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ABSTRACT

Flume studies were conducted in which riprap embankments were
subjected to overlopping flows. Embankment slopes of 1, 2, 8, 10, and
20% were protected wirh riprap containing median stone sizes of 1, 2,
4, 5, and/or 6 in. Riprap layer thickness ranged from 1.5 Dsp to &
D5g. Riprap design criteria for overtopping flows were developed in
terms of unit discharge at failure, interstitial velocities and
discharges through the riprip layer, resistance to flow nver the
riprap surface, effects of riprap layer thickness and gradation on
riprap stability, and pot.ntial impacts of integrating soil into the
riprap layer fcr riprap stabilization. A riprap design procedure is
presented for cvertopping flow conditions.
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Hydraulic radius of channel

Regression coefficient

Slope of embankment

Safety factor of riprap rolling down with no flow
Safety Factors method

Interstitial unit d. charge

Time elapsed after starting the test

Total time to failure

Thickness of riprap layer

Surface flow velocity

Localized bottom velocity of flow

Class weight of stone

Weight of stone

Slope angle

Wave front angle

Unit weight

Unit weight of surface-dry but saturated stone
Unit . .ight of water

Stability number for riprap on a plane bed
Stability number for riprap on a side slope
Angle of slope measured from horizontal
Friction angle

Angle between horizontal and velocity vector
Shear stress

Bed shear stress

Local boundary shear stress
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1. INTRODUCTION

The protection of the public health and enviromnment 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 i{s 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 oes 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 thase I (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

store size relationships of a riprap system at failure;

2, verify interstitial velocity relationships;

3. verify resistance to surface flow relationships;

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

3. determine the stabilizing effects that soll cover and soll
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 1 SUMMARY

Phase 1 (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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Figure 1.2. Interstitial flow velocity relationships on steep
embankments .



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 (Dsg x §)° 137,

where Dsg is in inches. Equation 1.2 was derived for angular stone
surfaces in cascading flow conditions.

1.2.4 1Incipient Stone Movemer* 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 tc 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 failurs 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,

(1.2)












A -—1 Stilling Basin

Ir £
.o .
D0 022 "2

e - .
TEEEE LT
b - -
o -

ot

STO STIS ST 40

SECTION B-B

Bcfﬂt\ E l ]

SECTION A-A

DETAIL C-C

Figure 2.1. Outdoor flume schematic.



layer. Portable television equipment was used to videotape the
riprapped embankments prior to, during, and after each test,

A trocer solution Injection and ‘cording system was developed to
document the flow velocities through the riprap layer., The system was
composed of a pressure-operated tracer injector, tracer-sensitive
probes, multichannel selector, and multichannel strip chart recorder.
Each tracer-sensitive probe wus fabricated with three tracer-sensitive
elements placed in the lower 8 in. of the probe. The tracer injector
was fabricated with three injection ports. The injector port spacings
vere similar to the tracer-sensitive elements in the probe. Salt was
used as the tracer.

The tracer-sensitive system was placed in the riprap layer such
that the injector ports were approximately aligned with the elements
in the tracer-sensitive probe, The injector and the tracer-sensitive
probes were placed from 10 to 12 and from 20 to 24 in, apart in the
rock layer. The flow was established in the flume such that the water
surface was at an elevation just above the riprap surface. The tracer
was then injected into the rock layer. An event marker on a strip
chart recorder indicated when the injector was triggered. Output from
the tracer-sensitive elements was also recorded on the strip chart,
enabling the tracer-dilution curve to be observed and documented.

Flow velocities were derived from the tracer-dilution curves recorded
on the strip chart for each test condition.

Localizced surface velocities in the outdoor flume were measured
by a Marsh-McBirney® magnetic flow meter. The meter was periodi-
cally calibrated throughout the experimental program. Water surface
elevations were monitored by plezometers installed in the embankments,
Plezometers were placed at sections at the top of the embankment, near
the crest of the embankment, at the upper one-third of the embankment
slope, and at the lower one-third of the embankment slope. Plezo-
meters were equally spaced at one-third intervals across each section
to monitor potential differences in the flow distribution. Each
plezometer was connected to a central manometer board to record the
water surface elevation to the nearest 0,02 ft. During each test,
flow depths were periodically estimated to the nearest 0.10 ft with a
gaging rod to provide a check on the manometer system,

A Panasonic videotape camera and video cassette recorder system
were used to visually document each fallure test., Also. photographic
equipment documented pre-test, test, and post-test embankment
conditions.

2.3 TEST MATERIAL PROPERTIES

The riprap was obtained from a quarry located near Denver,
Colorado. Nominal median stone sizes, Dgp, tested were 2 and 4 in.
Rock properties of coefficient of uniformity, unit weight, specific
gravity, porosity, shape, and friction angle wers determined in the
Colorado State University Ceotechnical Engineering Laboratory by
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procedures outlined by the /merican Society f>r Testing Materials
(ASTM). A summary of the riprap properties is presented in Table 2.1.
The grain size distribution for each riprap size is presented in Appendix A.

A filter blanket underlaid the riprap layer in most of the tests.
The filter criteria used to size the blanke. was derived from Sherard
et al. (1963) and is expreised as

D15 (riprap)
Dgs (filter)

<5 (2.1)

3 < D1s (riprap) < 40 (2.2)
D1s (filter)

Dso (tlprﬂp) < 50 £2.3)
Dso (filter)

A summary of the filter grain sizes and coefficients of uniformity {s
presented in Table 2.2. The grain size distribution for the filter materials
is also provided in Appendix A.
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Table 2.2. Filter propcrtlcc‘

Test  Filcer r:g:.:‘ Filcer Filé-rd ?1;torc rxgc-:‘

. (1n>9 (th.) " (1n'9 (14%9
19-25  GFl 0.50 5 11.21 0.061 1.70
26:34  GF2 0.19 6 5.87 0.046 1.00
35.38  GF1 0.50 6 11.21 0.061 1.70
19-44  GF3 0.44 6 13.40 0.047 1,50
45-46  GFé 0.19 6 6.11 0.045 1.00
47-48  GF3 0.44 6 13.40 0.047 1.50
49 GFS 0.44 6 13.40 0.047 1.50
50-53  GF} 0.40 6 13.40 0.047 1.50

fa11 properties were determined in the Colorado State University
Geotechnical Laboratory iIn accordance with American Society for
Testing Materials guldelines.

bcrldation curves designated by symbols are found in Appendix A.
cDso = Median stone size.

