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FOREWORD 
By Staff 

Highway Research Board 

The tentative procedures for the design of riprap-lined roadside drainage channels 
detailed in this report will be of particular interest to hydraulic engineers. I t con­
tains a thorough analysis of previous research and other information on tractive 
forces and sediment transport in channels that was considered pertinent to the 
problem of erosion control in roadside ditches. The tentative design criteria 
developed from this analysis were verified by limited experimental testing in the 
hydraulics laboratory. A field testing program is under way and will be covered 
by a subsequent report. I n view of the fact that this report contains design charts 
for determining the suitability of locally available aggregates for erosion protection 
of drainage channels handling less than 1,000 cfs, it should be of considerable 
value to practicing engineers of highway departments, consulting engineering firms, 
and other agencies that are confronted with drainage design problems. 

Water moving over a soil surface causes erosion that often results in two un­
desirable consequences—damage to the soil surface, and silting or the depositing 
of the eroded soil in another waterway, such as a stream or a lake. Natural water­
way channels are generally stabilized due to the action of erosion over long periods 
of time, and much of the earth's land area is protected from erosion by vegetative 
cover. When highway construction interferes with the natural flow of water, drain­
age channels must be designed and built to redirect the water to a natural waterway. 
Highway drainage channels should be made erosion resistant, usually by the instal­
lation of a protective lining, to prevent damage to the channel and silting of 
some other waterway or body of water. 

The most extensively used protective linings for roadside ditches currently 
are turf cover, either by sodding or other methods of establishment, and various 
types of pavement. These linings are quite effective for a wide variety of con­
ditions but have certain limitations, such as (1 ) turf cover is very difficult to 
establish in arid areas and over sandy soil, (2 ) turf cover is only effective at 
relatively low flow velocities, (3 ) paved ditch linings are usually difficult to 
construct and rather costly, and ( 4 ) paved ditch linings at times require extensive 
maintenance due to undercutting. As a result, there is a need for a type of econom­
ical protective lining for roadside channels suitable for conditions intermediate 
between those for which turf cover performs satisfactorily and those for which 
paved channels or pipe flumes are more economical The objective of this study was 
the development of criteria and design procedures for the use of aggregate or 
riprap linings for this intermediate category. 



The University of Minnesota researchers approached the problem by first 
analyzing the theory of open channel flow and pertinent experimental data reported 
in the literature on forces actmg on noncohesive particles in a flowing stream. 
On the basis of the analysis and mterpretation of available data, equations were 
developed for determining the characteristics of a noncohesive assemblage of 
discrete particles that should not be moved by the forces generated by specified 
flow in a channel of a designated shape and longitudinal slope. Experimental 
verification of the tentative design method was undertaken on model segments of 
channels in a flume of the University of Minnesota St. Anthony Falls Hydraulic 
Laboratory. Experimental studies on linings, designed in accordance with the 
proposed procedures, failed at discharges of approximately twice the design dis­
charges for uniform riprap material and at l.S times the design discharges for 
graded riprap material. The graded material was found to be more effective than 
uniform material in the prevention of leaching. A layer whose thickness is 
equivalent to three mean diameters appears adequate to prevent leaching of sand 
through the lining. 

In addition to the development and experimental verification of the tentative 
design procedures, charts were prepared to provide a simplified means for establish­
ing channel size and selecting suitable riprap material for a given channel flow and 
slope. Design charts are included in this report for regular trapezoidal channels 
with a maximum discharge of 1,000 cfs and wide triangular channels with a 
maximum discharge of 100 cfs—both with maximum slopes of 0.10 f t / f t . Design 
considerations for nonsymmetrical channels and channel bends are also included. 

A field evaluation phase of the study is under way to provide further verifi­
cation and possible modification of the tentative design procedures. A number of 
roadside channels are expected to be designed and built by state highway depart­
ments. Experience with regard to the economics, maintenance, and performance of 
these channels wil l be compiled and submitted in a subsequent report. 
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TENTATIVE DESIGN PROCEDURE FOR 
RIPRAP-LINED CHANNELS 

SUMMARY I I I some areas and in certain circumstances it is necessary, to prevent erosion of 
highway drainage channels, to provide a protective erosion-resistant lining. One 
such type, the protective qualities of which lie between those of a grassed drainage 
channel and a concrete-lined drainage channel, is the so-called riprap lining. I t 
consists of a layer of discrete fragments of rock of sufficient size to resist the erosive 
forces of the flow. The design of such riprap-lined drainage channels involves the 
interrelationship between the discharge, the longitudinal slope, the size and shape 
of the channel, and the size distribution of the riprap lining This report describes 
these interrelationships and develops design criteria by which a riprap-lined drain­
age channel can be proportioned and the riprap lining can be specified for a given 
discharge and longitudinal slope. The relationships so developed have been reduced 
to design charts, the use of which permits rapid and simple establishment of channel 
shape and size as well as of the properties of the riprap lining. 

Highway drainage channels are divided into two groups. In the first group are 
those that serve as median or side ditches for the drainage of the roadways. These 
are relatively small and often approach a triangular cross section because of the 
relatively flat side slopes and generally small bottom width. In the second group are 
large drainage channels that convey a larger discharge and are usually trapezoidal 
in cross section. A set of design charts for each type has been prepared. 

Limited experimental data are presented which serve to verify the design pro­
cedure, to test the efficacy of channels designed according to this procedure, and to 
examine somewhat more closely the phenomenon of leaching of base material 
through the riprap interstices. These experiments, although preliminary in charac­
ter, indicate that the design procedures are suitable and incorporate sufficiently 
large factors of safety to provide stable channels. 

CHAPTER ONE 

INTRODUCTION-REVIEW OF THEORY AND LITERATURE 

NATURE OF CHANNEL EROSION ral materials must be designed to convey the prescribed 
discharges without serious erosion of the boundaries It is 

The purpose of highway drainage channels is to transport the purpose of this report to discuss the characteristics of 
excess water from the highway surface and surrounding flow in open channels and the means by which erosion-
area to places of disposal, such as natural streams or other resistant channels may be designed. The suggested design 
declivities. Such channels constructed through local natu- procedure as outlined is based on information and prac-



tices that have been reported in the literature and on limited 
experimentation in areas where the literature appeared to 
be deficient m some respect. Stable channels represent a 
special case of the sediment transport problem and much of 
the data come from this discipline A number of papers 
( / , 2) on this and related aspects have been helpful in 
organizing the data and developing the procedure 

Erosion results when the dynamic forces generated by 
the velocity of the fluid acting on the boundary are greater 
than the resistive forces of the boundary material. The 
materials through which a channel may be constructed or 
which may exist on the boundary may, from the point of 
view of erosivity, be loosely classified as noncohesive sedi­
ments or cohesive sediments As the term implies, non­
cohesive sediments are those consisting of discrete particles, 
of whatever size, the movement of which for given erosive 
forces depends only on the particle properties (such as 
shape, size, density) and on the relative position of the 
particle with respect to surrounding particles. Sands and 
gravels of stream beds that have been previously trans­
ported, deposits laid down by wind or water, and even 
crushed rock in the form of riprap may be included in this 
class 

Cohesive sediments, on the other hand, are those for 
which the resistance to initial movement or erosion depends 
on the strength of the cohesive bond that may exist between 
the particles, as well as on the properties of individual parti­
cles The resisting force due to the cohesive bond may far 
outweigh the influence of the physical properties of the 
individual particles, so that erosion of cohesive soils can 
often be considered a function only of the soil properties 
that give rise to cohesion Cohesive sediments include re­
sidual soils containing cohesive materials such as clay In 
the broad sense, cohesive materials may also include soils 
protected by a vegetative cover, either natural or cultivated, 
as well as artificial substances used to define channel 
boundaries, such as concrete or bituminous materials, 
whose resistance depends on the internal strength of the 
substance itself In general, cohesive sediments are con­
siderably more resistant to erosion than are corresponding 
noncohesive sediments. In fact, many practices designed 
to lessen the rate of erosion in canals or channels have the 
purpose of increasing the erosion-resisting forces where 
necessary by the promotion of vegetable growth, such as 
grass lining or other artificial cover (5) 

From this point of view, then, erosion-resistant channels 
also can be divided into two groups: (1 ) those in which 
the boundary consists of an assemblage of discrete parti­
cles, the resistance of which depends on the particle prop­
erties such as weight and size and position, and (2) those 
channels in which the boundaries are resistant to erosion 
by virtue of the cohesive forces of whatever nature in­
herent in the boundary material. In the first category are 
those channel boundaries protected by a layer of coarser 
particles, commonly called riprap, which are large enough 
of themselves to withstand the dynamic forces In the 
second category are those channels in which the boundaries 
are protected by the addition of cohesive elements such as 
the natural soil, grass, or other vegetative linings, mem­
branes or fabrics; bituminous materials; and finally, prob­

ably the most resistant to erosion, concrete lining. AH 
these different types are found in practice, each designed 
to serve a particular purpose. 

This report is limited to a discussion of erosion-resistant 
channels whose boundaries are protected by a noncohesive 
assemblage of discrete particles, of such a size that they 
will not be moved by the forces generated in the flow. 

SYMBOLS USED 

The symbols used in the equations in this report are defined 
after the equations and, for the reader's convenience, are 
also defined in the following: 

A = 

B = 
Bs = 

Q ' = 

D = 
d = 

8 = 
/ / = 

Ho = 
hL = 

L = 
n = 
P = 
P -
e = 
<i — 

Ro = 
s = 

AS = 

Sc = 
S,o = 

v = 

W -

y -

yc = 

y,,, = 
yo^ 

iyy = 
z = 

z = 
a, = 
ao = 
tt3 = 
fi = 
y — 

78 = 

cross-sectional area, ft^; 
bottom width, f t , 
surface width, f t , 
drag or l i f t coefficient, 
skin friction coefficient; 
drag force on particle, lb, 
particle size, mm, f t , 
particle size, of which SO percent is finer by 
weight, mm, f t , 
hydrostatic force, lb, 
gravitational acceleration, ft/sec^; 
total head, f t , 
specific head, f t ; 
fnctional losses, f t ; 
l ift force on particle, lb. 
Manning's coefficient of roughness, 
wetted perimeter, f t , 
pressure, psf, 
discharge, ftVsec; 
transport rate of base material, lb / f t sec; 
hydraulic radius, f t , 
mean radius of bend, f t ; 
slope, f t / f t , 
length along channel, f t ; 
bed slope, f t / f t , 
energy slope, f t / f t , 
water surface slope, f t / f t ; 
velocity, fps, 
critical velocity, fps; 
weight, lb, 
depth, f t , 
critical depth, f t , 
vertical distance from bed to elevation of ve­
locity vector, 
mean depth, f t , 
normal depth, f t ; 
superelevation in bends, f t ; 
distance from datum to bed, f t ; 
effective side slope, 
side slope z horizontal. 1 vertical (Z: 1), 
area shape factor for riprap, 
proportionality factor, 
volumetric shape factor for riprap, 
bed slope angle, degrees; 
unit weight of water, pcf; 
unit weight of riprap, pcf. 



4,: 

P-
<T • 

'•ft-

coefficient; 
angle of repose, degrees; 
angle of side slope, degrees; 
density of water; 
standard deviation; 
shear stress, psf; 
dimensionless shear stress, 
average shear stress, psf; 
critical shear stress, psf, 
shear stress on bottom, psf; and 

: shear stress on side slope, psf. 

CHARACTERISTICS OF OPEN-CHANNEL FLOW 

As an introduction to the design of riprap-protected chan­
nels, the erosion-producing forces generated by flow m 
open channels are briefly described. Such a description 
may properly begin with the Bernoulli equation, which, in 
turn, may be derived from the equations of motion (4). 
This relationship applied to a particular section of a par­
ticular stream tube can be written as 

2g 7 
(1 ) 

in which V is taken as the mean velocity in the stream tube 
assumed to be infinitesimal in cross section, g is the ac­
celeration due to gravity, p is the pressure, y is the specific 
weight of the water, and z is the elevation of the stream line 
above some arbitrary datum. The sum of these terms is 
equal to H, commonly called the total head or total energy 
in foot-pounds per pound of fluid of the flow at the section 
in question. The equations of motion also can be written 
for the stream tube and integrated with respect to the 
distance along the stream tube, with the following results-

2g y 28 y yR 
(2) 

in which, in addition to the terms previously defined, T IS 
the unit shear on the boundary of the stream tube of which 
R is the hydraulic radius, and AS is the distance between 
the points 1 and 2 along the stream tube. Here, the last 
term on the right-hand side represents the head loss or 

energy loss due to frictional shear on the boundary of the 
stream tube. 

If the stream lines are straight, the pressure will be 
hydrostatically distributed so that ply = yg, in which is 
the vertical distance from the free water surface to the 
stream tube under consideration. Then ply -h z = 4- z,, 
in which y, - f z, is the distance to the free water surface 
from the arbitrary datum This applies to all stream lines 
passing through the channel cross section. As the location 
of the stream line changes, y„ and z, correspondingly 
change, so that y, -|- z, is always a constant. I f is taken 
equal to the depth and z, is the elevation of the stream bed, 
Eq. 2 can be written in the form 

2g 
+ y, + zi 2g 

(3) 

in which and are the mean velocities in sections 1 
and 2, respectively, and a, and are the energy coefficients 
to account for the velocity profile. With sufficient accuracy 
they can be taken as unity. The geometrical relationships 
of these dynamic properties are shown in Figure 1. 

It IS apparent from Figure 1 that 

yR 
AS = S^AS (4) 

so that the unit shear generated on the bed of the open 
channel by the flow can be expressed as 

ro = 7RSe (5) 

in which To is the mean shear around the wetted perimeter, 
acting parallel to the bed in the direction of flow, y is the 
specific weight of the water, R is the hydraulic radius de­
fined as A/P (in which A is the cross-sectional area and P 
is the wetted perimeter), and is the slope of the energy 
gradeline. The distribution of t„ around the wetted perime­
ter is discussed in a later section. Eq S, however, indicates 
the origin and the magnitude of the shear which acts on the 
boundary material giving rise to the erosive forces. 

Now, if Eq. 1 IS applied to an open channel flow for 
which the pressure is hydrostatically distributed and for 

Datum Plane 

AS 

Figure 1 Energy relationships between two sections in open channel flow 



which the arbitrary datum is fixed at the channel bed, one 
has, as before, ply equal to y,, the distance from the water 
surface to the point in question, and z„ its elevation with 
respect to the bottom of the channel. The equation can 
then be written in simple, but significant, form as 

(6) 

in which y, + z, = y is a constant equal to the depth, com­
monly known as the specific energy equation. This equa­
tion simply states that the energy of the flow with respect 
to the bed at a particular cross section is equal to the sum 
of the velocity head and the flow depth. It appears from 
this that for a given discharge, the flow may occur in dif­
ferent sections at any one of an infinite combination of 
velocities and depths. Using the discharge as a parameter, 
Eq 6 can also be plotted as in Figure 2 in the form of the 
familiar specific energy diagram showing specific head, 
as a function of y Of significance is the fact that a mini­
mum specific energy exists The depth corresponding to 
this minimum specific energy is called the critical depth and 
plays a very important role m open-channel hydraulics. 

Critical flow can be evaluated from Eq. 6 by differentia­
tion as that condition for which 

AyB, = Qyg (7) 

m which A is the cross-sectional area and B„ is the surface 
width at critical flow. Inasmuch as both A and B, are 
known functions of the depth, the value of y which satis­
fies Eq. 7, in which both Q and g are known, is the critical 
depth. Tables (5) have been prepared for the solution of 
Eq. 7 which greatly facilitate the computation of the criti­
cal depth in channels of various geometrical shapes. For 
depths less than the critical depth, the flow is described as 

Q = 500 cfs 
S= 0.008 
d = 130 mm 
B= 17.5 ft 

2.9 ft 
2.62 ft 

Depth - ft 

being supercritical and is characterized by high velocities 
and small depths, as can be seen from Figure 2. For depths 
greater than the critical depth the flow is described as sub-
critical and is characterized by large depths and small 
velocities An examination of Eq 7 shows that for critical 
conditions 

8 8 
(8) 

in which y,„ is the mean depth for critical flow, and is 
the critical velocity, or (V^^/gy,„) = 1. The expression 
^^/gym' called the Froude number, is a dimensionless pa­
rameter that characterizes the flow and is of great signifi­
cance in all phases of open-channel flow. When the Froude 
number is equal to unity the flow is in the critical state at 
a minimum specific energy; when the Froude number is less 
than unity the flow is subcritical; and when the Froude 
number is greater than unity the flow is supercritical. 

The preceding equations describing the local boundary 
shear and the specific energy deal with the flow at a par­
ticular section and relate the frictional forces to the local 
hydraulic conditions Eq. 1 can also be used to study the 
interrelationships between the variations downstream in the 
longitudinal direction Differentiation of Eq 1 with respect 
to the longitudinal direction and simplification leads to the 
following equation for the water surface profile. 

dx ^-{V'/gy,,,) 
(9) 

Figure 2. Variation of specific head in terms of flow depth for 
trapezoidal channels at a given discharge 

in which dyldx is the rate of change of depth with respect 
to distance, 5j and are the slopes of the bed and energy 
gradeline, respectively, and V^lgy,,, is the Froude number 
of the flow. Both the slope of the energy gradeline and the 
Froude number can change as the flow proceeds down­
stream, so that the depth will also change. Examination of 
Eq. 9 shows that two significant limits exist Whenever 

— S^, that is, when the energy gradeline is parallel to the 
bed, dyldx = 0. This means that the depth is then con­
stant, the flow IS uniform, and the rate of energy loss is 
equal to the change in bed elevation The depth for which 
the slopes are equal and the depth remains constant is 
called the normal depth, y„ The normal depth may, of 
course, be greater or less than the critical depth. When the 
normal depth, y„, is less than critical depth, the slope of the 
bed must be greater than the critical slope so that normal 
flow IS supercritical This is called a steep or supercritical 
slope When the normal depth is greater than the critical, 
the slope of the bed is less than the critical slope, the nor­
mal flow IS subcritical, and the bed slope is called a mild 
or subcritical slope. For a given discharge in a particular 
channel of given shape and roughness, there will then be 
only one depth at which uniform flow at constant depth will 
occur. The second limit occurs when the Froude number 
in the denominator approaches unity so that dyldx — 00. 
This means that theoretically the water surface profile 
crosses the critical depth vertically. In reality the water 
surface intersects the critical depth line at an angle con­
siderably less than 90°. 

The water surface profiles that may exist in channels in 
which the normal depth for uniform flow is greater or less 



than the critical depth are shown in Figure 3. It will be 
observed that for both the mild and steep slopes the actual 
depths leave or approach the normal depth asymptotically. 
The diagrams also show that in the absence of major chan­
nel controls the depth will tend to approach uniform flow 
Although, because of minor variations in channel shape, 
cross-sectional size, and roughness properties, the flow can 
never be exactly uniform, uniformity and normal depth are 
the conditions to which all flows in open channels tend. In 
the case of artificial channels of appreciable length, particu­
larly in channels of large roughness protuberances, it can 
be assumed with negligible error that the flow does occur at 
normal depth. Therefore, channel design in general needs 
to be concerned only with uniform flow at normal depth. 

