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Foreword 
The three papers in this RECORD represent different facets of highway 
hydraulics. The fields represented are hydrology, erosion control, and 
energy dissipation in steep channels. Engineers involved in drainage 
and erosion control should find useful information here. 

The paper by Lourens A. V. Hiemstra presents a study aimed at solv
ing a problem that has long plagued hydrologists-how to determine the 
probability of peak rates and volumes of runoff that are estimated from 
rainfall of known probability. The study derives the frequency distribu
tion of rainfall and of antecedent moisture conditions. By random 
sampling from these distributions, the rainfall and initial conditions for 
a probable flood event are defined. By a water budget approach rainfall 
input is translated into a runoff hydrograph. The hydrographs are used 
to generate probable floods for given frequency rainfalls. Analysis of 
the generated floods determines the frequency of the most probable 
corresponding flood. The results of the study were used to test the ob
served flood peaks in two small rural drainage areas. 

McWhorter, Carpenter, and Clark describe tests on six artificial 
channel liners with ten soil types. Depth of flow was found to be a good 
index of when failures occurred with various combinations of soil type 
and artificial channel liners. Maximum permissible depth was con
sidered to be a function of slope. For each type of liner, curves are 
given that show the maximum permissible depth in relation to slope. 
The depth-slope plot has upper and lower parallel limits that reflect the 
erosion characteristics of the test soils. Using the maximum permis
sible depth as the design criterion, a method is presented for designing 
a stable channel of any shape using the liners described. 

In the third paper, Dr. Henry M. Morris reports on laboratory and 
field studies of energy dissipation by roughness elements placed in 
highway drainage chutes. Chute slopes ranged upward to 30 percent. 
Design criteria for shape, size, and spacing of roughness elements are 
developed from the laboratory study and tested on four field installations. 
Energy of the high-velocity water is dissipated by placing transverse 
roughness elements in the channel itself. Three distinct regimes of flow 
are clearly distinguishable by visual inspection: tranquil, tumbling, and 
rapid. Tumbling flow is characterized by nearly minimum content of 
specific energy and is an effective device for transmitting water safely 
to the bottom of a steep slope. 

-James K. Searcy 
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Joint Probabilities in the Rainfall-Runoff Relation 
LOURENS A. V. HIEMSTRA, The Pennsylvania State University 

A vexing problem in surface drainage of highways is assigning 
of probabilities to peak rates and total volumes of runoff, pre
dicted from rainfall with known probability of occurrence. An 
attempt to solve this problem was made through considering 
the rainfall on a catchment and the moisture status of the catch
ment as stochastic variables . Probability distributions were 
derived for these stochastic variables . By a random sampling 
technique using the probability distributions, it was possible to 
define input and initial conditions, for a probable flood event. 
A deterministic water budget approach makes it possible to 
translate the rainfall input into a runoff hydrograph. In this 
way, series of probable floods can be generated. Analysis of 
these series of generated floods permits assigning probabili
ties to the most probable corresponding floods. 

It was possible to describe the time pattern of rainfall in
tensity by means of the incomplete beta-function. The two
parameter log-normal distribution function was a suitable de
scriptor for all the necessary probability distributions . 

The results of this exploratory investigation were tested 
against annual series of observed flood peaks on two very 
small rural catchments. Results are positive and promising. 

•ONE of the vexing problems in surface drainage of highways is the assigning of prob
abilities to peak rates and total volumes of storm runoff from rural and urban areas. 
When long historical records of consistent and homogeneous catchment yields are avail
able, this problem simplifies to a problem in the probabilities of a single random vari
able which is subject to rigorous statistical treatment. However, gaging of runoff from 
all catchments seems to be an impossible task. For example, in 1963 the estimated 
846,000 tributary catchments within the conterminous United States with areas between 
one and two square miles were represented by less than 60 streamgages (4). Further
more, the impact of man's cultural practices on catchments might be so severe that it 
becomes difficult to predict streamflow responses from historical records of stream
flow. Hence, trustworthy methods for the estimation of yields from catchments and 
their probabilities of occurrence based on factors other than direct measurements of 
runoff are necessary. 

Because rainfall records are more freely available and are usually applicable to 
much larger areas than streamflow records many methods have been proposed to esti
mate flood peaks from rainfall (2). Most of these methods purposely try to calculate 
the magnitudes of floods with specified probabilities on the assumption that the result
ing flood will have the same probability as the causative rainfall. On most catchments, 
however, the processes that modify rainfall before it emerges as runoff are of such 
complexity and variability in both time and space that no presently available method 
can account for all causative factors with deterministic certainty. In a recent study 
(8) return periods were attached to 134 observed flood peaks on small catchments in 
terms of Gumbel's analysis (5) performed on series of annual maxima. Corresponding
ly observed rainfall return periods for both 30-min and 1-hr durations were assigned 

Paper sponsored by Committee on Surface Drainage of Highways and presented at the 48th Annua I 
Meeting. 
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from the Rainfall Frequency Atlas (6). No relationship was apparent between the return 
period of an individual rainfall and ifs associated flood peak. 

Consideration of the statistics involved shows that a flood peak will very seldom 
have the same return period as its causative rainfall (15). For example, let the flood 
peak Q be a function of the rainfall amount K1, and other variables K2, Ks, ... , ¾• then 
the probability of occurrence of any peak discharge Q will be a function of these vari
ables, i. e. , 

P(Q) = f(Ki, K2, Ks, ... , Kn) (1) 

When the probability distributions of each of these variables are known and the varia
bles are independent of each other, then the probability distribution of Q would be a 
convolution of the probability distributions of the variables. Let us assume the two
parameter log-normal function is a good descriptor for all these probability distribu
tions and denote the probability distributions by F1(K1), ... , Fn(Kn) where the probabili
ty P(K1 s: K/) = F1(Ki), ... , P(Kn s: ¾1) = Fn(Kn), respectively. Then the joint probabiii-

ty P(K1 s: Ki 1, ... , ¾ s: Kn1
) = FK(KK) and 

_ KiJ. ~/ 1 
FK(KK) ~J '· · ·' J ----A- 2---~2 -(;=--n 

0 0 
Ki, • • •, Kn 1h , ... , on v .r.rr ) 

[ 

n (ln ~ - ln µi) 2 
] 

exp - :E ------ dk1, ... , dkn 
i = 1 2 812 

(2) 

where K1 represents the desired magnitude of the variable K whose probability of oc
currence is needed. 

An estimate of the mean is represented by u. and an estimate of the standard devi
ation of the variable under consideration is represented by 8. 

If the probability distributions of the variables K1, ... , Kn are not identical, the 
mathematics may become difficult and if the variables are not independent a solution 
in closed form would border on the intractable. It is also clear from Eq. 1 that the 
only time when it can be expected that Q and K1 have the same probability is when K2, 
K:i, ... , K,, are all constants. 

The sofution of Eq. 1 is further complicated by the problem of selection of the vari
ables K1, ... , Kit, because an exhaustive number of probability distributions for rele
vant variables is obviously impossible. The runoff-producing system is, furthermore, 
not static, but dynamic and as the process continues, interdependence between some 
variables may develop . 

Clearly then, a satisfactory solution to the problem of assigning probabilities to 
flood peaks from known rainfall probabilities cannot be found by purely statistical 
methods, nor by a purely deterministic approach. A combination of the two approaches, 
by using statistical methods to find the initial conditions from which to start a determin
istic bookkeeping of the water status of the catchment, seems to present a promising 
avenue of approach. 

THEORETICAL CONSIDERATIONS 

Runoff from a catchment can be considered as the output from a system with input, 
system parameters, and state variables. Rainfall, the input, has a stochastic nature. 
It is fully defined only when the amount of rain, the duration of the storm, the time 
distribution of rainfall intensities and the areal distribution of the rain at any time are 
known. All these descriptors can possibly be defined in probabilistic terms, derived 
from suitable historical records of rainfall. Some of the system parameters can re
main constant in engineering time, like the area and slope of the catchment while other 
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system parameters like the surface roughness, vegetation, etc., may show a seasonal 
variation as well as the effects of natural catastrophes or man-made changes on the 
catchment. Selection of system parameters for a particular event is theoretically pos
sible through physical measurement. Finally, the state variables, such as soil moisture 
status, depth to groundwater and available surface storage at any time, need estimation 
for their initial values at the onset of the storm. For subsequent values a water bud
get method should suffice. The initial values of the state variables can again be esti
mated in terms of the probabilities of occurrence of quantities in historical records. 

With the input and state variables defined and the system parameters selected for a 
particular event, calculation of the output is a purely deterministic process, for ex
ample, the reproduction of a recorded historical event. For purposes of prediction, 
however, the input and the state variables are largely unknown but the system parame
ters can be estimated. If the probability distributions of the input variables and the 
state variables are known it is possible to develop a sampling procedure through the 
probability distributions which may define a probable combination of variables for an 
event. With this set of variables an output can be generated. This sampling and gene
ration can be repeated until a series of outputs with varying probability are available. 
Interpretation of the generated outputs will depend on the sampling procedure used, 
and with a realistic sampling procedure it is possible to assign probabilities to the 
output. 

Sampling Procedure 

In the design of drainage structures attention is mostly focused on rare events with 
return periods in excess of ten years. For such events, it seems reasonable to assume 
independence between input and state variables; hence a random sampling technique 
through the probability distributions of the variables is applicable. One such a samp
ling technique which is conceptually easy to understand, although not necessarily the 
most economical method, is shown in Figure 1. Say, for example, a flood hydrograph 
with a 100-yr return period is desired for a problem catchment. Assume further that 
Figure la shows the probability distribution of storm durations for this area; Figure 
lb, the probability distribution of the rainfall time intensity patterns; Figure le, the 
probability distribution of the areal pattern; and Figure ld, the probability distribution 
of the soil moisture status of the catchment. If these probability distributions fully 
define the input and state variables of the runoff producing system, the following pro
cedure can be followed: 

1. Select randomly a storm duration from Figure la. Calculate, or read from 
known data (such as the Rainfall Frequency Atlas of the United States) the amount of 
rainfall which can be expected on the average to occur once in 100 years over the se
lected storm duration. 

