.0366 
O. 0233 
O. 0170 
O. 0448 
0.0531 

Note: Temperature 47 0 F (8.30 e) is used in the computation, but water 
temperature ranged between 45°F (7.20 e) and 50°F (lO.Ooe) during 
experiments. 

Table 11. Test and computed data on Bermuda grass 
with 5 degree bed slope. 

Test 

Date 

6/13/74 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 

8/18/74 
ditto 
ditto 
ditto 
ditto 

H/3/74 
ditto 
ditto 
ditto 

Dis-
Charge Depth 

q Yo 

ds/it in. 

0.0161 1.332 
O. 0300 1.740 
O. 0408 1. 709 
o. 0529 1. 914 
0.0612 1.967 
0.0751 2.014 
O. 0891 2. 040 
0.1002 2.053 
0.1108 2. 063 
0.1217 2.079 
O. 0038 0.771 
O. 0054 0.855 
O. 0072 0.945 
O. 0092 1. 009 
0.0109 1.062 
O. 0038 0.851 
0.0054 I. 023 
O. 0081 1. 119 
0.0106 1.206 

Mean 
Velocity 

V 
ft/ sec 

0.145 
0.207 
0.287 
0.331 
0.373 
0.447 
0.524 
0.585 
0.644 
0.702 
O. 059 
0.076 
O. 091 
0.109 
O. 123 
O. 054 
O. 063 
O. 087 
0.105 

Friction 
Coef­

ficient 

117.886 
75.659 
38.754 
32.523 
26.332 
18.808 
13.877 
11. 188 
9.291 
7.868 

404. 085 
274.946 
211.224 
156.253 
129.491 
542.208 
471. 334 
274.288 
201. 797 

Reynolds Froude 
Number Number 

• F 

1067.23 
1990.37 
2704.88 
j499.43 
4053.88 
4970.10 
5895.54 
6628.24 
7328. 06 
8054. 19 
254.29 
359.49 
477. 09 
611. 54 
725.31 
254.29 
359.49 
539. (11 
703.23 

O. 0770 
O. 0961 
0.1343 
0.1466 
0.1629 
0.1928 
0.2245 
0.2500 
0.2743 
0.2981 
o. 0416 
O. 0504 
O. 0575 
o. 0669 
O. 0734 
O. a l59 
o. 0385 
O. 0505 
O. 0588 

Note: Temperature 470 F (8.30
e) is used in the computation, but water 

temperature ranged between 4SoF (7. ~.oe) and SooF (lO.OOe) during 
experiments. 
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Table 12. Test and computed data on Bermuda grass 
with 6:1 bed slope. 

Test 

Date 

6/12/74 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 

7/7/74 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 

7/26/74 
ditto 
ditto 
ditto 
ditto 
ditto 

7/28/74 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 

8/3/74 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 

8/23/74 
ditto 
ditto 
ditto 
ditto 
ditto 

8/25/74 
dittu 
ditto 
ditto 
ditto 
ditto 
ditto 

Dis-
Charge Depth 

q Yo 

ds/ft in. 

O. 0260 
o. 0369 
O. 0536 
O. 0768 
0.0918 
O. 1147 
0.1331 
0.1459 
O. 0211 
0.0017 
0.0041 
0.0055 
0.0086 
O. 0103 
J. 0129 
O. 0170 
0.0090 
O. 01 03 
O. 0113 
0.0135 
0.0151 
O. 0180 
O. 0055 
0.0076 
O. 0094 
O. 0111 
O. 0129 
O. 0152 
O. 0187 
O. 0024 
0.0044 
O. 0053 
O. 0069 
O. 0093 
0.0113 
O. 0137 
0.0039 
0.00B4 
U. 0107 
0.0125 
O. 0160 

1.415 
1. 626 
1. 893 
1.976 
1.822 
,.825 
1.821 
l. 815 
]. 374 
0.575 
0.694 
0.741 
0.929 
0.914 
0.997 
1. 117 
0.963 
1.124 
1.039 
1.136 
1.311 
1. 361 
0.866 
0.974 
1. 071 
1. 135 
1. 214 
1.299 
1. 413 
0.585 
0.756 
0.837 
0.934 
0.998 
1. 076 
1.160 
0.907 
I. 041 
l. 106 
1.146 
1. 236 

0.02141.344 
0.0026 0.680 
O. 0047 0.795 
O. 0069 0.885 
0.0097 0.981 
o. 0125 1. 062 
O. 0164 1. 153 
O. 0224 1. 090 

Mean 
Velocity 

V 

ft/sec 

0.220 
0.272 
0.340 
0.466 
0.604 
0.754 
0.877 
0.964 
0.184 
n. 036 
v.ou 
O. 089 
O. II J 