UNIFORM FLOW 

It can be seen from Eq 9 that when the slope of the energy 
gradeline is equal to the slope of the bed, the depth of flow 
will be constant along the channel and so, consequently, 
will be the velocity This depth, called the normal depth, 
IS such that the rate of energy loss is exactly equal to the 
rate of change of bed elevation. It might be expected then 
that the normal depth would depend on the discharge, 
slope, channel geometry, and roughness. For uniform flow 
the total boundary shear is the only force acting on the 

body of fluid to counteract the weight of the fluid inasmuch 
as the pressure forces are equal and opposite and all ac­
celerations are zero. This situation is shown in Figure 4 
from which 

(10a) T„ P AS = yA AS sm e 

Because for small angles sin 5 = tan = S^, 

To = vRS, (lOb) 

in which Tg IS the mean boundary shear acting over the 
wetted perimeter, R is the hydraulic radius, and is the 
slope of the channel bed. The expression for mean bound­
ary shear given in Eq. 10b is seen to be the same as that 
developed in Eq. 5 when uniform flow exists and the slope 
of the energy gradeline is equal to that of the bed. Inas­
much as the boundary shear is due to the drag of the fluid 
over the boundary surface, it can be expected that the 
boundary shear also depends on some characteristic ve­
locity in the channel as well as the channel properties given 
in Eq. 10b The relationship of shear to velocity is by 
dimensional reasoning 

ro^CfpV^ (11) 

in which p IS the fluid density, V is the mean velocity in the 
channel, and Cf is a friction coefficient that depends, by 
analogy to flow over flat plates, on the channel roughness 

Horizontal Asymptote 

Mild Slope 

Horizontal Asymptote 

Steep Slope 

Figure 3 Water surface profile on mild slopes and sleep slopes 
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Figure 4 Forces acting on fluid mass flowing at normal depth 

and a characteristic Reynolds number. Using Eqs 10 and 
11, the mean channel velocity for uniform flow can be 
written in terms of the channel geometry as 

V = C ^gRSt, (12) 

Eq. 12 then defines the normal depth and specifies the rela­
tionship between mean velocity and channel characteristics 
for a given discharge. The coefficient C becomes a measure 
of channel resistance in that the larger the C the greater the 
mean velocity for a given depth. The smaller the coefficient 
the greater would be the depth of flow for a given dis-

1.49 R"° 
charge. I f C has the form r = — the familiar Manning 

formula results. In this expression « is the so-called Man­
ning roughness coefficient which must have the dimensions 
of (L)"° Introducing this coefficient the Manning formula 
as commonly used is 

1.49 
R'" Si'" (13) 

With the proper choice of n, Eq. 13 relates the mean ve­
locity for normal flow to the channel roughness, hydraulic 
radius, and bed slope 

Innumerable observations in natural streams as well as 
large artificial channels and laboratory flumes have been 
made to relate the roughness coefficient n to the channel 
properties (.6-14). In natural streams the Manning co­
efficient would depend on, in addition to boundary rough­
ness, such properties as channel alignment, resistant out­
crops, bank vegetation, and overbank conditions, as well as 
variations in channel size. In artificial channels, however, 
only channel roughness as related to channel size would be 
significant and n should be a relatively simple function of 
the actual size of channel roughness elements. Experiment 
has borne out the expectation in that for straight, prismatic 
channels of uniform boundary texture flowing less than 
bank full , the n in the Manning equation can be expressed 
as 

in which d is a characteristic size of the boundary particles 
and K IS a. coefficient. The results of measurement in a 
variety of channels over a wide range in relative size are 
shown in Figure 5, in which the Manning form of the 
roughness coefficient in Eq. 12 is plotted in terms of the 
relative roughness, y/d^g. In this plot it was assumed that 
the hydraulic radius could be approximated by the depth 
and the effective gram size could be represented by the 
median or 50-percent size. Although there is some scatter 
among the data of the various investigators, the trend re­
lating n to the grain diameter over a large range of relative 
size IS very good. As was expected, a trend line drawn 
through the data could be fitted so that 

n = 0.0395 (15) 

n - Kd"' (14) 

The data of Figure 5 and other data are plotted in 
Figure 6 in terms of n directly as a function of the effec­
tive gram size d^^ with Eq. 15 fitted to the points. In this 
plot the roughness coefficient for channels ranging from 
laboratory flumes to large rivers is included The grain 
size ranged from less than 0.001 f t to nearly 1.0 f t . With 
the aid of Eq. 15, knowing the effective size of the riprap 
or boundary material (t/jg, f t ) covering the bed and side 
slopes in a given artificial channel, one can determine the 
mean velocity and hydraulic radius for any prescnbed 
discharge. 

FORCES ACTING ON BED PARTICLES IN A 
FLOWING STREAM 

If one considers an assemblage of discrete particles im­
mersed in a moving fluid such that they form the lower 
boundary or bed, certain forces are generated by the fluid 
on the particles. In Figure 7 some of these forces are 
shown schematically as they might be applied to a particu­
lar particle. A characteristic velocity profile in the neigh­
borhood of the bed is also shown The velocity profile 
represents the temporal mean velocity at each point and 
shows the characteristic decrease in velocity as the bound­
ary IS approached. Because of the irregularity of the 
boundary, elevations are measured from an arbitrary da-
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tum. Superimposed on this temporal mean velocity field 
are the turbulent velocity fluctuations which may or may 
not cause instantaneous local modifications of velocity field 
about the particle. As the flow passes the particle, the 
stream lines are deflected upward and around the particle, 
thus forming a downstream wake. The size of the wake 
depends on the point of separation of the local boundary 
layer developed on the particle, which in turn depends on 
the shape of the particle and the local Reynolds number. 

As a result of the mean velocity field, forces are gen­
erated on the particle which may be decomposed into a 
drag force in the direction of the mean velocity and the l i f t 
force perpendicular to the mean velocity. The drag force 
is composed of a skin friction drag and a form drag, and 
its location with respect to the center of gravity of the 
particle depends on the relative magnitude of the two 
effects, which again depends on the local Reynolds num­
ber and the shape and relative position of the particle. I f 
the form drag predominates, the resultant drag force will 
pass through a point approaching the center of gravity of 
the exposed portion of the particle The effect of the skin 

friction component is to raise the point of application 
toward the top of the grain. 

The lif t force is the resultant of the pressure differences 
between the upper and lower sides of the particle. On the 
upper side the pressure is reduced below the static pres­
sure by virtue of the curvature of the stream lines and 
increased velocity around the particle. On the lower side 
of the particle, because the flow through the interstices of 
the bed is small, the pressure approaches the static pressure 
of the flow. The lif t force is normally directed upward, but 
with the turbulent velocity fluctuations superunposed on 
the mean velocity field, the l i f t and the drag are actually 
fluctuating quantities both in magnitude and in location of 
the point of application. In fact, it is conceivable that at 
certain instances one or both might be reversed in direction. 

The force resisting motion of noncohesive particles is the 
submerged weight of the particle plus any downward force 
component caused by contact with other particles in the 
bed. The submerged weight depends on the size, shape, 
and density of the particle. In an aggregation of natural 
particles the shape, and particularly the size, can vary over 
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a wide range. In addition, the degree of exposure to the 
fluid forces depends on the relative position of the particle 
in the bed and can vary f r o m that of being completely 
exposed on the surface to that of being completely sub­
merged in the bed. Consequently, considering the flow 
characteristics also, the force system that determines the 
motion of the particles is a complex function of time, space, 
and the properties of the particles that make up the 
aggregation. 

Referring again to Figure 7, the movement of the indi­
cated particle wi l l depend on the instantaneous relative 
magnitudes of the forces acting and may occur m one of 
several ways I f the moment of the resultant of the l i f t and 
drag about the point of contact is greater than the moment 
of the submerged weight about the same point, the particle 
wi l l be rolled f r o m its initial position to some point down­
stream where the combination of forces, including its own 
momentum, is such that it is once more stable. I f the l i f t 
force at any instant becomes larger than the submerged 
weight, the particle w i l l be l i f ted bodily f r o m the bed and 
earned upward. The drag force acting on the particle wi l l 
also tend to move it downstream so that its motion w i l l be 
in the nature of a hop. Because of the possible variations 
of the forces generated by the fluid flowing about the typi­
cal particle, the instant of movement is rather indetermi­
nate Considering the bed as a whole, particles w i l l move 
whenever and wherever the dynamic forces are greater than 
the resisting forces. General movement might be defined as 
that state where particles at all points of the bed are mov­
ing wi th equal frequency and at which time the effective 
l i f t and drag may be represented by some mean value 

Because the mean drag force or mean l i f t force can be 
defined by 

D = C^a^pd^ (16) 

in which C, IS a drag or a l i f t coefficient, represents a 
shape factor describing the exposed cross-sectional area of 
the particle such that A — a^(P, d is the particle size, and 
V is the characteristic velocity of the flow. Because the 
local bed shear, T „ , IS also a function of the mean velocity 
(Eq. 11), Eq. 16 shows that the drag is proportional to the 
local bed shear and the size of the particles making up the 
bed over which the shear is acting From Eqs. 11 and 16 
the drag can be described approximately by 

D^id^r, (17«) 

in which f incorporates the drag coefficient, shape factor, 
and fluid properties, d is the size of the exposed particle, 
and To is the local bed shear per unit area. The stability of 
the material used to line a drainage channel then depends 
on the interaction of the local bed shear, T„, and the size 
and position of the riprap material. 

CRITICAL BOUNDARY SHEAR 

The critical boundary shear, T ^ , is defined as that value of 
the bed shear at which there is a general movement of the 
particles that make up the bed. As indicated previously, 
this value is rather indefinite because of the variation in 
both dynamic forces and properties and position of the 

individual particles. However, the range of mean shear 
required to initiate movement is sufficiently narrow in gen­
eral to justify the use of the critical boundary shear con­
cept. The value of the mean shear fo r the beginning of 
such movement may be estimated by visual observation of 
the condition of general movement or by extrapolating the 
curve showing transport rate as a function of bed shear to 
the condition of zero transport and evaluating the shear for 
this condition. Shields {15) developed a functional rela­
tionship by comparing the drag force as described in 
Eq. 17a to the effective weight of the submerged particle 
at incipient motion. Here C in Eq. 17a is a function of 
particle shape and local Reynolds number, or 

(lib) 

and IV is the submerged weight of the same particle so that 

yV^a,(,y,-y)d^ (18) 

in which is a volumetric shape factor, y , is the specific 
weight of the bed particle, and y is the specific weight of 
water. A t incipient motion the drag can be taken as pro­
portional to the submerged weight. Therefore, 

a„a,{y,-y)d^ (19a) 

in which is the proportionality factor, or 

- -fi (196) 

I n general, especially for larger rock particles, a „ a^, and a j 
can be taken as constants, and also fo r the larger particles 
of immediate concern the drag becomes independent of the 
local Reynolds number, so that 

iys-y)d 
- constant (20) 

I t IS significant that for rock having a given specific weight 
the critical shear is directly proportional to the effective 
rock size. Figure 8 shows data {14-21) on the critical 
boundary shear in terms of the grain size, d^„. The plot 
clearly shows that for particles greater than about 0.001 f t 
the critical shear, T^, is proportional to the particle size. 
The range of data includes rock up to about 0.5 f t , so that 
extrapolation to larger sizes appears justified. 

The critical boundary shear fo r various stone sizes as 
shown in Figure 8 represents the condition of motion (that 
is, the existing shear when particles are actually m mot ion) , 
and can be represented by 

T c = 5 d , o (21) 

I n the design of stable channels, however, the rock size 
should be such that the rocks do not move fo r the given 
boundary shear. I n effect, this means that the line shown 
m Figure 8 should be moved downward to some lower 
value to represent stone sizes that are stable fo r the given 
shear. Such a line has been drawn to encompass practically 
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Figure 8 Critical boundary shear at incipient movement of riprap m terms of effective size 

all the plotted data and should represent the upper l imi t of 
stable bed riprap. For comparison with Eq. 21 this relation­
ship can be written as 

(22) 

The studies of Lane and Carlson (5) on the San Luis 
Valley channels represented the critical boundary shear in 
terms of t/js as being more characteristic of the riprap 
mixture. I t may be argued, however, that fo r channels in 
which sediment is moved the composition of the bed be­
comes coarser. I n the case that the channel bed is stable, 
so that there is no movement, the bed composition remains 
constant and the initial d,^ approaches d^,, after a period of 
operation. A t any rate, using d^^ tends toward the con­
servative side. 

I t has been common practice to establish the velocity at 
which erosion of canal bed material begins. The so-called 
permissible velocities are generally based on observation. 
By means of the Manning equation and Eqs. 10 and IS, 
these permissible velocities can be reduced to permissible 
shear stresses. Some of these formulations (75, 16, 17, 
21-25) are plotted in Figure 9 for comparison wi th the 

curve fo r the critical shear given in Eq. 22. I t appears that 
the value based on the critical shear stress represents an 
approximate mean of those previously suggested. 

DISTRIBUTION OF BOUNDARY SHEAR 

I n the development of Eq. 10 it was assumed that the shear 
equal to the mean shear was uniformly distributed around 
the wetted perimeter Because of the shape of the channel 
and the velocity distribution, i t is unlikely that the shear 
would be uniformly distributed but would depend on the 
channel shape. I n an attempt to develop the perimetric 
shear distribution, Olsen and Florey (26) applied mem­
brane analogy methods to channel cross sections of various 
bottom widths and side slopes, including triangular chan­
nels. The results showed that the shear is not uniformly 
distributed but tends toward zero at the comers and a maxi­
mum on the center line of the bed, with lesser maxima at 
about the lower third point on the side slopes. Additional 
studies using fimte difference methods adapted to digital 
computers by Replogle and Chow (27) have provided addi­
tional results fo r trapezoidal channels. This distribution 
compares well wi th previous experiments showmg shear 
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distribution. The side slopes of the channels investigated 
by Olsen and Florey (26) covered a range considerably 
smaller than that of interest in this study, so an attempt 
has been made to extrapolate the results to flatter side slope. 
I n Figure 10 the relative shear as computed on the side of 
triangular channels in terms of the depth is plotted m terms 
of the side slope. A smooth curve connecting the given 
points has been extrapolated up to Z = 10, assuming that 
Cgg-^l as Z becomes large. The Olsen and Florey results 
fo r the shear distribution on the sides of the triangular 

channels combined wi th the shear distribution in trapezoi­
dal channels wi th relatively steep side slopes are plotted in 
Figures 11 and 12 i n terms o f the hydraulic radius to show 
the maximum shear on the sides and bottoms f o r various 
B/y ratios. The results of Olsen and Florey were trans­
formed in this way in order that they might be used in 
Eq. 10 to determine the maximum local shear in terms of 
the hydrauhc characteristics. I t appears f r o m Figures 11 
and 12 that the maximum value of the boundary shear 
occurs on the bed and depends on the B/y ratio and the 
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Side slopes. As the channel gets narrower (less than 1:2) 
the shear on the bed decreases, whereas that on the sides 
tends to increase relative to the mean. Because the trape­
zoidal channels of interest have values of B/y greater than 

2 and side slopes steeper than 1:4 the value of maximum 

shear can be conservatively approximated as 

(23) 
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Figure 12 Maximum boundary shear stress on bottom of trapezoidal channels 

This I S further substantiated by measurements (25) of the 
shear distribution in trapezoidal channels of relatively steep 
side slopes reproduced in Figure 13 The range of data fo r 
the several channels is included in the shaded portion. 
From this diagram it also appears that the maximum shear 
on the bed may be taken as 1 5 times the mean shear on the 
entire wetted perimeter. 

The stability of the nprap lining of a trapezoidal chan­
nel imphes that the riprap on the sloping sides of the chan­
nel w i l l be as resistant to motion as that on the bottom. The 
ratio of the maximum shear on the sides to the maximum 
shear on the bed can be determined f r o m Figures 11 and 12 
fo r corresponding side slopes and values of B/y. These 

data are plotted in Figure 14, which further shows that 
except for the smaller values of B/y the maximum bed 
shear is greater than the maximum side shear. Again, con­
sidering the range of values of side slope and B/y of con­
cern the ratio of these shears can be approximated by a 
single value as being representative of a large number of 
channels. This representative value can be taken, some­
what arbitrarily in view of the approximations used in 
establishing the curves, as 

0.8 (24) 
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This implies that the riprap on the side slopes should have 
a resistance to motion approximately 0.8 times that on the 
bottom for all the riprap to be uniformly stable. 

RATIO OF CRITICAL SHEAR ON SIDE SLOPES TO 
CRITICAL SHEAR ON THE BED 

A noncohesive particle resting on the side slope of an open 
channel is subjected to two forces: (1 ) the boundary shear 
acting in the direction o f flow, and ( 2 ) the gravitational 
force component parallel to the slope which tends to make 
the particle rol l down the slope. To estimate the relaUve 
values of the critical shear on side slopes and on the bed, 
studies have been made by various investigators. The stud­
ies of the Bureau of Reclamation (27) resulted in the ratio 

K. 
sin'<^ 

(25) 

in which 4> is the angle of inclination of the sloping side, 
and B is the angle of repose of the material that forms the 
side slope. The result shows that the critical shear f o r a 
given particle is less when the particle is on the side slope 
than when it is on the bottom. The nature of Eq. 25 show­
ing the variation of K in terms of side slope and angle of 
repose is shown in Figure 15. As would be expected, the 
ratio increases and approaches unity as the side slopes be­
come flatter or the angle of repose becomes greater. 

The data for angle of repose of riprap are relatively 
scarce, but two published sets of curves (10, 21) are shown 
in Figure 16. I n general, the angle of repose is greater as 

V 
1.0 

Figure 15 Ratio of critical shear on sides to critical shear on bottom for noncohe­
sive sediment 
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Figure 16 Angle of repose of stones of different angularity for various sizes (10, 21). 

the particles are more irregular—as in crushed rock—and 
as they increase in size. The curves differ more fo r smaller 
sizes than fo r the larger. Based on these data a set of 
approximate curves can be drawn. 

SHEAR DISTRIBUTION IN BENDS 

Because of the curvature of the streamlines and the de­
velopment of secondary currents, the boundary shear in a 
bend is not uniformly distributed in a cross section or i n 
the longitudinal direction. Most of the work published in 
this area (28, 29, 30, 31) has been descriptive and experi­
mental in nature 

When water flows around a bend in an open channel, the 
centrifugal force causes the water level to rise at the out­
side of the bend and fa l l at the inside. This gives rise to 
secondary currents and, in some cases, separation of the 
flow at the inside boundary. The superelevation of the 
water surface can be expressed approximately as 

Ly 
gRo 

(26) 

in which Ay is the superelevation, V is the mean velocity, 
IS the surface width, and Rg is the mean radius of the 

bend. For trapezoidal channels the superelevation is some­
what reduced because of the increased effective radius and 
the modification of the secondary currents as the water 
flows upward on the sloping sides. I n addition, these sec­
ondary currents modify the velocity and the shear pattern, 
so that the trace of the maximum shear stress that is near 

the inside at the beginning of the bend tends to d r i f t to­
ward the outside as the flow leaves the bend. The general 
pattern of shear stress distribution is similar in rough and 
smooth channel bends {28). Experimental data fo r smooth 
channel bends {28) and bends in alluvial meandering chan­
nels (29) are plotted in Figure 17 in terms of (T„/f„)n,aji 
and BJR„. I n this plot, T„ IS the local boundary shear at 
any point and f„ is the mean boundary shear in a straight 
cross section leading to the bend. The maximum value of 
this ratio for each bend is plotted as a function of B^/Rg 
f r o m measurements. I t is apparent that as B,/Ro increases 
—that I S , as the bend becomes sharper—the maximum 
shear stress also tends to increase. The curve fitted to the 
data has been extended to the value of {TO/T„)^C.^ = 1 . 5 fo r 
BJRo — 0. This corresponds to the finding that the maxi­
mum value of the local shear on the bed of a straight chan­
nel IS 1 5 times the mean shear (Eq . 23 and Fig. 13). 