2. Select randomly from Figure lb the intensity time pattern to be used. 
3. Select randomly from Figure le the areal pattern to be used. 
4. Select randomly from Figure ld the soil moisture status of the catchment to be 

used. 
5. With suitable system parameters known from the catchment, generate a 

hydro graph. 
6. Repeat the process for as many selections through Figure la-d as necessary, 

to establish a probability distribution of generated flood peaks. 
7. From the generated hydrographs select the hydrograph whose peak rate of dis

charge forms the mode of the peak distributions. This hydrograph is the most likely 
hydrograph to have a 100 year return period. 

PROBABILITY DISTRIBUTIONS FOR INPUT AND ST ATE VARIABLES 

In the study (7) on which this paper is based, probability distributions were derived 
for storm durations, rainfall intensity patterns and soil moisture status of catchments. 
The data used did not lend itself to an analysfs of the areal pattern of rainfall over 
catchments. The derived probability distributions were based on data available in 
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Figure 1, Schematic representation of random sampling procedure. 

Colorado State University's collection of flood events on small rural basins (3). Of the 
428 suitable events, 388 were selected which were produced by thunderstorm type of 
rainfall. Most of these storms were from the selected runoff events published by the 
Agricultural Research Service (17, 18, 19). The selected events were observed on 108 
catchments in 25 localities of both the humid and arid regions of the conterminous 
United States. It was assumed that each thunderstorm event was drawn from a single 
population of thunderstorms and therefore the statistical parameters of the thunder
storm model were not related to the geographical location. 

The catchment areas range from 0.11 through 43.90 sq mi with a mean catchment 
area of 5.30 sq mi. The rainfall durations were from 12 min through 32.5 hr with a 
mean duration of 2.65 hr. Storm-rainfall amounts varied from 0.7 through 7.14 in. 
with a mean of 1. 5 3 in. Soil moisture values were available for only 3 catchments and 
only for clay and silt-loam soil textures. 

Storm Duration 

The basis for most design storms in calculations of flood predictions is the optimum 
storm duration for the problem catchment. This optimum storm duration is often as
sumed to be a constant for a particular catchment. However, consideration of the flood 
producing system shows that the optimum storm duration depends on the values of the 
remaining input variables, the changing system parameters and the state variables, 
and hence, varies from event to event. Furthermore, the probability that the actual 
storm duration of a particular event equals the optimum storm duration of the catch
ment is extremely small. Instead of trying to calculate the optimum storm duration 
for each event, it was decided to derive a probability distribution for the storm dura
tions of the 388 selected storms. 

Criteria for the selection of a probability distribution function for storm durations 
are (a) the function should be continuous and defined for all positive values of storm 
durations, (b) the upper end of the function should be unbounded, (c) the density curve 
must be asymptotic to the axis for large storm durations, and (d) the mathematical form 
of the curve must be simple enough for easy manipulations. The log-normal density 
function with two parameters should satisfy all these criteria. If K represents the ob
served values of the variable under consideration, this function has the following 
form (1). 
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f(K) --- exp - - --- -'--1 [ (ln K - ln u)
2 

] (3) 
Kcrffi 21i 2 

with O :s: K :s: ex> and where ln µ. represents the population mean and cr the standard devi
ation of the population ln K values. 

Estimation of Parameters-According to Eq. 3 and the concept of maximum likeli
hood the estimator of the population mean is 

~ 1 N 
lnu = - Lln~ 

Ni= 1 

and the estimator of the population variance is 

2 1 N ~ 2 
cr = N L (ln ~ - ln u ) 

i= 1 
where N represents the sample size. 

(4) 

(5) 

Test of Goodness of Fit on Observed Data-To test the goodness of fit of the theoret
ical funetion to the observed data, the concept of equal probabilities of class intervals 
was used (11). According to this method, with the number of class intervals chosen 
and using the fact that the total value of the probability integral is unity, the probability 
of each class interval is determined by 

1 
pj = n j = 1, 2, ... , n (6) 

where n represents the number of class intervals. 
For this value of probability, the. required length of any class interval can be obtained. 
The Chi-square test was used as a measure of goodness of fit. If the observed class 

frequency of the n mutually exclusive and exhaustive class intervals is denoted by Oj 
and the corresponding expected class probability by Ej, then: 

(Oj - Ej )
2 

Ej 

is Chi-square distributed and with n-1-v degrees of freedom, where u represents the 
number of parameters estimated from the sample data. 

By expanding the equation, 

n 
l=.E 

j = 1 

and noting that ~O. = :EEJ· = N (the sample size), and E. 
] ] 

following equation is obtained. 

n 
l = ~ L ( o. 2 

- N) 
. l J ] = 

which is a convenient form for tests of goodness of fit (12). 

(7) 

(8) 

Results for Observed Storms- Using this procedure on the 388 observed storm du
rations, it was found that the two-parameter log-normal density function {Eq. 3) with 
the mean of the log of the modular values 
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lnul -0.519 

and the variance 

gives a suitable description when tested with the Chi-square test at the 95 percent level. 
The mean storm duration= 159 minutes. 

Time Pattern of Rainfall Intensities 

A suitable description for the time pattern of rainfall intensities is necessary before 
a probability distribution for the patterns can be derived. A suitable mathematical dis
tribution function must be bounded by zero at the one end and by unity at the other end, to 
describe a dimensionless mass curve of rainfall. The density function must be single 
peaked with a variety of skewness and kurtosis. Such a function is the beta- function. 
A suitable form of the beta-function, which is extensively tabulated (14), was derived 
by representing the complete beta-function by -

1 
(:l(p, q) = j #-l (1-K)q-l dk (9) 

0 
with p ;;, O and q ;;, 0 and the incomplete beta-function by 

K 
(:lK(p, q) = J K_P-1 (l-K)q-1 dk (10) 

0 
with p ;;, 0 and q ;;e O; in which case: the wanted distribution function is given by 

BK(p, q) 
F(K) = --- (11) 

(:l (p, q) 

where K represents the variable under consideration and p and q the shape and scale 
parameters, respectively. Figures 2, 4, and 5 show the influence of p and q on the re
sulting curves. 

Estimation of Parameters of the Beta-Function-The theoretical mean of Eq.11 is 
given by 

and the variance by 

from which 

and 

µ. = _ P _ 
p+q 

0"2 = pq 
(p + q)2 (p + q + 1) 

p (1 - u) q = -=---'-----'-
u 

(12) 

(13) 

(14) 

(15) 



7 

Estimators for p and q are 

u (u - µA2 - &2) p = - ~-~------'-- and q = 15 (1 - a) 
u (16) 

where .u and &2 represents estimators for the population mean and variance respectively. 
In this study, p's and <t's were calculated for 428 available rainfall events. -The 

method of moments was used to calculate µ. and &2 on an electronic digital computer. 
Goodness of Fit-It can be expected that Eq.11 would describe smooth single-peaked 

patterns of rainfall intensities very well. Most of the hyetographs used in this study 
are single peaked but jagged. As no convenient statistical test for the goodness of fit 
of Eq.11 on the observed hyetographs exists, it was decided to observe visually how 
well the equation describes 12 randomly selected hyetographs, as shown in Figure 2. 
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Figure 2. The incomplete beta-function fitted to observed hyetographs. 
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The fit on most hyetographs is 
good, but the maximum intensi
ties on hyetographs Nos. 15 and 
23 seem to be significantly re
duced by the beta-function. How
ever, the overall fit seems to 
warrant further pursuance of the 
method. 

Probability Distribution of 
Shape and Scale Parameters
Since p and q are paired for each 
s tor m the join t distribution of p 
and q is of interest in this study. 
Figure 3 shows a plot of the fre
quency of occurrences of paired 

0 1. 0 20 3 0 4 .0 5 .0 6 ,0 1.0 so 9.0 p's and q' s within class intervals 

" q 

Figure 3. Bivariate frequency distribution of the shape and 
sea le parameters of the beta-function. 

with 0.25 spacings. The number 
in the class interval block repre
sents the frequency of occurrences 
of each pair within the class in
tervals which describe the block. 
The modal paired value is p = 0.9 
and q = 0. 6 which is the descrip
tion of a late peaking storm. 

Since'{} and q are not independent but paired, the ratio of p/ q will simplify the bivar
iate distribution of p and q into a univariate distribution of this ratio. If the distribu
tion of p and q within each ratio can be ignored, the simplification obtained will be 
considerable. 

P r obability Distributions Within Descriptive Ratios of p/q-In Figure 3, the heavy 
line A rep1·esents the ratio }'.l/(1 = 1. Line B represents p/ q_ = 3 and line C represents 
p/q = ¼. Lines B and C roughly envelope the bivariate distribution of p and q, hence 
a graphical plot of the hyetographs described by the ratios p/<t = 3 and J'}/<i = 1/s will 
give an indication of the extr emes of late and early peaking storms observed in the 
sample of 428 storms. A ratio of 2 variables, howeve1·, does not define eac h variable 
uniquely and variations in t he hyetographs with the same r atio can be expected. Hyeto
graphs with ,IS/ 4 = 1 are shown in Figur e 4 and hyetographs with p/q = 3 in Figure 5. 
Hyetographs wit h 15/q = 1/s will be an early peaking mirr or-image of the late-peaking 
hyetographs of Fi gure 5 and ar e not shown. In Figures 4 and 5, the mass curves ar e 
plotted as continuous curves and the hyetogr aphs as discr ete blocks, in accordance 
with the common form of published rainfall intensily llu:oughoul a storm. 

When Figure 4 is s tudied with Figure 3, it is clear that most of the observed p ' s 
and 4 's with a ratio of 1 are somewhere between hyetographs 2 and 4. T hese hyetogr aphs 
can be expected to have quite diffe rent effects 011 the resulting flood hydrograph, and 
hence, it is als o necessary to find the frequency distribution of the 15' s and tt 's within 
each ratio. A univariate distribution will result if the pr oduct of each pair of p's and 
q 's with the same ratio is considered. T he distribut ion of pq, when considered together 
with the ratio of p/ q, will then uniquely define each p and q to be expected. 

Probability Distribution of the Ratio p/q for the Observed Storms-If the time pat
tern of precipitation intensities in single storms varies acco1•ding to climatic regions, 
this variation can easily be detected through a study of the distributions of the p/q 
ratios of observed storms in each region. 