Dyg = 108 of stone is finer than iIndicated size on specified
gradation curve.

DlOO = All stone is finer than indicated size on specified gradation
curve .,

dCu = Coefficient of uniformity.



3. EXPERIMENTAL PROGRAM

A series of 38 :xperiments was conducted including shakedown,
rock mo—-ement, interstitial flow, and rock failure. The intent of
these tests was to characterize riprap stability as a func ion of
embankment or channel slope, median stone size, riprup layer
thickness, riprap gradation, and riprap shape. A summary .’  he
experimental program is presented in Table 3.1. The exper ~ental
variables encompassed the embankment slope, S; the dischargs rate, Q;
localized surface flow velocities, V; interstitial flow velocities,
Vi; water surface depths above the bed, D; and time, t. Also, the

riprap, filter, and soil properties, as reported in Sect. 2.3, were used

throughout the analysis.

(eneral observations were recorded, when appropriate, to document
flow a. 4 riprap phenomena that could not be explicitly measured [e.g.,
incipient flow concentrations, filter blanket extraction and failure,
riprap layer failure indicators, and stone movement (beyond bed
adjustment)|. Therefore, qualitative observations during each test,
and later verified during videotape playback, were recorded and
incorporated into the analysis.

Riprap was dump-placed in all the tests conducted in this phase
of the investigation. However, the stone surface was leveled to
minimize the occurrence of man-made flow concentratio.s. The riprap
layer thickness was determ. :d with a self-leveling le el. Predeter-
mined locations on the filter srrved as a reference. U.ce the rock
layer was graded, a square plate -'s placed on top of th: rock and the
elevarion was determined. The difference between the top ~f the
filter blanket and top of the rock layer was reported as the 'cyer
thickness.

3.1 TEST PROCEDURE

The rock movement and riprap fallure test procedures were similar
for all 38 experiments conducted. Once the test embankment and riprap
were placed and the instrumentation set and checked, the flume inlet
valve was opened. The riprap was inur. ted, and the bed was allowed
to adjust and/or settle. 1he flow was {ncreased until overtopping
flow was observed. Once the flow stabilized, the discharge was
determined, and localized velocities and water surface elevitions were
obtained along four cross sections when and where possible. After the
data were recorded and observations were documented, the flow was
increased., Generally, 12 to 20 minutes were required to increase and
stabilize the flow, acquire data, and record results. The procedure
was repeated until stone movement and faliure occurred. A videotape
recording was made of portions of each test.

The test procedure vas modified for the soil cover and soil
matrix tests. The compacted soils restricted the measurement of flow
depth until the soil cover eroded. Therefore, only limited data could
be collected and recorded Iin the riprap layer.

15



16

Table 3.1. Summary of experimental program

Median
stone
Slope size Riprap ll“r

Nug?or (%) (in.) thickness Shape of riprap
Tests" 10 20 2 4 1.5 2 3 &  Angular Rounded

3 x x x x

1 x x x X

2 % % x X

2 x x X x

3 x X x x

2 X 3 x X

2 x x X x

2 x x X X

2 x x x x

2 x x x x

2 x x x x

2 x x X X

2 % x x x

2 * X x x

*1n addition, 1 test was conducted to measure interstitial wvelocities
th*s h the filter material, 2 shakedown tests were conducted, ?
vitness tests were conducted, and 4 soil cover and soil matrix tests
were conducted.

bThc layer thickness is expressed as a multiple of the median stone
size.
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3.2 PARAMFTERS OF ANALYSIS

The Manning's roughness coefficient, n, bed critical Shields’
coefficient, C., and Darcy-Weisbach friction factor, f, were computed
for each discharge tested. Coefficients are reported for each test in
Appendix C.
3.2.1 Manning's Roughness Coefficient

The Manning's roughness coefficient (Chow 1959) can be estimated

as
a 1.486 A l2/3 ’1/2 ' (3.1)
Q
where

Moinning's roughness coefficient for the bed,
Channel slope (ft/ft),

Cross-sectional area of flow (ft ),

Channel discharge (cfs;, of surface flow,
Hydraulic radius of channel (ft).

mOo»nwa
LI I I )

The ratio of depth of flow to transverse width of the embankment
was on the order of 0,05 or less and was considered relatively small.
fherefore, the channel was assumed to be a wide channel. Because the
depth of flow, D, is approximately equal to the hydraulic radius for a
vide channel, Eq. 3.1 can be modified to
273

oo 1686, 12

D S (3.2)
Q
3.2.2 Shields' Coefficient
The bed critical Shields’' coefficient (Simons and Senturk 1977)
is an indicator of incipient stone movement on the rock bed. The
Shields' coefficient, C., is defined as
G o D . (3.3)
(Gg-1) Dsgp

where
D = Depth of flow (ft),
§ = Channel slope (ft/ftr),
Gg Specific gravity of the rock,
Dsp = Median stone size of the riprap (fr).

3.2.3 Darcy-Weisbach Friction Factors

The Darcy-Weisbach friction factor (Ruff et al. 1985) was
computed for each test discharge. The Darcy-Weisbach friction factor,
f, is defined as
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¢ « Y08 (3.4)
y2

where
g = Acceleration of gravity (ft/nz).
V = Average velocity of flow (ft/s),
D = Depth of flow (ft),
§ = Channel slope (ft/ft).

3.3 ESTABLISHED DESIGN PROCEDURES

Currently, several riprap design procedures are routinely used to
determine the appropriate stone size for protection of {mpoundment
covers, embankments, channel, and unprotected slopes from the impact
of flowing waters. Four riprap design procedures that are referenced
are:

Safety Factor Method (SF),

The Stephenson Method (STEPH),

The U.S. Army Corps of Engineers Methoed (COE), and
The U.S. Bureau of Reclamation Method (USBR).