0.135 
0.155 
0.182 
O. 112 
0.109 
0.130 
O. 143 
O. 138 
O. 158 
O. 076 
0.094 
0.105 
O. 118 
O. 128 
O. 140 
O. 159 
0.049 
O. 070 
0.076 
O. 089 
0.112 
0.126 
0.141 
0.0:;2 
0.097 
0.116 
O. 131 
0.155 
o. 191 
0.046 
O. 071 
0.094 
0.119 
o. 142 
O. 171 
0.246 

Friction 
Coef­

ficient 

102.622 
77.184 
57.718 
31. 999 
17.566 
11.316 
8.343 
9.426 

142.454 
1520.31 ' 
469. u03 
j lO. 415 
lfd. 31)7 
176.149 
144.779 
; 17. R7l 
267.470 
328.209 
215. 328 
195.210 
241. 397 
190.204 
524. 376 
584.754 
537.078 
286.119 
261.170 
231. 115 
196.888 
856.494 
533.275 
50 I. 479 
413.855 
279.087 
238.627 
203.873 

1155.106 
,90.817 
287.4ll 
232.515 
179.348 
128.849 

II 08.368 
544.906 
351.998 
242.364 
185.235 
138.627 

63.002 

Reynolds Froude 
Number Number 

• F 

1720.82 
2443.28 
1548. S5 
50El2.49 
G075.66 
75139.10 
8806. 00 

10090.25 
1196.57 

115.75 
'I,.S') 

,64. II 
'11.40 
u81. 49 
856.97 

112S.70 
598.00 
681. 49 
747.74 
897.81 
999.75 

1191. 51 
164.71 
507. 57 
625.22 
740.22 
1156.97 

1008.49 
1239.68 

160.45 
295.10 
354. 31 
459.26 
(,18. 36 
747.74 
906. 09 

263. 10 
558. 33 
710.55 
H \2. 93 

1061.78 
1421.08 

174.58 
314.23 
459.26 
646.04 
832.93 

1088.94 
14M.34 

0.1139 
O. l31l 
O. 1518 
0.2040 
0.2753 
O. 3450 
O. 1995 
O. 1758 
0.0966 
0.02')5 
0.053? 
0.0(,34 
0.0711 
0.0869 
0.0959 
o. 1062 
0.0705 
0.0636 
0.0786 
0.01l25 
0.0742 
o. 0836 
0.0503 
0.05118 
0.Oi,28 
0.0682 
0.0714 
0.0759 
0.01l22 
0.0399 
0.0499 
0.0515 
0.0567 
o. 0690 
0.0747 
0.0808 

0.0339 
0.0583 
o. 06110 
o. 0756 
0.0861 
0.1016 
o. 0346 
o. 0494 
O. 0615 
O. 0741 
O. 0847 
O. 0980 
0.1453 

Note: Temperature 470F (8.30e) is used in the computation, but water 
temperature ranged between 4SoF (7. 20 e) and 500F (10 .00e) during 
experiments. 



Table 13. Test and computed data on Bennuda grass 
with 3:1 bed slope. 

Table 14. Test and computed data on Bennuda grass 
with 1.5: 1 bed slope. 

Dis-
Test Charge Depth 

q Yo 
Date cis/ft in. 

6/17/74 0.0096 0.687 
ditto 0.0237 I. 006 
ditto 0.0429 1.254 
ditto 0.0612 1.502 
ditto 0.0785 I. 586 
ditto 0.0955 1.601 
ditto 0.11171.600 
di tto O. 1300 I. 60 I 
ditto 0.1637 I. 600 
ditto O. 1788 1.589 

7/29/74 0.0019 0.777 
ditto 0.0049 0.70 I 
ditto 0.0074 0.838 
ditto 0.0103 0.911 
ditto 0.01381.015 
ditto 0.0185 1.082 
ditto 0.0259 J. Ull 

8/4/74 0.0024 0.629 
ditto 0.0047 0.640 
ditto O. 0075 O. 608 
ditto 0.0094 0.735 
ditto 0.0122 0.804 
ditto 0.0173 ].003 
ditto 0.0211 1.027 

'tl/26/74 0.0038 0.792 
ditto 0.0069 0.736 
ditto 0.0100 0.825 
ditto 0.0138 0.773 

Mean 
Velocity 

V 
ft/sec 

0.168 
0.283 
0.410 
0.489 
0.594 
0.716 
0.838 
0.974 
1.227 
I. l50 
0.029 
0.085 
0.107 
O. 135 
0.163 
0.206 
0.263 
0.047 
0.089 
O. 149 
0.154 
0.182 
0.201> 
0.247 
0.058 
0.113 
0.146 
0.214 