T he conterminous United States can conveniently be divided into two major climatic 
regions, eg. , arid and humid. This was done for the 428 observed storms according 
to an available publis hed map (9). 

The next consideration was t he uplifting mechanism responsible for precipitation, 
which broadly divides orographic from frontal mechanism. Hence, three groups of 
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storm data were formed from the 428 
observed storms. First the California 
watersheds were separated from the 
rest, as they were mostly in regions 
under orographic precipitation. The 
rest of the watersheds were then clas
sified into arid and humid regions. Fig
ure 6 shows the histograms obtained 
for each classification. 

Figure 6a shows a marked difference 
in the frequency distributions for the 
arid region and the California water
sheds. The storms on the arid and 
humid watersheds do not show a great 
difference in frequency distributions, 
and hence, it seems reasonable to 
eliminate the California data from the 
rest and to pool the data from the arid 
and humid watersheds. In this way, 
one sample of thunderstorm-type pre
cipitation consisting of 388 observed 
events was obtained. 

Results for Observed Storms-The 
two parameter log-normal function 
with ln u2 = -0.136 and &/ = 0.384 
was found to give a satisfactory fit 
to the observed probability function 
of the 388 ratios p/q when tested 
by the Chi-square test at the 95 
percent level. 

For the probability distribution of the product pq within class intervals of the ratio 
p/q, the 388 selected storms were again us,ed. The two parameter log-normal function 
was again a suitable description for the observed probabilities. 

The three class intervals of the ratio p/q from, 0 to 0.5, 0.5 to 1.0 and 1.0 to 1.5 
were used to get an indication of how well the theoretical function can describe the ob
served distributions. Results for the three class intervals are given in Table 1. 

To test whether the difference between the estimators of the population means or 
the differences between the estimators of the population variances are significant, the 
Student -t distribution is convenient. 

A useful form of this distribution for this purpose is the following (10): 

t (17) 

and for a test of the variances 

(18) 

If the populations are normal, these statistics follow approximately the Student-t dis
tribution with the degrees of freedom given by 



( &a2 + ~ )2 
Na Nb 

d. f. = -------='--
( !:2)2 ( !~2)2 
--- + 

(19) 

Nb - 1 

Using Eqs. 17 and 18 and assuming the pop
ulation means ua = IJb, t = 1. 8 with d. f. = 
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TABLE I 

ESTIMATORS FOR THE MEAN AND THE VARIANCE 
OF THE DISTRIBUTION OF THE PRODUCT plj 

WITHIN CLASS INTERVALS OF THE RATIO p/q 

Class Interval for N In ii, • 2 

p/q 6, 

0 to 0 . 5 74 0. 882 1. 143 
0 . 5to l.0 163 1.038 1. 446 
1. 0 to 1. 5 77 0.746 1. 278 

5100 . This tis smaller than the t = 1.96 with probability of 0.05, which is a level of 
significance commonly used. 

Hence, the conclusion can be made that there is no significant difference between 
the means of the distributions for pq for different ratios of p/ q. 

Likewise, no significant difference exists between the variances of the pq distribu
tions. This means a single theoretical distribution can describe the distributions of the 
products pq for any ratio of p/ q. 

With the product pq and the ratio p/q known for a rainstorm, the time pattern of 
rainfall intensities for the storm is uniquely defined in terms of p and <1- The probabil
ity distribution for the ratios p/ q for the observed stor ms has ln '1 2 = -0.136 and &z2 = 
0. 384, and the probability distribution for the products pq has ln u3 = 0.889 and &/ = 
1.289 . 

Soil Moisture Content 

As a third step toward generation of flood peaks, an effort was made to derive a fre
quency distribution for observed soil moisture contents for the different soil textural 
classes . Only limited data were available, showing the variations in soil moisture con
tent throughout the year (16). However, the assumption that the soil moisture content 
on each soil textural classls normally bounded by the saturated soil moisture content 
at one end and by the soil moisture content at wilting point on the other end, simplified the 
problem considerably. It is true that the top 12 inches of soil, of importance in this 
study, may often dry out beyond the wilting point. But this study is concerned with 
floods which are often more severe on very wet soil than on very dry soil; hence, the 
assumption of a lower bound at wilting point should be acceptable. 

Var iations in Soil Moistur e Through the Year -The soil moisture variation through
out the year is s hown for silt loam in Figur e 7 and for clay in Figure 8. Both figur es 
show a characteristic decrease in soil moisture during the active plant growing season, 
which results in somewhat typical bimodal histograms for soil moisture shown in Fig
ure 9. 

Probability Distribution for Soil Moisture Content-If the probability distribution is 
unimodal, the problem of fitting a theoretical distribution becomes easy, following the 
procedure already discussed. Hence, it was decided to consider only the higher peaks 
of the frequency distributions (Fig. 9) and to pool the data for the two years for each of 
the soil textural classes. This procedure might be acceptable if only wet soil is under 
consideration for predictions of storm runoff. 

If one theoretical probability distribution function can describe the variations in soil 
moisture for all the soil textural classes, another worthwhile simplification is possible. 
This will be possible if no significant difference exists between the mean and standard 
deviations of the modular values for soil moisture used. Following this reasoning, it 
was found that the soil moisture also follows the log-normal distributions with a / 
value= 8.99 which corresponds with a probability P(/ ) which is acceptable at the 95 
percent level. It was also found that the mean of the log of modular values for clay, 
ln ,1 = -0.0097 and for silt loam ln u = -0.0089 which are not significantly different at the 
95 percent level, us ing the St udent-t test. Likewise, the variance of the log of the mod
ular values &2clay = 0.0199 and for silt loam &2 silt loam= 0.0183 which is also not s i g-

nificantly different. 
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Finally, the mean of the actually observed soil moisture values, for clay is 32. 9 percent 
which is 1. 63 times the soil moisture value for clay at the wilting point; and Usilt loam = 
24. 3 which is 1. 79 times the soil moisture value for silt loam at wilting point. 

Hence, the final assumption necessary to enable extrapolation of these results to 
other soil textural classes was that the mean soil moisture content is simply 1. 71 times 
the soil moisture content at wilting point. 
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Figure 8. Soil moisture variations throughout the year for clay. 
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Conclusion- From the limited data available on variations in soil moisture content 
for different soil textural classes and by ignoring the moisture content of relatively 
dry soil, it was found that the observed frequency distribution is log-normal with mod
ular values, ln 1J4 = -0.0093 and&/= 0.0191. 

To obtain the actual soil moisture for any soil textural class, the modular value 
needs multiplication with the mean soil moisture content which was assumed equal to 
1. 71 x Mw, where Mw represents the soil moisture content at wilting point. 

Rainfall Amounts 

In the generation of flood peaks with desired return periods from rainfall, the rain
fall amount to be used is of vital importance. It was decided to use rainfall amounts 
as calculated for fixed durations by the United States Weather Bureau (6). These cal
culations were based on Gumbel analysis of partial duration series of extreme rainfall 
intensities for fixed durations, observed at selected stations in the United States. This 
analysis is not ideally suited to the purpose of this study, because single-peaked storms 
with varying intensities during their durations are used. Hence, instead of analyzing 
only extreme rainfall intensities with fixed durations, this generation of flood peaks 
needs an analysis of extreme single-peaked rainstorms of fixed durations. As such an 
investigation was not yet done, it was decided to use the values given in the Weather 
Bureau publication without any modification. This may result in overprediction of 
floods resulting from very short duration storms, but as the storm duration increases, 
the error in predictions should decrease. 

In addition, rainfall amounts for fixed return periods must be known for any storm 
duration. This necessitates interpolation for unpublished values, which was easily 
done by means of a logarithmic type of regression equation: 

Rt = g + u log Tt (20) 
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where Rt represents the total rainfall amount, g and u are constants, and Tt represents 
the storm duration. 

A separate equation linking storm duration with rainfall amount is necessary for 
each return period at every location where flood peaks are to be generated. 

Areal Variation in Rainfall -The storm hyetographs used in this study were Thiessen 
mean hyetographs. As such the areal variations were taken into considerations. On 
larger catchments, however, it may be necessary to invent a method which can handle 
both the areal distribution of rainfall and the storm movement over the catchment. Such 
a study was beyond the scope of this paper and apart from using Thiessen mean hyeto
graphs the areal distribution of rainfall on the catchments was ignored. 

Groundwater Flow-Groundwater flow was also ignored in this study because interest 
was focussed on the generation of single isolated events. As groundwater flow is a func
tion of the depth of the groundwater table, it should be easy to derive a probability dis
tribution of expected groundwater flows from continuous recordings on bore-holes. If 
such a probability distribution can be included in this type of analysis it will, without 
doubt, increase the accuracy of the final results. 

FLOOD GENERATION 

At this stage, enough is known about the input and state variables of the system so 
that an attempt can be made to generate floods on catchments with known catchment 
parameters. With the input, initial conditions and system parameters defined, it re

mains only to decide on a method which 
can translate the rainfall into runoff. 

q=J 

P= 

RAN iici 
RAN{ 

Generate log normal number 
w,th given µ. and (;. 

Figure 10. Flow chart for the generation of floods using 
random numbers (M represents soi I moisture content; T, 
storm duration; Rt, rainfall amount; and g and u, con-

stants for a particular catchment). 

A deterministic conceptual model (7) 
was used in this study. -

Random Sampling Through the Prob
ability Functions-Making use of uni
formly distributed random numbers 
and using suitable transformations, 
series of log-normally distributed ran
dom numbers with previously defined 
mean and standard deviation can easily 
be generated on the electronic comput
er. The computer program for this 
purpose described by Naylor et al was 
used (13). The flow chart used in the 
generation of flood peaks is shown in 
Figure 10. 

Success of Flood Generation-The 
generated flood peaks for two selected 
catchments were compared with annual 
series of observed flood peaks . The 
results are shown in Figures 11 and 12 . 
In Figure 11, only one exploratory flood 
peak was obtained by means of random 
sampling through the probability dis
tributions. The modal value of this 
generated series of flood peaks for a 
return period of ten years was 277 cfs. 
The range of flood peaks obtained was 
from 80 cfs through 310 cfs. Also 
shown in Figures 11 and 12 are flood 
peaks generated by using only the mod
al values of the probability distributions. 