& W

A summary of each method {s presented.
3.3.1 Safety Factors Method

The Safety Factors Method (Richardson et al. 1975) for sizing
riprap allows the designer to evaluate rock stability from flow
parallel to the cover and adjacent to the cover. The Safety Factors
Method can be used by assuming a stone size and then calculating the
safety factor, SF, or allowing the designer to determine a SF and then
computing tne corresponding stone size. If the SF i{s greater than
unity, the riprap is considered safe from failure; if the SF i{s unity,
the rock is at the condition of incipient motion; and {f SF {s less
than unity, the riprap will fail.

The following equations are provided for riprap placed on a side
slope or embankment where the flow has a nonhorizontal (downslope)
velocity vertor. The safety factor, SF, is:

ke n' tan ¢ + sin # cos § ' (3.5)

where
' I+ sin (A s §
! .”[ 2 n] ' (3.6)
21 »
" ' (3.7)
(G. - 1) ¥ DSO

- "7 DS , .5

and
Al cos A
Bl [(2 sin §)/(n tan ¢) + sin x] (3.9)
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thickness should minimally range from 6 to 12 in. In cuses where the
Safety Factors Method is used to design riprap along embankments or
slopes steejer than 4H:1V, it {s recommended that the toe be firmly
stabilized.

3.3.2 Stephenson Method

The Stephenson Method for sizing rockfill to stabilize slopes and
embankments {4 an empirically derived procedure developed for emerging
flows (Stephenson 1979). The procedure is applicable to a relatively
even layer of rockfill acting as a resistance to through and surface
flow. 1t is ideally suited for the design and/or evaluation of
embankment rradients and rockfill protection for flows parallel to the
enmbankments, cover, or slope.

The sizing of the stable stone or rock requires the designer to
determine the maximum [low rate per unit width, q; the rockfill
porosity, n,; the acceleration of gravi‘y, g: the relative density of
the rock, Gg; the angle of the slope measured from the horizontal, §:
the angle of friction, ¢, and the empirical factor, C.

The stone or rock size, Dgp, is expressed by Stephenson as

q(tan 0)7/6 nll6 2/3

o e . (3.1%)
0 ¢ g2 [(1+0)(G,+1) cos # (tan ¢ - tan 03

where the factor C varies from J).22 for gravel and pebbles to 0.27 for
crushed granite, The stone size calculated in Eq. 3.15 is the
representative median diameter, Dsp, at which rock movement is
expected for unit discharge, q. The maximum flow rate, g, is then
multiplied by Oliviers’' constant, K, to ensure stabiiity. Oliviers'
constants are 1.2 for gravel and . .8 fo. ~rushed rock., The rockfill
layer should be well graded and at least tio times the Dgp in
thickness. A bedding layer or filter shouli be placed under the
rockfill,

The Stephenson Method does not account for uplift of the stones
due to emerging flow. This procedure was ¢ eloped for flow ovur and
through rockfill on steep slopes. Therefore, it is recommended that
the Stephenson Method be applied as an embankment stabilization for
overflow or sheetflow conditions. Alternative riprap rockfill design
procedures should be considered for toe and stream bank stabilization,

3.3.3 U.S. Army Corps of Engineers Method

The U.S. Army Corps of Engineers has developed perhaps the most
comprehensive methods and procedures for sizing riprap revetment.
Their criteria are based on extensive field experience and practice
(COE 1970; COE 1971). The U.S. Army Corps of Engineers Method is
primarily ipplicable to embankment toe and bank protection and has
been developed to protect the embankment from local shear feorzes and
localized velocities.
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3.4 ESTABLISHED PROCEDURES TO ESTIMATE RESISTANCE TO FLOW

:
|
|

The estimation of flow resistance in steep, armored channels has

long been an art of the

practicing hydraulic engineer. The Manning's

roughness coefficlent, n, i{s perhaps the most commonly used means of
expressing flow resistance. The Manning's roughness coefficient has

irregularity, channel alignment, channel shape, and flow depth (Chow
1959). Also, the resistance to flow is affected by the stone shape
and size in gravel and cobble bed channels (Barnes 1967).

|
; been shown to be a function of surface roughness, vegetation, channel
|
|
|
|

Several procedures

are used to determine the resistance to flow

by the Manning's roughness coefficient. These procedures were derived
from data obtained in gravel, rock and cobble bed, and natural
streams. Six frequently cited procedures for determining resistance

} to flow are

L- R P S

Limerinos (1970),

Strickler (1923),

Anderson, Paintal and Davenport (1%70),
Jarrett (1984),

Bathurst (1985), and

. U.S. Army Corps of Engineers (COE 1970).
Each procedure is summarized below.

3.4.1 Limerinos' Procedure

Limerinos (1970) collected data in California gravel-bed rivers
to develop an equation to estimate Manning's roughness coefficient.

His analysis ylelded the expression:

1/6
1.16 + 2.00 log |=B-] '

istic bed material size
flow resiscance to the

Dgs

for the reach in -ctor‘? Limerinos related
relative submergence, D/D.“.

1
J
|
1 where D is the mean flow depth in meters and D, 1is the character-
|

3.4.2 Strickler Procedure

Strickler (1923) proposed a formula for determining the Manning

expression is

1/6
n=a (090) N

where D9 is in feet.
0.041. “Rithough the St

R ST

coefficient as only a function of a characteristic bed material. His

The coefficient, a, ranges from 0.0385 to
rickler equation was derived for low-gradient,

natural channels, it is commonly used indiscriminately. The Strickler
expression should be used only where channel slopes are less than 2%
and a high, in-bank flow condition exists.

(3.22)

(3.23)
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3.4.3 Anderson, Paintal, and Davenport Procedure

Anderson et al, (1970), using data from natural rivers, also
proposed a formula for determining the Manning coefficient on the
basis of particle size as

n = 0.0395 (.8, (3.24)

1
50
where D.. is in feet. The channel slope in the Anderson et al.
cxporinggt- was less than 2%, and the relative roughness was small;
and the expression is independent of slope and depth of flow.