Friction 
Coef­

ficient 

163.614 
84.715 
50.487 
42.495 
30.492 
21.180 
15.454 
II. 438 
7.202 
5.910 

5936.334 
658.074 
495. 101 
335.348 
257.697 
172.583 
115. 357 

1912.662 
547.837 
184.899 
209.870 
164.023 
15K.917 
114.099 

1583. 'i 15 
390.015 
259 998 
113. 81 b 

Reynolds Froude 
Number Number 

R F 

639.13 
1573.55 
2839.43 
405 L 88 
5195.83 
6~19.00 

739.3.00 
8598.4l 

10832.02 
11825.83 

127.77 
328.97 
-195.26 
681. 49 
914.41 

1229.97 
1716.72 

163.93 
l14.23 
501.40 
625.22 
809.23 

1144.31 
1400.31 
254.29 
459.26 
667.20 
914.41 

0.1275 
0.1773 
0.2296 
O. 2503 
0.2955 
o. 154G 
0.4151 
0.4825 
0.6081 
0.6713 
0.021l 
0.0636 
0.0733 
0.0!l91 
0.1016 
O. 1242 
0.1519 
0.0373 
0.0697 
O. 1200 
O. 1126 
0.1274 
0.1294 
0.1527 
0.0410 
0.0826 
O. 1012 
o. 1529 

Test 

Date 

7/30/74 
ditto 

8/4/74 
ditto 
ditto 
ditto 
ditto 
d'itto 
ditto 

8/27/74 
ditto 
ditto 
ditto 
ditto 
ditto 

Dis-
Charge Depth 

q Yo 
cis /ft in. 

Mean r Friction 
Velocityr- Coef-

V ficient 
it/sec 

35.720 
14.547 

838. 192 
412. 302 
165.793 
161. 431 
172.175 
143.691 
42.911 
85.865 

130.917 
lo97.962 
379.661 
470.430 
880.62R 
44.830 
24.257 
2'tl.477 
21. 407 
21. 363 
18.143 
15.193 
14.885 

Reynolds Froude 
Number Number 

It F 

1220.29 
1762.93 

391. 37 
674. 33 
881. 36 

1043.86 
1125.70 
1505.73 
2167.82 
1953.95 
1431.53 
1134.98 
840.90 
653.05 
380.59 

1466.40 
2233.06 
3022.65 
'1548.55 
4105.80 
4803.30 
5252.85 
5776.60 
6380.40 
7070.51 
7853.58 
8461. 12 
9156.08 

Note: Temperature 470 p (8.30 C) is used in the computation, but water 
temperature ranged between 4Sop (7. 2°C) and SOop (10 .OOC) during 
experiments. 

8/31/74 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 
ditto 

9/9/74 
ditto 
ditto 
ditto 

0.0184 0.528 
0.0266 o. 500 
0.0059 0.708 
0.0101 0.803 
0.0133 0.708 
0.0157 0.786 
0.0170 0.845 
0.0227 0.966 
0.0327 0.823 
O. u295 0.968 
0.0216 0.905 
0.0171 1.020 
0.0127 0.905 
0.0098 0.821 
0.0057 0.706 
0.0221 0.643 
0.0337 0.694 
0.0457 0.896 
0.0536 0.906 
0.0620 0.998 
0.0726 J. 050 
0.0794 1.050 
0.0873 I. III 
0.0964 0.907 
0.1069 0.750 
0.1187 1.183 
O. 1279 0.794 
O. 1384 0.835 
0.1514 0.851 
0.1592 0.859 
0.1718 0.895 
O. 1764 0.879 
0.1799 0.903 
0.0092 0.750 
0.0187 0.584 
0.0264 0.530 
0.0337 0.932 

0.419 
0.639 
0.100 
0.152 
0.225 
0.240 
0.241 
0.282 
0.477 
0.366 
0.286 
0.201 
0.168 
0.144 
0.097 
0.413 
0.583 
0.611 
0.709 
0.745 
0.829 
0.907 
0.942 
1.276 
1.709 
1.204 
1.924 
1.987 
2. 134 
2.223 
2. 302 
2.406 
L 390 
0.147 
0.385 
0.599 
0.434 

6.625 
3.052 
9.706 
2.562 
2.515 
2.223 
2.068 
2.009 
1.807 
1.880 

408.776 
46.884 
17.586 
58.832 

10017.18 
10532.92 
11363.04 
11670.79 
11903.63 

611. 54 
1239.68 
1751.32 
2232.87 

O. 3862 
0.6052 
0.0797 
0.1136 
0.1792 
0.1816 
O. 1759 
0.1925 
0.3523 
0.2491 
0.2017 
O. Ill? 
0.1184 
O. 1064 
0.0777 
O. 3447 
0.4686 
0.4325 
0.49'tl8 
0.4994 
0.5419 
O. 5922 
O. 5982 
0.8967 
I. 3211 
0.7409 
I. 4419 
1.4552 
J. ?4d I 
I. 6051 
1.6l83 
1.7167 
I.68l2 
0.1141 
0.3371 
O. 5504 
O. 3009 

Note: Temperature 470 p (8.30 C) is used in the computation, but water 
temperature ranged between 4Sop (7. 2°C) and SOoF (10. OOC) during 
experiments. 

