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ABSTRACT 

This report reviews the more accepted or recommended riprap design 
methods currently used to design rock riprap protection against soil erosion 
by flowing water. The basic theories used to develop the various methods are 
presented. The Riprap Design with Safety Factors Method is identified as the 
logical choice for uranium mill tailings impoundments. This method is 
compared to the other methods and its applicability to the protection 
requirements of tailings impoundments is discussed. Other design problems ate 
identified and investigative studies recommended. 
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SUMMARY 

Pacific Northwest Laboratory (PNL) is studying the mitigation of erosion 
through the use of rock revetment, commonly referred to as riprap. This report 
reviews the available rock riprap design methods and their development, and 
provides a preliminary assessment of their applicability for long-term protec
tion of uranium mill tailings impoundments against flood erosion. Other items 
regarding the application of riprap (e.g., placement, causes of failures, rock 
gradation, and rock durability) are discussed. 

Rock riprap design methods have been developed around the concept of the 
initiation of motion of a single particle. Hydrodynamic lift and drag are the 
primary forces acting on a rock particle subjected to flowing water. The sub
merged weight of the particle resists these forces. When motion of an indi
vidual rock is about to occur, the lift and drag forces are just balanced by 
the resisting force (submerged weight) of the rock. This is the condition of 
incipient motion. Three basic approaches are used by engineers to explain and 
describe the beginning of particle motion: 1) critical velocity approach, 
2) critical shear stress approach, and 3) lift force mechanism. 

The critical velocity approach considers a force balance on a rock 
particle where the flow imposes both a lift and drag force that tends to dis
lodge and entrain the particle. This approach lacks a good definition of an 
appropriate velocity and its measurement. 

The critical shear stress approach considers a force balance on a water 
prism and the resulting shear force over the particle. This approach has been 
popular because a critical shear stress can be easily related to flow 
parameters. 

The lift force mechanism involves a pressure difference on the particle, 
as well as upward velocity components resulting from turbulence. The pressure 
difference is due to the steep gradient along the rock particle. Most of the 
work in this area has been in the attempt to understand and describe the lift 
forces on particles, but has not provided any critical lift criteria. Another 
drawback is that drag forces are ignored. 

Most riprap design methods were developed by Federal and state agencies 
for application to particular public works projects. Typical projects 
requiring riprap protection are highway embankments, bridges, flood channels, 
canals, and stilling basins. The type of project to be protected and the 
experience of each agency greatly influence the method chosen. 

Six riprap design methods are reviewed in this report. The first method 
reviewed is the one most recently developed (by Colorado State University for 
the Wyoming Highway Department). This method incorporates the concept of a 
design safety factor and provides a much more versatile approach than the other 
methods. A stone size is determined through sets of equations developed for 
four basic flow conditions. This method offers the most promise as a procedure 
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to be used to design riprap for the protection of tailings impoundments. Tt 
is usually referred to as the Riprap Design with Safety Factors Method. 

Two other methods are reviewed in detail to illustrate typical approaches 
to riprap design. These are the design procedures recommended by the U.S. Army 
Corps of Engineers and the California Highway Department. Both procedures use 
graphical techniques developed from basic equations to solve for the required 
stone sizes. This step in the design procedure is relatively simple. The rest 
of the design procedure is guided by written specifications and relies heavily 
on engineer1ng experience. Three other methods are briefly reviewed for com
parison. These are the U.S. Bureau of Reclamation and the U.S. Bureau of 
Public Roads design methods, and the recommendations of the American Society 
of Civil Engineers Sedimentation Manual. 

The application of a riprap design method to the long-term protection 
of tailings impoundments depends on the impoundment location in the drainage 
basin. All tailings impoundments are subjected to overland erosional processes 
from rainfall runoff. Impoundments located in the lowland watershed areas or 
on flood plains can be expected to experience both severe flooding and overland 
erosion. Impoundments located in upland watershed areas experience flooding 
to a lesser extent. The riprap design methods presented in this report would 
normally be used to design riprap for flood protection and not for overland 
erosion. However, the Riprap Design with Safety Factors Method can be used to 
assist in designing riprap on side slopes when no lateral flow is expected. 

The long-term protection requirement for decommissioned tailings impound
ments introduces three problem areas: 1) the effect of climate changes on a 
design flood magnitude, 2) local scour and hydrodynamic forces on the structure 
during floods, and 3) rock durability over long time periods. 

Allowances for shifts in the climatic regime may be required in design 
flood calculations. This is based on the fact that a much wetter climate than 
that of today existed only about 150 years ago and extended back in time for 
several hundred years. The probable maximum flood (PMF) method is recommended 
for the determination of a design flood but may need to be modified to accomo
date climatic changes. Local scour would be a result of nonuniform flow 
regions caused by the irregular shape of a tailings impoundment opposing the 
passage of a flood wave. This type of scour could severely damage or undermine 
the riprap protection. This type of problem is usually investigated through 
laboratory flume studies. Rock durability is a measure of the resistance of 
the rock material to the process of mechanical weathering or physical disinte
gration, and chemical weathering or decomposition. Several tests are available 
to assist in improving the quality of the selected rock but do not provide an 
estimate of the time a rock will resist weathering or remain durable. 
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1.0 INTROOUCTION 

The long-term protection of uranium mill tailings piles is a serious con
cern for the uranium mining industry and for Government regulatory agencies. 
Of particular concern is the long-term protection from radon gas release. 
Radium-226 decays to radon gas and is supported by thorium-230, which has a 
half-life of 80,000 years. 

The tailings are permanently stored in impoundments, either above-ground 
or below-ground, and are usually covered with an earthen cap several feet 
thick. The cap serves as a suppression cover to prevent the release of air
borne pollutants. Because tailings impoundments are often located in flood 
plains or along other surface-water pathways, water erosion poses a serious 
long-tenn problem. Pacific Northwest Laboratory (PNL) is studying the mitiga
tion of erosion through the use of rock revetment, commonly referred to as 
riprap. Whereas the objective of the overall study, sponsored by the Nuclear 
Regulatory Commission (NRC), is to develop and recommend generically applicable 
guidance on the effective use of riprap, this report discusses rock riprap 
design methods and their applicability for long-tenn protection against flood 
damage. 

This report begins with a synopsis of the historical uses of riprap and 
the protection requirements of tailings impoundments. Theoretical considera
tions necessary to the development of design methods are given. Finally, 
existing riprap design methods and the applicability of rock protection to 
tailings impoundments are discussed. One riprap design method, Riprap Design 
with Safety Factors, is discussed in more depth in Appendix A. Appendix B 
contains a list of definitions used throughout the document. 
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2.0 CONCLUSIONS AND RECOMMENDATIONS 

Riprap design methods currently used to design protection against erosion 
by flowing water fellow a general design procedure that includes hydraulic 
computations to determine flow-field characteristics; computations of average 
rock size, using a graphical method; and determination of riprap layer design 
dimensions from written guidelines and engineering judgment. The written 
specifications and design tables (such as those recommended by the Corps of 
Engineers and the California Division of Highways) necessary to complete the 
design of the riprap blanket dimensions give an indication of the specifica
tions required for tailings impoundments. 

The Safety Factor Method (Stevens, Simons and Lewis 1976) offers a versa
tile approach based on the concepts of hydrodynamic lift and drag and critical 
shear stress that is clearly superior to other methods. This method allows 
more flexibility in design and could be adapted to mill tailings impoundments. 
The set of equations applicable to typical conditions at impoundment locations 
would be selected and graphical solutions developed to speed up calculations. 
An outstanding feature of this method is the accurate determination of a safety 
factor associated with the stone size and weight. 

Because of the long-term protection requirements and the various irregu
lar shapes of tailings impoundments, certain riprap design problems arise. 
These include the selection of a representative design flood criteria, rock 
durability over long time periods (1000 years or more), and the extent of local 
scour from high velocity flood flows that could cause the rock layer to fail. 
Several procedures are available for computing peak flood discharges. To 
select a method, the length of time riprap protection will be required must be 
determined to ascertain if climate changes need to be considered. Computing 
the expected flood discharge by the probable maximum flood (PMF) method appears 
to be the best approach whether or not climate change is to be a design factor. 
Potential climatic changes could be integrated into the PMF procedure if it 
becomes a significant factor. The hydraulic calculations required to deter
mine the design velocity, water surface elevation, and tractive force exerted 
on the rock could be determined through the use of an accepted technique for 
backwater computations. Perhaps the best approach is the computer program 
HEC-2 (U.S. Army Corps of Engineers 1976), which could adequately describe the 
flow field. Local scour conditions would have to be determined by physical 
model studies of the flow patterns around an impoundment shape. 

Based on the above conclusions the following research is suggested: 

• A physical model study is recommended to evaluate the flow field 
around various impoundment shapes to determine local scour problems 
and forces on the structure due to the impoundment geometry. 

• The calculation of potential flood flows using the PMF approach 
should be evaluated to determine if any modification due to climate 
change should be included into the procedure. 
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3.0 HISTORICAL USES OF RIPRAP 

Rock riprap is commonly used to protect rivers and canals against erosion 
resulting from periods of high velocity flows. The concave bankline of a river 
bendway frequently is paved with the rock to prevent bankline migration. The 
rock courses usually are extended below the channel bed elevation to a depth 
below the scour expected during high flows (Figure 3.1) . If scour is allowed 
to develop below the riprap protection, the rock could fail inasmuch as only 
gravity holds the structure together. A gravel blanket normally is placed 
beneath the riprap courses to protect the graded bankline against rill and 
gully erosion because the interstitial openings between the individual rocks 
can be large enough to allow local erosion of the embankment surface. The 
small-size gravel or crushed stone also allows for normal bankline seepage 
without causing an abnormal increase of hydrostatic pressure in the embankment 
material. The design high water elevation is determined by estimating the 
elevation of a particular flood event (i.e., a 100-year flood) . The freeboard 
decreases the probability of overtopping. Design high water may be modified 
by factors such as the economics of riprap placement to a certain elevation 
and the ability o'f the upper embankment to resist damage from overtopping. 

GRADED 
EMBANKMENT 

FREEBOARD 

f 

RIPRAP BLANKET 

CHANNEL BED 

t 

FIGURE 3.1. Streambank Riprap Protection 
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Riprap is a standard method of protection against wave damage along 
coastal and lake shorelines and the upstream faces of earth dams. Wave erosion 
can be severe along unprotected shoreline embankments, particularly for mate
rial containing some quantity of sand. The design high water is determined by 
the mean sea level elevation and the maximum tidal range (Figure 3.2). The 
height of the riprap protection above design high water and the sizing of the 
stone usually are determined by estimating a design wave height. Although the 
riprap surface is rough, which tends to reduce wave runup on the slope face, 
some freeboard must be allowed to prevent continual overtopping of the rock 
1 ayer. 

Rock riprap also is used to protect earthen embankments adjacent to 
hydraulic structures where extremely high flow velocities and large-scale 
turbulence are generated (e.g., stream channel beds downstream of stilling 
basins, spillways, and culvert and siphon outlets). These channel beds must 
resist erosion by approach flow velocities that far exceed normal velocities. 
The erosion caused by such conditions is commonly called local scour, the 
severity of which is unique to a particular structure. Thus, the riprap design 
usually is determined by laboratory model studies and engineering experience. 

0~\----
WAVE I l ~ 

HEIGHT ~ ;:-._ ==±--! DESIGN HIGH W~ -~ 

FIGURE 3.2. Shoreline Riprap Protection 
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4.0 PROTECTION REQUIREMENTS OF TAILINGS IMPOUNDMENTS 

The performance of engineering structures cannot be predicted for the 
length of time involved in the management of tailings impoundments. Over a 
time period of 1000 years or more, the variables affecting the impoundments• 
structural integrity are going to change significantly in importance. When 
and how much these variables will change is difficult to define. Shepherd and 
Nelson (1978) have defined three basic time periods when changes in the major 
variables are assumed to occur during the management life of a tailings 
impoundment. 