3.4.4 Jarrett Procedure

Jarrett (1984) performed several on-site surveys by making 75
éischarge measurements on 21 streams having slopes greater than 0.2%,
with the purpose of estimating the Manning roughness coefficient, n,
#s well as to provide the hydraulic data on the streams. From the
data, Jarrett developed an equation for predicting Manning's n in
natural channels expressed as

n =039 g0 38 5016

(3.25)
where § is the stream gradient (channel slope) and R {s the hydraulic
radius. He concluded that n varies directly with slope, n varies

inversely with depth, and streams thought to be in the supercritical

flow range were often in the subcir.tical flow range because of the

high resistance to flow,

3.4.5 Bathurst Procedure

Bathurst (1985%) studied the flow resistance of gravel and boulder-bed
rivers with slopes ranging from 0.4 to 4.08. On many sites, boulders
proiruded through the surface and inhibited flow. Bathurst performed an
empirical analysis relating the flow resistance to the relative submergence,
D/Dg, resulting in the expression:

8|12 | 2.1 44, (3,26
(f] 5.62 log [D.‘] + )

vhere f is the Darcy-Weisbach friction factor. The relative
submergetice values ranged from 0.43 te 7.10,

3.4.6 U8, Army Corps of Engineers Procedure

The U.S. Army Corps of Engineers (COE 1970) presented a procedure
for estimating the Manning's n developed for low-gradient, deep-
channeled flows. The generalized equation is expressed as

. l1/6

23.85 + 21.95 lo'IO IEI (3.27)




D e

30

- . is the Maaning's roughness coefficient, R is the hydraulic

4 {1, feet, and k is the equivalent roughness height in feet.

Equivalent roughness, k, for a stone-lined channel may be
referenced to the theoretical spherical diameter of the median stone
size, Dgn. The effective height of the irregularities forming the
roughness elements is called the roughness height. Values of k for
natural rivers range between 0.1 and 3.0 (COE 1970),

3.4.7 Summary

Recent studies indicate that the depth of flow, characteristic
boundary roughness, and channel slope influence the resiscance to
flow, as often expressed by the Manning's roughness coefficient.
Further, it is apparent that the resistance to flow may greatly vary,
depending upon the fleld conditions from which the procedure was
derived. The procedures cited were derived from natural streams with
bed materials containing predominately rounded stones and cobbles.
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4.1.1 Phase 11 Data

Four of the Phase Il fallure tests were conducted to verify
model-protortype similarities between Phase 1 and Phase Il test
results, Because many of the Phase I tests were conducted in an
indoor flume with a shortened model embankment, it was {mportant to
correlate the indoor model embankment results to the outdoor prototype
embankment results. Therefore, some Phase 11 tests were used to check
experiment repeatability.

All four failure tests (Nos. 31, 32, 44, and 51) were conducted
in the outdoor flume on an embankment with a 108 slope and riprap
layer thickness of three times Dso (2« and 4-in. median rock sizes).

In Fig. 4.1, the Phase 1 and Phase Il results are presented. It
is seen that the results of the Phase I1 experiments closely agree
with the results and predicted relation at failure presented in the
Phase 1 report for the 108 embankment. Therefore, it was concluded
that test repeatability and model.prototype similarity was achieved,

4.1.2 Composite Fallure Relationship

In the Phase 1 tests involving median rock sizes of 1 to 6 in.,
layer thicknesses of two to three times Ds , and embankment slopes
ranging from 1 to 208, a family of curves gxlats that relates unit
discharge at failure to the msdian rock size (Fig, 4.1). Because the
fallure relationships are parallel and slope dependent, a regression
analysis of the Phase I and Phase Il data resulted {n a composite
relationship as presented in Fig. 4.2. A power regression was
performed on the parametric expression relating the medlan stone size,
D o t° the embankment slope, $, and unit discharge at failure, qf.

e results are expressed as:

0.43 0.56
qf

Depy = 5,23 8

S0

Based upon the test parameters previously described, Eq. 4.1
should not be used for D . greater than 6 in., for rounded rock, or
for slopes greater than 38\~ Application of Eq., 4.1 beyond the limits
prescribed would be strictly at the users' risk.

4.2 RESISTANCE TO FLOW

The resistance to flow, expressed as the Manning's roughness
coefficient, significantly impacts channel design procedures used by
the practicing ongineer The Phase | report presented an alternative
procedure for estimating the Manning's n value for riprap-lined
charnils or embankment faces where roughness is a function of the
median stone size and the slope, as presented in Eq 1.2,

4.2.1 Computation of Manning's n Value
The riprap resistance to flow over the riprap surface was

estimated for each of the ten failure test conditions summarized in
Table 4.2. FEach value presented in Table 4.2 {s the average of the
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Phase 1, the 10% slope fallure tests were conducted in the indoor
flume. Water surface measurements were obtained with a polnt age in
turbulent flow. Slight differences In recording the depth of flow
were found to significantly affect the resulting n values. A series
of plezometers was used In Phase 1l to collect water surface
elevations. The variability of the pilezometers was greater than the
point gage in the indoor tests. The scatter of data is due, in part,
to the inability of the instrumentation to record highly accurate
readings in turbulent flow,

The resistance to flow relationship presented in Fig. 4.3 may
underestimate the actual resistance to flow in a riprap-lined channel
or embankment face. However, Eq. 1.2 provides an improved means of
estimating the resistance to flow over procedures presented in Chapter
3. The n values resulting from the Phase 11 expe:iments are currently
insufficient to modify the relationship presented in Fig. 4.3,
However, the Phase Il results indicare that the n value estimation
expression presented in the Phase I veport may not be as conservative
as originally anticipated.

& 3 RIPRAP GRADATION EFFECT ON RIPRAP STABILITY

One criterion for riprap design that has not been i{nvestigated
yet, which may impact rock stability, is the riprap layer gradation
for overtopping flow conditions. Segregation during stock piling,
movement, and placement operations make it difficult to monitor ari
maintain a uniform gradation throughout the riprap layer. However,
fatllure to maintain a uniform gradation during placement cperations
may reduce layer stability.

Existing gradation criteria have been developed for stable
channel and coastal protection conditions. Simons and Senturk (1977)
recommended chat the gradation of stone riprap foilow a smooth size
distribution, have a maximum size to median size vatio of about 2.0,
and have a median size to 204 size ratio of about 2.0, They sSuggest
that a gradation with a coefficient of uniformity, C,, of
approximately 2.5 should be sufficient to provide erosion protection.