Table 15. Test and computed data on Bennuda grass with various 
channel slopes ranging from 0.2 to 24 percent [Ree and 
Palmer, 1949]. 

Trapezoidal shape. bed slope 24 percent. 

Test 
Date 

10/23/36 
10/26/36 
10/27/36 

ditto 
10/28/36 

ditto 
10/30/36 
2/11/38 
2/14/38 
2/24/38 

CroSB- Mean 
Discharge Sectional Velocity Effective Water Friction 

Q Area A V Slope Temp. Coefficient 
cis ft2 ft/ sec S OF f 

0.95 
I. 85 
2.90 
3.75 
4.90 
2.90 
5.02 
3.03 
5.32 
7.32 

0.307 
0.430 
0.547 
0.672 
0.790 
0.545 
0.758 
0.536 
0.706 
0.947 

3.09 
4.30 
5.30 
5.58 
6.20 
5.32 
6.62 
5.66 
7.54 
.• 7", 

53 

0.2345 
0.2308 
0.2276 
0.2346 
0.1932 
0.2262 
0.2135 
0.2350 
0.2287 
0.2307 

60 
60 
60 
60 
60 
60 
60 
56 
55 
54 

0.921 
0.607 
0.469 
0.481 
0.356 
0.461 
0.321 
0.447 
0.291 
0.346 

Reynolds 
Number .. 

37300 
67200 
98600 

114000 
141000 

98500 
140000 
103000 
161000 
202000 

Froude 
Number 

F 

I. 450 
I. 770 
2.000 
2.000 
2.100 
2.010 
2.330 
2.080 
2.540 
2.340 



Table 15. Continued. 
Trapezoidal shape, bed slope 20 percent 

Cross- Mean 
Discharge Sectional Velocity Effective 

Test Q Arca A V Slope 
Date cfs rt 2 rt/ sec S 

9/02/38 
9/07/38 
ditto 
9/08/38 
9/12/38 
9/13/38 
9/16/38 
2/12/40 
9119/41 
9/20/41 

4.200 
6.500 
9.850 

13.400 
17.300 
21. 600 
21. 300 
17.300 

0.951 
3. 020 

9/23/41 4.6~0 

9/24/41 9.400 
clitto 1-l.260 

9/26/41 19.170 
9/29/41 23.650 

10/0-l/41 29. ,10 
ditto 4.370 

8/19/38 4.650 
8/21)/38 7.120 
8/22.138 10.000 
8/23/38 13.500 
8/24/38 17.900 
8/25/38 23.000 
8/27/38 28.100 
2/13/39 26.100 
2/14/39 25.900 
2/15/39 26.300 
2/16/39 26. ,00 
2/17/39 26.100 
9/21!39 1. 040 
9/22/39 2.9(,0 

clitto 
9/25/39 
ditto 

9/26/39 
9/28/39 

10/03/39 
10/04/39 
11/08/40 
11/12/40 

ditto 
11/15/40 

ditto 
11 /18/40 

ditto 
11/22/40 

4.940 
9.840 

15.210 

20.820 
25. 840 
30.440 
35.460 

0.979 
2.820 
4.710 
9.930 

14.700 
19.800 
24.60 
29.80 

0.838 
0.976 
1.270 
1.550 
1.820 
2. 190 
2.. 130 
2. '130 
0.44<1 
0.733 

0.930 
1. 400 
1. 790 
2. 170 
2.390 
2.910 
1. 120 
1.140 
1.430 
1.770 
2. 110 
2.530 
2.950 
3.490 
3.070 
2.960 
3. 020 
2.9S0 
2.930 
1. 110 
1. 520 
1. 860 
2.520 
'.050 
3.520 
3.940 
4.310 
4.720 
0.620 
0.953 
1. 210 
1. 750 
2.240 
2.660 
3.050 
3.420 

5.01 
6.66 
7.77 
.:>.64 
9.48 
9.8f! 