A theoretical analysis of the flow in an open channel 
bend, taking into account the secondary currents generated 
by the centrifugal forces, has been undertaken to verify the 
experimental results and predict the shear pattern fo r other 
geometries. A result that gives the maximum relative shear 
fo r one value of the ratio B,/Ro is shown in Figure 17. I t 
IS in reasonably good agreement with laboratory measure­
ments {28), but IS somewhat larger than the values ob­
tained f r o m field measurements ( 2 9 ) . The solution of the 
three-dimensional equations of motion given in cylindrical 
coordinates must be adapted for computer operation before 
complete results can be obtained. 
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Figure 17 Ratio of maximum boundary shear stress to the mean shear stress for flow 
m bends 

LEACHING 

Leaching is the process by which the finer material under­
lying the nprap is picked up and carried away by turbulent 

eddies and jets that penetrate the riprap blanket through 
the interstices of the rock particles. I t is apparent that 
leaching wi l l be minimized i f (1 ) the blanket is thick 
enough; (2 ) the interstices are closed or reduced in size; 

V 

£. 3 

1 
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above W. S. 
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Figure 18. Bank height for canals and freeboard for hard-surface, buried membrane, 
and earth linings (36) 



17 

(3) a protective layer of intermediate-sized material is 
interposed between the base material and the riprap, or 
(4) the base material is sufficiently cohesive to prevent its 
raveling and the erosion of the individual particles. A l l 
these methods have application in various situations 

A n experiment {37) has suggested that i f a layer of uni­
f o r m material is placed three or more stones thick, leach­
ing wi l l be reduced to a minimum On the other hand, if 
the interstices were reduced by adding approximately 
25 percent by weight of finer material, the mean size of 
which was about one-fourth of that of the riprap proper, 
the leaching was reduced to a negligible rate, even when 
the armor layer was only one stone thick. 

I t IS common practice in providing protection to slopes 
subject to flowing water to use a filter layer under the riprap 
to prevent leaching i f the difference in size between the 
riprap layer and the base material is appreciable. This 
serves the purpose of reducing the size of the interstices 
A rational design of such filter layers has been developed 
through the work of the Bureau of Reclamation {33) and 
the Corps of Engineers {34) and can be defined as follows. 

Filter Filter 
^85 Base </i5 Base 

d^o B^sc 

in which rf,5, d^o, and ^re the sizes of filter and base 
material of which 15, 50, and 85 percent are finer. I f these 
criteria are not met by the combination of the riprap lining 
and the base material a filter layer is necessary I f more 

than one filter is required the preceding conditions must 
hold fo r successive layers. 

The thickness of the riprap layer over the filter layer to 
prevent leaching seems to be based largely on experience. 
Recommendations of layer thickness range f r o m about 1 3 
to 2 times the d^„ size of the nprap. California practice 
{24) requires approximately two times the effective size f o r 
rounded cobbles Lindner (55) recommends two median 
diameters with a minimum thickness of I V i diameters. 
Some ( 7 ) suggest a thickness great enough to accommodate 
the largest stone (stones equal to or larger than the com­
puted riprap size can constitute up to 50 percent by weight, 
but no stone should be more than twice the weight of the 
computed size). The Corps of Engineers practice (2 ) is 
that as a general guide the thickness of the blanket should 
be 1.5 rfn,,,^, in which d^^^ is the size of the largest particle. 

CHANNEL FREEBOARD 

Freeboard is provided in channel design to encompass un­
expected surface fluctuations or surface waves that may be 
generated by the flow. There is no universally accepted 
rule for the determination of freeboard, because the surface 
fluctuations may originate for various reasons. Freeboard 
normally wi l l be governed by the canal size and other 
special conditions such as water table fluctuations, wind 
action, and soil characteristics. For lined canals the height 
of the riprap lining above the water surface w i l l depend on 
similar factors, including flow velocity. The recommenda­
tion of the Bureau of Reclamation (56) fo r the freeboard 
to be provided on canals is shown in Figure 18. 

C H A P T E R T W O 

RESEARCH APPROACH AND FINDINGS 

DEVELOPMENT OF DESIGN PROCEDURE 

Basic Design Assumptions 

The design charts developed in this chapter summarize and 
apply the experimental information and the theory of open 
channel flow described in Chapter One to the design of 
riprap-lined drainage channels. The experimental data are 
used in conjunction wi th the characteristics of flow to de­
scribe the characteristics of the riprap lining and the chan­
nel dimensions necessary to convey a given discharge on a 
given slope. Based on these relationships it is assuired that, 
for purposes of design, the fol lowing conditions are ap­
plicable: 

1. The drainage channel to be designed wi l l be essen­
tially straight and of trapezoidal or triangular cross sec­

tion. I t IS recognized that in practice certain modifications 
wi l l be made These two channel shapes were chosen as 
typical and are used for the development o f a design pro­
cedure. The effect of bends in the alignment of the chan­
nel on the resulting design is treated as a corrective factor 
that w i l l be applied to the design. 

2 The ffow w i l l be essentially uni form and can be 
described by the Manning fiow formula: 

149 
(13) 

in which the symbols are as previously defined and listed in 
Chapter One. I t is recognized that certain precautions must 
be taken at the entrance and outlet of the drainage channel 
and consideration must be given to these regions of possible 
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nonuniform flow The design of appropriate stilling basins 
and spillway crests is considered to be a special problem 
that is not within the scope of this report. 

3. Because it is presumed that the riprap used in the 
proposed drainage channel wi l l be stable and that the 
channel alignment is essentially straight. Manning's n, the 
roughness coefficient, w i l l depend only on the effective size 
of the rock fragments that make up the riprap and can be 
expressed as 

« = 0.0395 ^ , 0 " ° (15) 

The effective size of the riprap mixture, 4/50, is that size of 
which 50 percent of the material is finer by weight and is 
measured in feet or millimeters, as may be designated. 

4. The critical boundary shear, T , , which represents the 
maximum shear for which the riprap wi l l be stable, is, in 
the region of interest, directly proportional to the effective 
size, d.„„ or 

(22) 

5. The boundary shear stress is not uniformly distributed 
around the wetted perimeter of the channel. The magni­
tude and location of the maximum shear on the boundary 
depends on the shape of the cross section. For the wider 
trapezoidal channels the maximum shear occurs at the 
center of the bed, with lesser maxima on the side slopes. 
For narrow trapezoidal channels and triangular channels 
the maximum shear occurs on the side slope The excess 
of the maximum boundary shear over the mean shear 
varies somewhat wi th the width-depth ratio. To simplify 
the computation and design charts, the ratio of the maxi­
mum boundary shear stress is taken to be 15 times the 
mean for all trapezoidal channels and 2 times the mean for 
triangular channels 

i-oun-iv) = l-5y/?Sb (trapezoidal) (23) 

2yRS,, (triangular) (39) 

6 Because of the component of the force of gravity act­
ing on the riprap in the direction of the side slope, the cr i t i ­
cal boundary shear stress for the riprap on the sloping side 
IS less than that for riprap on the bed. The ratio of the 
critical boundary shear on the sloping side to the critical 
boundary shear acting on a similar particle on the bed is 

sin- <l> 
sin- e 

(25) 

7. The discharge to be conveyed in the channel and the 
topographic slope on which it is to be constructed are pre­
scribed by external conditions; that is, they are independent 
variables Under certain circumstances the size of the rip­
rap that may be available may also be considered an in­
dependent variable and the channels may be designed to 
take this into account 

8. The ratio of width to depth for trapezoidal channels 
must be limited to practical values. This may be done 
arbitrarily within certain limits The ratio P/R ( in which 
P IS the wetted perimeter and R is the hydraulic radius) is 
a minimum fo r a triangular channel. For channels with 
side slopes o f 2 .5 :1 , P/R ( m i n ) equals 11.6, f o r 3 : 1 , P/R 
(min) equals 13.3; and for side slopes of 4 : 1 , P/R (min) 

equals 17. Because trapezoidal channels with side slopes of 
4 1 or less are relatively rare, the minimum P/R ratio is 
taken as 13 3. The upper l imi t of P/R is set at 30, because 
wider channels become uneconomical. I n practice, the ul t i ­
mate design probably wi l l be between these limits. 

To facilitate the design of channels a series of design 
charts has been developed f rom which the channel proper­
ties can be determined. Although the basic requirements 
are the same, separate sets of charts have been developed 
fo r the larger trapezoidal channels wi th steeper side slopes 
designed to transport relatively large discharges and fo r the 
wide triangular channels that convey small discharges f r o m 
the immediate highway surfaces 

Development of Design Charts—^Trapezoidal Channels 

The development of design charts fo r trapezoidal channels 
IS founded on the basic equations described in Chapter 
One. The combination of these equations wi th the equa­
tion of continuity fo r the flow results in a relationship 
between the principal variables of discharge, slope, shape 
of channel, and size of riprap material. 

Starting with the basic Manning formula (Eq. 13) , the 
roughness coefficient defined by Eq 15 may be introduced, 
with the result that 

(27) 

Further, because the stability of the riprap depends on the 
boundary shear not exceeding the critical boundary shear 
fo r the riprap, the condition for stability is that 

^c — '^oimax) (28) 

The combination of Eqs. 22 and 23 results in an expression 
fo r R in the f o r m 

l.SySft Si, 
(29) 

When Eq. 29 for the hydraulic radius is substituted into 
Eq 27 the mean velocity can be expressed, in terms of the 
size of the riprap and the longitudinal slope of the channel, 
as 

J 1/2 
(30) 

Introducing the equation of continuity for the flow defined 
as 

Q^VA = VPR^VR-iP/R) (31) 

into Eq 30 using Eq. 29 results in an equation relating the 
discharge, the longitudinal slope of the channel, the size of 
the riprap, and the shape of the channel as defined by P/R 
in the f o r m 

1 
118 sC' R 

(32) 

This equation shows that, for a given discharge and slope, 
the size of riprap that is needed to protect the channel 
depends also on the channel shape. For given values of 
P/R, Eq. 32 can be plotted with the discharge, Q, as a 
function of the slope, S^, wi th d^^ as a parameter. The val-
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Figure 19. Minimum size (mean) of stone riprap that will be stable in trapezoidal channels with P/R-I3.3 for various combina­
tions of discharge and slope. 

ues of P/R to be used can be taken as the upper and lower 
limits of practical channels. These limits have been taken 
as P/R = 13.3 and P/R = 30 f o r the reasons given pre­
viously. Figures 19 and 20 represent Eq. 32 for P/R = 13.3 
and P /R = 30, respectively For these values of P/R the 
charts show the size of riprap required to line a channel 
having the given discharge, Q, and slope, S„, such that the 
riprap is stable. The determination of d^^ f r o m each chart 
provides two limits wi thin which the actual size must f a l l . 
Once the size of riprap between these two limits has been 
chosen, the velocity and the hydraulic radius can be de­
termined f r o m Figures 21 and 22, which are graphical 
representations of Eqs 29 and 30 and which give V and R 
in terms of the known values of <j,o and S^. Having the 
mean velocity f r o m Figure 2 1 , one obtains the required 
cross-sectional area f r o m Figure 23, which is a graphical 
representation of the continuity equation. 

The required side slopes are obtained f r o m Figures 24 
and 25, which are obtained by combining Eq. 24 and 
Eq. 25. The shear stress on the sloping sides is appreciably 
less than that on the bottom (Eq . 2 4 ) . A t the same time, 
the critical shear stress f o r riprap on the side of the trape­

zoidal channel is also less than that f o r the same size on the 
bed. Now, i f the side slopes are adjusted so that the ratio 
of critical shear on the side to that on the bed is equal to 
the ratio of the boundary shears on the side to that on the 
bottom, then the nprap wi l l be equally stable on the side 
and on the bottom. The result is shown m Figures 24 and 
25. Given the size of riprap, </,o, and its angularity, the 
angle of repose is taken f r o m Figure 24. Using this angle 
of repose the side slope is determined f r o m Figure 25. The 
curve in Figure 25 represents the actual variation between 
angle of repose and side slope, but fo r practical reasons the 
range of side slopes was divided into three groups and each 
was assigned a value. I t appears that the side slope is not 
very sensitive to the angle of repose. 

Having chosen the side slope and having determined the 
cross sectional area and the hydraulic radius, one obtains 
the channel geometry directly f r o m the appropriate chart 
of Figures 26a through 26e. I n these design charts the side 
slope IS established so that the riprap on the side is as stable 
as that on the bottom and the size o f the riprap is a mmi-
mum consistent wi th the superimposed discharge and slope. 
I f fo r any reason i t is desirable to make the side slopes 
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Figure 20. Minimum size (mean) of stone riprap that will be stable in trapezoidal channels with P/R—30 for various combinations 
of discharge and slope 

Steeper than what is given by the design charts, the size of 
the riprap can be increased to accommodate the increased 
side slope at the cost of some loss of efficiency on the chan­
nel bottom. Assuming that the angle of repose is a con­
stant, the value of K in Figure 15 can be determined for 
both the design slope and the desired steeper slope. Assum­
ing further that the riprap on the bottom remains un­
changed, K becomes proportional to the critical boundary 
shear stress of the side riprap, and therefore, through 
Eq 22, also proportional to d^^ Therefore, 

Ic (33) 

in which is the required size of riprap on the steeper 
side slope. 

Development of Design Charts—^Triangular Channels 

The drainage channels in highway practice used to trans­
port small discharges are commonly those used to dram the 
roadway and arc constructed in the median strip of divided 
highways or as side ditches fo r both divided and undivided 
highways. In their design there are certain nonhydraulic 

factors to be considered. These have to do primarily wi th 
safety, but may also include construction techniques and 
land cost Safety considerations require that the side slopes 
of highway embankments be relatively flat and wide enough 
so that vehicles leaving the roadway can recover and return 
to the driving lanes or be stopped without serious danger to 
the occupants. These side slopes w i l l also constitute part of 
the drainage channel. The requirements fo r width of 
recovery zone and relatively flat side slopes suggest that 
shallow triangular sections which can be modified into ap­
propriate trapezoidal channels be used. I n addition, con­
struction techniques for triangular channels probably can 
be simplified through the use of ordinary grading machin­
ery fo r excavating the channel and distributing the riprap 
lining. Finally, wide, shallow swales parallel to the high­
way are probably more esthetic than narrower, deeper 
channels. 

The design of erosion-resistant channels depends pr i ­
marily on the discharge and the longitudinal slope, but the 
side slope may also be prescribed. The remaining depen­
dent variables then are the size of the riprap to be used and 
the depth of flow that must be provided for . 
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Figure 21 Maximum mean velocity for stable riprap in trapezoidal channels for various mean stone sizes and slopes. 
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Figure 22 Hydraulic radius for trapezoidal channels in terms of mean stone size and slope. 
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Figure 23. Area of a trapezoidal channel in terms of discharge and maximum mean velocity 
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Figure 24 Angle of repose of riprap m terms of mean size and shape of stone 
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Figure 25. Recommended side slopes of trapezoidal channels in terms of riprap angle of repose 

The area contributory to the local drainage channels 
along the highway is usually relatively small, so that the 
discharges considered in the design of these channels are 
limited to a range f r o m 1 to 100 cfs. 

Topographic slopes are chosen to conform to those com­
monly used in highways and are limited to those f r o m 
0.001 to 0.10. I f slopes of less than 0.001 occur, the mini­
mum slope of 0.001 can be used in the design or the chan­
nel properties can be computed f r o m the equations to be 
developed. The upper l imi t of the slope is justified by the 
fact that A A S H O recommends ^ that rural highways have 

' American Association of State Highway Officials, A Policy on Geo­
metric Design of Rural Highways (1965) 

a center-line slope of less than 0.09, even for low speeds in 
mountainous topography. 

I n the review of the literature, nprap was characterized 
by the geometric mean diameter, d^o, without regard to size 
distribution in the mixture or availability of the material. 
To simplify the design of these small channels, standard 
sizes of coarse aggregate having standard gradations w i l l be 
used whenever possible. Because the range of mean diame­
ters needed to cover the prescribed range of discharges and 
longitudinal slopes was nearly the same as that specified by 
A A S H O fo r other purposes, an attempt has been made to 
use these specifications m the design procedure. For this 
purpose A A S H O designation M 43-54, "Standard Sizes of 
Coarse Aggregate for Highway Construction," was chosen. 
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Figure26a. Geometry of trapezoidal channels with 1.5.1 side slopes (3) . 
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Figure 26b. Geometry of trapezoidal channels with 2:1 side slopes (3) 
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Figure 26c Geometry of trapezoidal channels with 2.5 I side slopes (3) 

0.2 0.3 0.4 

The gradations of eight of these standard aggregates having 
a reasonably systematic change in mean size are given in 
Table 1 and are plotted in Figures A - 1 through A-8 ( A p ­
pendix A ) to show the range of particle size distribution, 
the approximate mmimum value of d^^, and the maximum 

and minimum standard deviation as obtained f r o m the dis­
tribution curves. The standard deviation is a measure of 
the range of sizes present and indicates the effectiveness of 
the aggregate to provide a compact riprap layer. Although 
other standard aggregates are listed in the A A S H O designa-
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Figure 26d. Geometry of trapezoidal channels with i 7 side slopes (3) 
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TABLE 1 
GRADATIONS OF EIGHT STANDARD AGGREGATES 

SIZE 
NO. 

N O M I N A L SIZE 
SQ OPEN. 

PERCENT PASSING 

4 I N . 3Vi I N 3 I N . 2'/4 I N . 2 I N . m I N . 1 I N . Y4 I N . Vi I N . % I N . NO. 4 NO. 8 NO. 16 

1 3Vi-l'/i in 100 90-100 25-60 0-15 0-5 
2 2'/i-l'/2 in 100 90-100 35--70 0-15 0-5 

24 2l/2-% in. 100 90-100 25-60 0-10 0-5 
4 VA-% in. 100 90-100 20-55 0-15 0-5 

357 2 in -No 4 100 95--100 35-70 10-30 0-5 
467 I'/i in-No 4 100 95-100 35-70 10-30 0-5 
57 1 in -No 4 100 90-100 25-60 0-10 0-5 
68 % in - No. 8 100 90-100 30-65 5-25 0-10 0-5 

tion, It IS believed that those selected provide an adequate 
range of riprap materials for small channels. It is antici-
apted that local aggregates having approximately the same 
gradation as those designated could be used 

Provision also has been made to include side slopes rang­
ing from 3.1 to 10 1 These include all side slopes that can 
reasonably be expected to be encountered in channels of 
this shape used for roadway drainage 

As for trapezoidal channels, the basic equation relating 
the discharge to the channel properties is the Manning 
equation combined with the equation of continuity. 

The application of the Manning equation depends on the 
conditions that govern the magnitude of the hydraulic 
radius and the roughness coefficient 

The hydraulic radius is determined by the shape and size 
of the channel. For a triangular channel where the bed 
width IS zero, the ratio P/R depends only on the side slope 
of the channel and can be expressed as 

A z 
(34) 

in which z IS the side slope 
The hydraulic radius is also a function of the size of the 

riprap inasmuch as this governs the permissible velocity 
Eq 10 shows that the mean boundary shear is directly 

TABLE 2 
COMPUTED VALUES OF C 

z K C. CRH C 

3 0 78 2 11 0 77 2 08 
4 0 88 2 06 0 84 1 97 
5 0.92 2 04 0 89 1 97 
6 0 94 2 03 0 93 201 
7 0 96 2 02 0 96 2 02 
8 0.97 2 02 0 98 2 02 
9 0 98 2 01 0 99 2 03 

10 0.98 2 01 0.99 2 03 

proportional to the hydraulic radius and the longitudinal 
slope of the channel However, because the boundary shear 
IS not uniformly distributed, the maximum boundary shear 
stress must be evaluated. Figure 10 shows the maximum 
boundary shear stress on the side of the triangular channel 
defined as 

'•s(max) = C'jf, yy5(, (35) 

Eq. 35 can be written as 

T,(„,ax, = yRS^ (y/R) = C y , A yRS,, (36a) 

in which, from the geometry of triangular channels. 