The U.S. Army Corps of Engineers (COE 1970) recommended that
stones should be well graded throughout the in-place layer. The Corps
of Engineers' criteria for gradation stipulate that the largest stone
should not be less than two times the median stone and should not
exceed five times the median stone. The Corps of Engineers’ upper
limit coefficient of uniformity is appreximately 1.75. The Corps of
Engineers identifies riprap by weight and not by rock size.

The Federal Highway Administration (Richardsen et al. 1975) and
the California Division of Wighways (CDH 1970) also have general gradation
guidelines. The recommended upper limit gradation curves for the Federal
Highway Administration and the California Department of Transportation have
coefficlents of uniforwity of approximately 2.7 and 1.1, respectively,
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Although standards for riprap gradation exist, the differences in
these standards are substantial. For evample, the coefficients of
uniformity for the procedures cited range from approximately 1.1 to
2.7. The effects of gradation upon riprap stability remains unknown.

4.3.1 Fallure Relationship

In an attempt to evaluate gradation effects on riprap layer stability,
three Phase 11 failure tests were conducted, (Nos. &4, 48, and 51) in which
the median stone size, D, = 4.0 in.; embankment slope, § = 10%; viprap layer
thickness, t, = 12 in 2R « cone shape, angular: were held constant. Rock
gradation, expressed as the coefficlent of uniforaity, was the only variable
modified in all three tests, The gradation curves of the riprap layers
tested are presented in Fig. 4.4, The coefficlents of uniformity tested
ranged from 1.72 to 4.0,

The unit discharges at failure for the coefficients of uniformity of
1.72, 2.30, and 4.0 are 4.12, 3.79, and 2.41 cfs, respectively. The unit
discharges at failure were correlated to the coefficients of uniformity as
presented in Fig. 4.5. The resulting relationship indicates that gradation
significantly impacts the riprap stability for the rock size, layer
thickness, and slope tested. The increase in coefficlent of uniformity from
1.72 te 4.0 reduced the unit discharge at fallure by about 40%.

The sizing of riprap for overtopping conditions should account fer the
varlability in rock gradation to maintain a stable riprap layer. Therefors,
a gradation coefficient, C_., was derived from the data In Fig. 4.5 by
relating the coefficient oi‘umltornity to the variation of stability as
indicated by the unit discharge at fallure. A coefficient of uniformity of
2.3 was related to the gradation coefficient of 1.0, as shown in Fig. 4.6, to
maintain consistency with the gradation standards presented by the U.§. Army
corps of Engineers (COE 1970). Multiplying the riprap median stone size by
the gradation coefficient yields an adjusted DSO that will maintain the
desired level of riprap luyer stability,

In general, the more uniform the gradation, the more resistant the rock
layer to overtopping flow. Although the results portrayed in Fig. 4.5 are
limited, the relationship in Fig. 4.6 provides a means for adjusting the
median stone size to maintain a stable ~iprap layer,

4.4 RIPRAP LAYER THICKNESS

The riprap layer thickness has traditionally been expressed in
terms of the median stone size, D, . For example, the U.§. Army Corps
of Engineers (COE 1970) channel p?gtoctloa guldelines indicate that
the riprap layer should not be less than the spherical diameter of the
upper limit size stone or less than 1 5 times the spherical diameter
of the median stone size, whichever is greater. Because the procedure
vas developed for protecting channel beds and banks, the riprap layer
should not be less than 12 in. thick. Vhen riprap is placed
undervater, the layer thickness should be increased by 508 te account
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01 the basis of Stephenson's experimental data, the layer
thickness criterion was expressed as

ty>1.5 D, (4.4)

where Dg is the stable stone size. It was noted that the relationship
expressed in Eq. 4.4 rarely controls the layer thickness.

4.4,1 Failure Trends

Eight failure tests were designed and conducted in Phase 1I to
evaluate the rock layer stability as a function of the riprap layer
thickness, The 2- and 4-in. median stone sizes were tested on a 10%
slope. The riprap layers had coefficients of uniformity ranging from
2.14 to 2.30, Each riprap layer was subjected to an overtopping flow
until the riprap failed. The riprap layer thicknesses vere correlated
to the unit discharge at failure for each median stone size, as
presented in Fig. 4.7,

It was cbserved that the unit discharge required to fail the rock
layer ir.reased as the rock layer thickness increased. For 2-in. rock, an
increase in riprap thickness from 1.5 to 4.0 D 0 increased the layer
stability by approximately 60%, For 4-in, roca. an 11% increase in stability
is observed by increasing the riprap layer thickness from 1.5 to 3 D 0 The
riprap layer was enhanced as the weight of the additional stone layoa
compressed and wedged the lower stone layer(s). The stone weight, in
conjunction with the vibration of the flow, transfcrmed the lower riprap
layer into an armored condition.

The increase in riprap-layer stability with increase in rock-
layer thickness appears to be dependent upon the median stone size.
As the median stone size increases, the need for a thickened riprap
layer decreases., With median stone sizes of < 6 in., a riprap layer
thickness beyond the traditional 1.5 times the redian stone size is
warranted., However, when the median stone sizer !s > 6 in., the
traditional guideline of 1.5 times the median stone size is prudent.

4.4,2 Layer Thickness Adjustment

The thickering of the riprap layer for median stone sizes < 6 in.
was shown (in Section 4.4.1) to increase the layer stability. In
instances where small riprap sizes are warranted (< 6 in,), the design
riprap layer thickness should be adjusted to maintain the riprap
stabilty. A coefficient of layer thickness, C,, is needed to adjust
the median stone size and compensate for the riprap layer thickness.
Figure 4.8 presents the coefficient of layer thickness as a function
of the design riprap layer thickness. The relation in Fig. 4.8 was
derived from the Phase 1] failure tests for 2-in. riprap on a 10%
slope. A riprap layer thickness of 3.0 DS corresponds to a
coefficient of layer thickness equal to 1.8.

The coefficient of layer thickness is used as follows. The
design riprap layer thickness is determined by one of the procedures
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presented in Section 4.4. Then, enter Fig. 4.8, using the design
riprap layer thickness (expressed in median stone size) and determine
the coefficient of layer thickness. The coefficient of layer
thickness is multiplied by the design median stone size, resulting in
an adjusted median stone size.

