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ABSTRACT

Flume studies were conducted in which riprap embankments were
subjected to overtopping flows. Embankment slopes of 1, 2, 8, 10, and
20% were protected with riprap containing median stone sizes of 1, 2,
4, 5, and/or 6 in. Riprap layer thickness ranged from 1.5 Dgg to 4
D5sgp. Riprap design criteria for overtopping flows were developed in
terms of unit discharge at failure, interstitial velocities and
discharges through the riprap layer, resistance to flow over the
riprap surface, effects of riprap layer thickness and gradation on
riprap stability, and potential impacts of integrating soil into the
riprap layer for riprap stabilization. A riprap design procedure is
presented for overtopping flow conditions.
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1. INTRODUCTION

The protection of the public health and environment from the
potential hazards of waste materials has stimulated the assessment of
waste stabilization design procedures and methods. <Current
stabilization methods cap the waste materials with an earthen cover.
In many cases, stabilizing materials are placed atop of the cover.
Reclamation standards require that waste impoundments be designed and
constructed to ensure the long-term stabilization for periods of 200
to 1000 years.

One means of providing long-term stabilization of a waste
impoundment is to place a protective filter blanket and riprap layer
over the cover. Nelson et al. (1986) indicated that when riprap
protection is considered, alternative design procedures should be used
for different zones of the impoundment. The riprap design should
protect the impoundment from regional and localized flooding
conditions that affect the embankment toe, side slopes, and cap.

Riprap design procedures should be conservative enough to ensure
long-term cover stabilization, yet be economically advantageous to
warrant the use of riprap. Established and field-tested design
procedures exist that stabilize embankment toes and bank slopes for
traditional channel flow conditions. However, many of the existing
riprap procedures provide a conservative design that is not
necessarily cost-effective. Also, many of the existing riprap design
procedures were not developed specifically for overtopping flow
conditions and, therefore, are not applicable to optimizing site
protection and construction economics for reclamation.

1.1 OBJECTIVES

The objective of this investigation was to provide supplemental
design criteria to the Phase 1 (Abt et al. 1987) study on long-term
stabilization of uranium tailings impoundments subject to overtopping
flows. A series of laboratory flume experiments were conducted to:

1. expand the applicability of the unit discharge, slope, and
stone size relationships of a riprap system at failure;

2. verify interstitial velocity relationships;

3. verify resistance to surface flow relationships;

4 determine the effect that riprap layer thickness, stone
shape, and stone layer gradation have on system stability;
and

5. determine the stabilizing effects that soil cover and soil
matrix have on the impoundment cover.

The results of the experimental program were combined with the results
of Phase 1 when and where applicable.

1.2 PHASE I SUMMARY

Phase I (Abt et al. 1987) of the long-term stabilization analysis
of riprap protection developed a series of overtopping flow
relationships, without conservatism or "built-in" factors of safety,
to evaluate existing design procedures for sizing riprap, for
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determining the resistance to flow over riprap, and for estimating
interstitial velocities within the riprap layer. From these
relationships, a riprap design criteria was developed. A summary of
the Phase I study and the specific findings follows.

A series of 52 flume experiments was conducted in which riprap
was placed on an embankment(s) and subjected to cvertopping flows.
Embankment slopes of 1, 2, 8, 10, and 20% were protected with median
stone sizes of 1, 2, 4, 5, and/or 6 in. in diameter. Data collected
. during these tests iacluded unit discharge at failure; interstitial
velocities in the stone layer; flow depth over the riprap surface;
localized surface velocities over the riprap surface; and the stone,
filter, and soil properties.

1.2.1 Failure Relationships

It was determined that the unit discharge at which the riprap
layer failed was dependent upon the median stone size, Dggp, of the
riprap layer and upon the embankment or channel slope, S. A family of
failure relationships resulted as shown in Fig. 1.1, Failure tests
were conducted without tailwater. . Therefore, by estimating the
maximum unit discharge overtopping a riprap layer, the median stone
size necessary to resist failure can be determined. The failure

relationships portrayed in Fig. 1.1 do not reflect a safety factor in
the sizing process.

1.2.2 Interstitial Velocities

The average interstitial velocity of flow through a rock layer
was determined by a tracer-sensitive injection system. A salt
solution was injected into each rock layer system, and the dilution
curve was recorded. From the dilution curves, interstitial velocities
in the rock layer were derived. A unique relationship resulted in
which the interstitial velocity, Vy, and median stone size, Dgg, were
correlated to the embankment or channel slope, S; the stone properties
coefficient of uniformity, C,; and porosity,(np; as presented in Fig.
1.2. After a power regression on the results was performed, the
interstitial velocity was expressed as ’

1.064 0.5

-0.074 _0.46 _4.14
s "% np (g Dso) "~ (1.1)

vy = 19.29 cg

where velocity is in feet per second. Equation 1.1 allows the
designer to estimate both the rock layer flow capacity and the average
interstitial flow velocity as a function of the riprap properties and
the embankment slope. Equation 1.1 was derived from riprap layer
thicknesses of 3 in. to 12 in. placed on steep embankment faces.
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1.2.3 Resistance to Flow

The resistance to surface flow was determined for each test in
which surface flows resulted in riprap system failure. Extensive
analysis of the data indicated that the estimated Manning’s n values
did not agree with existing relationships derived from flat, natural
channels. The data analysis indicated that the product of the median
stone size and the embankment or channel slope correlated to the
Manning's n value as presented in Fig. 1.3. The n value can be
expressed as

n = 0.0456 (Dgg x §)°°1°7,

(1.2)
vhere Dg5g is in inches. Equation 1.2 was derived for angular stone
surfaces in cascading flow conditions.

1.2.4 1Incipient Stone Movement and Channelization

The unit discharge in which stone movement was initially observed
was recorded in four stone movement and failure tests. The unit
discharge at stone movement was compared to the unit discharge at the
riprap system failure. A graphical representation of the zone of rock
movement is presented in Fig. 1.4, where the normalized unit discharge
vs normalized time is portrayed. It was observed that stone movement
occurred when the unit discharge approached 76% + 3% of the unit
discharge at failure. The stone movement appears to be independent of
the shape of the rising limb of the normalized inflow hydrograph.

During many of the failure tests, small channels formed in the
riprap layer. Channels formed as flow was diverted around the larger
stones. Flow concentrated into localized zones, thereby increasing
localized velocities and flow depths. Incipient channelization in the
riprap layer was documented when possible. The zone of incipient
channelization appeared to occur when the unit discharge approached
90% + 5% of the unit discharge at failure, as indicated in Fig. 1.4,
The channelization appeared to be independent of the shape of the
normalized inflow hydrograph. Channelization of the total flow was
expressed as the ratio of the unit discharge of the channelized flow
to the unit discharge for the sheet flow. This flow channelization
ratio was observed to exceed 3.0,
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