C . = y/R=2 Vz^-h 1 
(366) 

Because the critical shear stress on riprap on the sloping 
sides IS less than what it would be on the bottom, Eq. 25 
shows that 

(37) 

in which Tc defined by Eq 22 is the critical shear stress for 
riprap lying on a channel bottom. Because for equilibrium 

K 
•yRS, = CyRS, (38) 

If It IS assumed that the riprap will have an angle of repose, 
0, of 30°, then X is a function of z alone, as are C^, and 
C . (If e is greater than 30° the factor of safety against 
failure is somewhat improved.) The value of C computed 
for values of z between 3 and 10 is given in Table 2. When 
the components of C are combined the value of C is very 
close to 2 over nearly the entire range of z, so that within 
the accuracy of its development Eq. 38 can be written as 

r,= 2yRS, (39) 

Combining Eq. 39 and Eq. 22, the hydraulic radius in 
terms of the size of nprap and the longitudinal slope 
becomes 

i? = i - ^ = 0 . 0 3 2 ^ (40) 
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Now, by substitution of Eq. 40 into Eq. 27, the mean ve­
locity can also be written in terms of the size of riprap and 
longitudinal slope as 

F = 3 80 • 

By combining Eq. 40 with the relation 

Vz- + 1 

the depth, y. of the flow becomes 

y = 0 064 
d,, + 1 
5, z 

(41) 

(36A) 

(42) 

Further, substituting Eq. 41, Eq 40, and Eq. 34 into the 
equation of continuity 

Q=VA = VPR = VR^ P/R 

the discharge can be written as 

1 
Q = 64 4 s," 

(31) 

(43) 

Eq. 43 IS the final design equation relating the discharge, 
longitudinal slope, riprap size, and the side slope of the 
channel. Eq 43 is plotted in Figures 27 through 34 for 
prescribed values of the side slope, z, between 3 and 10. 
From these charts the size of riprap in the form of an 
AASHO gradation and the depth of flow can be determined 
for given discharge, longitudinal slope, and side slope. The 
chart corresponding to the given side slope is entered with 
the discharge and longitudinal slope, and the riprap classi­
fication is read off at their intersection. If, however, the 
intersection does not fall on a standard size, the next larger 
size of aggregate is chosen. The depth of flow, however, 
may be interpolated at the point of intersection. 

For situations that he beyond the scope of the charts, 
recourse may be had to the equations themselves, from 
which the properties may be computed. 

It is sometimes convenient or desirable to modify the 
triangular channel described previously so that it will have 
a flat bottom to facilitate the movement of maintenance 
vehicles or to simplify construction. Such a modification 
can be made easily if the cross-sectional area—and there­
fore the mean velocity—remains the same and the revised 
channel has the same side slopes If the bottom of the given 
triangular channel is flattened, the elevation of the water 
surface will be somewhat increased to compensate for the 
cross-sectional area lost at the bottom. Figure 35 shows 
the original triangular cross section of side slopes, z, depth, 
y, and surface width, Bg. On this channel has been super­
imposed a shallow trapezoidal channel having the same 
side slopes, z , but with a bottom width, B„', a new surface 
width, Bg', and a new depth, y'. From geometrical con­
siderations based on the requirement that the cross-sectional 
area and the side slopes remain constant it can easily be 
shown that the ratio of the revised depth of the trapezoidal 
channel to the original depth of the triangular channel, 
y'/y, is 

y'/y = l(.B,'/B,r + i r - (Bi'/B,) (44) 

in which B„' is the new bottom width and B, is the water 
surface width of the original triangular channel. Similarly, 
It can be shown that the ratio of the new surface width to 
the original surface width is 

B,7Bg = [(B,7Bgy+ir (45) 

and that the change in water surface elevation, if the new 
channel is created by simply filling the bottom of the 
original triangular channel, is 

Ay/y = [(.B,'/Bgr-+lY"-l (46) 

Eqs. 44, 45, and 46 are plotted on Figure 35 in terms of 
B^7Bg The chart shows the changes that may be expected 
if a flat bottom is introduced into a wide triangular channel. 

For drainage channels located at the side of the roadway 
rather than in the median strip it is generally desirable to 
have a flat side slope adjacent to the roadway for vehicle 
safety and a relatively steep side slope on the opposite side 
in order to reduce the channel width and hence the neces­
sary right-of-way. Such a nonsymmetrical triangular chan­
nel IS characterized by two side slopes that are not equal 
and a depth, y. In such designs the discharge, Q, the longi­
tudinal slope, S„, and the two side slopes, z , and z^, are 
given, the discharge is prescribed by hydrologic conditions 
and the longitudinal slope is prescribed by local topography. 

The design procedure is similar to that developed for 
symmetrical channels in that the starting point is the 
continuity condition 

Q^VA = VPR=VR''{P/R) (31) 

in which V IS the mean velocity, R is the hydraulic radius, 
and P is the wetted perimeter. For nonsymmetrical chan­
nels, the ratio P/R is a function of the side slopes only, just 
as It is for symmetrical channels, that is, 

P/R - pyA 
DH\/1 + z^'+ ^ I + z./y 

( D V 2 ) ( Z i + Z 2 ) 

2 ( V H - z , ^ - l - VI + 2 3 = = ) = 
(47) 

Z i + Z , 

By substituting Eqs 40, 41, and 47 into Eq. 31 an expres­
sion for Q involving the size of the riprap, the longitudinal 
slope, and the two side slopes can be written as follows: 

Q = 
1 " 5 0 / {^i+z^+^i + z^y-

128.8 S."'°\ Z i -I- z . 
(48) 

Comparison of this equation with Eq. 43 suggests that an 
effective side slope, z ^ , might be defined so that Eq. 48 
would take the same form as Eq. 43 and hence involve the 
same type of computation. Eq. 48 may be written in 
parallel with Eq. 43, as follows: 

Q = 
1 ^ 5 0 ° ^ ' Z j ^ + 1 

64.4 5,"'° z . 
(49) 

in which z ^ IS an "effective" side slope for an equivalent 
symmetrical channel. If such an effective side slope can be 
found that does not involve a different set of design charts 
and can be applied to some of those already prepared for 
symmetrical channels, the design can be simplified. In 
Table 3 the value of z ^ is given for various combinations 
of values of Z i and Zo An examination of these values of 
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Figure 27. Depth of flow and size of standard aggregate for channel stabihty; side slope, 3 1 
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Figure 28 Depth of flow and size of standard aggregate for channel stability, side slope, 4.1. 
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Figure 29 Depth of flow and size of standard aggregate for channel stability; side slope, 5.1. 
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Figure 30. Depth of flow and size of standard aggregate for channel stability, side slope, 6:1. 
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Figure 31. Depth of flow and size of standard aggregate for channel stability, side slope, 7 1 
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Figure 32. Depth of flow and size of standard aggregate foi channel stability; side slope, 8 I 
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Figure 33 Depth of flow and size of standard aggregate for channel stability, side slope, 9 1 
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Figure 35. Variations in channel geometry for riprap-lined channel to transport 500 cfs 
at slope of 0.008 

shows immediately that they are approxmiately equal to 
the average of and Z j . To facilitate such a comparison, 
the next column in the table gives the average of the side 
slopes for each of the combinations for which was com­
puted. The last column of the table gives the ratio of z^ 
and z = ( Z i + Z2 ) /2 . It is apparent that z^ is always greater 

than z, but differs from z by only 2 percent or less. This 
result indicates that the design charts already prepared for 
symmetrical triangular channels can also be used for non­
symmetrical triangular channels when the average of the 
side slopes is used as the effective side slope 
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EXAMPLE 1. TRAPEZOIDAL CHANNEL 

Suppose that it is necessary to design a riprap-lined chan­
nel to convey a peak discharge of 500 cfs, as prescribed by 
some previous hydrologic study. The topography of the 
area where the channel is to be constructed and the channel 
alignment indicate that the longitudinal slope of the result­
ing channel will be 5̂  = 0 008 ( 8 X 10-^). 

Then, given Q = 500 cfs, 5,, = 8 X 10-̂ . 
In Figure 19 (P/R = 13.3) enter the ordmate and ab­

scissa with Q and S,,, respectively, and read 

d^o = 140 mm (0.46 ft, SVz m.) 

The size, d^^ =140 mm, is that size that will be stable in 
a trapezoidal channel for which P/R = \ 3.3. Such a chan­
nel will be relatively narrow and deep. 

From Figure 20 (P/R = 30) the same process will yield 
d^o = 100 mm (0.33 ft, 4 in.). This size will be stable in 
a wide, shallow channel. It appears from this that any size 
between the foregoing two limits will result in a suitable 
channel geometry. 

With ^ 5 0 = 140 mm (0.46 ft), the following flow pa­
rameters and channel geometric properties are determined' 

Figure 21 K=6.8fps 

Figure 22 R = 2.4 ft 

TABLE 3 
COMPUTATION OF EFFECTIVE SIDE SLOPE FOR 
UNSYMMETRIICAL TRIANGULAR CHANNELS 

Figure 23 

Figure 24 (crushed rock) 

Figure 25 (side slope) 

Figure 26c 

^ = 74 sq ft 

tf = 42° 

<̂  = 2.5:1 
fi = 10 ft 
y - 3.8 ft 

On the other hand, if the riprap is chosen with d= \00 mm 
(0.33 ft), the following flow conditions and channel 
geometry are obtained: 

Figure 21 K = 6.0 fps 

Figure 22 R = 1J5U 

Figure 23 ^ = 84 sq ft 

Figure 24 (crushed rock) 8 = 42° 

Figure 25 (side slope) <̂  = 2.5:1 

Figure 26c = 35 ft 
y - 2.1 ft 

These two channels represent the two extremes of chan­
nels that will just be stable. The first is rather narrow, the 
second is quite wide. It may be desirable to consider an 
intermediate size. For this purpose it is assumed that the 
riprap should have an effective size of 130 mm (0.425 ft) 
Then, the charts provide the following information for 
d= 130 mm: 

Figure 21 

Figure 22 

Figure 23 

Figure 24 (crushed rock) 

Figure 25 (side slope) 

Figure 26c 

V -- 6.7 fps 

R = 2.3 ft 

^ = 76 sq ft 

^ = 42° 

^ = 2.5.1 

fi= 15 ft 
y = 3.3 ft 

1 (Vl+z^'+Vl+^r z,'+l 
2 Zi-j-Za z* 

Zi Za Z. z= (Zi-|-Za)/2 Z,/Z 

2 2 200 2 1.00 
4 3.04 3 1.01 
6 4 08 4 1 02 
8 5.10 5 102 

10 6.125 6 1.02 
3 4 3 50 35 1.00 

6 4.53 4.5 1.01 
8 5.55 5.5 101 

10 6 55 6.5 1.01 
4 4 4.00 4 1.00 

6 5.01 5 1.00 
8 6 02 6 1.00 

10 7.04 7 1.00 
6 6 6 00 6 1.00 

8 7.01 7 1.00 
10 8.00 8 1.00 

8 8 8 00 8 1.00 
10 900 9 1.00 

These three channels lined with nprap of the size speci­
fied to safely transport 500 cfs at a slope of 0.008 are 
shown m Figure 36. The variations in channel shape in­
dicate the flexibility that is provided in the design proce­
dures if at the same time there is complete freedom to 
choose the effective size (d^g) of the riprap. The foregoing 
computations suggest that for each channel geometry there 
is a certain effective size of riprap that must be used. In 
fact, however, the riprap size as determined from the charts 
represents minimum size. After the channel dimensions 
have been determined, any coarser riprap can be used in its 
construction. Suppose that in this particular instance a 
specific size of crushed rock larger than that indicated by 
these computations is available for use or is for other rea­
sons desirable to use as the riprap material. The effect of 
the larger riprap will be to decrease the mean velocity and 
consequently increase the cross-sectional area. This means 
that the larger riprap will be somewhat more stable than 
necessary Under these circumstances the charts cannot be 
used directly to determine if changes in geometry are 
needed, because they were designed to provide a channel 
geometry at the lower limit of stability and to define the 
minimum size of riprap to be used. Eq. 15 indicates that 
the roughness coefficient will be increased slightly with an 
increase in the effective size of the riprap. If one specifies 
that the hydraulic radius of the channel and the slope are 
to remain constant, then Eq 13, applied to both the basic 
design and the new design with larger riprap, can be used 
to determine the velocity to be expected in the new channel; 
that IS, 

V'=V(d,,/d,o'y" (50) 
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Figure 36 Variations in channel geometry for riprap-lined channel to transport 500 cfs at slope of 0 008. 

in which V is the velocity in the channel having the larger 
riprap and dr,a' is the effective size of the proposed new 
riprap. Having the new velocity, the required area is 

A' = Q/V' (51) 

Then, with the area and the hydraulic radius, which is 
unchanged. Figure 26c can be used as before to determine 
the new bottom width and the new depth. 

Based on design procedure and the charts it was found 
that a suitable channel geometry would be obtained using 
a riprap having an effective size of 0 425 ft (130 mm). 
This resulted in a channel having a bottom width of 15 ft 
and a depth of 3.3 ft Suppose that nprap material having 
a mean size of 0 65 ft (198 mm) were available for use and 
it were proposed that this be used to line the channel. Using 
Eq. 50 the velocity to be expected in the revised channel 
would be 

and 
500 
6.25 

= 80 sq ft 

6.25 fps 

R - 2.3 ft 

From Figure 26c the new bottom width, B, is 14 ft and the 

depth, y, is 3.5 ft. With the larger riprap the bottom width 
IS reduced from 15 ft to 14 ft and the depth of flow is 
increased from 3.3 ft to 3 5 ft. It is worth noting that 
although the size of riprap was increased by 50 percent, 
the mean velocity was reduced by only 7 percent. For this 
reason there is relatively little change in the cross-sectional 
shape of the channel because of the increased size of the 
riprap material. 

Occasionally in the design of a drainage channel it is 
necessary to incorporate a bend into the alignment Fig­
ure 17 shows that the shear stress may be increased locally 
due to the secondary currents that are generated and that 
the amount increases with the ratio BJR„ It may there­
fore be necessary to use a larger riprap in this section of 
the channel to counteract the local increase in boundary 
shear. Eqs 22 and 23 relate the critical boundary shear to 
the size of the riprap and the channel geometry, so that for 
stability (Eq 28) in a straight channel 

1 5yRS, = 4d,„ (52) 

Figure 17 gives the relative increase in shear due to the 
channel curvature, so that, again for stability. 

(53) 

Here, T„ IS the maximum local boundary shear in the bend, 
fg is the mean shear in a corresponding straight channel. 



35 

and rfjo' is the size of riprap needed for the bend. If one 
again specifies that the hydrauhc radius and the slope are to 
remain constant, then 

0 5 0 — « 5 0 YY (54) 

Because of the increase in riprap sizes the velocity will be 
reduced as described by Eq. 50 and the area will be in­
creased as shown by Eq. 51. With these data the appro­
priate Figure 26 can be used to determine the channel 
geometry. 

In this example it might be supposed that the channel 
being designed includes a bend having a center-line radius, 
Rg, of 60 ft. This radius is probably much smaller than any 
found in practice, but it was chosen to illustrate the effect 
of curvature on the riprap size. The surface width of the 
chosen channel is 31 5 ft (see Fig 36) and the effective size 
of riprap required is 0.425 ft (130 mm). The relative 
curvature of the bend is then 

B./7?„ = ^ = 0.525 

and Figure 17 shows 

( V f „ ) , „ „ = 1.82 

The required size of the riprap (Eq 54) is 

d' = 0.425 1 82 
1 50 

0.515 ft (157 mm) 

and the mean velocity to be expected (Eq. 50) is 

• ' • = " ( ^ ) " — • 

. 500 „ ^ A — — r = 77 sq ft, and 
6 5 

/? = 2 3 ft (specified as being constant) 

Under these conditions the remaining geometric properties 
are as follows-

Figure 24 (crushed rock) 0 = 42° 

Figure 25 (side slope) 

Figure 26c 
<A = 2.5:1 

B = I5ft 
y = 3 3 f t 

The scale of Figure 26c precludes a more exact delineation 
of the channel geometry, and so although larger riprap 
(0 515 ft) IS required to stabilize the bend, the channel 
cross-sectional geometry will not be appreciably changed. 
It also appears from Figure 17 that for bends for which the 
radius is more than four times the channel width no pro­
vision for added protection is needed This procedure for 
computing the increased size of riprap in a bend is, of 
course, independent of the actual velocity that exists in the 
channel and would be appropriate for much larger veloci­
ties than that used m this example This is because the size 
of the riprap needed is governed by the local shear and 
Figure 8 shows that the magnitude of the critical shear 
stress IS proportional to the size of the nprap throughout 
the range of experimental data. 

The riprap that is prescribed for the bend by such an 

analysis as that given previously should be applied through­
out the bend and a portion of the straight channel upstream 
of the bend so that a good transition will be made. Aside 
from the special computation, other considerations such as 
filter blankets, thickness of riprap layer, rolling and com­
pacting of the riprap, or steeper side slopes apply to the 
bend in the same way as to the straight section 

The channel dimensions computed previously represent 
the finished geometry Provision must also be made in the 
excavation for both the riprap layer and the filter blanket, 
if one should be necessary For purposes of this example 
It is supposed that the drainage channel is to be constructed 
in a region where the base material is a gravelly mixture 
having an effective size, d^^, of 5 mm. Assuming that the 
shape of the gradation curves for both the base material 
and the riprap are similar, the criterion 

t/.,o Riprap 130 
dso Base 

= - ^ = 26<40 

indicates that a filter blanket will not be needed. The thick­
ness of the riprap in this case should be between two and 
three times the effective size of the riprap, that is, between 
0 95 and 1 27 ft Because the base material is relatively 
coarse, a riprap thickness of 1 ft is appropriate. It is ob­
vious that the effectiveness of the riprap lining will be in­
fluenced by the uniformity of the blanket Care must be 
taken in placing the riprap so that it will be homogeneous 
and of relatively uniform thickness. 

Provision must also be made in the channel design for 
a minimum freeboard to accommodate any ordinary ir­
regularities of the water surface and to provide a factor of 
safety in the channel design. The recommended freeboard 
IS given in Figure 18. For a discharge of 500 cfs the riprap 
lining should be carried I ft above the computed water 
surface and the top of the channel should be approximately 
2 ft above the design water surface. 

EXAMPLE 2. TRAPEZOIDAL CHANNEL 

This second example involves a large discharge on a rela­
tively flat slope. It IS necessary to convey 1,000 cfs in a 
channel constructed in sandy soil at a slope of 0.0005 
(5 X 10-') In this case Figure 19 indicates that a riprap 
having an effective size of 16 mm will be sufficient. On the 
other hand. Figure 20, for a wide channel, indicates that 
dr,„~ \2 mm would be sufficient. Using ^ 5 0 = 1 6 mm 
(0.053 ft), the following channel dimensions are required 

Figure 21 K = 3 75 fps 
Figure 22 4.5 ft 

Figure 23 A= 270 sq ft 
Figure 24 (crushed rock) 6 — 40° 

Figure 25 (side slope) (̂  = 25:1 

Figure 26c B = 25 it 
y - 6.5 ft 

On the other hand, if P/R = 30 and rfjo = 12 mm, these 
channel dimensions apply 

Figure 21 

Figure 22 
V = 3.l fps 

R = 3.1 ft 
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Figure 23 .4 = 310sq£t 

Figure 24 (crushed rock) ^ = 3 9 . 5 ° 

Figure 25 (side slope) <̂  = 2.5:1 

Figure 26c B = 85 ft 
y = 3.3 ft 

In this instance a change in riprap size of 4 mm resulted 
in a drastic change in channel dimensions, from 25 ft to 
85 ft m bottom width and from 6.5 ft to 3.3 ft in depth. 
This indicates that any intermediate channel of appropriate 
dimensions based on the charts and using riprap having an 
effective size between 12 and 16 mm would be suitable. In 
this specific case any channel of side slope 2.5:1 having its 
bottom width between 25 and 85 ft along with an appro­
priate depth between 3 3 and 6.5 ft would work effectively 
with riprap having an effective size of between 12 and 
16 mm. 