10.00 
9.31 
2. 12 
4. IZ 

5. 04 
6.72 
7.98 
8.85 
9.89 

10. 08 
4.08 
4.09 
4.97 
5. (,6 
6.40 
7.07 
-;. BO 
8.06 
8.51 
8.74 
B.70 
8.82 
8. ')0 
0.94 
1. 94 
2.65 
3.90 
4.98 
5.93 
6.56 
7.07 
7.51 
1. 58 
2.96 
3.90 
5.67 
6.56 
7.44 
8.06 
8.74 

T~apezoidal shape, bed slope 3 percent 

Cross- Mean 

O. 1926 
0.1944 
0.1954 
0.1931 
0.1974 
O. 1964 
0.2049 
0.1940 
O.I<lq 

O. 1'l7') 

0.1%1 
O. 1994 
0.2012 
O. 1990 
0.2062 
0.1977 
0.1978 
O. 0916 
0.0906 
0.0')07 
0.090(, 
O. 088 .. 
O. 087 .. 
O. 08 .. 5 
O. 0842, 
O. aRIZ 
O. 0880 
O. 0846 
0.0857 
O. 1024 
O. 1009 
O. 098H 
O. 0985 
O. 0982 
O. 0966 
0.0974 
0.0964 
O. 0980 
0.1010 
0.1012 
0.1000 
O. 0984 
0.0980 
0.0999 
O. 0977 
0.1002 

Wate r Friction 

T~;p. Coefficient 

71 0.567 
72 0.357 
72 0.316 
c 3 0.294 
6E. 0.276 
68 0.281 
oB 0.277 
iO O. %2 
70 1. 530 
67 0.541 

b6 O. -l15 
{,6 0.299 
00 0.252 
08 0.225 
70 O. 1"4 
()8 0.204 
68 0.728 
71 0.509 
70 0.380 
74 O. 113 
74 0.2.88 
74 0.246 
73 0.216 
73 0.2,17 
48 0.IH7 
40 0.17R 
49 0.184 
48 0.171 
45 0.168 
67 7.150 
(,0 1.970 
b6 1. 120 
63 0.606 
67 0.411 

68 0.304 
70 0.266 
67 0.237 
68 0.214 
51 1. 770 
52 0.649 
54 0.432 
47 0.241 
46 0.204 
45 0.173 
47 0.155 
57 O. 145 

Reynolds 
NUlnber 

• 
139000 
205000 
286000 
377000 
419000 
493000 
485000 
415000 
27400 
67500 

94000 
158000 
226000 
279000 
337000 
178000 
89800 

141000 
192000 
257000 
122000 
IHIOOO 
H9000 
'i 12000 
\(,2000 
163000 
172000 
36')000 
) .. 9000 

20300 
46200 
73900 

126000 
183000 

234000 
284000 
306000 
333000 

19300 
47100 
74300 

117000 
151000 
180000 
217000 
292000 

Froude 
Numbcr 

F 

1. 660 
2.110 
2.2.40 
2.310 
2.410 
2.390 
2.460 
2. 090 
I. 020 
1. 730 

1. 960 
2.340 
2.560 
2.690 
2.951 
2. RIO 

1.490 
1.200 
1.380 
1.480 
1. 590 
1. 700 
I. 800 
1.770 
1.900 
1.980 
1.960 
1.990 
2. 030 
0.339 
0.642 
0.843 
1.140 
1.390 

1. 600 
1.720 
1. 810 
1. 920 
0.677 
1.120 
1. 360 
1. 810 
I. 970 
2.160 
2.250 
2.360 

Discharge Sectional Velocity Effective Water Friction Reynolds Froude 
Test 
Date 

7/26/38 
7/27/38 
7/29/38 
8/01/38 
8/02/38 
8/03/38 
8/04/38 
8/05/38 
5/13/39 
5/14/39 
3/15/39 
3/16/39 
3/17/39 
3/27/39 

ditto 
3/28/39 
ditto 

10/2~/39 
;0/26/39 
10/27/39 
10/30/39 
11/01/39 
11/07/39 
11/09/39 
11/10/39 
11/13/39 
11/14/39 
8/09/38 
8/10/38 
ditto 

8/11/38 
8/12/38 
8/15/3tl 

11/14/39 

c~s Ar~~ A ftJsec SI~pe T~;P' Coeff~cient Nu;ber Nu;ber 

4.090 
4.090 
6.870 
9.760 

14.000 
18.800 
23.300 
29. 000 

0.093 
0.215 
0.356 
0.561 
0.748 
1. 040 
1. 760 
2.690 
4.380 
3.890 
1.050 
2.960 
4.920 
9.860 

14.940 
20.630 
25.940 
28.470 
35.420 

3.990 
6.510 
9.910 

13.700 
18.500 
24.200 
30. 300 

2.510 
2.420 
2.930 
3.500 
4.000 
4.590 
5.140 
5.770 
0.412 
0.715 
0.982 
1. 300 
1. 410 
1. 510 
1. 680 
1. 870 
2.160 
2.060 
1.060 
1,420 
I. 740 
2.380 
3.040 
3.670 
4.270 
4.550 
5.280 
1. 720 
2.220 
2.780 
3.320 
3.980 
4.760 
5.640 