The first period begins with completion of the planned reclamation and 
stabilization effort and lasts a few hundred years to when institutional con
trol over land uses cannot be expected. According to the authors, this length 
of time roughly corresponds with the period of our industrial history. 

The intermediate period extends from the end of the first period for a 
few thousand years into the future. This represents a transition interval 
between the time when institutional control and engineering solutions are 
considered valid to when they become unreliable. 

The long-term period involves about 100,000 years, which approximates 
the half-life of thorium-230. This period was specified to allow time for the 
natural processes to stabilize tailings impoundments. 

4.1 CASES OF IMPOUNDMENT EROSION 

Riprap has been suggested as a means to armor the prepared earthen cap 
against water erosion caused by surface runoff (overland erosion) or by large 
flood events. The extent of the erosion depends on the frequency, intensity, 
and duration of rainfall that leads to overland erosion, and on the flood flow 
velocities the cap will encounter. 

The first step in the overland erosion process is the wetting and detach
ment of soil by raindrops. The falling raindrops break down soil aggregates 
for detachment and transport of the particles. This leads to sheet erosion, 
which moves the fine soil particles such as clays and silts in a uniform manner 
over an exposed slope with the surface runoff. As the surface runoff con
centrates in depressions, soil may be removed, forming small, well-defined 
channels called rills. These are usually closely spaced and parallel. As 
more flow concentrates in rills, the erosive power increases and gullies are 
developed. The steeper the side slope, the more the gullies tend to incise 
and the more severe the damage. Most, if not all, impoundments will be sub
jected to such erosion processes. Riprap armoring will protect against these 
processes if the foundation upon which it is placed remains stable. 

Flood events that exceed the top bank capacity of a stream channel can 
traverse the flood plain, producing areas of local scour and sediment deposi
tion. The manner in which this scour and deposition occurs is difficult to 
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predict. Because tailings impoundment structures produce large-scale irregu
larities in the topography when located on the floodplain, they will cause 
local flow velocity increases. These increases can cause scour holes to 
develop in the loosely compacted floodplain soils adjacent to the structure, 
possibly undermining sections of the cap and leading to rupture of the impound
ment. Flood flows could erode the decommissioning cap and much of the 
impoundment during one event. 

Rock riprap has effectively prevented both types of erosional processes. 
Overland erosion involves sheets of water and is easily protected against by 
gravel and cobble-sized rock particles. Rock on the order of several feet in 
mean diameter may be required for protection against flood flows because of 
their extremely high velocities. 

4.2 ADVANTAGES OF USING RIPRAP 

Riprap basically consists of rock courses placed directly upon an embank
ment, providing a flexible, self-adjusting armor against erosion . According 
to extensive studies by the California Division of Highways (1970), this type 
of revetment has the following advantages (most of which would apply as well 
to uranium tailings impoundments}: 

• Riprap is flexible and is not impaired or weakened by slight 
settlement movement of the embankment. 

• Local damage or loss is easily repaired by the addition of rock. 

• Construction is not complicated and no special equipment is 
necessary. 

• Appearance is natural. 

• If riprap is exposed to fresh water, vegetation will often grow 
through the rocks, strengthening the embankment material and 
restoring natural roughness. 

• Additional rock can be added at the toe to offset possible scour. 

• Wave run-up is less by as much as 70% with riprap than with smoother 
surfaces. 

• Riprap is salvageable and may be stockpiled and reused. 

• Riprap is less susceptible to ice damage than are other protection 
methods. 
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4.3 BASIC DESIGNS OF IMPOUNDMENTS 

Robertson, Bamberg and Lange (1978) described three basic types of mine 
and mill tailings storage facilities: 1) valley dam impoundments, 2) ring 
dike impoundments, and 3) in-pit impoundments. All three types have an 
earthen cap and other decommissioning or reclamation facilities that must be 
protected against erosion and rupture by water forces. 

4.3.1 Valley Dam Impoundments 

This type of impoundment is constructed by placing a dam across a valley, 
making use of natural topographic features (Figure 4.1). The shape and 
location of the impoundment basin depends on suitable sites in the vicinity of 
the mine property. The valley topography and the dam wall extending across 
the valley form the perimeter of the impoundment. 

Runoff from rainfall or snowmelt concentrates in the impoundment area. 
The concentration of flow could be diverted around a valley impoundment 
structure, but the cover would still need to be protected from sheet erosion 
and gullying. If the upstream watershed area is large, the risk of failure as 
a result of flash flooding could be the most critical factor in the protection 
of the impoundment. This is especially true in considering long-term 
protection since the probability of an extremely large flood event increases. 

4.3.2 Dike Impoundments 

The main elements for an above-ground ring dike impoundment are shown in 
Figure 4.2. The site location is more flexible because natural topographic 
features a~e not as important. Flatter land surface areas are favored because 
they allow a greater average depth for the same maximum dike height. Although 
this type of impoundment can be constructed away from stream channels, flat 
topography usually indicates a flood plain. The closer the tailings impound
ment is to the main river channel, the greater the opportunity for severe flood 
erosion of the impoundment cover material. Because the tailings pile and 

TAILING DISCHARGE 
SYSTEM 

SLIMES 
(OR FINES) 

)t' TAILINGS BEACH 

/ 
WATER FROM TAILINGS 

FIGURE 4.1. Typical Cross-Section of a Valley Dam Impoundment 
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DIKED SURFACE IMPOUNDMENT .......- I~ IN PIT OR NATURAL BASI N 

FIGURE 4.2. Section Through Tailings Impoundment Illustrating 
Four Elements 

decommissioning cap will extend a number of feet above the flood plain surface, 
the stresses imposed on the pile by a large flood could easily destroy the 
structural integrity of the cap and ring dike. 

4.3.3 In-Pit Disposal 

The in-pit disposal method does not require a dike because the storage is 
below existing ground level, as shown in Figure 4.2. Only the decommissioning 
cap would be above ground level. This type of impoundment does not produce 
the prominent surface structure of the dike method, but would be subject to 
the same erosional forces described for the dike impoundment. 
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5.0 THEORETICAL CONSIDERATIONS 

Rock riprap design methods have been developed around the concept of t he 
initiation of motion of a single particle . Most of the theory comes from sedi
ment transport research based on observation of the phenomena in laboratory 
flumes and in nature. Because the initial movement of individual particles 
must be observed, the definition is based on the observers' subjective inter
pretation of when movement occurs. This is difficult because beginning move
ment is not instantaneous for all particles of the same size in the surface 
layer of material. Some particles will move while others will not . Movement 
of a layer of uniformly sized particles is intermittent because of the turbu
lent flow conditions, which implies a statistical nature to t he phenomenon. 
When the flow over a layer of rock riprap approac hes a velocity sufficient to 
momentarily entrain individual rocks, the rock particles continuously bounce 
and move back and forth, but generally have no net displacement. A slight 
increase in velocity would remove some rocks and destroy the structural 
integrity of the rock armor, exposing the easily erodible soil surface 
underneath. Scour of the subsurface would rapidly weaken the adjacent rock 
protection. 

The forces acting on a particle subjected to flowing water are the sub
merged weight of the particle, the lift force, and the drag force . Under 
critical or threshold conditions the hydrodynamic forces acting on a rock 
particle are just balanced by the resisting force of the particle. When this 
force balance has been reached the particle is said to be at the point of 
incipient motion. 

Graf (1971) discusses three basic approaches to the explanation of the 
physics of beginning movement: 

• critical velocity equations, which consider the impact of flowing 
water on the particles 

• critical shear stress equations, which consider frictional drag of the 
flow on the particles 

• lift force mechanism, which accounts for the pressure differences 
caused by the gradient of the velocity. 

5.1 CRITICAL VELOCIT~_EQUATION~ 

The critical velocity is sometimes referred to as a competent velocity 
that is just able to move the material of a given size and of a given specific 
weight. This velocity can also be defined: 1) as a competent mean velocity 
considering the total flow, or 2) a competent bottom (or bed) velocity . The 
latter is more difficult to define. The concept of relating one of the above 
velocities to the particle size is quite old. The earliest documented equation 
of this type was derived by A. Brahms in 1753 (Graf 1971). It was expressed 
as: 
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where 
(Ub) = bottom velocity 

W = weight of grain 
k = constant. 

( 5. 1) 

Using some basic concepts of physics and fluid mechanics, a similar equation 
can be derived with respect to the forces acting on a particle in flowing 
water for a condition of incipient movement. This can be initially described 
by the following equation: 

Ft 
tan ~ = r 

n 
(5.2) 

where Ft and Fn are the forces parallel and normal to the angle of repose (~) 
of the material. The forces Ft and Fn are the resultants of the drag and lift 
forces resulting from the flowing water and the submerged weight of the par
ticle. The angle of repose is the angle of slope formed by rock material under 
the critical equilibrium condition of incipient sliding. The force diagram for 
this condition is shown in Figure 5. 1. 

By resolving the submerged weight into its component vectors, the balance 
of forces for incipient motion becomes 

W sin a + F0 tan fS -- W cos a + FL 

FIGURE 5.1. Force Diagram on Particles in a Cohesionless Loose Bed 
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where angle a is the bed slope. If the drag and lift forces are expressed in 
the usual way by 

and 

where 
ub = bottom velocity 

Co,CL =drag and lift coefficients, respectively 
d = particle diameter 

k1,k2 = particle shape factors 
p = water density. 

Then the submerged weight of a particle can be written as 

where 
k3 = shape factor 
Ps = solid-particle density 
g = gravitational acceleration. 

Substitution of Equations (5.4), (5.5), and (5.6) into (5 .3) yields 

(5.4) 

(5.5) 

(5.6) 

( 5. 7) 

where (Ub)cr = critical bottom velocity at incipient motion. 
The right-hand side of Equation (5.7) can be written as a single coefficient, 
A, that depends on particle characteristics, dynamics of flow as related to 
Co and CL values, channel slope, and the angle of repose which also depends 
on particle properties. 

Inherent in this approach is the lack of a good definition of bottom 
velocity and difficulties in measuring it accurately (Graf 1971). Garde and 
Ranga Raju (1977) discuss several investigators who have attempted this 
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approach, all of whom present their own concept or definition of velocity. 
Graf {1971) states that the unanswered questions regarding bottom velocity and 
the proper relationship between bottom velocity and average velocity have led 
many engineers to accept the more satisfactory approach of using bottom shear 
stress as a criterion. 

5.2 CRITICAL SHEAR STRESS METHOD 

This method is more commonly referred to as the tractive force approach. 
When water flows in a channel, across a flood plain, or along an embankment 
{all of which could be protected against erosion by rock riprap), a force is 
developed that acts in the direction of flow. The force is essentially the 
pull of the water on the wetted area. For uniform flow conditions, a common 
assumption in engineering problems, the tractive force is equal to the effec
tive component of the gravity force acting on the body of water. The problem 
can be defined by a force diagram on a water prism (Figure 5.2.). 

Q 

FIGURE 5.2. Forces Acting on a Water Prism 

For uniform flow conditions, the water does not accelerate; therefore, 
a condition of equilibrium can be defined where the summation of all forces 
acting in the water prism must be zero. The force balance can be written as 
follows: 

(5.8) 
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where F1 = F2 = hydrostatic forces 
W =weight of water prism 

T 0 = average shear stress acting on the wetted perimeter, P. 

Because the forces F1 and F2 are equal for uniform flow conditions, it 
follows that T0 equals (Wsina)/P. For purposes of hydraulic calculations it 
is usually desirable to assume a rectangular cross-sectional shape and to 
replace the variables W and P with the hydraulic radius, R, which is the cross
sectional area divided by the wetted perimeter. The variables W and P can be 
written in terms of their dimensions (W = BOXy, P = B+2D) where B and D are 
the water surface width and depth, respectively, X= prism length, and y = 
unit weight of water. 