4.5 SHAPE INFLUENCE ON RIPRAP STABILITY

Riprap specifications have traditionally stipulated that a high-
quality, angular-shaped stone (preferably crushed) be used for
placement in the field. Angular stone tends to interlock or wedge and
subsequently resist sliding and rolling. In addition, fewer fines are
required to fill the voids of crushed material compared with a
similarly graded rounded stone.

Unfortunately, high-quality rock sources (i.e., granite, lime-
stone, etc.) for quarrying operations either do not exist near many
uranium disposal sites, or the cost to haul high-quality rock to the
disposal site is prohibitive. Some disposal sites have rounded,
alluvial rock available that may be considered for surface and erosion
orotection of reclaimed uranium mill tailings. Therefore, it is
{important to determine the influence the rounded shape has on
stability,

A series of five failure tests was conducted in Phase II, (Nos.
21, 22, 36, 38, and 46) with rounded-shaped stones of 2 and 4-in. in
diameter on 10 and 20% slopes. The riprap properties are presented in
Table 2.1.

Round rock was defined as rock wich no intersecting surfaces but
rather a single, continuous, smooth-curved surface. During mining,
transport, and handling, a portion of the rock fractured and became
faced. The faced rock comprised approximately 5% of the rounded recck
tested {in Phase 11I.

4.5,1 Stability Comparison

To compare the stability of rounded with angular rock, the unit
discharges at failurv for 2- and 4-in, rounded and 2- and 4-in.
angular-shaped rocks were plotted, as shown in Fig. 4.9, for a 10%
slope with 3 D_.. layer thickness. It was observed in Fig. 4.9
that the roundzg stones failed at a unit discharge 32 and 45% lower
than the angular rock for the 2. and 4-in. rock sizes, respectively.
Although these results represent only one set of test conditions, they
are indicative of the stability relationship between angular and
rounded stones.

The numerical results support the test observations. Usually,
when the angular stones moved, they traveled a short distance and
wedged into other stones. When the rounded stones moved, they often
rolled down the entire embankment without intermediate lodging.

To generalize the results from the rounded-rock tests, the five
rounded-rock failure points were plotted on Fig. 4.2, as presented in
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The effect of riprap gradation on riprap stability was also
studied. The results indicate that the more uniform the gradation,
the more resistant the rock layer to overtopping flow. It is
recommended that riprap gradations, expressed as a coefficient of
uniformity, should be 2.5 or less.

The thickness of vhe riprap layer was investigated to determine
its effect on riprap stability. It was concluded that a layer
thickness of 1.5 times the median stone size, or 1.0 times the D1 ,
is adequate for median stone sizes of 6 in. or larger. Howeve.r, ggo
layer thickness or the median stoue size should be incrcased for
median stone sizes less than 6 in.

Failure tests were conducted to determine the stability of
rounded-rock subjected to overtopping flow conditions. The failure
test results indicated that rounded-rocks are about 40% less stable than
angular-rocks of the same median stone size. The rounded-rock failure
relationchip is presented in Fig. 4.10,

Sir ~ riprap should be sized to resist movement rather than
failure, a means was presented to adjust the unit discharge at
failure. Therefore, Eq. 4 1 used to calculate the median stone size,
was modified to incorporate the adjusted unit discharge at failure as
presented in Eq. 4.6,



5. INTERSTITIAL VELOCITIES THROUGH RIPRAP

The measurement of interstitial velocities through the riprap
layers was performed in Phase 11 to verify the velocity relationships
presented in Phase 1. Because riprap gradation and riprap shape were
constants in Phase I, both parameters varied in Phase Il to provide .
basis for indicating how riprap gradation and riprap shape affect
interstitial velocities.

Interstitial velocity profiles were measured and recorded for
each riprap test conflguration (D5 and layer thickness) to estimate
the average interstitial velocity gf flow. Profiles were measured as
described in Chapter 2 in the upper third of the embankment (station
20-22) and in the lower third of the embankment (station 50-52). In
each case, the water suvface was at or near the rock surface. A
summary of the interstitial velocity profiles in the riprap are
presented in Table 5.1,

It is observed in Table 5.1 that at 10% slope, average
interstitial velocities range from 0.45 to 0.63 fps for angular 2-in.
rock and from 0.36 to 0.91 fps for angular 4-in. rock. Although there
is considerable variation in the velocity profiles through the riprap
layer, the larger velocities appear in the zone near the rock surface,
usually in the top 2 in., with velocities decreasing with depth into
the layer, In a few instances, velocities through the riprap exceeded
1.0 fps. The variation in velocity is attributed primarily to the
partial blockage in the flow path between the injector and the sensor.
In some cases, a large stone inhibited the direct flow path between
the instruments. Injectate had to flow around the stone, and the
extended flow path resulted in reduced velocity.

The average interstitial velocities presented in Table 5.1
indicate that the interstitial velocity of flow through 2-in. rounded
riprap (~0.39 fps) is lower than interstitial velocities through
2+in. angular riprap ("0.52 fps) by nearly 25%. The 4-in. rounded
riprap ylelded interstitial velocities of “0.55 fps, while the 4-in,
angular riprap intarstital velocities were “0.64 fps. The stone shape
appearn to influence the interstitial flow of the riprap laver.

The affect of stone gradation on interstitial velocity through
the riprap layer was also investigated. Phase II tests (Nos. 43, 47,
and 50) were conducted in which the riprap coefficients of uniformity
of 2.3, 4.0, and 1.72 yielded interstitial velocities of -0 84, -0 .42
and “0.79 fps, respectively. The median stone size, layer thickness,
and slope were constant., The results indicate that the large
coefficient of uniformity (4) reduces the interstitial velocity
through the riprap layer by 50% compared with the uniformly graded
riprap layers. The riprap layers with coefficients of uniformity of
1.72 and 2.30 produced similar interstitial velocities.