In this problem it is assumed that the base material and 
the riprap material have the following composition: 

BASE M A T E R I A L RIPRAP M A T E R I A L 

— 0.75 mm d^g =12 mm 
<T = 2 <r = 2 

df,^ =1.5 mm dgs = 24 mm 
</,5 = 0.38 mm dii = 6 mm 

Then 

5 < 

d,r, Riprap 
rfsr> Base 

</,j Riprap 
rfio Base 

d^o Riprap 
</,n Base 

1.5 = t V = 4 < 5 

0.38 

12 
0 75 

= 16<40 

16<40 

These ratios indicate that a filter layer is not required be­
tween the riprap and the base material, and the riprap lin­
ing can be placed directly on the base material. If a layer 
three diameters thick (d^o = 16 mm) were used, the thick­
ness would be only about 2 m. Further, because dg^ of the 
riprap is approximately 24 mm, a thickness of 2 in. would 
also satisfy the criterion that the thickness should be two 
times the maximum size. In this case, however, construc­
tion techniques should determine the thickness of the rip­
rap layer in order that the final result will be of uniform 
thickness and homogeneous in character In view of the 
magnitude of the discharge and the size of the channel it 
is recommended that a riprap layer at least 6 in. thick be 
placed and carefully spread by mechanical equipment in 
order to assure a layer of constant thickness. In addition, 
the stability of the riprap and channel will be improved by 
rolling the riprap to increase its density, because the riprap 
material is rather small. In this discussion it has been 
assumed that the base material was a noncohesive mixture 
of sand particles. In many instances, however, the soil will 
contain varying amounts of silts and clays that will provide 
a certain degree of cohesiveness to the base material 
through which the channel is being excavated. This con­

dition may be further enhanced by pre-treatment or com­
pacting before the riprap layer is placed. If this is done, 
a filter layer may be dispensed with, even though the cri­
teria indicate its use. The absence of the filter can be 
further compensated for by increasing the thickness of the 
riprap blanket to three grain diameters or more. There are 
essentially no applicable data or experience to relate the 
resistance to erosion to the properties of a cohesive soil 
mixture These estimates must be based on experience as 
to the resistivity of broad classes of cohesive materials. 

A minimum amount of freeboard must be provided for 
this channel because the velocities are relatively small com­
pared to the depth and discharge. The Froude number is 
0.3 or less, which means that the flow will be relatively 
smooth and quiet. Disturbances will be minimal, and the 
freeboard is needed primarily as a factor of safety in recog­
nition of the uncertainties in the computation. 

In this example the required riprap was less than 1 in. 
in size, so that instead of crushed rock the riprap might be 
a well-rounded gravel from some nearby sources. If this 
were so, the angle of repose, 0, would be less than 30°. 
Consequently, the side slopes would have to be flattened 
to 4:1, according to Figure 25. The bottom width and 
depth would then be determined from Figure 26e as B = 
65 ft and y = 3 8 ft. The first channel design (P/R =13.3) 
could not be used, because with side slopes of 4:1 the 
minimum would be P/R = 17. Comparisons could be 
made, however, for any intermediate channel that might 
be designed. By way of comparison with the widest chan­
nel {P/R — 30), when well-rounded gravel is used instead 
of crushed rock the side slopes are flattened to 4.1 from 
2 5.1, the bottom width is reduced to 65 ft from 85 ft, and 
the depth is increased to 3.8 ft from 3 3 ft. Not including 
any freeboard, the surface width of the revised channel 
using gravel is 95 ft, as compared to 102 ft for the crushed 
rock. 

EXAMPLE 3. TRAPEZOIDAL CHANNEL 

In this example the same discharge (1,000 cfs) is to be 
conveyed in a much steeper channel, one having a slope 
of 0 01 (10-=). From Figures 19 and 20 the range of 
minimum sizes of riprap material that can be used for pro­
tection IS between d^o = 225 mm (0.74 ft) (P/R = 13.3) 
and d.,0 = 162 mm (0 53 ft) (P/R = 30). The first chan­
nel would tend to be relatively small, with the largest 
velocity. The second channel would be somewhat larger, 
with a somewhat lower velocity. The channel properties 
for the two sizes of riprap are compared as follows: 

t/jo = 225 M M rfjo = 162 M M 

V - 8.5 fps V - 7.0 fps 
R = 3.0 ft R = 2.2 ft 
A = 120 sqft A = 145 sq ft 
^ = 41.5° ^ = 41.3° 
^ = 2.5.1 <̂  = 2.5:1 
B = 17 ft B = 55 ft 
y = 4 4 f t y = 2 4 f t 
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Allowmg a freeboard of 1.5 ft in both cases, minimum 
width requirements for these channels are 46.5 ft for the 
first and 74.5 ft for the second. Normally the right-of-way 
would be sufficient for the construction of any appropriate 
channel, but, if it were limited m this instance to 50 ft, 
then the first channel would be the only appropriate one. 
A third channel that would satisfy the requirement for 
conveying 1,000 cfs on a slope of 0.01 and having a d^,, = 
200 mm (0.66 ft) is as follows. 

= 200 M M (0.66 F T ) 

V - 8.0 fps 
R = 2.75 ft 
A - 130sqft 
e=4l.5° 
4>= 2.5:1 
B = 30 ft 
y - 3.4 ft 

The total width, including 1.5 ft of freeboard, is 54.5 ft. 

With these channel shapes, consideration might be given 
to increasing the side slope of the channel in order to make 
it narrower and reduce the total width required. If the side 
slope of 1.5:1 is chosen for the third channel, then the size 
of the riprap required on the steeper side can be deter­
mined using Eq. 33, where the values of K (Fig. 15) are 
determined for the original and the steeper side slope. For 
a slope of 1.5:1 with ^ = 41.5°, K' = 0.48; for a 2 5 1 
slope at the same angle of repose, K = 0.85. Therefore, 
according to Eq. 33, riprap material having an effective 
size of rfjo = 350 mm (1.16 ft) will be required. Assum­
ing that the cross-sectional area and the hydraulic radius 
will remain the same, Figure 26a for the steeper side slope 
gives bottom width, B = 35 ft, and depth, y — 3.4 ft. By 
using the steeper side slopes and including 1.5 ft for free­
board, the total width is reduced from 54.5 ft to 49 7 ft. 
Care must be taken that the increase in side slope does not 
exceed the angle of repose of the riprap material. As this 
value IS approached, K' in Eq. 33 approaches zero, with a 
consequently rapid increase m the required size of riprap 
for the new slope. The larger the angle of repose of the 
riprap material for a given slope, the smaller will be the 
necessary increase in riprap size. 

It IS now assumed that the channel will be constructed 
in a base material having the following characteristics: 

dfo = 0.5 mm 

<r= 3 

dgj = 1.5 mm 

=0.167 mm 

The nprap properties are assumed to be 

</jo = 200 mm 

<r= 2 

dgs = 400 mm 

d j 5 = 100 mm 

These two gradation curves are shown in Figure 37. The 

application of the filter criteria to these gradations shows 
that 

Riprap 100 
dgs Base 1.5 

d,5 Riprap 100 

= ^ = 6 6 . 7 < 5 

- 600 < 40 
rfijBase 0.167 

and thus indicates that a filter layer is required for stability 
of the channel. The properties of the filter can be deter­
mined as follows: 

< 40, so d^o Filter < 40 X 0.5 = 20 mm 
Filter 

duo Base 

d,. Filter 
d,. Base 

d,. Filter 
ds. Base 

d,. Filter 
d,. Base 

< 40, so rf„ Filter < 40 X 0.167 = 6 67 mm 

< 5, so Filter < 5 X 1.5 = 7.5 mm 

> 5, so <f,5 Filter > 5 X 0.167 = 0.83 mm 

Therefore, with respect to the base material, the filter must 
satisfy 0.83 mm < d^^ Filter < 6.67 mm and d^^ F'lter 
< 20 mm. 

Now, considering the riprap and a filter, the properties 
of the filter must satisfy 

200 ™ < 4 0 . „ . . . F , „ e , > ^ , — 5 mm 
" 6 0 

Riprap 100 - ^ - ^ < 40. so d„ Filter > ^ = 2.5 mm 

rf. Riprap < 5, Filter > i | ^ 
dg^ Filter 

</,5 Riprap J T - , . ^100 - ^ - - ^ > 5. sod.. Filter < - 3 -

= 20 mm 

= 20 mm 

Therefore, with respect to the riprap, the filter must satisfy 
2.5 < d,5 Filter < 20 mm, Filter > 5 mm, and d^^ 
Filter > 20 mm The limits of filter material with respect 
to the nprap and the base material are plotted in Figure 37, 
where the curves have been extrapolated somewhat arbi­
trarily beyond the computed points. The ranges of suitable 
filter for both the riprap and the base have been cross-
hatched, any filter material that falls within the region 
where the cross-hatching overlaps will meet the criteria 
of both the riprap and the base material and will thus be 
suitable for the filter blanket. 

With the use of the filter blanket as described previously 
the riprap layer can be placed with a minimum thickness 
This thickness for the 1.5.1 side slopes should be approxi­
mately 2 ft. This corresponds to approximately two times 
the effective size. The usual provision for freeboard and 
height of riprap layer above the water surface as given in 
Figure 18 should be incorporated. 

EXAMPLE 4. TRIANGULAR CHANNEL 

For triangular channels the shape and dimensions of the 
channel are fixed whenever the side slopes are prescribed. 
There is then, for a given discharge and longitudinal slope, 
only one channel that will satisfy these conditions. The dis-
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Figure 37 Gradations of filter blanket lor Example 3 

charge and the slope are, as before, the independent vari­
ables, and are usually established by a hydrologic study and 
highway grade. The choice of the side slope is generally 
determined according to nonhydraulic considerations. 

In this example it is presumed that the discharge is 
35 cfs, the longitudinal slope is 0.005, and the side slope 
has been fixed at 6.1. By entering a discharge of 35 cfs 
and a slope of 5 X 10-' on Figure 30, for z = 6, one 
determines directly the depth of flow and the standard 
aggregate classification. The intersection of the coordinates 
indicates a d^^, size of 0.109 ft (33.2 mm), which cor­
responds to Standard Aggregate No. 24 The depth of 
flow for this discharge will be 1.41 ft. These dimensions 
represent the finished construction, and provision must 
also be made in the excavation for a riprap layer and a 
filter layer, if one is required. The usual procedure should 
be followed in establishing the need for a filter blanket. 
The thickness of the riprap layer for channels of this kind 
is usually determined by problems of construction The 
minimum thickness of the riprap layer should be the 
equivalent of three diameters of the effective size, d^^^, 
or the minimum thickness for effective placement, which­
ever IS greater. In no case should it be less than 4 in, and 
it should be uniformly spread and homogeneous in char­
acter. To provide a more dense riprap layer it is also 
recommended that the layer be rolled to compact the blan­
ket and provide greater resistance to the flow and less like­
lihood of damage by vehicles. 

It might be desirable for the channel to have a flat 

bottom in order to provide for movement of equipment 
A bottom width of 8.5 ft would normally be sufficient for 
this purpose. Because the surface width of the triangular 
channel is B, = 2zy = n ft, the ratio B^'/B^ = 8.5/17 = 
0.5. If this value is entered on the abscissa of Figure 35 
the following changes in the geometry of the channel are 
indicated: 

5,7 B , = 1.12, so 5 , '= 1.12 X 17 = 19 ft 

y'/y = 0 62, so y' = 0.62 X 1.41 = 0.87 ft 

Ay/y = 0.n, so Ay = 0 12 X 1.41 =0.17 ft 

The new trapezoidal channel of equivalent capacity will 
have a surface width B,' = 19 ft, a bottom width B^' = 
8.5 ft, and a depth y' = 0.87 ft, and its water surface will 
be 0.17 ft higher than originally planned. The required 
freeboard will be the same as that previously determined. 

If, on the other hand, it had been proposed to construct 
an asymmetrical channel along the side of the roadway 
to handle the same discharge on the same slope but with 
side slopes that were Z2 = 2 for the far side slope and 
Za = 6 for the roadway side slope, the revision could be 
accomplished by using the design charts directly The 
average of the side slopes would be 

Z l + Z2 = 4 

Entering Q = 35 cfs and 5̂  = 0 005 on Figure 28 it is 
found that the required depth would be 1.7 ft and the 
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required riprap size would be between d^g = 0 109 ft 
and £^,0 = 0.149 ft. Because these grades are standard 
gradations, the coarser riprap, d^o = 0 149 ft (Standard 
Aggregate No. 2), would be chosen for channel protection. 
This computation gives the required depth, but a check 
should be made on the size of riprap needed on the steeper 
slope, z = 2 This can be done by assuming a symmetrical 
triangular channel with that side slope and using the appro­
priate chart. In this case there is no chart for z = 2, but 
the required size can be computed from Eq 43, on which 
the charts are based: 

Q = 
1 

64.4 S."" 
(43) 

Substituting the discharge, the longitudinal slope, S^,, and 
the side slope, z = 2, into Eq. 43 results in d^^ = 0 156 ft. 
This IS nearly equal to the size prescribed by the charts, so 
no further modification is needed From these computa­
tions It appears that a drainage channel having side slopes 
of 2:1 and 6:1 and protected with gravel riprap having a 
mean size of 0 149 ft (Standard Aggregate No. 2) would 
be suitable for transporting 35 cfs on a slope of 0.005 at a 
depth of 1.7 ft. 

EXPERIMENTAL VERIFICATION OF DESIGN PROCEDURES 

Aside from the basic equations of open channel flow, the 
procedure for designing riprap-lined channels is based on 
experimental data defining the critical shear stress and the 
resistance of the riprap material. Hence, there are two 
factors that have a bearing on the validity of these pro­
cedures for prototype drainage channels. These are the 
manipulation of theoretical equations to develop useful de­
sign criteria and the adequacy of experimental data. Once 
a design procedure has been established, the resulting de­
sign should be tested to determine the efficacy of the design 
procedure from the standpoints of stability, factor of safety 
and convenience, and verification, insofar as it is possible, 
of the empirical constants that are involved. Ideally, such 
testing should be done in prototype channels, but such test­
ing would depend on the occurrence of design discharges 
and the opportunity to carry out the necessary observations 
and measurements. On the other hand, laboratory experi­
ments on a model scale can provide much useful informa­
tion regarding the basic mechanics of movement, but the 
extrapolation of such quantitative results to the prototype 
scale introduces a degree of uncertainty These experiments 
represent a compromise between the desirable prototype 
tests and the efficiency and convenience of laboratory ex­
periments It was proposed to design a small trapezoidal 
channel based on these design procedures and to test sepa­
rately several longitudinal segments of it in a laboratory 
flume. Because the entire channel could not be duplicated 
in the laboratory it was proposed that a segment in the 
central portion of the cross section and one incorporating 
the side slope be successively fitted into the flume and tested 
with proportionate discharges and the design slope. The 
experiments have provided information as to the adequacy 
of the design, the magnitude of the critical shear stress, and 
the flow resistance of the riprap material. Subsidiary in­

formation has corroborated the empirical curves for the 
critical shear stress and roughness coefficients used in set­
ting up the design procedures. 

DESIGN OF THE PROTOTYPE DRAINAGE CHANNEL 

The prototype channel was designed according to the tenta­
tive design procedure For this purpose and in order to stay 
within the capacity of the available laboratory channels, a 
design discharge of 9 cfs was chosen. The longitudinal 
slope was taken as 0.0089 so that the Froude number of 
the resulting flow would be in the neighborhood of unity 
Then from 

Figure 19 {P/R -13.3) d^g = 30 mm 

Figure 20 (P//t = 30) <,o = 21mm 
These values of dr,„ give the upper and lower limits of rip­
rap size that will be stable in the proposed channel. In 
order that standard sieves could be used the d^o selected for 
the experiment was 22 2 mm (0 875 in.), the average of the 
0.75-in. and 1.0-in sieves Then from 

Figure 21 V = 2.73 fps 

Figure 22 R = 035 ft 

Figure 23 A = 3.3 sq ft 

Figure 24 0 = 30° 

Figure 25 .̂  = 41 

Figure 26e fl 5 75 ft 
y = 0 44 f t 

The central 3 ft of this section could be duplicated in a 
laboratory channel 3 ft wide and of sufficient length to 
establish uniform flow. The discharge, slope, and depth for 
this portion of the channel cross section were duplicated in 
the laboratory flume. The test discharge in the laboratory 
flume corresponding to the design discharge was 4.6 cfs and 
was determined on the basis of equal bed shear intensity in 
the prototype and laboratory channels. In the same way, 
a portion of the 4:1 side slope was duplicated in the chan­
nel For this condition the test discharge was 1.18 cfs, de­
termined on the basis of equal shear in the model and the 
prototype. The experiments on the flat bed were designated 
Series I; those for which the side slope was installed were 
designated Series II . 

In the design procedure the riprap material is character­
ized by Its geometric mean size, rfjo, without regard to its 
gradation. In practice it might be expected that riprap 
materials of a prescribed effective size, rfjo, might have 
gradations covering a rather wide range. In these experi­
ments It was proposed to use riprap material of three grada­
tions, all having the same effective size. Relatively uniform 
material was obtained by separating a mixture of gravel 
between the 0.75-in. and the 1.0-in. sieves. This material 
had a standard deviation, o- = 1.07. Another typical grada­
tion was obtained through the judicious removal of the fine 
and very coarse particles from the gravel mixture This 
gave a gradation having the same mean size but a standard 
deviation, o- = 1.50. The third gradation was obtained from 
the same mixture, but had a standard deviation, a- = 2.7. 
The mean size of the riprap material was d^^ = 22.3 mm 
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(0.073 ft). The size distribution curves of these riprap 
materials are shown in Figure 38. The base material repre­
senting the original soil under the riprap consisted of sand 
having a mean size, d^^, of 0 42 mm (0.00138 ft) and a 
standard deviation, <r= 1.26 (Fig. 39). 

Apparatus and Method of Measurement 

The laboratory representation of the design channel was a 
painted steel flume 3 ft wide, 50 ft long, and 15 in. deep 
(Figs. 40 and 41). The Manning roughness coefficient, n, 
for the steel surface was found to be 0.0092, so that when 
the hydraulically rough riprap was in place the surface of 
the side walls had only a small effect on the flow pattern 
generated by the riprap bed. The side wall effect was 
eliminated for the computations to determine the effective 
shear. The channel could be tilted to various slopes, and 
provision was made for trapping particles transported from 
the channel. The discharge from the Mississippi River came 
through the laboratory system and was measured by means 
of a calibrated Pitot cylinder mounted in the inlet conduit. 
The water surface and bed profiles before and after each 
run were measured at 1-ft intervals along the channel cen­
ter line by means of a movable point gauge that could be 
read to 0 001 ft. Measurements of the bed elevation were 
obtained by attaching an equivalent 2-in. circular plate to 
the point gauge The entrance and exit regions of the chan­
nel were eliminated from consideration, and only the cen­
tral portion of the bed, which assumed a fairly uniform 
slope and depth, was selected as the test reach. The water 
surface and bed profiles for the design discharge are shown 
in Figure 42 for the Series I experiments and in Figure 43 
for the Series II experiments. The energy gradient, S^, was 
calculated using 

Se = Su,-Fr- (S^-St) (55) 

in which and are the water surface and bed slopes, 
respectively, and Fr is the Froude number lV/(gyy"]. 