With the above information, Equation (5.8) can be rewritten and the shear 
stress, T0 , solved for as follows: 

BD X y sin a 
(B+20) X 

= y R sin a 

BD where R = B+20 =hydraulic radius. 

(5.9) 

In most instances where this methodology has been applied, the slope is small; 
therefo~e, for small a, sin a~ tan a= S = slope of the bed. The relationship 
for tractive force then reduces to: 

(5.10) 

Another way to express the relationship between the weight component of 
the water column and the friction force at the bottom is as follows: 

where 
SE = the slope of the energy grade line 

k = a constant 
U = mean velocity of the flow. 

(5.11) 

By replacing the channel bed slope, S, with the slope of the energy grade line, 
a mean flow velocity variable is introduced in the equation. The energy grade 
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l~ne is the total energy gradient represented by a line located a distance 
U /2g above the free water surface. Substitution of the relationships of 
Equation (5.11) into Equation (5.7) yields the following: 

(5.1?) 

In this relationship the constant, k, is included in the term, A, and the unit 
weight of water replaces the density values, pS and p, and the gravitational 
constant, g. The term T0 /(rs-r)d is the ratio of the drag force to the 
gravitational force. It is a type of Froude Number that is related to the 
particle size and to a velocity term and is usually referred to as the Shields 
parameter. Laboratory flume studies by I. A. Shields, completed in 1936, 
constituted the first successful attempt to quantify the parameter, which has 
undergone only minor modifications since that time. 

5.3 LIFT FORCE MECHANISM 

Lift forces are caused by a pressure difference on the particle or by the 
upward velocity components due to turbulence. The pressure differences occur 
because of the steep velocity gradient, where the velocity at the top surface 
of a particle at rest on a channel bottom is greater than zero while the veloc
ity at the bottom surface is zero. This sets up a higher pressure along the 
bottom of the particle and creates an upward force. If the magnitude of the 
lift force becomes equal to the submerged weight, the smallest drag force 
could move the particle. 

Numerous investigators have tried to measure instantaneous and average 
lift forces under laboratory conditions, usually in an attempt to understand 
the mechanism, rather than to determine a critical lift criterion. Graf (1971 ) 
describes the results of a study by Einstein, who used plastic spheres (d = 
0.225 ft) and natural gravel of about the same average size (d5o = 0.225 ft). 
The gravel had a considerable spread in grain size. The results from the 
experiment could be expressed by 

(5.13 ) 

where 6P = static pressure difference in the beds at top and bottom of the 
particle 

Uy =velocity at a distance of 0.35 diameter from the theoretical wall 
CL = a constant value of 0.178. 

This equation is of the form of Equation (5.5), which is the basic equation 
used to express the lift force. 

The laboratory studies are useful in analyzing the phenomenon of lift, but 
are ideal i zed situations that may bear little resemblance to field conditions. 
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The above-described results were derived from uniformly shaped particles much 
smaller in mean diameter than the rock particles commonly used in riprap pro
tection. Stevens (1969) describes the reported results of a series of lift 
force studies by Urbonas, who used rock particles closer to scale. 

The tests were run on a sphere imbedded in rock particles in a riprapped 
basin below a culvert outlet. The findings are limited to the range of flow 
variables and bed characteristics that pertain to scour problems downstream 
from culvert outlets. The significant findings from this study are as follows: 

• The lift force on a particle was much greater than the drag force 
(fluid shear stress neglected). In one instance the lift was 
25 times the drag force; sometimes the drag was in the opposite 
direction to the mean flow velocity . The fact that the drag force 
sometimes acted opposite to the mean flow direction is an indication 
of the extreme turbulence developed along the rock boundary. 

• The pressure at the lowest point of the particle almost equals the 
hydrostatic pressure. 

• An average lift force and a fluctuating lift force are associated 
with the fluctuating pressures. 

• Pressure fluctuations are highest near the top of the particles and 
are nearly zero at the lowest point . The pressure can be assumed to 
be hydrostatic for the lower half of the particle and constant with 
respect to time. 

As part of Urbonas' experiment, an attempt was made to weigh a rock 
particle resting on the surface of the bed at flow conditions approaching 
incipient motion of the rock . The rock weighed approximately 3 lb and was 
2-3/4 in . thick and was suspended from a fixed position above the rock bed by 
a platinum wire. The changes in the weight were monitored by measuring the 
instantaneous voltage drop between the platinum wire terminals. 

The results of this study indicated that whereas the fluctuating particle 
weight averaged over the test period was 37% or more of the submerged weight, 
the instantaneous weight frequently decreased to near zero. These results 
point out the significance of the turbulent pressure fluctuations and their 
effect on lift . 

Stevens (1969) concluded the following regarding lift and drag forces on 
rock particles (based on his studies and Urbonas' research): 

• A combination of lift and drag forces resulting from the flow causes 
displacement of the particle. Either of the two forces can pre
dominate, with the geometry of the individual particle and of the 
surrounding rock layer being the major factor in determining whether 
the particle is lifted or dragged from its position of rest. When 
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the particle is sheltered by adjacent rock, the lift force will 
predominate, but when more exposed to the flow, the drag force will 
be the larger. 

• The average velocity in the vicinity of the particle is only one of 
the flow properties governing initiation of motion. 

• The important considerations are the total instantaneous lift that 
can develop from fluid flow and the ratio of this force to the mass 
of the particles. Even if a high lift force is generated, it must 
act for a sufficient length of time to accelerate the rock mass into 
the main flow. 

• For uniform flow, the fluctuating forces are directly related to 
the flow properties of average velocity and turbulence level. These 
two properties are functions of the projected roughness of the rock 
layer. However, when abrupt changes in the flow boundary occur, 
large-scale turbulence may develop that could be considered indepen
dent of the rock roughness. In this case, the average velocity is 
unsuitable as an incipient motion criterion. 

5.4 DISCUSSION 

Three basic approaches have been used to mathematically describe the 
beginning of particle motion: 1) the critical velocity approach that con
siders a force balance of a rock particle where the flow velocity generates 
both a lift and a drag force, 2) the critical shear stress approach that con
siders a force balance on a water column and the resulting shear force on the 
rock, and 3) the lift force mechanism involving a pressure difference caused 
by the steep velocity gradient near the rock particle together with upward 
velocity components resulting from turbulence. 

The lift force mechanism approach has not proved to be as useful as the 
other two approaches, although its importance is recognized. The contribution 
of lift to the incipient motion problem was pointed out by Stevens' (1969) 
research that rock particle weight can be reduced to near zero because of the 
flow velocity. Perhaps the main reason a lift criteria has not been developed 
is that the critical velocity and shear stress methods implicitly include the 
lift force effects. 

The critical velocity approach considers both lift and drag, but lacks a 
good definition of an appropriate velocity and its measurement. The velocity 
value should be as accurate as possible because both lift and drag forces are 
directly proportional to the square of the velocity term. The velocity just 
above and around the rock will be less than the mean cross-sectional value and 
is extremely difficult to measure. In spite of this problem, the critical 
velocity approach is used in certain riprap design methods by relying on 
physical model studies and field data. 
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The critical shear stress approach relates the fluid shear stress 
on the rock layer to a mean flow velocity by using relationships such as 
Equations (5.11) and (5.12). This approach is perhaps the most ideal' for 
riprap design for uranium mill tailings impoundments because only mean cross
sectional velocities are easily obtainable for long-term flood conditions. 
The critical shear stress and velocity approaches are the basis for the riprap 
design methods discussed in the following section. 
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6.0 RIPRAP DESIGN METHODS 

Most riprap design methods were developed by Federal or state agencies 
when specific guidelines became necessary to maintain and protect public works 
projects against erosion by flowing water. Typical projects requiring riprap 
protection are highway embankments and bridges, flood channels, canals, and 
stilling basins. Riprap is used extensively in prevention of river bankline 
erosion, in which case the public works project is itself the application of 
riprap protection. 

Because the flow velocity, flow patterns, and the intensity of turbulence 
vary for each type of application, the design methods also vary. Nonetheless, 
they are all based on the same principles of engineering mechanics discussed 
in the previous section. Many of the equations that form the basis for design 
can be solved graphically. A family of curves can be developed from the equa
tions for a quick determination of a stone size either directly or by simple 
trial and error. The approach appears to be simple at first, but each applica
tion presents its own set of unique conditions. An example of this would be 
the protection of a river bank against erosion. A rock size can be determined 
if flow patterns and velocities are defined, but questions will arise as to 
how far to extend the protection under water, how many rock courses to use, or 
how much extra protection is needed at a location where the attack by the flow 
may be unusually severe. These problems may be dealt with by using a larger 
safety factor in design (which may be very costly), by determining the magni
tude and characteristics of the flow patterns through physical model studies, 
or by using judgment based on past experience. 

The experience of each agency is inherent in its adopted riprap design 
method. Design methods used by the U.S. Army Corps of Engineers and the Cali
fornia Highway Department are presented here in some detail to illustrate typ
ical approaches to riprap design. Other agency methods are briefly described 
for purposes of comparison. Perhaps the most recent and comprehensive design 
procedure is the Riprap Design with Safety Factors Method developed by Colorado 
State University for the Wyoming Highway Department. The research was con
ducted in cooperation with the U.S. Department of Transportation, Federal 
Highway Administration, Bureau of Public Roads. This method is introduced in 
this section and is presented in more detail in Appendix A as it offers more 
flexibility in design. 

6.1 RIPRAP DESIGN WITH SAFETY FACTORS METHOD 

The most comprehensive design procedure for rock riprap, which uses 
the concept of a design safety factor and versatility, has been proposed by 
Stevens and Simons (1971) and Stevens, Simons and Lewis (1976). The safety 
factor, SF, is defined as: 

SF = moments of forces resisting rotation 
moments of7orces tending -fodislodgerock 
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where 
SF = 1 indicates critical conditions where incipient motion occurs 
SF > 1 indicates that riprap is considered safe from failure 
SF< 1 indicates that rocks would be washed from riprap layer and failure 

of protection could occur. 

Some safety factor must always be included in riprap design because of assump
tions inherent in the development of the design method and because of the 
possibility that the actual stress on the riprap will exceed those used in 
design. A value of SF = 1.5 is usually an acceptable order of magnitude that 
would provide a stone weight 1.5 times that calculated to resist incipient 
motion. The Safety Factor Method offers an advantage over other methods 
because stone sizes can be determined directly for incipient motion conditions 
or for any value of safety factor desired. Other methods may or may not 
include some safety factor, and if so, the amount is not known. The usual 
procedure requires the engineer to add some safety factor during the design 
process, which could lead to overdesign and higher costs. 

The design equations for this method involve theoretical considerations 
from engineering mechanics and empirical information from field and laboratory 
studies, including lift and drag forces on the rock and Shields criteria for 
incipient motion. The stability of an individual rock is represented by its 
submerged weight and its angle of repose. The angle of repose is the angle of 
slope formed by particulate material under the critical equilibrium condition 
of incipient sliding (Simons and Senturk 1977). 

This approach to riprap design uses sets of equations to determine stone 
sizes for four possible design conditions involving embankments and channel bed 
surfaces. These conditions are: 1) oblique flow along an embankment slope, 
2) horizontal flow along an embankment slope, 3) flow over a plane sloping bed, 
and 4) flow over a horizontal bed. The equation sets are summarized below are 
are derived in Appendix A. 

6.1.1 Nonhorizonta~-~l~w Velocity ~~~acent_to ~id~~lope 

SF = cos a tan 0 
;;-rt"an~r--:+-s...,..i -n-a-cos a 

21 Ts 
n = T~ -1) yk 

s 

n' 
-= 
n 

1 +sin (x + BL 
-2 
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where 

a -1 ( cos ). 
tan 2n sin 

tan : + sin 

SF safety factor 
n = stability number for particles on plane bed for conditions other 

than incipient 
n' = stability number for particles on a slope 
a = angle between submerged weight component and the direction of 

particle movement 
>. = angle between the horizontal and the velocity vector 
~ = natural angle of repose of rock riprap 
9 = side slope angle 
k = diameter of rock particle 
y = unit weight of water 

LS = average tractive forces on the plane containing the particle 
Ss = specific weight of the rock. 