The results obtained, although not 
very good, are promising. Very good 
results cannot be expected when the 
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probability distributions of the stochastic variables are derived from such a mixed 
sample of events. Regional analysis of these factors in hydrological homogeneous 
areas should improve the results considerably, 
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CONCLUSION 

The results obtained in this exploration of a new technique to assign probabilities to 
design floods are promising. Refinement in the analysis of historical data on runoff 
and rainfall is needed before this new technique will reach full fruition. 
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Depth of Flow as a Design Criterion for 
Channels With Artificial Liners 
J. C. McWHORTER, Mississippi State University; 
T. G. CARPENTER, Caterpillar Tractor Company; and 
R. N. CLARK, Texas A & M University 

Six artificial liners were investigated to develop design criteria 
for erodible channels. Liners installed on flat-bottom earth 
channels, 2 ft wide, 60 ft long, and on slopes up to 0. 125 were 
subjected to increasing flows to channel failure. Test sections of 
sand to heavy clay were inserted in the channel floor and the ef
fectiveness of the liners observed. Measurements consisted of 
flow rates, channel and water surface profiles, and test section 
erosion. For each flow rate, values were determined for depth 
of flow, mean velocity, hydraulic radius, slope, and erosion. 
Failure of the test sections and liners was noted. 

A regression analysis was used to fit the data for each liner 
to log V = log a + b log R + c log S. A high correlation of 
variables was obtained. The coefficient and exponents for this 
formula are included. 

Maximum permissible depth (a criterion expressing failure) 
was considered to be a function of slope. These variables were 
examined in a depth-slope plot with upper and lower parallel 
limits which reflect the erosion characteristics of the test soils. 
The depth criterion, along with the flow rating curves, can be ap
plied to the design of artificially lined channels of any shape. 

•ENGINEERS are concerned with developing plans for water disposal systems which 
drain runoff. Design is based on stability limits of the channel, design discharge, and 
economic factors. In some situations, vegetation is desirable as a lining to obtain 
stability in erodible channels. Present designs are based on established vegetative 
conditions although it is recognized that a destructive runoff event may occur before 
the vegetation has developed sufficient protection to obtain channel stability. Various 
porous covers are being used in attempting to maintain stability until vegetation is 
fully developed. 

A need was recognized for more accurately defining the stability limits of various 
soils covered by temporary liners. This subject was studied by Mcwhorter, Carpenter, 
and Clark (1) in order to determine the permissible velocity for channels treated with 
various liners on several textural classes of soils and also to determine the value of 
Manning's coefficient of resistance for the several materials. The results of this work 
indicated that maximum depth of flow was an appropriate criterion for describing fail
ure limits of channels with artificial liners. The purpose of this paper is to report on 
this aspect of the work and to introduce this criterion into design procedures for the 
treatments studied. 

EXPERIMENTATION 

All experimental tests were conducted in an outdoor hydraulic laboratory at Missis
sippi State University. 

Paper sponsored by Committee on Surface Drainage of Highways and presented at the 48th Annual 
Meeting. 
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Figure 1. Flow diagram of laboratory system. 

Laboratory 

A flow diagram of the laboratory is shown in Figure 1. Each test channel is 60 ft 
long and the soil base in the entire channel area is Houston clay soil (heavy clay). 

Tests were conducted in 2-ft wide rectangular channels with portable, aluminum 
sidewalls which were inserted into the channel bed. 
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The flow system consisted of a 28,000-gal sump, pumping capacity up to 11 cfs, 
stilling basin with a 2-ft calibrated H-flume attached, a 2-ft wide conveyance flume 
for delivery of test flows, appropriate gates, and a flow diversion system around the 
test channels. Flow could be regulated to the desired test discharge. 

A digital instrumentation system (2) developed by Carpenter and Fox was used to 
measure erosion in the test section (station 0 + 38) and for recording soil and water 
surface elevations over a 20-ft length (station 0 + 28 to 0 + 48). Station 0 + 60 was 
a free outfall into the sump. 

Test Materials 

Ten different textural classes of soils, ranging from coarse-grained sand and gravel 
to fine-grained cohesive materials, were used. Samples of each were air dried, pul
verized, and passed through a ¼ -in. screen into a mold to form 18- by 30- by 6-in. 
deep test sections. These were wet to saturation and allowed to "season" before in
sertion in the test channel beds at 0 + 38 station. 

The specifications for the temporary liners reported in this paper follow. Erosionet 
is manufactured from a paper yarn which is approximately 0.05 in. in diameter and is 
woven into a net with openings of 7/s by ½ in. It weighs about 0.20 lb/sq yd. Jute mesh 
consists of jute 1,arn which varies in size from 1/s in. to ¼ in. in diameter. The open
ings are about 'ta by¾ in. and the material weighs approximately 0.80 lb/sq yd. 
Stranded fiberglass is a hair-like fiberglass material which was applied as a mulch to 
the channel with an air gun applicator at the rate of 1 lb/sq yd. Two thicknesses of 
fiberglass mat, 3/a in. and½ in., with respective weights of 0.11 and 0.35 lb/ sq yd were 
used. The appearance is similar to air filter material. Excelsior mat consists of 
approximately 0.8 lb/ sq yd of excelsior (dried, shredded wood) covered with a net with 
1- by 3-in. openings. The net is woven with a fine paper thread. Common oat straw 
was used as a channel cover at the rate of 1.24 lb/ sq yd. 

These materials constituted the treatments studied. In the case of the stranded 
fiberglass and straw mulch treatment, each material was covered with Erosionet, 
which was pinned to the channel floor at 1-ft intervals along the sides and center of 
the channel. A complete transverse pinning was used at 12-ft intervals and at the ends 
of the channel. This same pinning arrangement was used with the other materials. 
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Experimental Procedure 

A standard procedure was used in preparing for each test. Five steps were in
volved: preparation of the test channel, installation of the test section, installation of 
the flume walls, placement of the liner, and setting up the instrumentation. All tests 
were conducted according to a uniform procedure. 

The entire 60-ft channel length was tilled to a 2-in. depth, smoothed to a uniformly 
sloping plane, and saturated with water at a low sprinkle rate. The channel was allowed 
to season and compacted with a smooth roller. The soil test section was inserted in the 
channel bed at station 0 + 38. Flume walls were inserted into the channel bed 2 ft 
apart, aligned parallel, and braced. The liner was then installed and the channel sub
jected to a low flow for 5 minutes. Instrumentation was then installed and checked. 
For each test, the slope of the channel bed, the channel flow rate, and mean depth of 
flow were measured. Erosion of the test soil was estimated by taking integrated sur
face elevations over the test section. 

In the conduct of a test, the channel was inspected and instrumentation referenced 
to a datum. Channel bottom readings were recorded and an integrated profile mea
surement of the test section was made. The desired constant flow rate was regulated 
to the required head on the H-flume. The flow was then diverted into the test channel 
and water surface readings were recorded when the flow became steady. At the end 
of the test period (10 min), the flow was diverted and the test channel allowed to drain. 
Test section profile measurements were taken to determine erosion or deposition. 
This procedure was repeated with increasing flow rates until the channel failed . The 
following flow rate schedule was used: 

Data Reduction 

0.10 -
1.00 -
2.00 -
4.00 -

1.00 cfs in 0.10 cfs increments 
2.00 cfs in 0.20 cfs increments 
4.00 cfs in 0.25 cfs increments 

10.50 cfs in 0.50 cfs increments 

For each test flow, measurements and computation of pertinent variables were 
tabulated. This included the discharge flow rate, mean depth of flow, mean velocity 
of flow, and hydraulic radius. Hydraulic radius was computed by a method suggested 
by Johnston (3) and used by Fenzel and Davis (4) which considers the effect of side
wall r e sistance in narrow channels. Manning's n was calculated by the Manning equa
tion and VR, the product of velocity and hydraulic radius, was tabulated. The accumu
lated average erosion of the test section beginning with the initial test flow was also 
tabulated. The test section was deemed to have failed when the accumulated erosion 
amounted to 0.031 ft(% in.). 

RESULTS 

The relation of n to VR has received considerable acceptance in the design of vege
tative channels; therefore, the study data were examined in order to determine if this 
relationship would hold for the channel linings studied. It was concluded that n vs VR 
did not express a relationship that could be accepted for design purposes. Also, the 
specific values of n for a given treatment were not obtainable. 

The V vs R relationship (velocity versus hydraulic r adius) is well established in 
describing hydraulic conditions in channels. Manning's equation considers these vari
ables along with slope, S, and can be expressed in this form 

(1) 

where a, b, and c are constants for a given channel lining. It is convenient to express 
Eq. 1 in the linear form 

log V log a + b log R + c log S (2) 
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TABLE 1 

VALUES OF a, b, AND c FOR EQUATION 1 OR 2 
FOR THE SEVERAL THEA TMENTS 

Treatment a b C 

Erosionet 41. 45 0. 855 0.400 
Jute mesh 61. 53 1. 028 0.431 
Slr:111dcd lil>erglassa 26.05 o. 687 0. 359 
Flherglass mnl , (! in. 73. 53 1. 330 0.512 
F iberglass m at , ~, in. 14.84 1. 235 0.086 
Excelsior mat 32. 29 1. 340 0.351 
Straw and Erosionet 70.76 1. 455 0.529 

~Covered with Erosionet and pinned to channel bed. 
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A statistical regression technique was 
used to fit the data to Eq. 2. This method 
utilized only the data obtained before the 
failure limits were reached. Figure 2 
shows only the data points obtained on a 
2.5 percent slope for the excelsior mat 
treatment. All of the data below the fail
ure limit for this treatment were used in 
a regression analysis to determine the 
coefficients for Eq. 2. The coordinates 

for a 2.5 percent slope were determined from the equation and the resulting curve fits 
the data points well. 

Table 1 gives the results of the statistical treatment. V vs R curves for desired 
slopes can be prepared for each of the liners studied. 

In determining the coefficients for Eq. 2 for the several treatments, it was found 
that the results were highly significant. The F test was applied to each correlation 
and revealed that the relationships were significant at a level greater than 99.5 percent. 