Velocity profiles were taken at different sections along 
the channel using a Pitot tube and micromanometer. The 
vertical and transverse profiles for the design flow in the 
Series I experiments are shown in Figure 44; the equivalent 
profiles for Series II are shown in Figure 45. 

Transverse velocity profiles for the Series II experiments 
were measured at a section 26 ft from the inlet for various 
discharges in addition to the design discharge. These are 
shown in Figure 46. The reason for the characteristic shape 
of these profiles is not readily apparent, but it may be due 
to secondary currents generated in the lower corner of the 
channel It is not clear whether such currents occur in the 
complete prototype channel as well. 

In the case of the flat bed—Series I—the base material 
was placed in the channel prior to the experiments to a 
depth of 3.0 to 3 5 in. and screeded to the slope of the 
channel For the Series II experiments the base material 
was placed so that the transverse slope was 4:1 and the 
longitudinal slope was equal to that of the channel Over 
this the riprap material was placed at a predetermined 
amount per square foot of bed area Because the riprap 
material had a bulk specific weight of 96 pcf, a riprap layer 
the equivalent of one grain diameter of 0.073 ft required 

7 lb per square foot of bed area. For a layer two particle 
diameters thick the amount was doubled. Other equivalent 
thicknesses were obtained in the same fashion. 

The bedload transported m the model was collected in 
the trap at the downstream end of the flume, and after each 
run the mechanical composition of the transported riprap 
material was determined by sieve analysis. 

For the first experiment in a series the flume was run at 
a discharge less than the design discharge of the channel. 
The design discharge was defined as that discharge that 
would produce the same boundary shear stress (maximum) 
as would exist in the prototype channel. The design slope 
and the depth of flow are approximately equal in the proto­
type and the model. 

The experiment was run for more than 2 hr in each case, 
and bed elevations were determined before and after each 
test. The water surface was measured after the flow had 
become fully established. At the end of the test, if no 
changes had occurred in the riprap layer over the base 
material, the experiment was repeated at a higher dis­
charge. Additional experiments were made at successively 
higher discharges until failure of the riprap layer occurred. 
Failure, in this sense, was defined as the occurrence of 
either of the following events: (1) appreciable transport 
of the riprap material occurred, so that the nprap layer was 
unstable, or (2) an appreciable amount of sand was leached 
out of the interstices of the nprap. In the first instance the 
rate of nprap transport was determined from the amount 
trapped at the end of the channel. For the second, the oc­
currence of appreciable leaching was determined as the dif­
ference in bed levels computed from the bed profiles before 
and after the test. The total lowering of the bed dunng the 
test IS a measure of the removal of the base material. 

The experimental program for Series I tests on the flat 
portion of the designed channel consisted of 34 runs 
grouped into seven series according to the nature of the 
nprap material and its thickness, those performed on the 
sloping sides of the designed channel (Series II) consisted 
of 36 runs grouped into six series. The results are given in 
Tables 4 and 5, respectively. 

Discussion of Experimental Results 

This discussion of the results of the experiments deals with 
the nature of the riprap function and the differences be­
tween layers of uniform matenal and layers of material 
having two considerably different gradations. Along with 
the gradation curves in Figure 38, the photos of the nprap 
material in place before and after the test show the great 
difference between types of riprap material. Uniform ma­
terial, so called because of its narrow grading, is shown in 
Figures 47 and 48. Because the material is so uniform it is 
clear that a thickness of several grain diameters is necessary 
to prevent the flow from penetrating to the bed Figures 49 
through 52 show riprap layers made up of material of the 
same effective size as the uniform riprap but having stan­
dard deviations of 1.5. In Figures 49 and 50 the layer is 
one grain diameter thick. Figure 49 shows the surface be­
fore a test and Figure 50 shows the surface after the test. 
The extensive leaching that has occurred is apparent. In 
layers of one grain thickness the particles are not suffi-
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Figure 40. The flume inlet, tailwater control, and the point gauges used for mea­
suring water surface elevations, bed elevations, and velocity profiles. This 3-ft-
wide and 50-ft-long flume represents the central portion of a channel designed to 
convey 9 cfs at a slope of 0.0089 using riprap with Am = 0.073 f t . The flow occur­
ring in this channel had the same depth, velocity, and boundary shear as would 
occur in the prototype channel. It is presumed that inasmuch as the same size of 
riprap and proportionate discharge were used in this channel, the flow is the same 
as it wilt be in the central portion of the prototype channel. 

Figure 41. Characteristic roughness of a riprap layer. A uniform riprap material, 
effective size 0.875 in., has been placed three diameters thick on a smooth sand 
base. 
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TABLE 4 

SUMMARY OF TEST OBSERVATIONS ON STABILITY A N D LEACHING CHARACTERISTICS 
OF RIPRAP ON F L A T PORTION OF CHANNEL 

Mean diameter of sand bed material = 0A\5 mm Mean diameter of gravel riprap = 22.2 mm 

Riprap 
thickness 

Run (diameter) o 
(Model) y 

cfs f t 
V 

ft/sec Fr l b s / f t ^ 

Rate of Riprap 
degra- transport 
dation rate 

n^ ft/hour Ibs/ft/hr 

0.023 0 0.0133 
0.0226 0 0,0167 

0.0198 0 0.0103 
0.023 0 0.0086 
0.022/4- 0 0,0041 
0.0231 0 0,0218 
0.0222 0 0,064 

0.0224 0 0,077 
0.0217 0 0,193 
0.0217 0 0,196 

0.0222 0.00041 0,36 

0.0219 0.0008 0,423 

0.0219 0.0022 1,06^ 

0.0226 0.16 2.88''-

0.0264 0 0,31 

0.025 0 0,34 

0.024 0 0,5 
0.0252 0 0.557 
0.0224 0.0025 

0.0091 0.0091 2.25^ 

0.0248 0 0.58 

0.02?3 0 4.38 
0.0222 0 16^ 

0.0257 0.059 7.68^ 

0.0252 0 0,51 

0.0275 0 0.6 
0.029 0 2,0 
0.025 0,004 0,98''-

0.025 0,004 3.9-'̂  

0.0257 0,01 13.1-' 

0,0286 0 1.7 
0.0288 0 3.6 

0.0286 0 5.1 
0.025 0.02 20^ 

A-1 
A-2 

A-3 
A-4 

A-5 
A-6 
A-7 
A-8 

A-9 
A-10 

A-11 

A-12 

A-13 

B-1 

C-1 
C-2 

C-3 
C-4 

C-5 
C-6 

1,07 2.5 
3.0 
3.5 
3.9 
4.6 
5.0 
5.5 
6.0 
6.5 
7.0 
7.6 
8.0 
9.0 

0.315 

0.3^5 

0.375 
0.41 
0.433 
0.481 
0.49 

0.52 

0.535 

0.560 

0.60 

0.612 

0.665 

2.65 

2.905 
3.110 
3.18 
3.42 

3.48 

3.73 
3.85 
4.06 
4.16 
4.22 

4.35 
4.52 

0.82 
0.87 
0.88 

0.885 
0.918 

0.883 
0.938 
0.941 
0.976 

0.98 

0.96 

0.976 
0.976 

0.00925 

0.00925 

0.00925 

0.00925 

0.00925 

0.00925 

0.00925 

0.00925 

0.00925 

0.00925 

0.00925 

0.00925 

0.00925 

0.00675 
0.0074 

0.007 

0.00725 

0.00712 

0.0070 

0.0070 

0.00725 

0.00700 

0.0067 

0.0065 

0.00675 
0.0065 

0.00846 
0,0038 
0,00874 
0,00332 
0.00891 

0.00875 

0.00887 
0.00901 

0.00914 

0.00915 
0.00905 
0.00912 
0.00912 

1.5 

1.5 4.7 0.47 3.33 0.855 0.01 0.0105 0.0103 
4.5 0.47 3.2 0.82 0.00325 0.00925 0.0086 

5.5 0.52 3.53 0.864 0.00825 0.00930 0.0086 
6.5 0.54 3.55 0.85 0.009 0.01 0.00925 
7.6 0.605 4.17 0.945 0.009 0.0095 0.0091 
8.5 0.655 4.32 0,942 0,009 0.01 0.0091 

0.158 

0.1785 

0.195 

0.211 

0.225 

0.244 
0.251 
0.271 
0.278 

0.29 

0.303 

0.309 

0.333 

4.6 0.48 3.2 0.812 0.00825 O.OO625 0.00757 0.198 

D-1 3 1.5 4.6 0.47 3.26 0.838 0.0095 0.00825 0.0088 
D-2 6.5 0.575 3.76 0.874 0.00925 0.01 0.00943 

D-3 8.5 0.63 4.5 1.0 0.00950 0.012 0.0095 

E-1 1 2.7 4.6 0.495 3.09 0.775 0.00875 0.007 O.OO8O5 

F-1 2 2.7 3.8 0.455 2.78 0.728 0.0085 0.00725 0.0079 

F-2 4.76 0.515 3.08 0.755 0.0095 0.008 0.00835 
F-3 5.6 0.575 3.25 0.755 0.009 0.0085 0.03878 
F-4 6.7 0.61 3.67 0.83 0.0085 0.008 0.00833 

F-5 7.7 0.66 3.90 0.845 0.009 0.0075 0.00856 

F-6 8.2 0.70 3.90 0.822 0.00875 0.00775 0.00825 

G-1 3 2.7 3.6 0.43 2.79 0.75 0.00825 0.0105 0.00949 

G-2 4.6 0.51 3.0 0.738 0.0090 0.009 0.0090 

G-3 5.5 0.56 3.27 0.77 0.0090 0.01 0.00941 

G-4 7.6 0.62 4.08 0.915 0.01 0.01 0.01 

0.28 
0.238 

0.259 
0,29 
0.307 
0.323 

0.241 
0.313 
0.342 

0.233 

0.216 

0.264 

0.295 

0.291 

0.322 

0.332 

0.243 
0.270 
0.307 
0.352 

Failure by leaching 2 
Fa:)lure by riprap movemant ^Failure by leaching and riprap movement 
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TABLE 5 

SUMMARY OF TEST OBSERVATIONS ON STABILITY A N D LEACHING CHARACTERISTICS 
OF RIPRAP ON SIDE SLOPES OF CHANNEL 

Mean diameter of sand bed material = O.I^IS mm Mean diameter of gravel riprap = 22.2 mm 

Ripr.-ip T . Rate of Riprap 
Ripr.-ip Q V b degra­ transport 

thickness (Model) y V p dation rate 
Run (diameter] a cfs ft ft/sec F t S 

w 
S 

e 
lbs/ft*^ \ ft/hour Ibs/ft/hr 

H-2 3 1.07 0.3k6 0.330 1.58 0.485 0.009 0.0085 0.00867 0.0741 0.023 0 0 
H-3 0.584 0.375 2.08 0.597 0.009 0.0088 0.00887 0.0931 0.0206 0 0 
H-4 0.800 OAZO 2.28 0.621 0.009 0.00875 0,00885 0.1038 0.0202 0.00000637 0.0253 
H-5 1.03 OMO 2.42 0.630 0.009 0.0093 0.009 0.1165 0.0204 0 0 
H-6 lAO 0.520 2.60 0.638 0.00875 0.0095 0.0092 0.1340 0.0208 0 0 
H-7 1.68 0.590 2.72 0.625 0.00875 0.0095 0.0092 0.1528 0.0216 0 0 
H-8 1.90 0.600 2.64 0.600 0.00875 0.0095 0.00923 0,1565 0,0238 0 0 
H-9 2.20 0.620 2.86 0.641 0.00325 0.00975 0.00913 0,1590 0.0217 0.0000112 0.0444 
H-10 2.50 0.660 2.88 0.625 0,0035 0.0105 0.01072 0.2020 0.0239 0 0 

I - l 1 1.5 0.960 0.̂ 5̂0 2.37 0.620 0.0095 0.00975 0.00965 0,1228 0.0246 0 0 

J-1 2 1.5 0.606 o.wo 1.81 0.499 0.00925 0,00925 0.00925 0,1140 0.0260 0 0 
J-2 0.800 0.̂ *41 2.06 0.549 0.00375 0.00375 0.00875 0.1097 0,0231 0 0 
J-3 1.00 0.480 2.17 0.554 0.0085 0,0085 0.0085 0.1160 0.0228 0 0 
JJ+ 1.20 0.512 2.29 0.565 0.0080 0.0090 0,0037 0,1265 0.0228 0 0 
J-5 1.05 0.509 2.03 0.503 0.0086 0,0086 0.0086 0.1255 0.0257 0 0 
J-6 1,32 0.532 2.32 0.560 0,0038 0 0 
J-7 1.515 0.564 2.39 0.559 0.0089 0.0096 0.0094 0.1466 0.0243 0 0 

K-1 3 1.5 0,210 0,310 1.09 0.347 0,0090 0,0070 0.00724 0.0650 0.0321 0 0 

K-2 0,275 0,330 1,26 0.388 O.0C9C 0.0034 0.00925 0.0396 0.0326 0 0 

K-3 0.450 0,383 1,53 0.436 0.00342 0.00352 0.0950 0.0284 0 0 
K-4 0.560 0,427 1,54 0.417 0.0090 0.00396 0.00397 0.0705 0.0228 0 0 

K-5 0.907 0,490 1.895 0.479 0,0095 0.00974 0.0097 0,1375 0.0288 0 0 
K-6 1,12 0,525 2.04 0.496 o,oo9;4 0.0095 0.0095 0.1430 0.0275 0 0 

K-7 1.35 0.551 2,22 0.526 0,03920 0.0105 0.0104 0,1520 0.0275 0 0 

M-1 1 2,7 0.065 0.009'74 0.00738 0 0 
M-2 0.168 0.00553 0.00312 0 0 

M-3 0.258 0,00974 0.00728 0 0 
M-4 0.436 0.350 1.78 0.530 o,oir6o 0,00764 0.003471 0,0340 0.0227 0,000046 0,182 
M-5 0,525 0.3825 1.80 0,513 0,009^4 0,00752 0,003053 0,0376 0.0242 0 0 

M-6 0.620 0.400 1,94 0,540 0,009"? 0.03778 0.008365 0,0952 0.0225 0 0 

M-7 0.990 0,430 2.15 0,547 O.OlCc 0,00300 0,03373 0.1205 0.0238 0 0 

M-8 1.24 0.570 1.91 0,445 O.OlCO 0.00728 O.OO7SI9 0,1070 0.0250 0 0 

N-1 
N-2 
N-3 
N-4 

2.7 0.870 0.450 2.15 0.564 0.03:5 O.OO863 0,003719 0.1111 0.0224 0.0300129 0.0509 
1,175 0,500 2.35 0,585 0,00535 0,0074 O.OO796Z 0,1121 0.0209 0,000042 0,167 
1.380 0,5V+ 2.33 0,556 O.0C912 0.00770 0.033140 0,1380 0.0242 0 0 
1.730 0.585 2,53 0,583 0.005:5 0.0035 0,033690 0.1442 0.0227 0 0 
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Figure 47. Uniform riprap material, showing size and shape of particles that have passed a 1-in. mesh sieve and have 
been retained on a %-in. mesh sieve. 

R I P R A P 
DIAM.e875 

Figure 48. Uniform riprap material as placed on the channel bed and subjected to the design flow. The effective diameter, 
d w , equals 0.073 ft (0.875 in.). The standard deviation of this material based on the sieve limits is 1.07. The thickness 
of this riprap layer is equivalent to three times the effective diameter. 
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Figure 49. Riprap material having an effective size, dm, equal to 0.073 ft but a 
standard deviation of 1.5. The standard deviation is a measure of the spread of 
the particle gradation, and the larger the standard deviation, the wider is the 
range of particle sizes. This is apparent by comparing Figure 49 with Figure 48. 
Here the layer of riprap material is only one diameter thick, so base material is 
exposed at various points through the interstices of the riprap. 

Figure 50. Riprap bed after an experiment during which the design discharge 
flowed over the bed for a period of V2 hr. Because the riprap layer is so thin the 
sand forming the base may be rather easily picked up through the interstices and 
transported over the riprap layer. This results in a gradual degradation of the 
bed. 
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ciently numerous to provide protection f r o m leaching. Fig­
ures 51 and 52 are correspondmg photos taken before and 
after a test on a riprap layer two grains thick. The particles 
are more densely distributed and are relatively effective in 
preventing leaching, because the bed m Figure 52 is rela­
tively free of sand 

Riprap material having a standard deviation of 2.7 is 
shown in Figures 53 through 56 This material is charac­
terized by a very wide range of sizes Figures 53 and 54 
show the bed before and after an experiment wi th a riprap 
layer one grain diameter thick; Figures 55 and 56 are cor­
responding views of a riprap layer three grain diameters 
thick. 

Figures 57 and 58 show the experimental arrangement 
for the Series I I experiments. The portion shown repre­
sents the prototype channel side slope f rom the junction 
wi th the flat bottom up the 4 1 side slope beyond the free 
water surface I n Figure 57 the riprap was the uniform 
grading (d-^ = 0 073 f t ) placed on the side slope to a thick­
ness equivalent to three grain diameters. Figure 58 shows 
water flowing over the riprap at a discharge corresponding 
to the design discharge 

Figures 59 and 60 show the riprap surface before and 
after a prototype discharge of 22 cfs (nearly 2.5 times the 
design discharge) had flowed through the channel I t is 
immediately apparent f r om a comparison o f Figures 59 and 
60 that no movement of riprap particles took place and that 
the blanket was quite stable. Figures 61 and 62 are before 
and after views o f the bed on which riprap o f standard 
deviation 1.5 was placed two grains thick and which was 
then subjected to a flow of 9 cfs (the design discharge) fo r 
2 hr A comparison of these photographs shows that es­
sentially no movement took place during this test 

Behavior of Uniform Riprap Material 

A riprap blanket three gram diameters thick consisting of 
uni form material is shown in Figures 47 and 48 prior to 
an experiment on the flat bed. The flow was progressively 
increased until observable motion of the riprap material 
occurred. Occasional particles were observed to move at 
flow rates below the design discharge, for which the bed 
shear stress was approximately half the design shear stress. 
As the discharge was progressively increased, the number 
of particles put into motion also increased. A t the discharge 
that produced the same shear stress as would exist in the 
prototype channel, the transport rate was 0 013 lb per hour. 
A t a discharge of 9 cfs (21 cfs prototype) the transport of 
riprap material reached 3 16 lb per hour. I n those experi­
ments below the design discharge the mean boundary shear 
stress was less than the critical shear stress, so that the local 
shear rarely approached or exceeded the critical Because 
of momentary increases in local shear, transport took place 
even at very low mean shear values. The frequency of local 
excess shear increased with increasing mean shear 

When an appreciable amount of riprap had been moved, 
the bed was exposed here and there between the interstices 
of the particles. This permitted the base material to be 
scoured f r o m the bed and between the armoring particles 
by the flow or by turbulent pulsations A t a discharge of 

9 cfs (21 cfs prototype) the rate of degradation was 
0.0022 f t per hour. A t all discharges less than 9 cfs the 
rate of bed lowering was insigniflcant 

I n these experiments it appears that a discharge approxi­
mately twice the design discharge could be reached before 
failure of the riprap blanket occurred. 