6.1.2 Horizontal Flow on a Side Slope 

(6.4) 

In many cases the flow angularity with the horizontal is small; therefore, 
>. = 0 and the equations are modified as follows: 

where 

a = tan-1 (n t~n ~) 
2 s1n 9 

SF 
SF= 2m [(s2 + 4)1/2- sJ 

n = m - cose 
(

SF 
2 

- SF
2

) 

(SF)SFmz-

SF = tan ! = safety factor for riprap on a side slope with no flow m tan 9 

s = Sm n sec 9. 
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6.1.3 Flow Over a Plane Slo~J!~~ 

The flow over a plane bed at a slope of a degrees in the downstream direc
tion is equivalent to oblique flow on a side slope withe= a and A= 90° . The 
equation is simplified to the following two expressions: 

SF = ~~s a tan 0 
n tan 0 + sin a 

(6.9) 

n = cos a ( 
1 tan a) 
) - tan~ (6 . 10) 

6.1 .4 Flow Over a Horizontal Bed 

For fully developed rough turbulent flow over a plane horizontal bed of 
rock riprap, (a= 0), the equation for the safety factor reduces to: 

1 SF - n 

For conditions of incipient motion, SF = 1; therefore, n = 1 and 

(6.11) 

(6.12) 

The above sets of equati ons defining the stability of rock riprap permit 
the use of four possible design opt i ons for a fixed set of flow cond i tions on 
a side slope or on a plane bed as shown below : 

• For a given rock size and side slope or bed slope, the safety factor 
can be computed and the design accepted or rejected on the basis of 
the value of the safety factor . 

• For a given rock size, the side slope or bed slope can be chosen to 
provide a preselected safety factor. 

• For a given side slope or bed slope, the rock size that gives a 
preselected safety factor can be computed . 

• For a given safety factor, the proper combinations of rock size and 
side slope or bed slope can be computed . 
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6.2 U.S. ARMY CORPS OF ENGINEERS METHOD 

The Corps of Engineers uses two separate design criteria for the applica
tion of riprap protection (U.S. Corps of Engineers 1970). One set of criteria 
is recommended for stilling basin riprap design where high turbulence condi
tions exist. It can also be used for river closures where low turbulence con
ditions exist. The second set of criteria is recommended for riprap protection 
of natural and artificial flood control channels. 

6.2.1 Riprap Design for High Turbulence Conditions 

This set of criteria uses a critical velocity equation developed by a 
Russian engineer, S. V. Izbash (1932). The equation was originally developed 
for river channel closures where stone is dumped in flowing water, usually for 
the purpose of temporary river diversion. The equation estimates a rock size 
necessary to resist entrainment by the increasing flow velocity as river 
channel closure is approached. According to Izbash, the basic equation pre
dicting the movement of stone in flowing water can be written as: 

where 
v = 

cT = 
g = 

Ys = 
y = 
d = 

flow velocity 
a coefficient determined by experiment and field testing 
gravitational acceleration 
specific weight of stone 
specific weight of water 
stone diameter. 

The diameter of a spherical stone in terms of its weight, W, is: 

6 w 1/3 
d = ( ) -;y 

s 

The substitution for d in the basic equation yields: 

I y ]1/2 6 W 1/6 
V = CT 2g ( s y- y ) (- ) 

lT y s 

(6.13) 

( 6. 14) 

(6.15) 

Izbash determined the values for the coefficient, CT, experimentally, 
with essentially no boundary layer development, using average flow velocities 
as representative of the velocity against the stone. The results indicated a 
coefficient value of 0.86 when the stone moved by sliding and 1.20 when it 
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moved by rollin~ or overturning. The U.S. Army Corps of Engineers Waterways 
Experiment Stat1on (WES) conducted extensive laboratory testing of riprap sizes 
for stilling basins. The results indicated that aCT-value of 0.86 should be 
used with the average velocity over the end sill because of the excessively 
high turbulence level in the flow. A set of design curves was developed from 
the equations by considering incremental stone weights from 135 to 205 lb/ft3 
(Figures 6.1 and 6.2). The solid line curves are recommended for stilling 
basin riprap and other high turbulence conditions. The dashed line curves are 
recommended for river closures and similar low-level turbulence conditions. 

6.2.2 Riprap Design for Flood Channels 

The second set of hydraulic design criteria pertains to riprap protection 
of natural and artificial flood channels. The design equations are based on 
the concepts of the critical shear stress method and consider a local shear 
stress exerted on the rock protection. The lift and drag forces caused by flow 
velocities are proportional to the local boundary shear. The equation for 
average boundary shear, Y0 , over the wetted perimeter of a channel cross
section is given by 

(6.16) 

The design parameters of flow velocity and equivalent channel boundary 
roughness are introduced into the equation by using Chezy's equation for energy 
slope of the flow in a open channel: 

where 
SE = slope of the energy gradient 
V = average cross-sectional velocity 
R =hydraulic radius 
C = Chezy coefficient. 

(6.17) 

By using equivalent roughness the value of C is computed by the following 
equation: 

12.2R C = 32.6 log10 ( k ) (6.18) 

where k is the equivalent roughness. By substitution of Equations (6.17) and 
(6.18) into Equation (6.16) the average boundary shear stress, T0 , becomes 
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( 6. 19) 

To compute the local boundary shear at a point in the cross-section, the aver
age local velocity in the vertical, V, is substituted for V; the depth at a 
point, y, is substituted for R, and the average stone diameter, d5o, is substi
tuted fork. The local boundary shear, T0 , at any point on the wetted 
perimeter can be determined by: 

(6.20) 

Figure 6.3 is a solution of Equation (6.20). To use Figure 6.3, the ratio 
of the depth, y, and the mean rock gradation diameter, d5o, is computed and 
entered in the graph to solve for the coefficient, k2. Using the k2 value 
and the average local velocity, the local boundary shear stress is computed. 
This value is used as a first step in design of riprap protection. 

Flood channel bends cause higher localized shear values than do straight 
sections. From physical model study data the Corps of Engineers determined a 
relationship between the average boundary shear, t 0 , in straight channel 
segments and local boundary shear, Tb, in channel bends. This relationship 
is presented in Figures 6.4 and 6.5. The boundary shear values obtained from 
Figure 6.3 should be multiplied by the indicated ratios of Tb/T0 to obtain 
local boundary shear values in a channel bend. 

The riprap design shear, t, is defined as the intensity of local boundary 
shear that the in-place riprap will safely resist. The design shear for riprap 
placed on a nearly horizontal channel bottom is given by: 

( 6. 21) 

where a = 0.040. 

The design shear, T', for riprap placed on channel side slopes is given by: 

2 0.5 
t' = t (1 - sin ~) 

. 2 s1n a 
(6.22) 
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~ = angle of the side slope with the horizontal 
a= angle of repose of the riprap, normally about 40 degrees. 

' ... 

0 

5 

Equations (6 . 21) and (6.22) are solved by using Figures 6.6 and 6.7. The 
local boundary shear, T 0 , at any point on the sides and bottom of a riprap
lined channel, as computed using Figures 6.1 through 6.5, should not exceed 
the design values, T and T1

, as determined by Equations (6.21) and (6.22), 
respectively. The design procedure would include a trial and error comparison 
of these shear values to determine the necessary stone size. 

Once the median stone size has been defined, the riprap layer dimensions 
must be determined based on a gradation of stone sizes. The Corps of Engineers 
uses specific guidelines for stone gradation and layer thickness together with 
Figures 6.1 through 6. 7 to complete the design process. The guidelines have 
been developed through laboratory and field studies and experience. 
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Stone Gradation 

The gradation of stones affects the erosion resistance of the riprap; 
therefore, the stone should be reasonably well graded throughout the in-place 
layer thickness. The Corps of Engineers method specifies two limiting grada
tion curves where stone gradation (as determined from a field test sample) 
lies within these limits. The gradation limits should not be so restrictive 
that stone production costs at the quarry became excessive. The gradation 
limits also depend on the underlying filter requirements if a graded stone 
filter is used. The U.S. Army Corps of Engineers (1970) has established the 
following criteria to provide guidelines for gradation limits (W = stone 
weight; subscript indicates percent lighter by weight): 

1. The lower limit of Wso stone should not be less than the weight of 
stone required to withstand the design shear forces as determined by 
the riprap design procedure. 

2. The upper limit of Wso stone should not exceed that weight that 
can be obtained economically from the quarry, or that size that will 
satisfy layer thickness requirements. 

3. The lower limit of W100 stone should not be less than two times 
the lower limit of Wso stone. 

4. The upper limit of W1oo stone should not exceed five times the 
lower limit of Wso stone, that size that can be obtained economi
cally from the quarry, or that size that will satisfy layer thick
ness requirements. 

5. The lower limit of W15 stone should not be less than one-sixteenth 
the upper limit of W1oo stone. 

6. The upper limit of W15 stone should be less than the upper limit of 
Wso stone, as required to satisfy criteria for graded stone filters. 

7. The bulk volume of stone lighter than the W15 stone should not 
exceed the volume of voids in revetment without this lighter stone. 

8. Wo to W25 stone may be used instead of W15 stone in criteria (5), 
(6), and (7) if using available stone sizes is desirable. Design 
memoranda and specifications should indicate the permissible stone 
gradation limits by a tabulation, illustrated as follows: 

Sample Gradation 
Percent Lightef) Limits of~one 
by Weight, SSD a Weight, lb 

100 260 to 640 
50 130 to 200 
15 40 to 150 

(a) Saturated surface dry 

35 



Riprap Layer Thicknes~ 

All stones should be placed well within the riprap layer thickness for 
maximum resistance to displacement forces. Oversized stones, even in isolated 
spots, may reduce particle interlock between individual stones, provide large 
voids that expose filter and bedding materials, and create excessive local 
turbulence that removes smaller stones. The U.S. Army Corps of Engineers 
(1970) specifies the following criteria for designing riprap layer thickness: 

1. The thickness should not be less than the spherical diameter of the 
upper limit W1oo stone or less than 1.5 times the spherical dia
meter of the upper limit Wso stone, whichever is greater. 

2. The thickness should not be less than 12 in. for practical placement. 

3. The thickness, determined by either (1) or (2), should be increased 
by 50% when the riprap is placed under water, to provide for 
uncertainties associated with this type of placement. 

4. An increase in thickness of 6 to 12 in., accompanied by appropriate 
increase in stone sizes, should be provided where riprap revetment 
may be attacked by large floating debris or by waves from boat 
wakes, wind, and bed ripples or dunes. 

6.3 CALIFORNIA HIGHWAY DEPARTMENT METHOD 

Highway departments use riprap to protect highway embankments and bridges 
from scour and erosion along stream channels, coastal areas, and lakes. The 
riprap protection adjacent to stream channels and at bridge crossings must 
resist stream flow velocity and turbulence, whereas protection works along 
coastlines and lake shores must resist erosion by wave action. 

The California Highway Department uses one general equation for riprap 
design. The equation provides the basis for three different design methods 
where only one variable is changed, depending on the type of location and 
physical conditions at the site. For streambank protection the stream veloc
ity is the significant design variable. In the case of shoreline protection 
there are two forms of the equation: one considers a significant wave height; 
the other considers a depth of water. 

6.3.1 Streambank Protection 

Where streamflow velocity governs, the following equation is used: 

w = 0.0002 v6 (~~_csc3 jl~- a ) 

(sg - 1) 
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where 
V = stream velocity in feet per second (fps) to which the bank is exposed 
W =minimum weight in pounds of outside stone for no damage 

sg = specific gravity of the stones 
p = 70° for randomly placed rubble 
a = embankment slope. 