The tractive force theory states, for a given slope and channel lining, that the unit 
tractive force on the channel bottom is proportional to the depth of flow (5). The anal
ysis of the data in this study indicated that a depth of flow was more appro priate for 
describing channel failure limits than maximum permissible velocity of flow. It is as
sumed that in channels for any shape, for a given slope, depth, and liner the vertical ve
locity distribution in the central and deepest section, where wall effects are at a mini
mum, should be identical (6). It is suggested that the location of the first scour occurs 
in the central section, since the mean velocity derived from the vertical velocity dis
tribution is greater than the mean channel velocity. Now, consider these two channels. 

( CENTRAL SECTION 

1--"-----n,]...-------if · I r,,_____,,W ,.........,.___: · / 

If the depth of flow, slope, and liner are equal in both channels, then the flow rate, 
mean channel velocity, and coefficient of resistance, n, will be different; however, the 
velocity distribution (and its mean) will be identical in the central section of each chan
nel. Also, the hydraulic radius of the central sections equals d since, 

R - ~ - d(~) - d 
. - p - 1Axf - (3) 

Based on the preceding discussion, it can be stated that the depth at which failure 
was determined to have occurred for a given liner and slope is the limiting depth for a 
channel of any shape. Depths of flow that were observed for the test flows preceding 
the flow which produced failure were noted and examined in a regression analysis which 
considered depth of flow to be a function of slope. 
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Figure 3. Maximum permissible depth of flow on 
soi Is in test channels lined with excelsior mat. 
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Figure 4. Maximum permissible depth of flow on 
soi Is in test channels lined with Erosionet (dashed 

line extrapolated beyond data). 
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Figure 5, Maximum permissible depth of flow on 
soi Is in test channels lined with jute mesh (dashed 

lines extrapolated beyond data), 
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Figure 3 shows a logarithmic plot of 
maximum permissible depth versus slope 
for several test soils containing clay in 
the excelsior mat treatment. A regres
sion analysis by the least squares method 
fitted the data points to the dotted line. 
The data of this study did not precisely 
define the depth limits for the test soils 
used with a given liner; therefore, it was 
deemed desirable to express the permis
sible depth as a lower limit and an upper 
limit. In Figure 3, these limits were 
drawn parallel to and equidistant from 
the best fit line (dotted). The location of 
the limits was based on the plotted data 
points and in general, the limits bracketed 
the points. Only those test soils which 
contained some clay were used in the re
gression analysis to determine the posi-
tion of the dotted line. Erosion-resistant 

soils were considered to be represented by the upper limit; while the lower limit rep
resented the erodible soils. 

The same procedure described for processing the excelsior mat data was used for 
the other treatments . The logarithmic plots of a maximum permissible depth versus 
slope for these treatments are shown in Figures 4 through 9. 

CONCLUSIONS 

To utilize the findings presented in this paper for the design of channels with arti
ficial liners, it would be helpful to prepare V-R curves for each treatment. The co
efficients shown in Table 1 for Eq. 1 or Eq. 2 can be used to develop coordinates for 
any slope for a particular liner. Figure 2 shows a plot of V vs R for a 2. 5 percent 
slope. It is suggested that other slopes be plotted, for instance, 1, 5, 7 .5, 10, and 
12.5 percent. This will result in a family of curves that will yield mean velocity for 
various values of R; thus, "rating" curves can be developed for each treatment. 

If we accept the concept of maximum permissible depth of flow as the design crite
rion, we can now develop designs for channels using the liners described in this paper. 
For instance, known values would be design discharge, channel slope, erodible char
acter of the soil, channel slope, and liner material. From Figures 3 through 9, the 
design depth of flow can be determined. By a first trial , we determine the values of 
cross-sectional area, A, and R. We now enter Figure 2 or other prepared figures, 
which represent the liner in question, at the value of R and determine V for the design 
channel slope. We now substitute the determined values in the equation Q = A/V and 
solve for Q. If the calculated value is not equal to the design Q, new channel dimen
sions are tried (the value of d, maximum permissible depth, remains constant for all 
trials) until the continuity equation is satisfied for the design discharge. 

The trial and error solution can be expedited by the preparation of nomographs or 
tables that will yield values of A and R for given channel depths and cross sections. 
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Design of Roughness Elements for Energy 
Dissipation in Highway Drainage Chutes 
HENRY M. MORRIS, Virginia Polytechnic Institute 

A recurring need in hydraulic engineering is a simple, reliable 
method for the dissipation of excess energy in storm water flow
ing down steep drainage channels. In the past, this problem has 
usually been handled by some form of stilling basin at the chan -
nel outlet. An alternate method that is practical in many cases 
is the provision of roughness elements in the channel itself. 
Such elements can be designed to produce the phenomenon of 
tumbling flow in the channel. This is a cyclically uniform flow 
consisting of a series of hydraulic jumps and overfalls, which 
assures that the channel outlet velocity will not exceed the known 
"critical velocity" for the given discharge. 

Laboratory and field studies have been conducted at the Vir
ginia Polytechnic Institute for the purpose of developing design 
criteria for this method of energy dissipation. On the basis of 
these tests, it is recommended that either two-dimensional 
square elements or cubical elements be used. Design equations 
are presented, along with recommendations for spacing and 
placement of the elements. 

A COMMON and troublesome problem in highway engineering is the protection of 
drainage structures from erosion damage during high runoff periods. This often is 
particularly serious at the outlets of culverts and drainage chutes. 

Many such structures have apparently been built without any provision for energy 
dissipation at the outlet. Sometimes an impact dissipator is used, or a standardized 
stilling basin. The design of special stilling basins for individual locations, while de
sirable in principle, is usually not economically feasible. Even the standard basins 
and dissipators are relatively expensive. 

There is need, therefore, for the development of an inexpensive, reliable dissipation 
device for this purpose. Such a device should be susceptible to design by standardized 
procedures which are both reliable in use and relatively simple to apply, and should be 
easy to construct and maintain. 

It is proposed in this paper that transverse roughness elements, placed in the chan
nel itself, will often provide a more satisfactory answer to this problem than a dissipa
tion structure at the outlet. Laboratory and field studies have been conducted in order 
to develop design criteria for the roughness elements. The hydraulic phenomenon of 
"tumbling flow," as established and maintained by the roughness elements, provides the 
mechanism of energy dissipation which assures that outlet velocities will be controlled 
to safe values. 

SCOPE OF INVESTIGATION 

In order to develop design criteria for channel roughness elements, the phenomenon 
of tumbling flow has been investigated as a mechanism for producing efficient and eco
nomical energy dissipation in steeply sloping channels. This flow regime consists 
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essentially of a cyclical succession of small overfalls and hydraulic jumps at the large 
roughness elements on the channel bed. Since it is characterized by a nearly minimum 
content of specific energy, it is an effective device for transmitting water safely to the 
bottom of a steep slope. The specific objectives of this study have been: 

1. To develop means of recognizing and controlling the various flow regimes in 
steep, rough channels and, in particular, to determine the characteristics and limita
tions of the tumbling flow regime; 

2. To determine the optimum geometry of the bed roughness elements (spacing, 
height, shape, etc.) for use as energy dissipators; 

3. To develop an understanding of undesirable ancillary phenomena that may occur 
in tumbling flow, such as roll waves or surges, and means of mitigating or eliminating 
them; 

4. To develop an adequate theoretical and analytical basis for the observed phenom
ena, in terms of the basic hydraulic parameters of discharge, slope, and boundary geom
etry; and 

5. To develop design methods and criteria for practical engineering design of steep 
channels for effective energy dissipation. 

SUMMARY OF PREVIOUS STUDIES 

Various types of dissipation devices presently are being employed on highway chutes, 
often with only limited attention to effective hydraulic design. The most common method 
is the induction of a hydraulic jump near the channel outlet by means of some form of 
simple stilling basin. Research on special stilling basin design adaptable to small chan
nels and structures has been performed by Blaisdell (3), Fiala and Albertson (4), Keim 
(7), Smith and Hallmark (15), and others. - -
- Research directed specifically to the use of roughness elements for planned energy 

dissipation is quite limited. Studies of Morris (10, 11) have indicated the importance of 
roughness geometry in inducing different flow regimes and the effect of such regimes 
on energy dissipation, but this work dealt primarily with flow on mild slopes, and in 
closed conduits. 

The work of Mohanty (9), summarized by Peterson and Mohanty (14), has shed much 
new light on the regimes of flow in steep, rough, open channels. This work was contin
ued and expanded, both in concept and experiment, by Al-Khafaji (1). The studies of 
Mohanty and Al-Khafaji, both of which were conducted at utah State University under the 
direction of Dean F. Peterson, indicated that an important flow regime is that of tumbl
ing flow, consisting essentially of a cyclical succession of small overfalls and hydraulic 
jumps caused by large transverse roughness bars on the channel bed. 

If this phenomenon can be properly planned and controlled, with the elimination of 
intermittent surges and other undesirable side effects, it bears much promise as an 
energy dissipation mechanism for steep channels. Accordingly a research investigation 
at Virginia Polytechnic Institute was initiated in 1962 by Morris and Al-Khafaji for the 
purpose of developing data and design methods for the use of large roughness elements 
as energy dissipators in steep channels. 

The project was sponsored for four years by the Virginia Council of Highway Investi
gation and Research, in cooperation with the U.S. Bureau of Public Roads. Three pro
gress reports (2, 5, 6) were written but not published. The final report has been pub
lished as a V. P-:-1:-Research Bulletin (12) which is available on request to the V. P. I. 
Publications Office. -

EQUIPMENT AND METHODS 

The laboratory studies on the project were carried out in the Hydraulics Laboratory 
of the V. P. I. Civil Engineering Department. Measurements were made in a tilting 
flume with widths adjustable up to 2 ft and slopes up to 30 percent. 

Various sizes of square roughness elements were used, ranging from 1 to 6 in. Later 
studies utilized transverse bars of various nonrectangular cross sections, as well as 
cubical elements of various sizes and spacings. 
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To obtain systematic correlation of data, each flow regime had to be studied sep
arately. Therefore, curves were obtained delineating the boundaries of each flow re
gime for a particular bar spacing and size. The flupie was set on a given slope and 
discharge varied from low to high values. Visual observations and measurements at 
the leading edge of the bed element were used to classify the flow regime. This pro
cedure was repeated for slopes ranging from O to 30 percent, and for various spacings, 
sizes and shapes of roughness elements. The resulting curves are called flow regime 
diagrams (Fig. 1). 