Behavior of Graded Riprap Material 

A factor of considerable importance in the design of riprap-
lined channels is the effect of the riprap gradation on the 
stability of the riprap blanket and its effectiveness in the 
prevention of leaching of the base material. Because of the 
average shape of the particles a layer equivalent to one 
grain diameter does not completely cover the whole bed. 
The particles on the average touch each other, but the bed 
is exposed through the interstices between the particles 
(Figs 49 and 53 ) . I n the case of the graded mixture the 
particles are separated f r o m each other by a lesser distance 
than for uni form material As the thickness of the layer is 
increased, the interstices of the larger particles are filled by 
the smaller particles, and when the layer is greater than one 
diameter the particles tend to overlap and to close the inter­
stitial spaces through which the bed may have been ex­
posed W i t h the increase of either thickness or standard 
deviation of the riprap the number of direct paths to the 
bed IS reduced and the region of relatively high velocity is 
moved farther and farther f rom the easily eroded base 
material. Leaching may occur either through direct attack 
on the base material by the flow turbulence m which small 
masses of high velocity fluid may penetrate to the bed or 
through the development of a pressure difference between 
the static pressure of fluid within the bed and the lower 
wake pressure behind the particle As the thickness is m-
creased these interstices are cut off, or the paths to the bed 
are lengthened, so that the possibility of direct attack by 
the flow IS reduced I n the case of graded riprap, because 
the smaller particles tend to fill the interstices between the 
larger particles, the thickness required to prevent the attack 
on the base material tends to be appreciably less than for 
uni form riprap material. When the boundary shear stress 
due to the flow over the riprap is less than the critical shear 
of the smaller particles in the riprap blanket, the leaching 
IS greatly reduced. Where the shear stress on the riprap is 
of the order of the critical shear stress some of the riprap 
material that is smaller than the effective size may be trans­
ported f r o m around the larger riprap particles, thus locally 
exposing the bed at many points. I n such cases failure may 
first take place through movement of the riprap material, 
which in turn leads to failure by leaching. I n most cases, 
however, the larger particles of the riprap material provide 
shelter fo r the smaller ones, and hence no movement of the 
base material takes place. 

Transport of Riprap Material 

When the material constituting the riprap blanket begins to 
move I t IS classified as bedload, and its transport at low 
shear stresses can be broken down into four different 
groups (14) 



Figure 51. Similar to Figure 49, except that the thickness of the riprap layer is 
the equivalent of two diameters. It has the same effective size (dm=0.073 f t ) 
and standard deviation (<7 = 7.5) . Because the layer is twice as thick, the riprap 
material rather effectively closes the interstices and covers the bed more 
completely. 

Figure 52. The bed in Figure 51, after the design discharge had been flowing over 
it for 9 hr. Because of the increased thickness, very little sand from the base has 
been removed and the bed is quite stable. 



Figure 53. The bed when a riprap having the same effective size as the previous 
photos {0.073 f t ) , but with a standard deviation, a, of 2.7, is placed on the bed 
prior to the test. The extreme range of sizes found in this mixture is character­
istic of material with a high standard deviation. In this test the riprap layer was 
only one diameter thick; again, base material can be seen between the interstices 
at various points on the bed. 

Figure 54. The area in Figure 53, but after an experiment of 51-min duration at 
the design flow. The larger particles appear to be undisturbed, but considerable 
movement of intermediate and smaller particles has taken place. The leaching of 
sand through the interstices by the flow is also apparent from the sand deposits on 
the riprap surface. 



RIPRAP 
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Figure 55. When the same riprap material as in Figure 53 is placed on the bed to 
a thickness of approximately three diameters, the bed is more thoroughly covered 
and all the interstices appear to be closed. 

RIPRAP 
D:.875'SD--2.7 
3DIAM.THICK 

Figure 56. After an experiment of 3 hr at the design discharge, the larger parti­
cles of the riprap layer are relatively undisturbed. This thickness of protective 
blanket is effective in the reduction of leaching and appears to provide a stable 
riprap layer. 
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Figure 57. The downstream end of the channel, showing riprap placed on the 
side slope. The deepest point in the channel represents the junction with the hori­
zontal central portion of the channel. 

Figure 58. The flow in the channel represents that occurring over the sloping 
sides of the trapezoidal channel. The appropriate discharge was taken as that 
which provided maximum shear on the side slope equal to that which would 
occur in the prototype. 



Figure 59. The layer of nprap on the 4 1 side slope is the equivalent of three grain diameters thick. With such place­
ment the base material is apparently well protected and safe from turbulent eddies that seek to penetrate the riprap. The 
surface was sprayed with paint in the form of a grid to assist in locating the same point after the experiment 

RIPRAP 
D I A . . 8 7 5 ' ' 
3 Dl A . THICK 

Figure 60 Even when the channel has been subjected to an excessive discharge there does not seem to have been any 
movement of individual particles on the surface. 
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Figure 61 The bed, when the riprap is less uniformly graded before the test as the design dischaige 

Figure 62. After the test there is no readily apparent movement, because many of the individual particles can be identi­
fied in both photos. 
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1. "None" refers to that condition m which absolutely 
no sediment particles are in motion. 

2. "Weak" movement indicates that a few or several of 
the smallest sand particles are in motion in isolated spots 
in countable numbers. Countable means that by confining 
the field of observation the particles in motion can be 
counted by the observer 

3. "Medium" movement is used for the condition in 
which grains of medium size are in motion in numbers too 
large to be counted. Such movement is no longer local in 
character but is not yet strong enough to affect the con­
figuration of the bed and does not result m transportation 
of an appreciable amount of sediment 

4 "General" means that condition in which sediment up 
to and including the largest is in motion The movement 
IS also general in character. It is sufficiently vigorous to 
change the bed configuration, and an appreciable amount 
of sediment is transported. 

Critical shear stress has been defined as that stress that 
brings about general movement of the bedload mixture; 
hence, the most important factor in the design of drainage 
channels is the limiting boundary shear stress to which the 
particles will be subjected. The values of the limiting shear 
to be used in channel design and critical shear stress should 
not be equal. In the absence of any specific experimental 
information it was proposed that for purposes of channel 
design the limiting shear stress be 80 percent of the critical 
shear stress. When a channel designed according to this 
method was tested it was found that some movement took 
place at shear stresses less than the critical shear stress 
Such bedload movement was slight and did not belong in 
the "general movement" category A definition of general 
movement proposed by the Waterways Experiment Station 
(9) in connection with hydraulic model studies where rela­
tively fine sands were used is that rate of movement (at 
critical boundary shear) equal to 1 lb per hour per foot 
width or more This definition, however, cannot be used 
for gravel or crushed rock mixtures because the movement 
of only a few isolated particles might be sufficient to satisfy 
this requirement, even if the movement were not general in 
character In these experiments the transport rate at criti­
cal shear stress for the type of materials tested was defined 
as general movement when the following two conditions 
were satisfied (1) the material in transport was reason­
ably similar in composition to the material composing the 
bed, and (2) the rate of movement was equal to or in 
excess of 10 lb per hour per foot width This meant that 
about 3 percent of the top particles would move per hour 
at the so-called critical shear stress. The flow rate for which 
bedload transport exceeded 3 percent of the top particles of 
the riprap layer every hour (equivalent to 10 lb per foot per 
hour) was considered to be the maximum discharge for 
which the channel could function effectively. 

Figure 63 shows the transport rate of riprap material as 
a function of the dimensionless shear stress, t^, for vari­
ous thicknesses and gradations of the riprap where = 

, ^ . (see Eqs. 19 and 10). A more clearly defined 

relationship between transport rate and stability appears m 

Figure 64, which shows that riprap transport rate in terms 
of the prototype discharge. 

Size Distribution of the Transported Material 

The size gradation of riprap trapped at the downstream end 
of the flume is shown in Figures 65 through 70 for Series I 
and in Figure 71 for Series I I . In each figure the gradation 
curve for the original material is plotted The curves show 
that for the riprap material for which o-= 1.5 (Figs 65, 
66, and 67) the trapped material consisted almost entirely 
of the coarser particles of the riprap. On the other hand, 
the transported portion of the riprap blanket for which 
cr = 2.7 (Figs. 68, 69, and 70) had more of the finer parti­
cles than were present in the original riprap material. This 
was clearly the case for the Series I I experiments (Fig 71) 
also. It appears that at the point at which the movement of 
the riprap was observed the material in motion was not 
representative of the mixture that was originally placed on 
the bed. For the riprap material for which o- = 1 5 it was 
noticed that in every instance the first particles to move 
were the larger ones and that as the depth was increased 
more of the smaller particles were put into motion. It is 
believed that the larger particles that protrude a small dis­
tance above the general level of the bed are acted on by a 
greater velocity than are the fine particles that fill the inter­
stices and lie m between the larger particles Although this 
vertical distance is very small, the change in velocity near 
the bottom is very rapid, and a small difference in particle 
location causes a relatively larger difference in transporting 
force At greater depth, however, which is to say at greater 
boundary shear stress, the increase in velocity at the bottom 
aided by the increased turbulence of the flow appears to be 
sufficient to remove the finer particles of riprap 

I f the standard deviation of bed material is above a cer­
tain value, more of the smaller particles will be in the top 
layer of the riprap, in addition to those in the interstices 
between the larger particles. Because the majority of these 
smaller parUcles will thus not be protected against move­
ment by the larger particles, they can be moved indepen­
dently in relatively large numbers At the same time, the 
very large particles that are present do not move first be­
cause of their size The reason may be that the resistance 
to motion of a particle varies as the cube of its diameter, 
whereas the distance the particle protrudes above the bed 
and the velocity generating the forces on the particle vary 
as a much smaller power, probably less than unity. Hence, 
there must be a limiting size of particle at which the larger 
ones no longer move first and above which the finer parti­
cles are the first to be put into motion It may be that this 
critical standard deviation lies between those of the mix­
tures tested (1.5 and 2.7) 

Manning's Roughness Coefficient, n 

The Manning coefficient was determined for all the experi­
ments The data obtained m these experiments are plotted 
in Figure 72, taken from Figure 5 The laboratory results 
show very good agreement with the curve that had been 
fitted to the data in Figure 5. The relationship given in 
Figure 77 leads to the interesting conclusion that Man-
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Figure 63. Riprap transport rate as a junction of dimensionless shear, T. 
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ning's n varies with the % power of the particle size (that 
IS, n = 0.0395 d.^o"). This means that a thousandfold 
change in linear measurement of the roughness height re­
sults in about a threefold increase in Manning's roughness 
coefficient. This relationship is shown in Figure 73, which 
is taken from Figure 6 and shows again a very good agree­
ment with the original curve. 

CONCLUSIONS 

The results of these experiments on the stability of nprap 
blankets designed m accordance with the proposed design 
procedures suggest the following conclusions: 

1. The drainage channel designed on the basis of the 
tentative design procedures described in this report was 
found to be stable with respect to leaching and riprap 
movement at the design discharge. For the uniform riprap 
material, failure occurred at a discharge approximately 
twice the design discharge. For the graded riprap material, 
failure occurred when the discharge exceeded 1 5 times the 
design discharge. 

2. The riprap consisting of the graded mixtures has been 

found to be as effective as riprap consisting of uniform 
material. It is even more effective in the prevention of 
leaching, but is somewhat less stable than the uniform 
material with regard to movement of individual particles. 

3. It appears that a layer of riprap whose thickness 
is the equivalent of three grain diameters is adequate to 
prevent leaching of sand through the riprap. The uniform 
and the graded riprap materials were equally effective in 
this regard. 

4. The experiment substantiated the experimental data 
used in the design procedure in that the measured critical 
boundary shear at general movement corresponded with 
the data shown graphically in Chapter One. 

5. The Manning roughness coefficient as measured in the 
experiment agreed very well with the experimental data 
used m developing the design procedure. 

EXPERIMENTS ON THE LEACHING OF BASE MATERIAL 

In the experiments on the stability of the riprap layer over 
which the discharge flowed, the measurement of the leach­
ing of base matenal through the riprap layer was inciden-
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Figure 64. Rate of riprap transport in terms of channel discharge—Series I 

tal to the primary study of stability. A special study was 
undertaken to relate the properties of the riprap layer to 
the rate at which base material was removed from the bed. 

A riprap or protective layer may be formed on a sand 
bed by selective erosion that exposes coarse particles in the 
bed mixture, or by the actual placement of sufficiently large 
particles on the bed to cover and protect the sand. The 
formation of a protective layer by selective erosion hinges 
on the presence of a sufficient number of coarse particles m 
the bed mixture, so that as the bed is degraded these coarser 
particles will form the nonerodible layer (57) (.38). The 
position of the final protective layer will depend on the 
equilibrium between the sediment complex and the con­
centration of the nonerodible particles in the bed mixture. 
I f the final or equilibrium level is prescribed, however, as 
in the case of drainage channels, then it is necessary to 
artificially place the riprap layer of sufficient thickness on 
the bed so that it will be stable and leaching will be 
prevented. 

These experiments deal with the leaching through riprap 
blankets of various compositions placed on the surface of 
the base material. 

Experimental Apparatus and Measurements 

These experiments were conducted in a glass-sided flume 
1 f t wide, 2 f t deep, and 30 f t long. The flume was equipped 
with apparatus for measuring rates of transport, the dis­
charge of water, and the water surface and bed elevations. 

The base material consisted of a relatively fine sand for 
which = 0.5 mm and the riprap layer was represented 
by gravel for which d^o = 5.2 mm (Fig. 74). The bed of 
the flume was covered by a layer of the sand base material 
to a thickness of about 2.5 in. The surface of the sand was 
carefully smoothed to the channel slope of 0.001 by means 
of a metal screed mounted on the measuring carriage. The 
riprap layer was formed by uniformly covering the sand 
bed with gravel. The relative thickness of the layer in terms 
of the effective size of the riprap could be varied by pre-
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Figure 66. Size distribution of transported riprap (C Series—Series I). 

10' 



Test 
Original 

A D - 2 0.083 
D - 1 0.083 

50 
0.073 

?! 60 

4 6 8 

Particle Size - ft 

Figure 67. Size distribution of transported riprap (D Series—Series I) 

100 

Test cJjQ (T 
• Original 0.073 2.7 

A E - 1 0.046 1,72 

• / 

c 
lU 

U 
L-

a. 

10"" 2 3 4 6 8 
Particle Size - ft 

Figure 68 Size distribution of transported riprap (£ Series—Series / ) . 

10" 



c 
0) 

U 

dSO 
0.073 
0.056 
0.053 

Particle Size - ft 
Figure 69. Size distribution of transported riprap (F Series—Series I) 

Test c 

• Original 0.073 2.70 

• G - 1 0.067 1.75 

A G 

• G 

- 2 0.06 

- 3 0.06 

3 1.95 

5 1.76 

• > 

c 
«> 

U 

10 -2 2 3 4 6 8 
Particle Size - f t 

Figure 70. Size distribution of transported riprap (G Series—Series I) 

10 r l 



63 

100 
Test <̂ 50 tr 

0 Original Bed 0.073 2.70 
• Qp = 2.57 cfs 0.0481 1.52 

A Q = 3.72 cfs 
P 0.0475 1.56 

O Q = 4.40 cfs 
P 

0.0502 1.51 

c 
5̂ 

4 6 
Particle Size - ft 

Figure 71 Size distribution of transported riprap—Series II. 

scribing the weight of gravel per unit area. These thick­
nesses varied from zero to 1.6 times the effective diameter 
of the riprap. For each thickness, various flows could be 
discharged over the riprap layers to generate various bound­
ary shear stresses. The channel was then divided into four 
portions, and on each a riprap layer of a particular thick­
ness was placed. Near the end of each portion a small 
hopper equal to the channel width was inserted into the bed 
so that any sand transported through or over the riprap 
layer was trapped. The transport rate was determined by 
the amount trapped and the duration of the test This 
arrangement permitted the performance of four experi­
ments at the same time. 

The shear stress on the bed for each discharge was de­
termined from the depth of flow and the channel slope. 

Leaching Characteristics of Thin Riprap Layers 

In these experiments the object was primarily to obtain 
qualitative information on the effect of the armor layer on 
the transport rate of the underlying base material when the 
thickness was less than one diameter. The results of these 
experiments appear in Figure 75, which shows the trans­
port rate of the base material through riprap layers of 
various thicknesses in terms of the boundary shear stress 
Included in the figure is a line that indicates the transport 
rate of the gravel riprap in terms of the shear stress. The 
curves are well defined for each value of riprap thickness 

and show that the rate of transport of the base material 
decreases with increasing thickness of the armor layer and 
decreasing shear stress The data also suggest that for low 
shear stresses the transport rate of the riprap material is 
independent of the thickness of the riprap layer, that is, 
each particle moves independently of the others that may 
be in the bed. 

The decrease in sand transport, defined as the difference 
between sand transport without riprap protection and sand 
transport with riprap protection, appears to be proportional 
to the thickness of the armor layer Figure 76 is a plot 
showing the transport rate for the sand of the base material 
as a function of a flow parameter as 

<?, = /(r„ k«) (56) 

in which 9, IS the transport rate in pounds per foot per 
second, T„ IS the bed shear stress, n is the thickness of the 
riprap layer, and k is a constant (^ = 0.17). Only those 
points that are part of the systematic family of curves, in 
Figure 75 are included. The function in Figure 76 shows 
that the transport rate is proportional to a power of the 
shear stress and is reduced as the thickness of the riprap 
layer increases. This expression represents a qualitative 
relationship between the property of the riprap layer, the 
shear stress, and the transport rate, and is suggestive of the 
manner in which the various parameters influence the 
channel stability. 
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Effect of Thick Riprap Layers on Leaching of Base Material 

In this set of experiments the rate of transport of the base 
materia! from or through a nprap layer consisting of layers 
of carefully defined particles was measured. They were 
made in the same flume as the previous experiments. The 
bottom of the flume was now covered with gravel {d^o = 
16 mm) to a thickness of about 6 in. and placed at a longi­
tudinal slope of 0.001. For these experiments the sand that 
was to be protected against leaching was placed in a small, 
flat vessel and its surface was screeded smooth. The vessel 
and the sand representing the base material are shown in 
Figure 77. Over the sand a layer of fine gravel was placed; 
it consisted of particles either 4 mm or 2 mm in size, de­
pending on the experiment. The thickness of this layer was 
also established by placing a prescribed weight per unit 
area. The sub-layer of smaller gravel is shown in Figure 78, 
which also shows the vessel in place in the bed of the 
channel surrounded by the upper layer of coarse riprap 
Finally, the entire container was covered with the coarse 
upper layer consisting of gravel 16 mm in size (Fig 79). 
Considerable care was taken to cover the surface of the 
sample and the surrounding riprap as uniformly as possible. 
The same riprap particles were used for each test so that 
the degree of protection of the various segments of the 
riprap layer was the same for each experiment. The sam­
ple was then covered with a metal plate and the flume was 
filled with water from the downstream end. The required 
discharge was established and permitted to reach equilib­
rium and become steady before the plate was removed and 
the riprap was exposed to the shear stresses. After an 
appropriate time the flow was stopped and the sample was 
removed from the bed. The sample of base material was 

then dried and weighed. The amount of leaching that had 
occurred then was the difference in weight of the sample 
before and after the experiment. 