The derivation of the above equation is not documented in the highway depart
ment design manual; however, it is very similar to Equation (6.15). Solving 
Equation (6.15) for the particle weight, W, would yield a relationship where 
the particle weight is directly proportional to the sixth power of the 
velocity. 

The equation used to design riprap protection for streambank application 
is solved by using the nomograph of Figure 6.8. The specific gravity of the 
stone and streamflow velocity can be determined by measurement or through 
calculations. The embankment slope can be varied to suit engineering and 
economic considerations. These values can be entered in the nomograph to 
determine the stone weight, W. 

6.3.2 Shoreline Protection 

Two forms of the equation are used for designing shoreline protection. 
One form deals with the forces of deep water waves that are able to reach the 
embankment: 

where 

W = 0.00231 H3 (sg) csc3 (p -a) 
(~- 1)3 

sgw 

H = significant wave height defined as the average of the highest 
one-third 

sgw = specific gravity of water (sea water= 1.0265). 

(6.24) 

Wave runup is accommodated by using an elevation of rock protection twice the 
maximum depth of water or the maximum depth of water plus the deep water wave 
height, whichever is lower. This is to prevent wave wash from overtopping the 
rock too frequently. This equation is solved by the nomograph in Figure 6.9. 

The other form of the equation considers shoal water conditions and uses 
a depth of water instead of a wave height. A relationship exists between the 
depth of water at the protected embankment and the maximum height of the 
breaker that expends its energy upon the protection. The wave that would 
ordinarily break at the depth of water near the embankment is the wave that 
will expend a maximum amount of energy on the rock riprap. The equation for 
this condition is as follows: 
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- a) 
(6 .25) 

where 
ds maximum depth of water at the toe of the rock protection. 

For surface-water impoundments, ds is the difference between the elevation 
of the scour li ne at the toe and the maximum stillwater level . For ocean 
shorelines , dB is the distance from the scour line to mean sea level plus 
one-half the maximum tidal range . This equation is solved in the nomograph of 
Figure 6. 10 . 

The three nomographs (Figures 6.8 through 6. 10) determine the individual 
stone weight that can be easily converted to a stone size. Other design 
criteria depend on conditions at the site and are usually determined by 
engineering experience. The California Highway Department provides written 
guidelines for the design of the complete revetment protection after the 
required stone size has been determined: 

1. A riprap foundation should be placed in a toe trench excavated to 
rock strata or below the estimated depth of scour. 

2. The riprap protection should be carried up to an elevation of twice 
the maximum depth or to an elevation equal to the maximum depth plus 
the deep water wave height, whichever is lower. 

3. The thickness of protection must be sufficient to accommodate the 
largest stones . 

4. The larger stones should be placed in the lower portion of the 
revetment because the greater forces occur nearer the base. 

5. Embankment fill slopes are to be determined from other 
considerations , such as angle of repose for embankment material or 
the minimum of 2:1 specified for high standard roads . 

6. Backing material is placed between the riprap and the embankment to 
prevent the finer embankment material from washing out through the 
voids in the rock protection. The backing should be uniformly 
graded to a size that will not work through the voids in the rock, 
or placed in two or more layers of progressively coarser sizes . 

6.4 OTHER METHODS 

Various other design procedures are also available. Two of the more 
familiar methods were developed by the U. S. Bureau of Reclamation and the U.S. 
Bureau of Public Roads. Both are basic procedures that relate rock size to a 
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bottom velocity. A third method is recommended by the American Society of 
Civil Engineers (ASCE) Sedimentation Committee of the Hydraulics Division. 

6.4.1 Bureau of Reclamation Method 

Severe scour problems occur in stilling basins, where riprap is commonly 
used to armor the basin against erosion. The Bureau of Reclamation (Peterka 
1964) developed the curve of Figure 6.11 to determine the maximum stone size 
for a riprap blanket downstream from stilling basins. The curve can be closely 
approximated by the following equation: 

where 
Us 
Ss 

D1oo 

= 
= 
= 

u~ = 49.1 (Ss - 1) o 
100 

bottom velocity or velocity against the stone 
specific weight of the rock particle 
equivalent stone diameter where 100% of the stone 
in the mixture are finer. 

6.4.2 Bureau of Public Roads 

(6.26) 

sizes 

The method proposed by the Bureau of Public Roads uses an equation with a 
relationship between the mean velocity in the channel and the velocity against 
the stone (Simons and Senturk 1977): 

where 
Us = velocity against the stone 
U = mean channel velocity 

Yo = depth of flow 
k =representative particle size. 

( 6. 27) 

The curves of Figure 6.12 are used to determine a median diameter rock size, 
Dso, for a range of embankment slopes. The bottom velocity referred to in 
the figure is the same as the velocity against the stone. 

6.4.3. ASCE Recommendations 

The ASCE Sedimentation Engineering manual (ASCE 1975) recommends the use 
of Izbash's equation to determine a required stone weight: 
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sg = specific gravity of stone 
~=angle of pavement with the horizontal. 

According to Simons and Senturk (1977), the stone weight, W, is the median 
stone weight. The ASCE manual suggests that the velocity used is usually the 
velocity at a distance of 10 ft from the bank. The above equation is essen
tially the same as that used by the California Highway Department. 
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The ASCE manual also lists the following guidelines for a design scheme to 
produce a stable rock revetment (ASCE 1975). The stone should: 

1. be placed only on a bank that has been sloped and properly aligned 

2. possess adequate strength to resist movement by the flow or breakage 
caused by the impact of debris, floating ice, etc. 

3. be sufficiently tight to prevent removal of the underlying soil 
materials through the interstices 

4. be sufficiently flexible to conform to any irregularities in the 
bank 

5. be sufficiently mobile to settle into any breaks that might develop, 
by soil settlement or otherwise, and thus be self-healing. 

In addition, the manual suggests that riprap revetments that need not extend 
more than 15ft vertically below the normal water surface should be suffi
ciently rough to create a zone of intensified turbulence and low velocity in 
the vicinity. 

6.5 COMPARISON OF METHODS 

The methods presented in the preceding sections were developed for vari
ous design conditions and applications. A variety of mathematical relation
ships and empirical data sets were used in their development; thus, a method
by-method comparison of the safety factor provided by each would be extremely 
difficult. Also, no simple way exists to obtain an equitable comparison 
between a design method developed for side slopes and one developed for hori
zontal beds. Only limited comparisons of the Safety Factor Method with others 
have been made by Simons and Senturk (1977) and Simons and Lewis (1971). These 
studies analyzed the various methods to determine the unknown amount of safety 
factor in each that could lead to either an uneconomical overdesign on an 
unsafe underdesign. The Safety Factor Method allows direct computation of a 
design safety factor or allows it to be specified before computing the stone 
size; therefore, for this method it is always a known value. 

Simons and Senturk (1977) investigated the amount of safety factor pro
vided by the Corps of Engineers and the California Highway Department methods. 
For both methods the basic form of the equations are identical and were evalu
ated using the same criteria. To perform the evaluation the equation for the 
stability factor (A.17)--(see Appendix A), was modified in terms of an average 
velocity to allow substitution of the Corps of Engineers and the California 
Highway Department velocity relationships into Equation (A.17). This provided 
for the comparison of the two design methods on the same basis as the Safety 
Factor Method by using the ratio of water depth, Y0 , to the dso stone 
size, k (Y 0 /k). The results are shown in Figure 6.13. 
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The safety factor is less than unity for very shallow flows and increases 
to unity where Y0 /k = 1.92. For relative depths greater than 1.92 the safety 
factor is greater than unity and continues to increase as depths increase. 
This implies that as design depth increases so do the chances of overdesign. 
Although the California Highway Department equation is applicable for hori
zontal flow on side slope and flow over level beds, the safety factor analysis 
of Figure 6.13 is for the level bed case only. The side slope condition 
includes some simplifying assumptions by the California Highway Department not 
apparent in the literature. 

Simons and Lewis (1971) compared the U.S. Bureau of Reclamation and the 
Safety Factor Methods design curves with actual riprap application results. 
Both curves are plotted in Figure 6.14 . The safety factor for the Bureau of 
Reclamation curve would be 1.68 if the curve is to be used to design riprap 
for flow conditions over a plane horizontal bed. The Safety Factor Method 
included in Figure 6.14 is for a safety factor of 1.0 (incipient motion curve). 
The plotted points lS through 5S represent satisfactory riprap installations 
and points lF through SF represent installations that failed (Peterka 1964}. 
The two field structure failures between the curves (points lF and 4F) were 
both on side slopes that would require a more durable design than a horizontal 
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plane bed. Point 5F located on the incipient motion curve (SF= 1.0) of the 
Safety Factor Method was a riprap failure on a channel bottom that resisted 
velocities of 12 fps for a period of time but eventually failed. Although the 
observed field data are not as complete as would be desired, the plotted 
points tend to confirm the incipient motion curve of the Safety Factor Method. 

Other investigations by Simons and Senturk (1977) analyzed the equation 
recommended by the ASCE and the Bureau of Public Roads method. The ASCE equa
tion, although very similar to the California Highway equation, provides a 20% 
increase in safety factor over the California method, which further increases 
the opportunity for overdesign when the ASCE equation is used. The Bureau of 
Public Roads method accounts for side slope angles (Figure 6.12). The Safety 
Factor Method compares closely with the Bureau of Public Roads curves for plane 
beds and side slopes of 2H:1V or flatter. For steeper slopes the Safety Factor 
Method predicts a lower allowable flow velocity against the stone. 
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6.5.1 Discussion 

The Safety Factor Method has a clear superiority over the other methods 
because of the control provided over the amount of safety factor in the 
computation of a rock size and because of its versatility of application. The 
versatility of the method is a result of the development of separate sets of 
equations from the basic equations to accommodate flow along embankments and 
for horizontal or plane surfaces. The other methods were developed by 
different agencies for particular applications. This limits the methods to a 
narrow range of uses. Although the methods are more than adequate for these 
uses, their application to uranium mill tailings impoundments would require 
too much guesswork in the calculation of an optimum rock size. For instance, 
the Bureau of Reclamation and the Corps of Engineers design procedures for 
highly turbulent flow conditions in stilling basins would be inappropriate for 
near-uniform flow conditions over the horizontal crown of a tailings 
impoundment. These methods would possibly yield larger rocks sizes then 
necessary and retain the uncertainty as to what amount of safety factor was 
included. 
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7.0 APPLICATION OF RIPRAP DESIGN METHODS TO TAILINGS IMPOUNDMENTS 

The decommissioning of uranium mill tailings impoundments will present 
several unique riprap design problems. As described in Section 4.3, some of 
the tailings are impounded behind retaining dams in small valleys or gulches, 
usually in the upper reaches of the watershed. Others are located in lower 
watershed areas and flood plains. Tailings not placed behind valley dam 
impoundments can either be placed above or below ground and can assume several 
different shapes. The location of the impoundment in the watershed drainage 
network will largely determine the type of hydrologic stress that will require 
consideration in design. All tailings impoundments will be subjected to over
land erosional processes from rainfall-runoff and those impoundments located 
in the lowland watershed areas or flood plains will be subjected to both over
land erosion and possibly severe flooding. The riprap design methods presented 
in this report would normally be used to design tailings protection works 
against flood erosion. 

7.1 RIPRAP ~ESIGN REQUIREMENTS_OF TAILINGS IMPOUNDMENTS 

The basic riprap design requirements concerning the erosion of tailings 
impoundments includes 1) flood flows, 2) gully erosion, 3) sheet erosion, and 
4) erosion of the surrounding land surface. Other design problems such as 
embankment slope failures can also produce serious consequences; however, the 
above four conditions are preventable by rock armoring. 

