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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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Figure 1. Typical flow regime diagram. 
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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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