Seven grades of uniform material—having diameters 
(</5o) of 16, 4, 2, 1, 0.5, 0.25, and 0.125 mm—obtained 
by sieving were used in various parts of the experiments. 
The 16-mm gravel was used as riprap (top protective layer). 
The particles having sizes of 1, 0.5, 0 25, and 0.125 mm 
were used as base materials, and the intermediate gravel be­
tween 2 and 4 mm was used, at different times, both as the 
base material and the intermediate protective covering. The 
experiments were conducted at two values of the boundary 
shear stress that were determined from the velocity profile. 
Forty different combinations of flow, riprap, and base ma­
terial were tested, with each experiment repeated five times. 
The average value of the characteristic parameters was 
computed and was plotted in the figures. The results of the 
experiments are shown in Figures 80, 81, and 82. It is 
obvious from these figures that the effect of the protective 
layer depends strongly on the number of layers in the pro­
tective blanket and not too strongly on the diameter of the 
base material. It is presumed that the boundary shear stress 
is greater than the critical shear stress for the base material, 
so that any particles that are exposed will be removed. The 
results indicate that it is necessary to use only enough 
coarse material to create a protective layer to reduce the 
transport of the base material. The minimum diameter 
that can be used depends not only on the flow condition 
but also on the position m the layer that is created. The 
riprap is supposed to consist of many layers, with the 
average size of the material mcreasmg with increasing 
elevation within the layer. I t appears that the riprap layer 



Figure 77. 

Figure 78. 

Figure 79. 
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can act as a filter to prevent the fine base material from 
being removed. In Figures 80 and 81 separate curves are 
drawn through the data corresponding to a specific number 
of layers in the riprap blanket. I t appears that other curves 
would exist for intermediate values of thickness. In other 
words, the relationship between the size of the base ma­
terial and the transport rate is a function of the effective 

thickness of the riprap layer. I t further appears that the 
protective layer can reduce the transport rate very greatly 
but cannot prevent all transport. The reduction in the rate 
of scour in terms of the total number of layers that compose 
the protective layer is exponential, and the results suggest 
that each layer of protective material reduces the rate of 
degradation about 75 times. 

CHAPTER THREE 

APPLICATION OF DESIGN CHARTS TO CHANNEL DESIGN 

In Chapter Two some examples of the use of the design 
charts to establish channel dimensions satisfying the pre­
scribed discharge and slope are discussed. I t must be borne 
in mind in the use of these charts that they are only graphi­
cal representations of the equations that were developed in 
the preceding chapters and that the equations themselves 
can be used in lieu of the charts or to extend the charts 
beyond the range for which they were drawn. The chart 
limits were determined primarily from the fact that the 

channels were to provide drainage for highways. For the 
trapezoidal channels the maximum discharge was set at 
1,000 cfs, because larger channels would generally require 
engineering experience as well as design charte to accom­
plish a good design. The upper limit of the triangular 
drainage channel was set at 100 cfs, because it is not likely 
that greater discharges will be met. 

The use of the charts as an aid to channel design can 
perhaps best be shown through the specific examples given 
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CHAPTER FOUR 

RECOMMENDATIONS FOR FURTHER RESEARCH 

The study on the design of riprap-lined highway drainage 
channels reported here represents what appears to be the 
initial phase of the solution of a problem of considerable 
magnitude. In this initial phase useful techniques that have 
been developed for the design of a rather large class of 
highway drainage channels may well serve as a basis for 
further investigations in this area The study and the re­
sults obtained suggest the direction of research for further 
useful results. This chapter attempts to outline some of the 
areas in which further research would be of considerable 
value 

FIELD TESTING 

The ultimate test of any analytical development or labora­
tory result IS Its operation in practice and perhaps at scales 
considerably larger than any that can be produced m a 
laboratory. Prototype drainage channels should be de­
signed on the basis of the tentative procedures for various 
purposes and in various sizes to test not only the applica­
bility of the procedures to highway practice but also the 
validity of the design assumptions and the experimental 
data incorporated in the procedure. This will require a 
considerable period of time for construction to be com­
pleted and to yield test data, because any such test depends 
on hydrologic circumstances for the discharges that will 
appropriately stress the system. In order to further this 
study, a continuing program by some organization having 
surveillance of highway practices would be desirable. 

CHANNELS OF LARGE CAPACITY 

Although the design procedures are not limited to the range 
of discharges for which the design charts were drawn, 
further consideration should be given to the extension of 
the design procedures to discharge perhaps an order of 
magnitude greater than those initially suggested Such a 

study would involve the search for and analysis of applica­
tion of riprap in which the large rock particles are sub­
jected to high velocities. Hydraulic structures of such 
magnitude are usually out of the area of routine design and 
require a considerable amount of engineering experience 
and judgment. The equations relating the four variables— 
discharge, slope, channel shape and size, and riprap proper­
ties—are of course applicable to such large structures, but 
It may be necessary to incorporate larger factors of safety 
as the structure becomes more important. 

LABORATORY RESEARCH 

Both fundamental and applied research in this area should 
be carried on By fundamental research is meant the me­
chanics of two-phase flow or flow over boundaries of dis­
crete particles, the interrelationships between the flow and 
boundaries consisting of a wide range of particle sizes, the 
leaching phenomenon, shear distribution in bends, and the 
concept of a critical shear applied to a gradation of riprap 
particles By applied research is meant the further testing 
of various aspects of the design procedures. This includes 
testing of the stability and the nature of the forces acting 
on riprap placed on side slopes and in the neighborhood of 
the junction of the sides and bottom of trapezoidal chan­
nels Research should be carried out to determine the pre­
cision with which various geometrical or hydraulic proper­
ties can and should be computed Laboratory research can 
provide additional facts where data are limited, such as 
more precise determinations of the angle of repose of 
materials of various sizes, shapes, and textures. Much of 
this research should be carried on on a rather large scale 
so that the problems of extrapolation to prototype sizes of 
riprap may be minimized. The scale of such research is 
determined by a balance between the value of such results 
and the cost and time involved 
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APPENDIX A 

SIZE DISTRIBUTION AND GRADATION LIMITS FOR EIGHT STANDARD AGGREGATES 
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Figure A-1. Size distribution and gradation limits for standard aggregate No. 1, AASHO 
designation M 43-54. 
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Figure A-2. Size distribution and gradation limits for standard aggregate No. 2, AASHO 
designation M 43-54 
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Figure A-3. Size distribution and gradation limits for standard aggregate No. 24, AASHO 
designation M 43-54. 

Particle Size - ft 

('50)min = 0 - ° 8 0 f M 2 4 . 5 m m ) 

Particle Size - mm 

Figure A^. Size distribution and gradation limits for standard aggregate No 4, AASHO 
designation M 43-54. 
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Figure A-5. Size distribution and gradation limits for standard aggregate No. 357, 
AASHO designation M 43-54. 
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Figure A-6 Size distribution and gradation limits for standard aggregate No 467, 
AASHO designation M 43-54. 
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Figure A-7 Size dislribulion and gradation limits for standard aggregate No 57, 
AASHO designation M 43-54 
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Figure A-8 Size distribution and gradation limits for standard aggregate No 68, AASHO 
designation M 43-54 
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32 Improved Criteria for Traffic Signals at Individual 
Intersections (Proj. 3-5), 134 p., $5.00 

33 Values of Time Savings of Commercial Vehicles 
(Proj. 2-4), 74 p., $3.60 

34 Evaluation of Construction Control Procedures— 
Interim Report (Proj. 10-2), 117 p, $5.00 

35 Prediction of Flexible Pavement Deflections from 
Laboratory Repeated-Load Tests (Proj. 1-3(3)), 
117 p., $5.00 

36 Highway Guardrails—A Review of Current Practice 
(Proj. 15-1), 33 p., $1.60 

37 Tentative Skid-Resistance Requirements for Mam 
Rural Highways (Proj. 1-7), 80 p., $3.60 

38 Evaluation of Pavement Joint and Crack Sealing Ma­
terials and Practices (Proj 9-3), 40 p., $2.00 

39 Factors Involved in the Design of Asphaltic Pave­
ment Surfaces (Proj. 1-8), 112 p., $5.00 

40 Means of Locating Disabled or Stopped Vehicles 
(Proj. 3-4(1)), 40 p, $2.00 

41 Effect of Control Devices on Traffic Operations 
(Proj. 3-6), 83 p., $3.60 

42 Interstate Highway Maintenance Requirements and 
Unit Maintenance Expenditure Index (Proj. 14-1), 
144 p., $5.60 

43 Density and Moisture Content Measurements by 
Nuclear Methods (Proj. 10-5), 38 p., $2.00 

44 Traffic Attraction of Rural Outdoor Recreational 
Areas (Proj. 7-2), 28 p., $1.40 

45 Development of Improved Pavement Marking Ma­
terials—Laboratory Phase (Proj. 5-5), 24 p., 
$1.40 

46 Effects of Different Methods of Stockpiling and 
Handling Aggregates (Proj. 10-3), 102 p., 
$4.60 

47 Accident Rates as Related to Design Elements of 
Rural Highways (Proj. 2-3), 173 p., $6.40 

48 Factors and Trends in Trip Lengths (Proj 7-4), 
70 p , $3 20 

49 National Survey of Transportation Attitudes and 
Behavior—Phase I Summary Report (Proj. 20-4), 
71 p, $3.20 



Rep. 
No. Title 
50 Factors Influencing Safety at Highway-Rail Grade 

Crossings (Proj. 3-8), 113 p., $5 20 
51 Sensing and Communication Between Vehicles (Proj. 

3-3), 105 p., $5.00 
52 Measurement of Pavement Thickness by Rapid and 

Nondestructive Methods (Proj 10-6), 82 p., 
$3.80 

53 Multiple Use of Lands Within Highway Rights-of-
Way (Proj. 7-6), 68 p., $3.20 

54 Location, Selection, and Maintenance of Highway 
Guardrails and Median Barriers (Proj. 15-1(2)), 
63 p., $2 60 

55 Research Needs in Highway Transportation (Proj. 
20-2), 66 p, $2.80 

56 Scenic Easements—Legal, Administrative, and Valua­
tion Problems and Procedures (Proj. 11-3), 174 p., 
$6.40 

57 Factors Influencing Modal Trip Assignment (Proj 
8-2), 78 p., $3.20 

58 Comparative Analysis of Traffic Assignment Tech­
niques with Actual Highway Use (Proj. 7-5), 85 p., 
$3.60 

59 Standard Measurements for Satellite Road Test Pro­
gram (Proj. 1-6), 78 p., $3.20 

60 Effects of Illumination on Operating Characteristics 
of Freeways (Proj. 5-2) 148 p., $6.00 

61 Evaluation of Studded Tires—Performance Data and 
Pavement Wear Measurement (Proj. 1-9), 66 p., 
$3 00 

62 Urban Travel Patterns for Hospitals, Universities, 
Office Buildings, and Capitols (Proj. 7-1), 144 p., 
$5.60 

63 Economics of Design Standards for Low-Volume 
Rural Roads (Proj. 2-6), 93 p., $4.00 

64 Motorists' Needs and Services on Interstate Highways 
(Proj. 7-7). 88 p, $3.60 

65 One-Cycle Slow-Freeze Test for Evaluating Aggre­
gate Performance in Frozen Concrete (Proj. 4-3(1)), 
21 p, $1.40 

66 Identification of Frost-Susceptible Particles in Con­
crete Aggregates (Proj. 4-3(2)), 62 p., $2 80 

67 Relation of Asphalt Rheological Properties to Pave­
ment Durability (Proj. 9-1), 45 p., $2.20 

68 Application of Vehicle Operating Characteristics to 
Geometric Design and Traffic Operations (Proj. 3-
10), 38 p., $2.00 

69 Evaluation of Construction Control Procedures— 
Aggregate Gradation Variations and Effects (Proj 
10-2A), 58 p., $2.80 

70 Social and Economic Factors Affecting Intercity 
Travel (Proj. 8-1), 68 p., $3.00 

71 Analytical Study of Weighing Methods for Highway 
Vehicles in Motion (Proj. 7-3), 63 p., $2.80 

72 Theory and Practice in Inverse Condemnation for 
Five Representative States (Proj. 11-2), 44 p, 
$2.20 

73 Improved Criteria for Traffic Signal Systems on 
Urban Arterials (Proj. 3-5/1), 55 p., $2.80 

74 Protective Coatings for Highway Structural Steel 
(Proj. 4-6), 64 p., $2.80 

74A Protective Coatings for Highway Structural Steel— 
Literature Survey (Proj. 4-6), 275 p., $8.00 

74B Protective Coatings for Highway Structural Steel— 
Current Highway Practices (Proj. 4-6), 102 p., 
$4.00 

75 Effect of Highway Landscape Development on 
Nearby Property (Proj. 2-9), 82 p., $3.60 

Rep. 
No. rule 
76 Detecting Seasonal Changes in Load-Carrying Ca­

pabilities of Flexible Pavements (Proj 1-5(2)), 
37 p., $2.00 

77 Development of Design Criteria for Safer Luminaire 
Supports (Proj. 15-6), 82 p., $3.80 

78 Highway Noise—Measurement, Simulation, and 
Mixed Reactions (Proj 3-7), 78 p., $3.20 

79 Development of Improved Methods for Reduction of 
Traffic Accidents (Proj. 17-1), 163 p., $6.40 

80 Oversize-Overweight Permit Operation on State High­
ways (Proj. 2-10), 120 p., $5.20 

81 Moving Behavior and Residential Choice—A Na­
tional Survey (Proj. 8-6), 129 p, $5.60 

82 National Survey of Transportation Attitudes and 
Behavior—Phase II Analysis Report (Proj 20-4), 
89 p, $4.00 

83 Distribution of Wheel Loads on Highway Bridges 
(Proj. 12-2), 56 p, $2.80 

84 Analysis and Projection of Research on Traffic 
Surveillance, Communication, and Control (Proj. 
3-9), 48 p., $2.40 

85 Development of Formed-in-Place Wet Reflective 
Markers (Proj. 5-5), 28 p., $1.80 

86 Tentative Service Requirements for Bridge Rail Sys­
tems (Proj 12-8), 62 p., $3.20 

87 Rules of Discovery and Disclosure in Highway Con­
demnation Proceedings (Proj. 11-1(5)), 28 p., 
$2.00 

88 Recognition of Benefits to Remainder Property in 
Highway Valuation Cases (Proj. 11-1(2)), 24 p., 
$2 00 

89 Factors, Trends, and Guidelines Related to Trip 
Length (Proj 7-4), 59 p., $3.20 

90 Protection of Steel in Prestressed Concrete Bridges 
(Proj. 12-5), 86 p., $4 00 

91 Effects of Deicing Salts on Water Quality and Biota 
—Literature Review and Recommended Research 
(Proj. 16-1), 70 p, $3 20 

92 Valuation and Condemnation of Special Purpose 
Properties (Proj. 11-1(6)), 47 p., $2.60 

93 Guidelines for Medial and Marginal Access Control 
on Major Roadways (Proj. 3-13), 147 p., 
$6.20 

94 Valuation and Condemnation Problems Involving 
Trade Fixtures (Proj. 11-1(9)), 22 p., $1.80 

95 Highway Fog (Proj. 5-6), 48 p., $2.40 
96 Strategies for the Evaluation of Alternative Trans­

portation Plans (Proj. 8-4), i l l p., $5.40 
97 Analysis of Structural Behavior of AASHO Road 

Test Rigid Pavements (Proj. 1-4(1)A), 35 p., 
$2 60 

98 Tests for Evaluating Degradation of Base Course 
Aggregates (Proj. 4-2), 98 p $5 00 

99 Visual Requirements in Night Driving (Proj 5-3), 
38 p , $2.60 

100 Research Needs Relating to Performance of Aggre­
gates in Highway Construction (Proj. 4-8), 68 p , 
$3 40 

101 Effect of Stress on Freeze-Thaw Durability of Con­
crete Bridge Decks (Proj. 6-9), 70 p , $3 60 

102 Effect of Weldments on the Fatigue Strength of Steel 
Beams (Proj 12-7), 114 p., $5 40 

103 Rapid Test Methods for Field Control of Highway 
Construction (Proj 10-4), 89 p., $5.00 

104 Rules of Compensability and Valuation Evidence 
for Highway Land Acquisition (Proj. 11-1), 
77 p., $4.40 



Rep. 
No. Title 
105 Dynamic Pavement Loads of Heavy Highway Vehi­

cles (Proj. 15-5), 94 p., $5.00 
106 Revibration of Retarded Concrete for Contmuous 

Bndge Decks (Proj. 18-1), 67 p., $3.40 
107 New Approaches to Compensation for Residential 

Undertakings (Proj. 11-1(10)), 27 p., $2.40 
108 Tentative Design Procedure for Riprap-Lined Chan­

nels (Proj. 15-2), 75 p., $4.00 

Synthesis of Highway Practice 
1 Traffic Control for Freeway Maintenance (Proj. 20-5, 

Topic!) , 47 p., $2.20 
2 Bridge Approach Design and Construction Practices 

(Proj. 20-5, Topic 2), 30 p., $2.00 
3 Traffic-Safe and Hydraulically Efficient Drainage 

Practice (Proj. 20-5, Topic 4), 38 p., $2.20 
4 Concrete Bridge Deck Durability (Proj. 20-5, Topic 

3), 28 p., $2.20 
5 Scour at Bridge Waterways (Proj. 20-5, Topic 5), 

37 p., $2.40 



THE NATIONAL ACADEMY OF SCIENCES is a private, honorary organiza-
tion of more than 700 scientists and engineers elected on the basis of outstanding 
contributions to knowledge. Established by a Congressional Act of Incorporation 
signed by President Abraham Lincoln on March 3, 1863, and supported by private 
and public funds, the Academy works to further science and its use for the general 
welfare by bringing together the most qualified individuals to deal with scientific and 
technological problems of broad significance. 

Under the terms of its Congressional charter, the Academy is also called upon 
to act as an official—yet independent—adviser to the Federal Government in any 
matter of science and technology. This provision accounts for the close ties that 
have always existed between the Academy and the Government, although the Academy 
is not a governmental agency and its activities are not limited to those on behalf of 
the Government. 

THE NATIONAL ACADEMY OF ENGINEERING was estabUshed on December 
5, 1964. On that date the Council of the National Academy of Sciences, under the 
authority of its Act of Incorporation, adopted Articles of Organization bringing 
the National Academy of Engineering into being, independent and autonomous 
in its organization and the election of its members, and closely coordinated with 
the National Academy of Sciences in its advisory activities. The two Academies 
join in the furtherance of science and engineering and share the responsibility of 
advising the Federal Government, upon request, on any subject of science or 
technology. 

THE NATIONAL RESEARCH COUNCIL was organized as an agency of the 
National Academy of Sciences in 1916, at the request of President Wilson, to 
enable the broad community of U. S. scientists and engineers to associate their 
efforts with the limited membership of the Academy in service to science and the 
nation. Its members, who receive their appointments from the President of the 
National Academy of Sciences, are drawn from academic, industrial and government 
organizations throughout the country. The National Research Council serves both 
Academies in the discharge of their responsibilities. 

Supported by private and public contributions, grants, and contracts, and volun­
tary contributions of time and effort by several thousand of the nation's leading 
scientists and engineers, the Academies and their Research Council thus work to 
serve the national interest, to foster the sound development of science and engineering, 
and to promote their effective application for the benefit of society. 

THE DIVISION OF ENGINEERING is one of the eight major Divisions into 
which the National Research Council is organized for the conduct of its work. 
Its membership includes representatives of the nation's leading technical societies as 
well as a number of members-at-large. Its Chairman is appointed by the Council 
of the Academy of Sciences upon nomination by the Council of the Academy of 
Engineering. 

THE HIGHWAY RESEARCH BOARD, organized November 11, 1920. as an 
agency of the Division of Engineering, is a cooperative organization of the high­
way technologists of America operating under the auspices of the National Research 
Council and with the support of the several highway departments, the Federal Highway 
Administration, and many other organizations interested in the development of trans­
portation. The purpose of the Board is to advance knowledge concerning the nature 
and performance of transportation systems, through the stimulation of research and 
dissemination of information derived therefrom. 
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