1. 630 0.0324 
1. 690 O. 0322 
2.340 0.0319' 
2.790 0.0318 
3.500 0.0318 
4.100 0.0318 
4.540 0.0323 
5.030 0.0312 
0.226 0.0319 
0.301 0.0320 

0.363 0.0327 
0.432 0.0323 
0.530 0.0314 
0.687 0.0308 
1.050 0.0312 
1. 440 0.0321 
2. 030 :~. 0329 
1. 880 ,'.0337 
0.990 0.0322 
2. 080 O. 0328 
2.820 0.0332 
4. 140 0.0352 
4.940 0.0356 
5.630 0.0355 
6.070 0.0354 
6.260 0.0354 
6. 720 O. 0348 
2.320 0.0359 
2.930 0.0361 
3.570 0.0370 
4. 130 0.0365 
4.650 0.0354 
5.080 0.0352 
5.370 0.0352 

54 

71 
75 
74 
70 
70 

68 
68 
71 
56 
56 

52 
56 
51 
56 
57 
58 
58 
62 
64 
65 
57 
52 
47 
51 
52 
53 
52 
68 
70 
70 
72 
73 
73 

73 

1. 370 
1. 230 
0.729 
0.575 
0.397 
0.314 
0.279 
0.235 

18.400 
16.000 

14.700 
12.600 
8.650 
5.320 
2.510 
1. 470 
0.845 
0.949 
1.940 
0.560 
0.362 
0.223 
0.187 
0.161 
0.151 
0.148 
0.137 
0.753 
0.546 
0.426 
0.347 
0.288 
0.264 
0.260 

68300 
72600 

114000 
145000 
198000 
244000 
289000 
358000 

1990 
4100 

6090 
9430 

11500 
17000 
28300 
42300 
66500 
62500 
19800 
53100 
75300 

128000 
! 63000 
226000 
272000 
294000 
337000 

93900 
141000 
193000 
253000 
313000 
377000 
439000 

0.436 
0.457 
0.592 
0.665 
0.800 
0.900 
0.963 
1. 030 
0.118 
0.126 

0.133 
0.143 
0.170 
0.215 
0.315 
0.418 
0.558 
O. '533 
3.650 
0.685 
0.857 
1. 120 
1. 230 
1. 330 
1. 370 
1. 390 
1. 430 
6.180 
0.727 
0.834 
0.918 
0.992 
1.030 
1.040 



Table 1 S. Continued. 
Trapezoidal shape. bed slope 3 percent (cant. ) 

Cross- Mean 
Test Discharge Sectional Velocity Effective Water Friction Reynolds Froude 
Date Q Area A V Slope Temp. Coefficient Number Number 

cfs ft 2 ft/sec S of f .. F 

10/05/39 
10/06/39 
10/07/39 
10/09/39 
10/10/39 
10/11/39 
10/12/39 

ditto 
10/20/39 

ditto 
9/19/41 
9/20/41 
9/23/41 
9/24/41 

ditto 
9/26/41 

3.950 
I. 090 
2.930 
4.860 
9.850 

15.200 
20.200 
24.600 
29.800 
34.800 
0.939 
2.980 
4.680 
9.440 

14.390 
19.660 

I. 600 
0.634 
1.030 
1.450 
2.200 
2.940 
3.560 
4.080 
4.730 
5.300 
1.420 
2.100 
2.540 
3.580 
4.370 
5.210 

2.460 
I. 720 
2.850 
3.350 
4.460 
5.180 
5.680 
6.040 
6.300 
6.570 
0.660 
I. 420 
1.840 
2.640 
3.290 
3.780 

Trapezoidal shape. bed slope 1 percent 

Test 
Date 

11/08/40 
11/12/40 

ditto 
11/15/40 

ditto 
11/18/40 
11/18./40 
11/22/40 

Discharge 
Q 

cfs 

0.980 
2.820 
4.740 
9.920 

14.630 
19.680 
24.670 
3 O. 000 

Cross- Mean 
Sectional Velocity 
Area A V 

ft 2 ft/ sec 

1. 62 
2.64 
3.38 
4.84 
5.95 
6.99 
8.00 
8.83 

0.606 
1.070 
1.400 
2.050 
2.460 
2.820 
3.090 
3.400 

Rectangular shape. bed slope 3 percent 

0.0350 
0.0318 
0.0335 
0.0346 
0.0340 
0.0341 
0.0344 
0.0342 
0.0348 
O. 0348 
0.0314 
0.0310 
0.0312 
0.0315 
0.0312 
0.0312 

Effective 
Slope 

S 

O. 0098 
0.0097 
0.0103 
0.0108 
0.0111 
0.0101 
0.0102 
0.0102 

65 
65 
66 
66 
68 
68 
68 
68 
58 
60 
70 
67 
66 
66 
66 
60 

Water 
Temp. 