Discharges were measured by a Venturi meter, which had been previously calibrated 
by the laboratory's automatic dual weighing tanks. Water surface elevations were mea
sured by a point gage suspended from the moving carriage on the flume. Although not 
discussed in this paper, measurements were also made for drag forces, velocity dis
tributions, Reynolds numbers, and other hydraulic parameters. 

FLOW REGIMES 

In steep channels with large bed roughness elements, water can flow in three distinct 
major regimes, clearly distinguishable by visual inspection: tranquil, tumbling, and 
rapid. The tumbling regime can be considered as a special case of the critical flow re
gime, since the flow alternates from subcritical to supercritical and back to subcritical, 
through a hydraulic jump, as it passes each element. 

The tranquil regime occurs at mild bed slopes ranging from a minimum value of zero 
to a maximum value of from 1 to 3 percent, depending on the discharge and on the size 
and spacing of bed elements. At higher discharges, the flow tends toward surface in
stability and waves begin to form. 

The tumbling-flow regime occurs at steeper slopes, the minimum slope in the lab
oratory studies ranging from 1 to about 3 percent. No maximum slope was reached in 
the laboratory experiments. Field installations indicated that tumbling flow can occur 
on slopes up to at least 67 percent. The range of the stable tumbling regime was found 
to be a function of channel slope, discharge, spacing, and size of roughness elements. 

The flow in this regime is characterized by a series of overfalls and hydraulic jumps 
at the roughness elements. The depth directly over the upstream edge of each rough
ness element is called the "control depth" and was found to be the same for all cycles 
for a given discharge, slope, and roughness geometry. 

At higher discharges, instabilities may develop in the tumbling-flow regime pattern, 
depending on the slope and roughness of the channel. Pulsating surges may appear as 
waves superposed over the normal flow. These seem to be of constant period for any 
particular case and increase in height as they travel downstream. Under some condi
tions the pulsations became so violent as to endanger the flume. 

The rapid-flow regime occurs on the same slopes as tumbling flow but at higher dis
charges. For a given channel slope the larger the spacing and the larger the height of 
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roughness elements the higher were the discharges required for the occurrence of 
rapid flow. 

In this regime, water skims over the roughness elements with a depth less than crit
ical. The flow is characterized by splashing of water particles and a streamy and 
opaque surface. Energy dissipation is much less for given conditions than in tumbling 
flow. 

ANALYSIS OF TUMBLING FLOW 

Since the tumbling-flow regime is an efficient energy dissipation mechanism, it is 
desirable to determine criteria for the production and maintenance of this regime in a 
steep channel. That is, the best geometry of roughness elements must be determined 
in relation to the slope, discharge and other hydraulic parameters, for the establish
ment and maintenance of the tumbling regime in the channel. 

A definition sketch for one cycle of the tumbling flow is shown in Figure 2. It is de
sired to obtain a function which will relate the hydraulic aspects of the flow to the geom
etry of the roughness elements. Assuming the latter to be composed of straight bars 
of square cross section, extending over the full channel width, a dimensional analysis 
yields the following equation, in which V 1 is the velocity at the control depth, y1 , L and 
Kare the roughness element spacing and height, respectively, and Sis the channel slope. 

F 
1 

= f (_!:._, ~, s) 
Y1 Y1 

(1) 

Here, F 1 is the Froude number, V/ ~' as measured at the control section. 
The flow is subcritical at the control section, but it must pass through nominal crit

ical depth somewhere along the crest of the element. Nominal critical depth in a rec
tangular channel is given by 

3 

Ye (2) 

where q is the discharge per unit width of channel (cfs/ft). 
The Froude number for critical flow is unity and therefore the Froude number F1 

must be somewhat less than unity. In terms of discharge, since q = V1 y1 , 

F - q 
l - ,.fiil (3) 

Values of q and y1 were measured for all runs, and F1 was calculated from Eq. 3. It 
was found that F1 ranged only from 0.75 to 0.93, for a wide range of slopes and rough

ness geometries, as long as the flow re
mained in the tumbling regime. For most 

roughness 

K = height of roughne1s element 

y1 = control depth 

Y• = critical depth 
L = length of cycle 

W.S. = water surface 

Figure 2. Definition sketch, tumbling flow . 

practical purposes, F1 can be taken as 0.85. 
This is equivalent to the relation below, as 
seen by combining this with Eqs. 2 and 3. 

% 10 
y1 = 0.35 q = g Ye (4) 

This could be considered as the defining 
equation for tumbling flow. Thus, tumbl
ing flow, which is a special case of crit
ical flow, is characterized by a Froude 
number at the control section (as defined) 
of slightly less than unity. However, the 
flow does oscillate continuously between 
subcritical and supercritical velocities, 



so that it is being transmitted down the channel at essentially critical flow 
conditions. 
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The specific energy is the sum of the potential energy and kinetic energy (depth 
plus velocity head) in the flow, as measured above the channel bed. The specific energy 
in the flow at the channel outlet is of paramount interest, since it is this energy which 
is available to accomplish the work of erosion in the drainage channel below the steep 
chute. 

For a given discharge in a rectangular channel, the specific energy attains its min
imum value at critical flow. Consequently, if tumbling flow is maintained for at least 
the lower reaches of the chute, the flow will arrive at the bottom with the minimum 
total en~rgy content which it could have for the given discharge. The excess energy 
which would otherwise have been available through conversion of the total drop in bed 
elevation into kinetic energy has thus been dissipated in the turbulence of the series of 
small hydraulic jumps at the roughness elements. The series of roughness elements 
thus provides a simple, but effective, device for dissipating excess energy in a steep 
channel. 

Another advantage of this technique is that the outlet velocity is known to be at or 
near critical velocity, which is easily calculated as 

(5) 

Not only would the outlet velocity be much higher than this without the roughness 
elements but it is quite difficult to determine accurately what it would be, since drop
down flow profiles are affected by waves, air entrainment and other complicating fac
tors, in addition to the usual uncertainties in calculating a varied flow profile. 

The preceding discussion has considered the characteristics of tumbling flow. It is 
now necessary to determine criteria by which the tumbling regime can be induced in a 
given channel for a given discharge or range of discharges. 

The problem is basically that of first determining the minimum element height K 
which will create a hydraulic jump in the channel and then the optimum spacing L of the 
elements. There must be enough elements to dissipate the total available excess energy 
but not so many as to inhibit the formation of the individual jumps between elements. 

The element height required to produce a hydraulic jump in a steeply sloping channel 
can be determined approximately from momentum considerations. Since critical flow 
will occur somewhere on the element crest (Fig. 2), it is approximately true that the 
sequent depth in the hydraulic jump just upstream from the element is equal to (K + Ye). 
If the depth just upstream from the jump is y0 , then the standard hydraulic jump equa
tion, empirically modified to include effect of channel slope e can be written as: 

K • Ye [ 
2 

2 (Yc)-(l-tane)2] 
(1 - tan 9) Yo 

(6) 

Inspection of Eq. 6 indicates that K will lie in the range of 0.5 Ye to 3.5 Ye for slopes 
ordinarily encountered in steep chutes. To use the equation, however, the value of Yo, 
the depth before the jump, must be estimated by flow profile calculations from the chute 
entrance. 

However, Eq. 6 was based on analysis of a single roughness element only, with no 
effect present from the element upstream. In a series of elements as needed to pro
duce tumbling flow, the effect of channel slope on the jump is also less than for a single 
element. Consequently, the value of K computed from Eq. 6 specifically applies only to 
the first element in the series. 

For the usual series of elements in the channel, therefore, Eq. 6 specifies an ele
ment size larger than necessary. On the other hand, if the elements are made too small 
or too close together, there is danger that the flow will tend to skim or skip over the 
elements and that the rapid flow regime will prevail. In this case the elements will 
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slightly retard the flow by increasing the bed roughness but otherwise will have little 
effectiveness in energy dissipation. 

The flow profile and the turbulence structure between adjacent roughness elements 
in tumbling flow are quite complex and the best me.thod of obtaining a satisfactory de
sign basis for the size and spacing of elements, therefore, is empirical. 

It can be shown by modeling theory that the correct equation should have the form: 

K = q% f (~, S) (7) 

where the dimensionless function f must be determined experimentally. 
The laboratory studies have indicated that the optimum relative spacing of elements, 

L/K is between about 8.5 and 10.0. Larger values permit accelerations between ele
ments such that the jump tends to be washed over the element and a "skipping" action 
occurs-actually a form of rapid flow. Smaller values, down to about 5, permit surges 
or roll waves to form which is quite undesirable in the channel even though tumbling 
flow prevails. For still smaller values of L/K than about 5, the flow tends to skim the 
element crests and produce rapid flow, even at relatively low discharges. Therefore, 
it is recommended that an L/K of 8.5 to 10 be used in design. This removes one of the 
variables from Eq. 7. 

In the laboratory, the discharge at which the flow changed from tumbling to rapid was 
observed for each roughness pattern for various values of Sand K. The resulting data 
were plotted and were found to fit the following empirical equation: 

- [ q ]% - [ 1 ]% 
K - (0 .4 - 0.005 S) - (3 - 0.037 S) (ye) (8) 

where q, in cfs/ft, represents the maximum unit discharge for which tumbling flow can 
be maintained at the given slope S, with element height Kand critical depth Ye, in inches. 
Eq. 8 can therefore be taken as the design equation for tumbling flow over square bars. 

For certain combinations of slope, discharge and roughness geometry producing 
tumbling flow, it was found that an undesirable side effect was also produced. Surges, 
or roll waves, were generated with a definite frequency at the upstream element or ele
ments and then were moved downstream with ever-increasing size and intensity until 
they finally left the flume with rather high values of momentum. This phenomenon thus 
carries significant potential for damage to the downstream channel or to the flume itself. 

The portion of the tumbling-flow regime in which roll waves are encountered is 
called unstable tumbling flow, to distinguish it from stable tumbling flow in which the 
waves are negligible or absent. In general, stable tumbling occurs at lower discharges 
and unstable tumbling at higher discharges, for those patterns of boundary roughness 
which are able to generate the waves. 