Flooding will subject the impoundment cap to inundation and high flow 
velocities where the impoundment could be partially or totally submerged. 
This type of stress could breach or destroy an impoundment during one flood 
event. Failure of the cap as a result of flood erosion probably would occur 
initially at locations of severe scour because of irregularities in the shape 
of the cap. 

Gully erosion can be expected to occur at impoundment embankments as a 
result of repeated overland flow from the rainfall-runoff process. The gully
ing would progressively develop from increasing concentrations of runoff water 
and would eventually lead to a breach of the impoundment. 

Sheet erosion of the earthen cap is a gradual, near-uniform erosion or 
wearing away of the impoundment surface. This process would be expected to 
occur on the crown surface as well as on the embankment side slopes. Sheet 
erosion both precedes and occurs in conjunction with gully erosion. 

The erosion of the land surface surrounding the armored tailings impound
ment could involve all three of the above processes. Because the immediate 
watershed land surface would not be armored, the erosional processes would 
scour and erode the land surface to the extent that the ripap protecting the 
impoundment base would be undermined. This would lead to a failure of the rock 
layer. 
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Flooding would present the most critical design conditions because of the 
high velocity flows and hydrodynamic forces on the impoundment. Each structure 
would need some degree of riprap protection, depending on the depth of the 
design flood. Perhaps only a portion of the embankment surface would require 
protection because the impoundment would not be overtopped. The riprap design 
methods presented in this report could be used to determine rock sizes, grada
tion, and possibly riprap layer thickness. A degree of judgment must be 
involved in determining the increase in rock size and layer thickness because 
of increase flow velocity and turbulence due to impoundment configuration. A 
local scour condition could develop at these locations if the stone is not of 
sufficient weight to resist dislodgement. The remainder of the cap surface not 
susceptible to flooding would still require protection from sheet and gully 
erosion but much smaller rock could be used. 

The impoundments not affected much by flooding would require a somewhat 
different approach. The embankment slopes would require riprap protection 
along the base to prevent scouring by minor flood flows. Riprap would probably 
be necessary for the remainder of the embankment surface because of the sever
ity of gully erosion. Much smaller rock such as gravel or cobbles could be 
used on the flatter crown surface. Riprap design methods are not directly 
applicable to this type of design problem, with the possible exception of the 
Safety Factor Method. A procedure to design light-duty armoring form protec
ting side slopes against gullying, where no lateral flood flows are expected, 
could be derived from this method because computations can be performed for 
riprap stability on side slopes with no lateral flow. 

The potential erosion of the adjacent land surface by the combined 
erosional processes could be accomodated by estimating the approximate extent 
of the scour for long-term conditions and by excavating the riprap blanket 
to that depth. This type of design problem is site-specific, but should be 
relatively easy to handle. 

7.2 GENERAL DESIGN PROCEDURE 

To design rock riprap protection for worst-case flood conditions the pro
cedure would initially involve the determination of the expected flood magni
tude and the related hydraulic design criteria such as flow velocity and depth. 
This information, together with the identification of an available rock type 
and its properties, would be used to determine the rock size and weight to 
safely resist the flood forces. The rock size and weight would be calculated 
by using the selected riprap design method. Because long-term protection is 
required, allowances for processes such as weathering and fracturing would 
need to be included in the safety factor when computing the final rock size 
and weight. Once the rock size is known, the gradation of rock sizes to be 
used in the armor layer, the layer thickness, and foundation requirements can 
be determined using written specifications and engineering judgment. The 
larger stone sizes necessary to protect against local scour problems resulting 
from nonuniform flow conditions have to be considered at some point in the 
calculations. Currently, no design criteria are available to estimate these 
requirements for tailings impoundments. Some streamlining of the impoundment 
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cap may be necessary. On completion of the rock layer design, the underlying 
gravel filter specifications would then be determined. 

Because of the irregular shapes of tailings impoundments and the long-term 
protection requirements, certain design problems must be addressed. These are 
the selection of a proper design flood criteria, the potential for local scour, 
and rock durability. These problems are discussed in more detail in the 
following section. 
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8.0 OTHER DESIGN CONSIDERATIONS 

The design of rock riprap for long-term protection of decommissioned 
tailings impoundments presents three general problem areas: 1) the estimation 
of a flood magnitude, 2) local scour and forces on the structure during floods, 
and 3) rock durability over long time periods. The problem of flood magnitude 
arises because of possible climate changes over the long-term time period. 
Reasonable estimates of flood magnitude, flow velocity, and water surface 
elevation are required to determine the stone size to resist dislodgment from 
the riprap protection. Local scour around the impoundment foundation, together 
with the associated hydrodynamic forces, could undermine the protective cap 
and cause a failure of the entire impoundment structure. Rock durability is 
important because of the long-term protection requirement and the tendency of 
certain types of rock to break down in relatively short periods of time as a 
result of weathering. 

8.1 DESIGN FLOOD CRITERIA 

Because decommissioned mill tailings impoundments must remain undisturbed 
for extremely long periods of time, their chances of exposure to large flood 
events is increased significantly. Concurrently, the chances of regional 
climate changes would increase, which could result in a wetter climate and 
even larger flood events. 

According to recent research sponsored by the National Academy of 
Sciences, significant climate changes have occurred in the northern hemisphere 
in the last 1000 years (U.S. Committee for the Global Atmospheric Research 
Program 1975). Historical records were used to develop an index of winter 
severity. The trends indicated by this index for the period around the year 
1700 have been validated through comparison with thermometer records. Other 
portions of the record have been cross-checked with data on glacial fluctua
tions, oxygen isotope variations, and tree growth. 

These data indicate that the early part of the last 1000 years (about 
A.D. 1100 to 1400) was a warm epoch, but not as warm as the first half of the 
twentieth century. The significant trend in the climate pattern occurred from 
about 1430 to 1850, a period commonly known as the Little Ic~ Age. This period 
was characterized in western Europe and western North America by short, wet 
summers and long, severe winters. During the Little Ice Age, many glaciers in 
Alaska, Scandinavia, and the Alps reached positions closest to their maximum 
advance since the last major ice age thousands of years ago. 

The important concern here is that a much wetter climate than that of 
today existed only about 150 years ago and extended back in time several 
hundred years. Flood prediction methods used today in the design of water 
resource projects do not include significant climatic changes because the 
recorded hydrologic data do not extend that far back and because the expected 
life of most engineering projects is about 50 to 100 years. An in-depth 
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analysis of possible changes in the climatic regime is beyond the scope of this 
report; however, shifts in climatic regime may need to be allowed for in the 
design flood computations. 

8.2 DESIGN FLOOD ANALYSIS 

A design flood for water resources projects is normally calculated in 
terms of a peak discharge by two basic methods: 1) statistical analysis of 
historical data, and 2) maximizing hydrologic and meteorologic data to deter
mine a probable maximum flood (PMF). 

A statistical flood such as the 1000-year event, is determined by plotting 
recorded peak flood discharges versus frequency of occurrence using historical 
data from stream gaging records. These data seldom extend back in time more 
than 100 years with any continuity of record; however, events such as the 500-
or 1000-year floods would be estimated by extrapolating the curves to determine 
the probable peak discharge for a selected recurrence interval. Design flood 
criteria determined from historical data would not be sufficient for designing 
riprap to protect tailings impoundments. The long-term protection requirement 
would be better addressed by the PMF approach. 

The determination of a PMF event is a much more detailed study in which 
the hydrologic and meteorologic processes are maximized to produce a flood 
that theoretically has zero probability of occurring, even though a comparison 
can be made with the extrapolated historical data. If the PMF plots as a 
500- or 1000-year flood, the PMF assumptions should be re-evaluated, as this 
would be too frequent a recurrence interval. 

An example of a PMF study can be found in the Memorandum Report by the 
U.S. Army Corps of Engineers (1969) for the Columbia River Basin. The combi
nation of conditions for the PMF was the most severe considered "reasonably 
possible 11 in the Columbia River Basin. The general approach was to determine 
the water equivalent of snow on the ground on the basis of exceptionally cold 
and wet weather during the seven-month snow accumulation season. All precipi
tation was assumed to fall as snow and most of it was to remain in storage 
until the onset of spring melting. The weather conditions for the two-month 
snowmelt period were conducive to unusually rapid melt rates over the entire 
basin. Two basin-wide rainstorms were assumed to occur during the snowmelt 
season with a short time period between storms. These maximized conditions 
were combined to produce a PMF hydrograph at key points along the Columbia 
River. 

8.3 LOCAL SCOUR POTENTIAL 

The irregular shape of a decommissioned tailings impoundment projecting 
above the flood plain surface would set up nonuniform flow regions at points 
along its boundary. The severity of the localized scour would increase as the 
free stream flow velocity increased. This type of scour could undermine the 
riprap protection if the scour hydraulically excavates the adjacent flood plain 
materials below the riprap foundation. Economically, this type of scour can be 
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difficult to protect against . Coincident with the development of local scour, 
the flood would exert hydrodynamic forces against the impoundment structure 
itself. The impoundment would have to withstand these forces or run the risk 
of severe damage or even a breach of the structure, especially if the riprap 
failed. 

A common approach to the solution of nonuniform flow problems is the use 
of physical model studies. In this way the problems can be analyzed in three 
dimensions. The design of many hydraulic structures is based on the results 
of flume studies because of the uncertainties of nonuniform flow conditions 
set up by the structure's geometry. Therefore, impoundment geometry will need 
to be a consideration, with some design criteria developed from flume studies. 

8.4 DURABILITY OF RIPRAP STONE 

The other variable of importance with respect to the long-term protection 
of tailings impoundments is the durability of the rock riprap. No available 
historical data exists on the durability of rock when used for riprap protec
tion extending much beyond 50 or 60 years . Information of a historical nature 
on the long-term durability of rock exposed to the physico-chemical processes 
of weathering could possibly be obtained from archaeological sources. More 
commonly, the rock is subjected to laboratory testing to determine its 
durability. 

Durability is a measure of the resistance the rock offers to the processes 
of mechanical weathering or physical disintegration, and chemical weathering or 
decomposition. Mechanical weathering is caused by such agents as frost action, 
temperature change, and abrasion. Chemical weathering involves actual changes 
in rock composition, such as the alteration of minerals to clay. Decomposition 
is caused mainly by atmospheric water and carbon dioxide, and in some cases by 
organic or mineral acids. 

The California Division of Highways (1970) testing program evaluated a 
series of laboratory tests that could possibly be used to determine rock dura
bility. Most of these tests were originally developed to determine the dura
bility of gravel used in reinforced concrete . Based on the test program 
results, the California Division of Highways recommended the following three 
tests to insure better control over the quality of rock used for riprap: 

• Absorption Testing--A general correlation exists between percentage 
or-absorption and the degree of weathering. The more weathered 
specimens have a higher absorption as a result of a greater 
porosity. The percentage of absorption should not exceed 2%. 

• Sou~dness Iesting--The application of sodium sulphate acts as an 
accelerated mechanical weathering test, which is assumed similar to 
frost action. This test does not simulate chemical weathering. 
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• Wetting and Dryin~ Testing--This test measures the percentage of 
loss of sample we1ght after cyclic wetting and drying and is helpful 
in eliminating rocks with readily soluble material. Some hygro
scopic minerals would be affected. A loss limit of 5% after 
10 cycles is assumed appropriate. 

Another study, by the U.S . Bureau of Reclamation (1965), investigated 
149 case histories of upstream slope protection for dams. Rock breakdown had 
occurred more rapidly than had been expected and was the most common type of 
failure. Many of the accepted laboratory tests did not reliably indicate rock 
durability. Three tests were identified as the most valuable methods for 
determining sound, durable rock : 

• Specific Gravity--Rocks with higher specific gravities, which 
indicates a denser material, are more desirable for riprap. The 
rock rated "excellent" had a medium specific gravity of 2.70. 

• Absorption--The 24-hour absorption water expressed as percent dry 
weight is relatively low for "excellent"-rated riprap rock. These 
materials recorded values from 0 to 2.1% absorption . The rock in 
disintegration failures extended the absorption maximum to 23 . 5%. 