OF 

51 
51 
53 
47 
46 
44 
46 
56 

0.618 
0.693 
0.346 
0.312 
0.217 
0.192 
0.179 
0.169 
0.170 
0.166 
5.180 
1. 400 
0.919 
0.539 
0.384 
0.315 

91300 
38000 
82700 

118000 
205000 
279000 
341000 
389000 
379000 
433000 

17600 
45800 
64200 

109000 
153000 
174000 

0.673 
0.606 
0.881 
0.942 
1.120 
I. 190 
1.240 
I. 270 
I. 280 
I. 300 
0.220 
0.420 
0.521 
0.684 
0.806 
0.890 

Friction 
Coefficient 

f 

Reynolds 
Number 

Froude 
Number 

F 

2.080 
0.845 
0.604 
0.359 
0.285 

.. 
13100 
29700 
46500 
74700 
97800 

0.211 116000 
0.190 140000 
0.163 189000 

0.194 
0.303 
0.369 
0.491 
0.558 
0.618 
0.655 
0.707 

71~2/~0~5~/~4~0---0~.~0~9~9----0~.~1~5~4--~0~.~674~3--~0-.0~2~9~7~--~4~1----~2~.~8~5~0---6~0~2~0---~ 

12/06/40 0.306 0.217 1.410 0.0301 41 0.850 15900 0.532 
12/09/40 0.471 0.247 I. 910 0.0294 43 0.512 29500 0.678 
ditto 0.694 0.286 2.420 0.0290 44 0.364 44500 0.798 

12/11/40 1.130 0.339 3.340 0.0278 44 0.218 71900 1.010 
ditto 1. 430 0.399 3.580 0.0278 44 0.222 91300 I. 000 
ditto 1. 660 0.432 3.840 0.0279 44 0.210 106000 I. 030 

12/12/40 2.120 0.483 4.400 0.0278 45 0.179137000 1.110 
12/17/40 2.920 0.565 5.170 0.0276 46 0.150193000 1.210 
ditto 4.880 0.758 6.450 0.0267 47 0.126 328000 I. 300 

12/18/40 6.370 0.905 7.050 0.0264 44 0.124 405000 I. 310 
ditto 7.810 1.020 7.680 0.0270 45 0.121 505000 1.340 

12/05/400.900 0.248 0.3630.0298 41 7.3402780 0.180 
12/06/40 0.304 0.339 0.896 0.0302 41 1.660 9380 0.381 
12/09/40 0.689 0.425 1.620 0.0304 44 0.644 22400 0.615 
12/11/40 1.440 0.572 2.520 0.0300 44 0.354 46600 0.824 
12/12/40 2.120 0.664 3.200 0.0298 45 0.254 69900 0.969 
12/17/40 2.900 0.775 3.7400.0298 46 0.21797600 1.050 
ditto 4.860 1. 000 4.840 0.0303 47 0.169 167000 1. 200 

12/18/40 6.450 1.170 5.490 0.0304 44 0.154 211000 1.260 
ditto 7.850 I. 300 6.000 0.0309 45 0.145 261000 I. 300 

12/19/40 10.600 1.560 6.820 0.0310 44 0.138 345000 1.340 
ditto 13.400 1. 790 7.500 0.0307 44 0.129 435000 1. 380 

12/06/40 0.300 0.528 0.568 0.0298 ~,1 3.610 5250 0.257 
12/09/40 0.686 0.630 I. 090 0.0296 44 1. 160 12600 0.451 
12/11/40 1. 440 0.810 1. 780 0.0296 44 0.560 . 26300 0.651 
12/12/40 2.120 0.935 2.270 0.0295 45 0.398 39600 0.771 
12/17/40 4.860 1.330 3.660 0.0294 47 O,217, 93800 1.040 
12/18/40 7.790 1.660 4.690 0.0300 46 0.168,148000 1.200 
12/19/40 13.450 2.200 6.120 0.0300 44 0.131248000 1.350 

ditto 17.100 2.510 6.840 0.0294 44 0.117 1 313000 1.420 
12/20/40 21.950 2.990 7.360 0.0284 47 0.117,424000 1.400 

ditto 24.000 3.210 7.480 0.0270 48 0.115 473000 1.370 
12/06/40 0.300 0.828 0.3630.0292 42 7.910: 3090 0.172 
12/11/40 1.140 1.140 1.000 0.0294 44 1.390 11700 0.411 
12/12/40 2.120 1.340 1.590 0.0293 45 0.669 22800 0.592 
12/17/40 4.840 1. 800 2.680 0.0294 48 0.315 55400 0.864 
12/19/40 10.800 2.540 4.250 0.0305 44 0.184! 115000 1.115 
12/20/40 19.100 3.110 6.150 0.0332 45 0.1181207000 1.500 

ditto 22.000 3.660 6.020 0.0316 48 0.137 251000 1. 360 
ditto 23.900 3.860 6.2000.0312 49 0.135;277000 1.360 