5.1 COMPARISON OF PHASE T AND PHASE 11 INTERSTITIAL VELOCITIES

Nine of the fourteen interstitial velocity tests conducted in
Phase 11 used angular-shaped riprap, as reported in Phase 1. With
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Table 5.2, Interstitial velocities through filter GF5
Velocity of flow through
Depth of riprap at 4 in. below Average
Q filter filter surface (ft/s) velocity

(cfs) (in.) Y=~-1.5 Y =4.5 (ft/s)
0.09 6.0 0.11 0.05 0.08
0.10 6.0 0.10 0.04 0.07
0.23 6.0 0.12 0.06 0.09
Average 0.08
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To calculate the adjustment of the design surface discharge,
qdclign:

1. Multiply the estimated interstitial velocity resulting from
Eq. 5.2 or Eq. 5.3 by the estimated riprap-layer thickness
yielding the unit discharge of through flow in cubic feet
per second.

2. Subtract the through-flow unit discharge from the design
unit discharge, leaving the adjusted surface unit discharge
in cubic feet per second.

5.6 SUMMARY

Interstitial velocities through the riprap layers were recorded
and compared to the interstitial velocity data in Phase I. A
comparison of the Phase 1 and Phase Il results substantiated the use
of Eq. 1.1 derived in Phase I,

The interstitial velocities measured in Phase I and Phase 1l were
compared with the calculated interstitial velocities. The data
indicate a favorable comparison although other factors not identified in this
study appear to influence the velocity estimate.

An analysis conducted to simplify Eq. 5.2 indicated that tle
interstitial velocity can be expressed as a function of the rock size D
the acceleration of gravity and the embankment slope. The simplified
interstitial velocity relationship is presented in Eq. 5.3.

10’

The interstitial velocity was measured for a generic filter
material with median grain size of 0.44 in. The velocity of flow
through the filter was one order of magnitude smaller than the riprap
interstitial velocities and two orders of magnitude smaller than the
surface velocities.
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6. RIPR.LP COVER

Although riprap is one of the most effective means of erosion
protection and slope stabilization, it is often considered visually
obtrusive. Therefore, a series of three tests in Phase 11 (Nos. 23,
25, and 53) was conducted in which riprap was placed on the embankment
and then covered with compacted soil. The integration of soil
material as part of the erosion protection plan provides a base to
support vegetation while reducing the visual obtrusiveness of the
reclaimed site. The following sections discuss soll cover placement
and testing.

6.1 MATERIAL CLASSIFICATION AND PLACEMENT

The three soil materials used were laboratory tested and
classified. The soil properties of each material are summarized in
Table 6.1. The soils were classified in accordance with the Universal
Soil Classification System as a sandy-silt mixture, a clayey loam, and
a clayey sand for tests 23, 25, and 53, respectively,

Soil cover placement was as follows. After the embankment and
riprap layer were prepared in a manner similar to other tests without
a soil cover, a thin layer of soil (2 to 3 in.) was placed on top of
the riprap. The soil was vibrated into the vock. Another thin layer
of soil was placed and vibrated. This process was repeated until the
soil depth was 12 in. over the riprap surface. Soil densities were
maintained at 92% & 2% of the modified proctor.

The embankments with soil cover were tested in a manner slightly
different from that of the riprap-cove-ed embankments. Instead of
water flowing directly into the sofl at the headwall-embankment
interface, the flume was modified to enable water to flow over the
soll cover surface and down the embankment. The soil cover was allowed
to erode away, exposing the riprap protective layer, Flow was
gradually increasec until the riprap laver falled,

Test No, 23 was an exception to the prescribed procedure in that
flow was allowed to enter the soil at the headwall-embankment
interface. All other testing procedures were as outlined i{n Section
3.2. The soll cover in test No. 23 was a sandy-silt composition
without clay content. The cover vas placed such that flow ponded at
the headvall-soll cover interface, and soil was placed over the entire
toe of the slope. The depression near the headwall-soll interface
filled, allowing water to simultaneously enter the riprap and overflow
onto the soll surface,

6.2 RESULTS OF TEST NO. 23

When flow overtopped the soll surface along the embankment crest,
the flow cut into the sandy soil cover, leaving numerous rills down
the embankment face. As the initial flow reached the middle of the
embankment, a portion of the soll cover near the toe was "blown" out
by the hydrostatic pressure of water stored in the riprap layer under
the soil cover., The cavity in the soll cover served as a base for a
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Table 6.1. Soil proyorcicu("b)
Test Riprap Slope Soil Soil v - Soil Cy Sand
number Dy, thickness type (¥3° © (%)
(18%) “in.) (1R,
23 4.0 0,20 12.0 su®? 93,8 0.0180 4.6 824
25 4.0 0.20 12,0 c.’?  90.0 0.0031 13.8 S4z
52 4.0 0.10 0.0 sc‘®)  90.0 0.0157 7.9 868
53 4.0 0.10 12.0 sc{®) 91,0 0.0157 7.9 86%

(.)All properties were determined in the Colorado State University
Geotechiical Llaboratory in accordance with American Society for
Testing and Materials guidelines.

(b)Gradation curves found in Appendix C.

(©)gy. Poorly graded sand-silt mixture.

(d)CL:

("sc.

Inorganic clays of low to medium plasticity,
Clayey sands, poorly graded clay mixtures.
Dgg = Median stone or soil size.

¥ = Theoretical soil density.

max
C = Coefficient of uniformity.
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headcut as the surface flow reached the slope toe. Within a 10-minute
period, the flow reached a unit discharge of 0.11 c¢fs and had cut
several gullies completely through the soil cover to the riprap
surface. Throughout the test, the pond atop the cover served as a
water source and driving force for flow through the riprap layer.

Flow through the riprap transported soil in the riprap void spaces to
the embankment toe.

The test was stopped after about 25 minutes. The riprap had not
failed, although the majority of the soil cover had eroded. The
findings based upon this test are as follows:

1. The soil cover should have some type of material to ensure a
minimum level of bonding between soil particles. The sandy-
silt material is not acceptable for a soil cover because of
its high potential for erosion.

Ponding upstream of the slope crest or anyvhere on the
reclaimed pile should be avoided. Seepage from the pond
tends to renmove the soil in the riprap, serves as a molsture
source to the radon barrier, and generally weakens the
erosion protection layer on the embankment.

The toe of the embankment slope should not be covered, but
rather allowed to drain. Water tends to accumulate in the
riprap and filter layers if covered, resulting in the
potential fan hydrostatic pressure under the cover, which
could result in the catastrophic loss of soil and the
initiating of a headcut through the cover.