Koo (8) has conducted extensive analytical and experimental studies on the unstable 
tumbling- phenomenon, in connection with this investigation. He found that roll waves 
could be produced for L/K values ranging from 3 to 10, for rectangular roughness bars, 
with the maximum effects at L/K = 5. However, they become essentially negligible 
when L/K is equal to or greater than about 8.5. Consequently, it is recommended that 
a relative spacing of 8.5 to 10.0 be used under normal circumstances, for which case 
Eq. 8 can be used for design purposes. 

MINIMUM NUMBER OF ROUGHNESS ELEMENTS 

As described, tumbling flow is uniform flow in a cyclical sense, with the same pat
terns of depth and velocity being repeated at each roughness element. Furthermore 
each element includes a "control" section, at which critical flow occurs, and thus the 
final outlet velocity is controlled to a reasonably definite value for a given discharge. 
This velocity is independent of the number of roughness elements upstream from it. 

This condition of course requires cyclically uniform flow, so that an obvious ques
tion then relates to the minimum number of elements required to establish cyclically 
uniform flow. If this number is known, then it would seem that all additional upstream 
elements could be eliminated. The elements should of course be placed on the down
stream end of the channel, in order to control the outlet velocity. 
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To ascertain the possible merit of this approach, tests were made on the 2- by 2-in. 
bars in the laboratory flume for various slopes, discharges and relative spacings. Sim
ilar tests were made for the 2-in. triangular top element described in the next section. 
The data indicate, for every combination studied, that no more than four elements are 
actually necessary to establish uniform tumbling flow. Discharges ranged from O to 1 
cfs/ft, the slope varied from 5 to 30 percent and L/K values from 3 to 15. Only the 2-
in. element size was studied, but the wide range of other variables indicated that true 
similitude relations exist for this phenomenon and thus that the number of elements 
needed is a constant, and that the number itself is four. As a safety measure, it would 
probably be desirable to specify five elements as a minimum in actual design. 

One important precaution must be noted, however. If the chute is long and the slope 
steep and if there are only five elements right at the downstream end, very high velo
cities may be expected to impinge on the leading element. Unless the element has a 
height of K equal to or greater than that specified by Eq. 6 it will not form a hydraulic 
jump at all. Rather the rapid flow will continue right over its crest, with part or most 
of the water being deflected upward in a skipping trajectory which may well overshoot 
the second element altogether. However, much energy is dissipated in the impact and 
spraying action in the trajectory, so that when the flow returns to the channel bed and 
encounters another roughness element, a hydraulic jump will probably form, with reg
ular tumbling developed thereafter. 

Consequently, if only a small number of elements is to be used near the downstream 
end of the channel, it is necessary to use a much larger K, as determined from Eq. 6 
for the leading element than for the others. The remaining elements in the series will 
have the height K as determined from Eq. 8. 

OPTIMUM SHAPE OF ROUGHNESS ELEMENTS 

Most of the tests dealt with roughness bars of square cross section extending across 
the full width of the channel. This type of element is obviously the simplest to fabricate 
and install. It also should be the most effective in energy dissipation, since it would 
offer more resistance to the flow than any more streamlined shape. 

However, as noted previously, one disadvantage of the simple square bar is its abil
ity to pile up too much water at its leading edge, especially at the first element in the 
series, which proclivity leads to the roll-wave phenomenon. In the course of the inves
tigation, therefore, it was decided worthwhile to study the effect of other geometrical 
shapes of roughness elements on the characteristics and effectiveness of the tumbling 
regime. 

Five special shapes, ranging from a triangular to a rounded cross section, were de
signed and constructed for the study, each with a height of 2 in. These were compared 
with the 2- by 2-in. square bar. An L/K of five was used in each case, because it had 
proved to be the most susceptible to roll-wave generation, in the square bar tests. 

All of the special-shaped elements did reduce the range of discharges for which roll 
waves were produced from that associated with the square element, although none of 
them eliminated it. A triangular-top element was the most effective in this regard. 

However, these special shapes also served to reduce the range of discharges over 
which tumbling flow would occur. In general it seemed that this disadvantage more 
than offset the reduction of the roll-wave problem. The latter can better be eliminated 
by using a relative spacing L/K of 8.5 to 10. 

CUBICAL ELEMENTS 

As a supplement to the studies on two-dimensional roughness elements of various 
cross sections, tests were also made on cubical roughness elements of various sizes 
and longitudinal and transverse spacings. 

Of direct applicability to the present study is the monograph of Peterka (13), describ
ing model and prototype studies of the U.S. Bureau of Reclamation on baffled aprons. 
These are structures similar to the highway drainage chutes in the present study, ex
cept that they are in general much larger and are used as drop structures for canals 
and spillways. 
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These large chutes are generally placed on a slope between 4: 1 and 2: 1, and may 
carry discharges of up to 60 cfs/ ft. Baffle blocks are placed throughout the length of 
the chute, with the blocks in each row staggered transversely with those in adjacent 
rows. 

The blocks are constructed with a height K of 0.8 Ye or 0.9 Ye· The transverse 
spacing between blocks is equal to their width. 

The clear longitudinal spacing between rows of blocks, measured along the slope, 
is specified as 2 K when the slope is 2: 1 and the height K is 3 feet or more. This is 
increased somewhat for smaller slopes and block heights. Peterka noted that four 
rows of baffle blocks suffice to establish cyclically uniform flow. This is an interest
ing comparison with the fact that four two-dimensional roughness elements were found 
sufficient to establish uniform tumbling flow in the present studies. 

The experimental procedure followed for the cubical elements in the V. P. I. tests 
was similar to that for the two-dimensional bars. The longitudinal relative spacing, 
L/K, was varied from 5 to 10, and the transverse relative spacing t/K, from 1.25 to 
2.75. Both L and t were measured between adjacent centers of the roughness elements. 
The value of Kin every case was 2 in. The clear space between elements was thus 
(L-K) and (t-K) in the longitudinal and transverse directions, respectively. Elements 
in adjacent rows were staggered in every case. 

In the case of cubical elements, piling-up of water at the leading element was ob
served, but this effect could not be sustained downstream because of the "gap" in the 
next row. Consequently, roll waves were never present in any significant degree over 
the cubical elements. 

The following conclusions are apparently warranted by the tests on cubical elements: 

1. The transverse relative spacing of cubical elements t/K should be about 1.5 to 
2.5. This correspondstothe U.S.B.R. practice of making the center-to-center spacing 
on chute blocks about 2.0 K to 2.5 K. A wider separation significantly reduces the 
range of tumbling flow, whereas a narrower separation may lead to roll-wave problems. 

2. The range of tumbling flow increases as the longitudinal relative spacing, L/K, 
increases. The best results, as was true for two-dimensional bars, were obtained with 
an L/K of 10. Again, however, further increases in L/K are not recommended, since 
the action of each element then becomes isolated and the total energy dissipation would 
be reduced. 

3. At L/K = 10, the maximum discharge for tumbling flow was found to be about 
0.7 cfs/ft, for the element height K = 2 in., this seems to be essentially constant with 
slope. On the reasonable assumption that the Froude model law is valid in this case 

( which means that q varies as K½), an approximate relationship between q and K is 

given by 

K = 2. 64 q % = 0. 7 y C (9) 

Here K and y c are in inches, and q in cfs/ft. This may be considered the design equa
tion for cubical elements if a relative spacing L/K of 10, and a transverse spacing t/K 
of 1.5 are used. This indicates that cubical elements are not quite as effective as two
dimensional elements by comparison with Eq. 8, although the effectiveness of the latter 
does decrease as the slope increases. 

EFFECT OF CHANNEL WIDTH AND SHAPE 

Most of the studies in this investigation were conducted in a rectangular channel of 
2-ft width. Evidence from velocity and pressure distribution data indicated that, at 
least near the center of the channel, true two-dimensional flow was approximated and 
therefore that side effects would have little influence on the flow regime and energy 
dissipation phenomena. As a check on this assumption, however, it was decided to make 
a few comparative runs at other channel widths and side slopes. 

Three channel shapes were studied in this series of tests: (a) rectangular channel 
with 1-ft bottom width; (b) trapezoidal channel with 1-ft bottom width and 45-deg side 
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slopes; (c) trapezoidal channel with 2-ft bottom width and 45-deg side slopes. For each 
shape, various values of K, L/ K, and S were tested. Only two-dimensional square bars 
were used. 

For each run the limiting discharge for tumbling flow was recorded, at which the 
flow passed into the rapid regime. In these studies, no attempt was made to delineate 
the unstable tumbling regime, since their main purpose was to ascertain ,whether lateral 
dimensions had any appreciable effects on the tumbling regime. 

One addition to this particular series of tests was the extension of the channel at the 
downstream end by an 8-ft l ength, hinged at the end of the regular flume . By keeping 
the regular channel nearly horizontal, the extension could be set at slopes up to 1 ½:1 (67 
percent), whereas the maximum slope attainable in the regular channel was 30 percent. 
Since actual highway chutes may be installed at slopes up to 67 percent, it was desirable 
if possible to extend the r ange of slopes in at least some of the tests up to this limit. 

The 1-ft channel was tested with L/K values of 7 .5, 10 and 15, and with K-values of 
1, 2, and 3 in. Slopes up to 20 percent were tested in the regular flume. Three higher 
slopes, 33, 50, and 67 percent, were tested in the flume extension. 

Although the data were somewhat limited and scattered, they did support in a tenta
tive way the conclusion that, for the range of channel widths commonly encountered in 
practice, the limiting discharge for tumbling flow in rectangular channels is not affected 
significantly by channel width. 

The tests on the 45-deg side slopes, although again the data are limited, also support 
the tentative conclusion that it is only the size of roughness elements on the channel bed, 
and not the angle of inclination of the channel sides, which determines the range of tumbl
ing flow for a given channel slope. It should be noted that, in the case of the trapezoidal 
channel, the unit discharge q was calculated on the basis of the channel bottom width, not 
the water surface width. 

It would undoubtedly be true that, for side slopes approaching the horizontal, the above 
conclusion would have to be modified. In that case the channel geometry approaches 
that of a wide, shallow channel with roughness elements over its center portion. For 
such a situation, the roughness elements should be extended up the side slopes; the flow 
then again approximates the two-dimensional case and the previous design equations 
would apply. 