SS 



Table 15. Continued. 
Trapezoidal shape. bed slope 0.2 percent 

Cross- Mean 
Test Discharge Sectional Velocity Effective Water Friction Reynolds Froude 
Date Q Area A V Slope Temp. Coefficient Number Number 

cis ft2 it/sec S OF i .. F 

8/26/40 1. 180 3.350 0.353 0.00188 75 2. ISO 19400 0.0842 
9/30/40 1. 290 3.480 0.372 0.00174 60 1.780 17100 0.0875 
8/27/40 2.750 4.600 0.597 0.00202 73 0.957 39100 0.1290 

ditto 4.720 5.800 0.813 0.00208 73 0.624 61300 0.1640 
9/30/40 4.750 5.830 0.814 0.00192 60 0.565 51600 0.1640 
8/28/40 10.100 8.550 I. 180 0.00213 75 0.369 114000 0.2130 

ditto 14.900 10.700 1. 400 0.00199 79 0.282 157000 0.2380 
9/30/40 15.100 10.800 I. 400 0.00185 60 0.269 124000 0.2380 
8/29/40 20.200 13.000 1.550 0.00178 77 0.229 192000 0.2510 

ditto 25.100 15.400 I. 640 0.00141 75 0.177 214000 0.2520 
9/30/40 24.700 15.300 1.620 0.00144 60 O. 179 173000 0.2500 
9/03/40 30.400 17.700 I. 710 0.00127 78 O. 158 251000 0.2560 
ditto 34.800 20.300 I. 710 0.00111 79 0.144 272000 0.2470 

9/20/40 35.700 21. 000 I. 700 0.00108 60 0.149 214000 0.2430 

Table 16. Test and computed data on Bermuda grass with 5 percent bed 
slope in a rectangular channel [Palmer, 1946] . 

Average Mean 
Discharge Depth VelOcity Effective Water Friction ReynOlds Froude 

q yo V Slope Temp. Coefficient Number Number 

ds/ft ft it/ sec S OF f .. F 

0.0011 0.0168 0.0655 0.0503 60 
~, 

50.8 90.9 0.0891 

0.0028 0.0304 0.0921 0.0504 60 46.5 231 0.0932 

0.0063 0.049 0.129 0.0503 60 38.4 521 0.102 

0.0129 0.076 0.170 0.0502 60 34. I 1070 O. 109 

0.0263 0.124 0.212 0.0502 60 35.6 2170 0.106 

0.0428 0.168 0.255 0.0502 60 33.5 3540 0.110 

0.0010 0.0124 0.0806 0.0502 60 24.7 82.6 0.128 

0.0025 0.026 0.0462 0.0503 60 36.4 207 0.105 

0.0062 0.046 0.135 0.0504 60 32.9 512 O. III 

0.0124 0.074 0.168 0.0506 60 34.4 1020 0.109 

0.0287 0.130 0.221 0.0506 60 34.l! 2370 0.108 

0.0474 0.186 0.255 0.0506 60 37.3 3920 0.104 

0.1200 0.325 0.369 0.0496 60 30.5 9920 0.114 

0.0011 0.0186 0.0591 0.0511 60 70.0 90.9 0.0765 

0.0029 0.0272 0.107 0.0510 60 31.4 240 0.114 

0.0058 0.042 0.138 0.0510 60 28.9 479 0.119 

0.0149 0.076 0.196 0.0510 60 26.0 1230 0.125 

0.0283 0.117 0.242 0.0510 60 26.3 2340 0.125 

0.0493 0.176 0.280 0.0510 60 29.5 4070 0.118 

0.0931 0.266 0.350 0.0504 60 28.2 7690 0.120 

* 600 F assumed Note: 

Table 17. Variation of C values (Eq. 3) with bed slope So for Kentucky 
Blue grass and Bermuda grass. 

S C 
0 

0.1% (0.001) 5,300 
0.5% (0.005) 14,800 

2 0 (0.035) 58,000 
50 (0.087) 105,000 

6:1 (0.164) 155,000 
3: 1 (0.316) 218,000 
1.5:1 (0.555) 335,000 

56 
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