• Petrographic Examination--Petrographic analysis uses thin section 
slides and x-ray diffraction methods to identify distinguishing 
characteristics of geologic materials. Clayey or platy minerals 
that have a destabilizing effect on rock durability were identi
fied. Petrographic analysis is recommended as a valuable tool in 
recognizing the destabilizing qualties. 

The above tests may assure improved quality in the rock selected, but 
they do not provide an estimate of the time the rock will remain effective. 
The durability of stone is usually considered to be adequate for t he life 
expectancy of engineering structures. Archaeological evidence suggests that 
certain types of stone may be durable for thousands of years with a minimum of 
weathering and loss of strength . This evidence could be used with laboratory 
tests and petrological investigations to develop criteria for stone selection. 
Such guidelines for the selection of stone also will have a significant eco
nomic impact regarding availability near the site. Further information con
cerning rock weathering and riprap durability is given in Lindsey, Long and 
Begej (1982). 
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9.0 PLACEMENT OF RIPRAP 

For sound riprap protection, a well-graded rock mixture should be placed 
in a well-knit, uniform layer without segregation of the rock. The structural 
integrity of riprap depends on the following design characteristics: 

• rock size, weight, and gradation 
• rock shape and quality 
• embankment slope 
• thickness of riprap 
• stability and effectiveness of the filter. 

The size of rock sufficient to withstand the design hydrodynamic forces is 
determined by using a riprap design method typical of those discussed in this 
report. The embankment slope is determined by either the design method or by 
other project requirements. In many situations, the slope angle could eco
nomically be calculated together with the stone size by trial and error. 

The shape, quality, and gradation of stone size would be determined by 
other design criteria (e.g., the specifications provided by the Corps of 
Engineers). A gradation of stone sizes would be based on the design stone 
size determined analytically to resist the forces of flowing water or wave 
action. The range of sizes is required to form a tightly interlocking stone 
blanket. The thickness of the riprap layer would be determined by a similar 
procedure. Specifications, based on past experience, engineering judgment, 
and project economics would be provided. 

The stability of the underlying filter material relies on the gradation 
of stone size and riprap size. The filter blanket usually is composed of 
crushed stone or gravel that will prevent the embankment material from being 
washed out and that will not be washed out itself. Close supervision must be 
exercised and a construction sequence followed to insure that these design 
specifications are met. 

The discussion by Sherard et al. (1967} on causes of riprap failures and 
recommended placement techniques offers insight into the construction of riprap 
protection. Although their discussion is concerned with the protection of 
earthen dam embankments from wave erosion, the methods apply to other embank
ments such as those of uranium mill tailings impoundments. 

9.1 GRAVEL FILTERS 

Filters placed underneath the riprap layer are recommended to prevent 
the finer embankment material from washing out through the voids in the riprap 
layer. Sizes of gravel in the filter blanket should be from 3/16 in. to an 
upper limit of about 3 to 3-1/2 in. The upper limit would depend on the riprap 
gradation. Thickness of the filter will vary depending on riprap thickness but 
should not be less than 6 in. Thicknesses equal to one-half the riprap thick
ness have proved to be satisfactory. Simons and Senturk (1977} summarized the 
suggested specifications as follows: 
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0so (Filter) 
( 1) 0so (Base) < 40 

015 (Filter) 
(2) 5 < 015 (Base) < 40 

015 {Filter) 
( 3) 0as (Base) < 5 

The base refers to the embankment material. 

Sherard et al. (1967} listed four factors that influenced the selection 
of filter thickness for riprap on dam embankments: 

1. Wave action--The less the wave action, the less the need for a thick 
filter. 

2. Gradation of riprap--A well-graded riprap with plenty of quarry 
fines filling the voids reduces the stress on the filter. 

3. Plasticity and gradation of the embankment material--Embankment 
material composed of a well-graded granular soil with a tough clay 
binder needs less protection than fine silty sand. 

4. Cost of filter--If the filter material is obtained without washing 
or screening as a pit-run natural gravel and, consequently, is not 
very expensive, minimum filter thicknesses need not be used. 

Simons and Senturk (1977) state that no definite rule can be given for the 
minimum necessary thickness and that the problem is not subject to analytical 
treatment. Most filters are constructed with thicknesses varying from 9 to 
30 in. for earthen dam surfaces. 

9.2 CAUSES OF RIPRAP PROTECTION FAILURES 

Sherard et al. (1967} cite the results of a study by the U.S. Army Corps 
of Engineers on slope protection performances of about 5 to 50 years, with 
widely different climatic, topographic, and geologic conditions. The study 
compared all types of slope protection commonly used, including riprap pro
tection placed by both the dumped-rock and hand-placed methods. The main 
conclusions regarding rock protection were: 

• Failures that resulted in rock displacement and loss of slope 
protection occurred in only two of the forty dams that were pro
tected by layers of dumped-rock riprap. The riprap layers varied 
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between 9 and 96 in. in thickness. The average rock sizes on the 
two dams that failed were only 5 in. in average diameter and the 
estimated wave heights were 2.5 and 4.0 ft. Also, loss of the 
underlying gravel filter layer caused damage to three other dams 
in this group . 

• Failures occurred in six of the twenty dams that had hand-placed 
riprap, with layer thickness varying from 12 to 48 in. The failures 
involved displacement of rock layers between 12 and 36 in. thick. 
The maximum wave heights were estimated to be between 1.5 and 8.0 ft. 
In four of the six dams, the primary damage was attributed to 
floating trees or ice. 

The study results indicate that layers of dumped-rock riprap are more 
successful than an equivalent thickness of hand-placed rock. This had been 
suspected for a number of years but was not confirmed until the Corps of Engi
neers study . The primary reason is that a moderate movement of any individual 
rock in dumped riprap has little influence on the structural integrity of the 
rock layer. If one large rock in a hand-placed layer is moved, the underlying 
filter is exposed, allowing erosion to the filter and embankment material. 
Hand-placed riprap is particularly vulnerable to damage by floating trees and 
ice layers, which can cause displacement of individual rocks out of the layer. 
The individual rocks of a dumped-rock layer are only slightly jostled when sub
jected to the same stresses and the layer tends to remain intact because the 
dumped rock reaches a more stable position in the layer. 

The filter layer can fail when large rocks of uniform size are used with
out enough small rocks to make a well-graded blanket. Erosion of the embank
ment material causes progressive settlement of the larger rocks and eventual 
displacement. This type of failure can be prevented by including enough of 
the smaller-size rock to reduce the area of the interstitial openings between 
the large rocks. 

9.3 CONTROL OF RIPRAP GRADATION 

The best time to control riprap gradation of quarried rock is during 
the quarrying . The spacing of the blast holes and the size of the charge can 
determine the various sizes and gradations of the rock. This usually requires 
some experimentation. Suitable gradations can be obtained by wasting some of 
the fines through selective excavation in the quarry or by breaking down some 
of the larger rocks with a wrecking ball or with secondary blasting. 

The gradation is controlled through visual inspection of a selected pile 
of rock with the desired gradation. The pile should contain 5 to 10 tons of 
selected individual rocks with the rocks combined in the correct proportion. 
In the event of controversy, the actual gradation can be determined by 
measurement. 
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9.4 RIPRAP PLACEMENT PROCEDURES 

The rock is dumped directly from trucks on top of the previously prepared 
filter material. The rock should never be dropped down a chute or pushed down 
the slope with a bulldozer because this could cause excessive segregation. 
Dumped riprap requires minimum hand work, although some is required. If the 
material is well-graded, the rock can be placed with very little additional 
rearrangement. After dumping, the individual rocks are reworked by man with 
bars or with power equipment (e.g., draglines and backhoes ) . 

The placement of riprap on uranium mill tailings impoundments could pre
sent some problems regarding the structural integrity of the impoundment and 
decommissioning cap. The use of heavy equipment on the unprotected cap surface 
may not be possible because of potential damage to the cap and impoundment. 
Dropping the stone from a point several feet above the surface could cause 
impact load damage that could lead to an eventual failure of a part of the 
impoundment. To protect against this type of damage, temporary earthen ramps 
may be required for the heavy equipment along with special placement procedures 
for tailings impoundments. 
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APPENDIX A 

RIPRAP DESIGN WITH SAFETY FACTORS METHOD 

The method of riprap design discussed here was developed by M. A. Stevens 
and D. B. Simons at Colorado State University under a study program for the 
Wyoming Highway Dept. (Stevens 1969; Stevens and Simons 1971}. The objective 
of the study was to develop design criteria for riprapped stilling basins at 
circular culvert outlets. An extensive physical modeling program was used to 
investigate the mechanism of local scour under typical flow conditions. 

Further studies were conducted by Simons and Lewis (1971) using the 
same methodology for riprap protection of highway bridge crossings of rivers. 
Spill-through abutments protected by riprap were constructed in the hydraulic 
facilities of Colorado State University to test the validity of the design 
procedures. This study also was conducted for the Wyoming Highway Dept., with 
the cooperation of the Federal Highway Administration. 

DERIVATION OF DESIGN CRITERIA 

The method uses the concept of a safety factor, a consideration in prac
tically all engineering design problems. The safety factor, SF, for rock 
riprap is expressed as follows: 

Moments of forces resisting rotation 
SF = Safety Factor= Moments of forces tending to dislodge rock 

where 

SF = 1 indicates a critical condition for the flow where incipient 
motion occurs 

SF > 1 indicates that riprap is considered safe from failure 

SF < 1 indicates that rocks are washed from riprap layer and failure 
of protection may occur. 

The method considers the stability of rock riprap to be a function of: 

• the magnitude and direction of stream velocity in the vicinity of 
the rock particles 

• the angle of side slope 

• rock characteristics, including geometry, angularity, and density. 
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The equations developed in the derivation are based on: 

• hydrodynamic lift of fluid on rock 

• hydrodynamic drag of fluid on rock 

• Shields criteria for incipient particle motion as modified by 
Gessler (1971). 

The magnitude of the lift force is directly proportional to the magnitude of 
the drag force and the lift force is considered to be normal to the drag force. 
The stability criteria of individual rocks is obtained from its submerged 
weight and angle of repose. 

The general case of oblique flow across an embankment side slope is shown 
by the diagrams of Figure A. l, where: 

Ft = lift force 

F d = drag force 

Ws = submerged weight of rock particle 

e = side slope angle 

s = angle between direction of movement and downslope component 
of the submerged weight 

6 = angle between the drag force and the direction of movement 

>. = angle between the drag force and the horizontal plane 

Wscos9 = submerged weight component normal to side slope 

F dC0S6 = drag force component along direction of movement 

R = direction of particle movement 

Wssin9coss = submerged weight component along axis of direction of 
movement 

Wssin9 = submerged weight component parallel to side slope. 

The stability analysis is based on the assumption that rock particles on 
side slopes tend to roll rather than slide out of place . Therefore, the rock 
stability can be expressed in terms of moments about the rotation point with 
the balance of moments expressed as: 

(A.l) 
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FIGURE A.l. Diagrams for Riprap Stability Analysi s (Stevens, 
Simons and Lewis 1976) 
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Because SF can be defined as the ratio of moments resisting particle motion to 
the submerged weight component and fluid force moments tending to rotate the 
rock out of its position, SF can be written as: 

(A.2) 

Determine Relationship of the Angle of Repose 

The angle of repose, 0, is the angle formed by particulate matter under 
the critical equilibrium condition of incipient sliding (Simons and Senturk 
1977). If no flow is assumed (no lift and drag forces) and the side slope 
angle is increased to the an9le of reposez 0, the safet~ factor is 1. Then 
SF= 1, e = ~' a= 0°, A= 0, and o = 90 -A-s= 90. Substitution into 
Equation (A.2) yields: 

and 

tan~ 

since tan0 = sin~ 
cosd 

(A.3) 

This indicates that the ratio of the moment arms of the submerged weight 
components is characterized by the natural angle of repose, ¢, of the rock. 
A further assumption is that the ratio e2/e1 is invariant to the direction 
of particle motion indicated by angle a. 