FIELD TESTS 

As an extension of the laboratory studies, field tests were also carried out on actual 
highway chutes. The tilting flume in the V. P. I. Hydraulics Laboratory can be inclined 
to slopes up to about 30 percent and discharges can be obtained up to approximately 2 
cfs. In order to extend the empil•ical design curves to the ranges sometimes encount
ered in the fields, installations were planned for the field with slopes from 1 ½ hor: 1 
vert to 2 hor: 1 vert and with variable discharges. 

Four field chutes were selected and elements were designed and installed in each. 
Two chutes had elements only near the downstream end, with a large leading element. 
The other two had elements throughout the entire length. Discharges in the chutes 
were measured by weir methods. 

Design discharges for a 2-yr recurrence interval were obtained from hydrological 
studies of the Virginia Department of Highways. Roughness elements were designed 
for much lower discharges, however, in hope that flows would occur of sufficient magni
tude to note the transition discharge to rapid flow. 

The elements were installed in the spring of 1965 and observations have been made 
on them intermittently since that time. Thus, they have now (1969) been in operation 
four years . 

Some difficulty has been experienced in obtaining good quantitative field data because 
of the necessary dependence on rainfall to produce flow in the chutes. Although data for 
flows of this magnitude are limited, some data have been collected for flows well into 
the rapid regime. It has been observed that the large leading element has adequately 
served its function of slowing down the flow, with control then being established on the 
smaller elements at the outlet. 
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Figure 3. Drainage chute with roughness elements 
throughout length, after four years. 

Figure 4. Drainage chute with large initial ele
ment, after four years. 

It is difficult to obtain field data just at the point of transition from tumbling to rapid 
flow. However, it has been confirmed that the laboratory data have at least resulted in 
conservative recommendations in comparison with the few pertinent field data that could 
be collected. Thus, design values predicted from Eq. 8, on the basis of the limited field 
data available, should be on the safe side. 

Although it has usually been impossible to have the chutes checked during actual 
storms during the period since July 1966, it is known that they have carried a number of 

Figure 5. Erosion at chute, after four years. 

quite large discharges, much larger than 
the design values. Two of t he four chutes 
are still (1969) in excellent condition; how
ever, two have been undermined within the 
past two years. 

The two installations still intact, both 
on Interstate 81, are shown in Figures 3 
and 4. One of the two installations which 
has been undermined is shown in Figure 5. 
This chute, also on Interstate 81, functioned 
effectively for over two years, but has now 
(1969) become seriously undermined both 
near the inlet and at the outlet. The failure 
near the inlet seems to have originated with 
splashing from the projecting culvert and 
thus is not directly related to the rough
ness elements. The erosion below the 
outlet is an enlargement of erosion that had 
already started before the elements were 
installed. The fourth installation, this one 
on a 67 percent fill slope on US 460 south 
of Blacksburg, has failed in somewhat sim
ilar fashion, after two years of satisfactory 
service. 
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It should be remembered that all four roughness element installations were inten
tionally underdesigned, and that they have all experienced flood flows considerably in 
excess of even the anticipated 2-yr runoffs. fu general, therefore, they have functioned 
better than could have been expected. 

One of the problems that had been anticipated in the use of two-dimensional elements 
in actual chutes was the possible accumulation of sediment behind the roughness bars. 
Laboratory study of the velocity and pressure distributions in these regions had seemed 
to indicate that the turbulent vorticity there would wash any sediment out and over the 
bars, and this has definitely been verified in the field installations, after four years of 
operation. The elements are essentially self-cleaning, as far as suspended sediment is 
concerned, and any floating debris is easily washed over the elements. 

SUMMARY AND DESIGN RECOMMENDATIONS 

It is clear from the results of this research program that the tumbling-flow regime 
is an effective means of dissipating energy in steep open channels. 

For flow over the two-dimensional bars of square cross section, it was found that 
tumbling flow could be established for relative spacings L/K from 3 to 15 or more. 
However, for the lower spacings, the flow would pass into the rapid regime at lower 
discharges and for the higher spacings, each element would act essentially indepen
dently of adjacent elements and the flow would become rapid at lower slopes. fu the 
first case the rapid flow would simply skim the roughness crests; in the second the 
rapid flow would become fully developed along the channel bed and a skipping trajectory 
would be generated at each roughness element without a good hydraulic jump. 

Optimum conditions were obtained for relative spacings from about 8.5 to 10. The 
roll waves associated with the unstable-tumbling regime were most severe for relative 
spacings of about 5, and were of much smaller range and intensity at L/K = 10 or 
higher. 

For relative spacings in the range 7 .5 to 12.5, the limiting discharge for tumbling 
flow seemed to be essentially constant for a given channel slope and roughness size. 
For these values of L/K, the data were found to satisfy the Froude model law, so that 
an empirical design equation could be developed. The same equation was also found to 
fit reasonably well data obtained on channels of various widths and side slopes, though 
with considerably more scatter. 

Tests were also made to determine how many elements were needed to establish 
cyclically uniform tumbling flow. It was found in every case, for all sizes, shapes, 
and spacings of elements that only four or five elements were actually required to es
tablish uniform flow. This suggests of course that only five rows of elements would 
be needed at the bottom of a chute rather than throughout its length. 

fu such a situation, however, one large element, with others at the standard size and 
spacing, must be used, designed to insure the formation of a true hydraulic jump at the 
first row, dissipating enough energy that tumbling flow would be established at subse
quent elements. 

Tests were made on elements of five different cross sections, other than the square 
cross section. Some of these were effective in reducing the range of the unstable
tumbling regime. However, this advantage was more than offset by a corresponding 
reduction in maximum tumbling flow discharge. Consequently, there seemed to be no 
advantage that could be gained by using any cross-sectional form other than square for 
the two-dimensional bars. 

Cubical elements, on the other hand, did give results which could be of practical in
terest. Roll waves do not appear to be a problem with cubical elements, regardless of 
the longitudinal spacing, unless the transverse spacing becomes so small that the row 
of cubical elements begins to approximate a straight, two-dimensional element. The 
best results on the cubical elements were obtained with a transverse spacing t/K of 1.5 
and a longitudinal spacing L/K of 10. 

The field tests, although quite limited as far as quantitative confirmations are con
cerned, did give good qualitative support to the laboratory studies. The roughness ele
ments functioned very effectively even at much higher discharges than those for which 
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they were designed. Thus, even at discharges so high that the tumbling -flow becomes 
rapid flow, the elements apparently function quite well as simple boundary roughnesses, 
so that the flow velocity is much less than in an unroughened channel. 

Furthermore field tests verified that there would be no appreciable problem of sed
imentation behind the roughness elements. Even on channels with large leading ele
ments, there was no significant amount of side spray, or at least not enough to cause 
any visible effects outside the channel. 

For installations where large roughness elements are to be used for energy dissipa
tion in steep channels, the following design recommendations appear to be warranted 
by data obtained to date: 

1. Selection of Form of Element-Either two-dimensional square bars or rows of 
cubes should be used. Cubical elements in adjacent rows should be staggered trans
versely. 

2. Relative Spacing-A relative spacing, L/K, from 7 .5 to 12.5 should be used. The 
optimum value seems to be about 10. In the case of cubical elements, a transverse 
spacing, t / K, of 1.5 to 2.5 should be used, preferably the former. 

3. Height of Element -The element si.~e K may be computed from the following 
equations: 

(a) Two-dimensional elements: 

K 
[ 

1 ]% 
(3 - 0.037 S) Ye 

(b) Cubical elements: 

K = 0.7 Ye 

in which Ye is t he critical depth, (q2/g) \ with S the bed slope, in percent; q the unit 
discharge, in cfs/ft; and g the acceleration of gravity. (K and y c are both in feet.) 

(8) 

(9) 

4. Number of Rows of Elements-It is undoubtedly on the side of safety and smooth
ness of operation to have elements placed throughout the entire length of the channel. 
On the other hand, if economy dictates, it is feasible to get by with only five rows of 
elements at the lower end of the channel, plus one large leading element. This is true 
for both cubical and two-dimensional elements. 

5. Size of Leading Element-If roughness elements are only used at the downstream 
end of the channel , as above, theu one large leading element, of square cross section 
and extending the full width of the channel regardless of whether cubic elements or two
dimensional elements are used in subsequent rows, should be installed. Its height K1 

is calculated by 

(1 - .201 s)' G:) -(1 - o.01 S)'] Ye (6) 

in which y O is the flow depth in the channel just upstream from the hydraulic jump at 
the leading element, as determined from flow profile calculations along the dropdown 
curve from the channel entrance. Obviously K1 becomes quite large as the slope in
creases and this may well indicate that elements should be used throughout the entire 
channel length in such cases. 

6. Elements in Trapezoidal Channels-If the chute is trapezoidal in cross section, 
rather than rectangular, t hen t he unit discharge, q, should be calculated as Q/B, where 
B is the bottom width of the channel. Then the above formulas can be used in this case 
as well. Two-dimensional elements should be beveled on their ends to fit snugly against 
the sloping side walls. 
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FURTHER STUDIES RECOMMENDED 

Most of the tests described in this report were exploratory in nature since the phe
nomenon of tumbling flow had received only minimal recognition heretofore. Now that 
the parameters have been fairly well defined and preliminary equations obtained, it is 
very desirable to run specific tests for confirming and modifying all the criteria devel
oped in this report. Because of the wide coverage, as well as limitations of time and 
funds, many of the experimental data are limited and scattered and stronger statistical 
support is needed for most of the methods and equations recommended. 

In addition to such confirmation tests, certain particular applications have not yet 
been explored at all. The most obvious of these is the possible use of tumbling flow 
for energy dissipation in steep culverts. It seems very likely that this method will 
prove at least as effective in culverts as in open chutes, but the different channel shape 
would necessitate significant changes in the empirical equations. 

The quantitative relationship of the energy dissipation in rapid flow to the geometry 
of the roughness elements also needs to be determined. The emphasis in this study has 
been on tumbling flow, but rapid flow presumably would occur whenever the design dis
charge is exceeded by the actual discharge. The equivalent friction factor in rapid flow, 
for roughness elements designed for tumbling flow, is then important. 
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