Develop St~bility C~iteri~ 

By dividing both the numerator and denominator of Equation (A.2) by e1Ws 
and using the relationship e1 = e2/tan ~' the safety factor, SF, becomes: 

coset an~ 
SF = n• tan0 + s1necoss (A.4) 

where 

(A.5) 
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and n' is the stability number for each rock on an embankment slope. 

The angle between the horizontal and the force component Wssine = 90°, 
therefore: 

o + A + a = 90° 
and 

o = 90° - A - a (A.6) 

The assumption is made that the moments of the drag force, Fd, and the 
submerged weight component, Wssine normal to path R, are balanced so the 
direction of rock motion will be along R, therefore: 

(A. 7) 

From Equations (A.6) and (A.7) a relationship for sins can be developed: 

sins = 
e3Fd(COSACOSS- sinAsina) 

e1wss1ne 

Dividing by cosa yields a relationship for tans: 

Tan a - _:-:--_c_o_s_;,A __ _ 
- e

1
w 

s . . eFS1n9 + SlnA 
3 d 

(A.8) 

(A.9) 

The stability number, n, for rocks on a plane bed withe= 0 (no embank
ment slope) and o = 0 (no angle between drag force and direction of movement) 
according to Equation (A.S) is: 

and Equation (A.4) becomes: 

1 s = -n 

Equations (A.lO) and (A.ll) are applicable to flow over a plane bed. 

A.S 
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Relationship Between Stability Criteria and Fluid Shear Stress 

The hydrodynamic drag and lift are related to the square of the fluid 
velocity and the exposed area of the particle. The fluid shear stress or 
tractive force is also related to the square of the velocity; t herefore , the 
drag and lift force equations can be written as: 

where 

Ts = average tractive force on the plane containing the particle 

k = diameter of the rock particle 

C1,C2 = coefficients dependent on the exposed particle area, lift 
and drag coefficients, and the relation between velocity and 
tractive force . 

where 

The submerged weight, Ws, of the rock particle can be written as: 

y = unit weight of water 
Ss = specific weight of rock 
c3 = coefficient depending only on particle shape 

k = particle diameter. 

Substitution of Equations (A.l2), (A.13), and (A.l4) into Equation (A.10) 
yields: 

where Ts/(Ss - 1) yk is known as Shields parameter. 

(A .12) 

(A . 13) 

(A . l4) 

(A. 15) 

When incipient motion conditions are reached during flow over a plane flat 
bed, the safety factor SF= 1.0; therefore, from Equation (A.11) the stability 
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number n = 1.0. According to Gessler (1971}, the Shields parameter for 
incipient motion is 0.047; therefore, by substitution in Equation (A.15): 

For flow conditions other than incipient, Equation (A.l5} becomes: 

n = (Ss - 1) yk 

Relationship of Embankment Slope and Plane Bed Stability Factors 

For convenience let: 

and 

Substitution into Equations (A.S) and (A.10) yields: 

n 1 = M + Ncos6 
and 

Therefore, n 1 and n are related by: 

~ + COS6 n 1 ,, 

-n = !1+1 
N 

(A .16) 

(A.17) 

(A.l8) 

(A.19) 

(A.20) 

(A. 21) 

(A.22) 

Equation (A.22) is the ratio of stability numbers for rock particles on an 
embankment slope and on a plane horizontal bed. The problem is to select the 
proper value of M/N so that the embankment slope stability factor, n 1

, can be 
related to the stability factor for a plane horizontal bed, n, which in turn is 
related to the Shields parameter. Equation (A.22) is represented graphically 
by Figure A.2. 
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FIGURE A.2. Ratio of Stability Factors 
(Simons and Senturk 1977) 

1.0 

The stability factor ratio limits can be determined as follows: 

For Fd = 0, M/N is oo, a= 0, and n' = n 
For Fl = 0, M/N = 0 and n'/n =coso 

Therefore, for finite values of lift and drag forces, stability factor ratios 
are between the limits 0 and coso. When considering incipient motion of riprap 
particles, the ratios FtiFd and e4/e3 depend on the turbulent flow con-
ditions and particle interlock. The value of M/N is assumed to be approxi
mately equal to 1 to facilitate analysis (Stevens and Simons 1971): 

(A.23} 

For M/N = 1, Equation (A.22) becomes: 

A.8 



n' 
-= 
n 

1 + COS6 

2 

or, by using Equation (A.6) (6 = 90° - A - a): 

n' -= 
n 

1 +sin (A +a) 
2 

(A.24) 

(A.25) 

The term e1Ws/e3Fd in Equation (A.9) can be written as follows according to 
Equations (A.3) and (A.19): 

For M/N = 1, Equation (A.21) becomes: 

By substitution of Equations (A.26) and (A.27) into Equation (A.9), the 
expression for a becomes 

-1( COSA ) a = tan 2sine + . 
ntan~ SlnA 

(A.26) 

(A. 27) 

(A.28) 

The safety factor for rock riprap on embankment slopes where the flow has a 
nonhorizontal velocity vector is related to properties of the rock, side slope, 
and flow by Equations (A.4), (A.17), (A.25), and {A.28). 

cosetanl,j 
SF = n'tani + sinecosa = safety factor 

21 1's 
n = ( Ss - 1} yk 

n' 1 + sin (A + a) n- = · 2 
stability number ratio for 

= particles on a slope to 
particles on a plane bed 
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(A.4) 

(A.17) 

(A.25) 



8 = tan-1( . COS). ) 
2s1ne + sin>. 
ntan~ 

Horizontal Flow on an Embankment Slope 

(A.28) 

In many cases, the slope of the energy gradient of the flow is small and 
x ~ 0. Then, Equations (A.25) and (A.28) reduce to: 

(A.29) 

, (1 +sins) 
T) = 2 (A.30) 

By substituting Equations (A.29) and (A.30) into Equation (A.4), the safety 
factor becomes: 

where 

and 
SF = tan0 = safety factor for riprap on an 

m tane embankment slope with no flow. 

Solving Equations (A.32) and (A.33) for n yields: 

(
SF 

2 
- SF

2
) 

n = m 2 COS9 

(SF)SFm 

Flow on a Plane Sloping Bed 

(A.31) 

(A. 32) 

(A.33) 

(A.34) 

Flow over a plane bed of slope a degrees in the downstream direction is 
equivalent to oblique flow on an embankment slope withe= a and x = 90°. 
Therefore, by Equation (A.28), 8 = 0° and Equation (A.25), n' = n: 

from Equation (A.4) 
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cosa tancS 
SF = ntan0+slrl<l 

Solving for n in Equation (A.35): 

(
1 _ tana) 

n = cosa SF tancS 

Flow on a Horizontal Bed 

For fully developed rough turbulent flow over a plane horizontal bed 
(a = 0) of rock riprap, Equation (A.35) reduces to: 

1 SF -
n 

(A.35) 

(A. 36) 

(A. 37) 

For conditions of incipient motion, SF = 1, so n = 1 and we revert back to 
Equation (A.l7) for Shields equation of incipient motion with n = 1. 
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B 

c 

0 

d 

dso 

APPENDIX B 

DEFINITIONS 

= channel width (ft) 

= Chezy coefficient (ft112tsec). The coefficient is usually 
made dimensionless by dividing by the square root of the 
gravitational acceleration, g. 

= coefficients dependent on the exposed particle area, lift and 
drag coefficients, and the relation between velocity and 
tractive force (dimensionless) 

= drag coefficient (dimensionless) 

= lift coefficient (dimensionless) 

turbulence coefficient used in Izbash's equation (CT = 0.86 
for high turbulence; CT = 1.20 for low turbulence) 

= channel depth (ft) 

particle diameter (ft) 

= the particle size for which 50% of the sediment or rock mixture 
is finer 

= equivalent stone diameter where 100% of the stone sizes in the 
mixture are finer (ft) 

= maximum depth of water at toe of rock slope for shoreline 
protection (ft) 

= moment arms of rotation about a point (ft) 

=hydrostatic forces on a water column (lb) 

= drag force or force component exerted on a body submerged in a 
moving fluid acting in the direction of the free stream of 
fluid (lb) 

= lift force or force component exerted on a body submerged in a 
moving fluid acting in the direction normal to the free stream 
(lb) 

= normal (perpendicular) force to angle of repose, caused by 
flowing water (lb) 
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g 

H 

k 

k 

p 

p 

p 

Ps 

p 

R 

SF 

sg 

sgw 

=parallel (tangential) force to angle of repose, caused by 
flowing water (lb) 

= gravitational constant (ft/sec2) 

significant wave height, which is the average of the highest 
one third of the waves (ft) 

equivalent channel boundary surface roughness where the 
equivalent diameter of average particle size is used (ft) 

constant 

= partic le shape factor 

=constant equal to 70° for randomly placed rubble (stone) for 
California Highway Dept. method 

=mass density of water (lb sec2/ft4) 

= wetted perimeter of channel (ft) 

=mass density of solid particles (lb sec3/ft4) 

=static pressure (lb/ft2) 

=hydraulic radius (ft) 

= channel bed slope (dimensionless) 

= slope of the energy grade line when the energy grade line is a 
graphical representation with respect to a selected datum, of 
the total head or energy possessed by the fluid. For open 
channel flow the energy gradient is located a distance u2t2g 
above the free water surface where U = mean flow velocity 
(ft/ft) 

=factor of safety against stone loss (dimensionless) 

= safety factor for riprap on a side slope with no flow 

specific weight of stone or weight per unit volume (lb/ft3) 

= specific gravity of stone, which is the ratio of a fluid or 
solid to the specific weight of water at 4°C (dimensionless) 

= specific gravity of sea water= 1.0265 (dimensionless) 

= critical bottom velocity at which particle motion takes place 
(ft/sec) 

B.2 



u,v 

w 

= bottom velocity or velocity against the stone (ft/sec) 

= free stream flow velocity or average channel cross-section 
velocity (ft/sec) 

=velocity at a distance of 0.35 times the particle diameter from 
the boundary (ft/sec) 

= average local velocity in the vertical (ft/sec) 

=minimum weight of outside stone for no damage, California 
Highway Department method (lb) 

Wls,Wso,Wloo =weight of individual stone where subscript denotes percent 

y 

Yo 

a,&,a,e 

a 

a 

y 

Ys 

n 

n' 

T 

of stones that are lighter, used in Corps of Engineers design 
criteria (lb) 

=submerged weight of a particle (lb/ft3) 

= local depth of water (ft) 

= depth of flow (ft) 

= angles as defined by Figure A.l for safety factor method 

= angle of channel bed slope 

= embankment face slope for California Highway Dept. method 

= specific weight of water (lb/ft3) 

= specific weight of rock (lb/ft3) 

= stability number for riprap on plane beds (dimensionless) 

= stability number for riprap on embankment slope (dimensionless) 

= design shear stress defined as the intensity of local boundary 
shear that riprap will safely resist on a plane bed for Corps 
of Engineers method (lb/ft2) 

= design shear stress defined as this intensity of local boundary 
shear that riprap will safely resist on a side slope for Corps 
of Engineers method (lb/ft2) 

= local boundary shear in a channel bend (lb/ft2) 

= average shear stress on particle bed (lb/ft2) 

= average boundary shear stress for the wetted perimeter of a 
channel cross-section (kg/m2, lb/ft2) 
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= average shear stress (tractive face) on the plane of rock 
particles for safety factor method (lb/ft2) 

= side slope angle for Corps of Engineers method 

= angle of repose of non-cohesive particles, which is the angle 
of slope formed by particulate material under critical 
equilibrium condition of incipient sliding for safety factor 
method 

= riprap paving angle with respect to the horizontal for ASCE 
recommended method 
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