6.3 RESULTS OF TEST NO, 25

The second soil cover tested (No. 25) comprised a clayey-loam
material with over 40% clay compacted to 90% modified proctor. The
soil covered an angular riprap layer with median store size of
4 in. placed at a layer thickness of 3 times 050 on a 20% slone,

The soll cover was overtopped and determined to be highly
resistant to erosfon. In the early stages of testing (q < 1.0 efs),
soll loss was due to individual soil particles being lifted from the
surface and transported in the sheet flow. When the unit discharge
exceeded 1.0 cfs, soll was removed in clumps, thereby pitting the soil
cover surface. As the unit discharge approached 1,40 cfs, fiow began
to channelize, causing headcutting along the flume wall. The headcut
incised very quickly to the riprap layer. More than 80% of the flow
was diverted into the gully, causing the gully to widen because it
could no longer incise. The channelization of flow soon falled the
entire riprap layer in the bottom of the gully at a unit discharge of
1.53 cfa, as shown in Table 6.2, The predicted unit discharge at
failure of the riprap layer (from Eq. 4.1) was 2.45 cfs.

6.4 RESULTS OF TEST NO, 53

Test No, 53 was conducted {n the same manner as test No. 25.
However, the soil cover wvas graded toward the center of the embankment
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The second method of soil matrix mixing and placement was
selected for this test to ensure the quality and integrity of the
barrier. It was also anticipated that t)e vibration used during soil
placement would densify t' e rock, thereby increasing mat.ix stability.

6.6 RESULTS OF TEST NO. 52

The overtopping flow eroded the soil away from the riprap as the
flow nver the embankment crest increased. Little rock movement was
observed when the unit discharge was below 1.5 c¢fs. The scil
particles tended to stabilize the rock, reducing rock layer
adjustment. When the unit discharge exceeded " .0 cfs, the soil had
eroded from the void spaces in the top rock layer, resulting in rock
movement in many isolated locations. The second layer of rock in the
riprap began to wove when the unit discharge approached 3.5 cfs. The
soil matrix layer had a localized failure when the unit discharge
reached 4.0 cfs (Table 6.2, Figure 6.4 shows the matrix at failure.
The design unit discharge at failure for the riprap layer (from Eq.
4.1) is 3.65 cfs. Therefore, the rock-soil matrix was nearly 10% more
stable than the riprap layer without soil. Because of cthe manner in
which the test was conducted, the strengthened erosion barrier at
failure is attributed to the compactive process.

It is recognized that i(hese results 4o not reflect the erosive
effects of lesser rainfall and runoff events on the soil mactrix that
occur prior to the major runoff event simulated in test No. 52. Also,
the antecedent moisture conditions in the matrix priov to the major
tanoff event were ignored. Tierefore, the amount of erosion on the
matrix cover prior t> a major runoff event and the antecendent
moisture conditions of the matrix could potentially reduce the
effectiveness of the matrix stability.

The riprap soil matrix appears to lend a unique solution to
erosion protection, The riprap provides the long-term aspect of
erosion control. "he vibration of the riprap densifies the rock layer
by tightly wedging stones together. The soil fills the vold spaces,
stabi . izing tha rock from movement, reducing moisture infiltration,
and providing a vegetative base. Because soll i{s not placed above the
riprap surface, the opportunity for gullying and channelized flow
through the suil s significantly reduced. Although the riprap
surface {s not completely hidden, visual degradation is reduced.

6.7 SUMMARY

Three tests were conducted in which soil covers and rock-soil
matrices were evaluated., The test results indicated that cover
raterials should be cohesive in nature., Covers :nould be contoured to
eliminate potential ponding. When riprap underlivs a soll cover, the
toe of the riprap should be exposed to allow drainage. On the basis
of the findings, the soil cover thickness over a riprap barrier should
not exceed 3 to 4 in. or the cover has an increased chance of

gullying.
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The rock-soil matrix appeared to provide the most stable
condition of the soil cover experiments, The vibrated rock increased
the rock layer density while the soil reduced rock movement. The

rock-soil matrix increased the cover stability by 10% over the riprap
only condition.




7. RECOMMENDED DESIGN PROCEDURE

The Phase I and Phase 11 studies report the findings of 90
laboratory tests that address the application of riprap for protecting
embankment slopes from overtopping flows. Although the data base is
limited, it is possible to provide the user with a design procedure
for sizing riprap. This chapter will outline the assumptions,
equations, and/or graphics necessary to apply the findings of the
Phase 1 and Phase 1I studies.

7.1 DESIGN PROCEDURE
step 1. Determine the design unit discharge

Determine the design embankment slope(s) and the peak unit
discharge, q, resultirg from the tribuatary runoff at a point near the
toe-of -the-slope (Nelson et al. 1987), and determine the shape of
available rock sources (angular or round)., Define the initial design
unit discharge by adjusting the tributary unit discharge with the flow
concentration factor, Cg, as

9design = 1 % Ot . (7.1)

where Cg = 1.0 for overland sheet flow,
2.0 for a high prebability of concentrated flow, and
3.0 for a high probability of channelized flow.

The values of the flow concentration factor is based on data from Abt
et al. (1987).

Step 2. Estimate the medlan stoue rize (D.,) of the riprap layer

To size the median stone and prevent stone movement, adjust the
design unit discharge by

‘;..1.n = 1.35 Q4 uign - (7.2)
Then, estimate the median stone size as
Angular stone
Apply Eq. 4.1, using the embankment slope from Step 1:
0.43 , « 0.56 i
DSO - 5238 (qdollgn) . (7.3)
vhere DSO is expressed in inches.
Reunded rock
Compute a conditional value of the rock size, D., where
0.43  « 0.56
D, = 5.23 8§ (qd“i‘n) : (7.4)

Then, from Fig. 4.10, obtain the median stone size for rounded-shape
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qy = Vity x 1.0, (7.9)

where discharge is in cubic feut per second. The interstitial unit
discharge, q, is assumed to be zero for covers comprised of a rock-
soll matrix,

Step 5. Adjustment of the design surface discharge

The design surface unit discharge, q/ A should be adjusted to
reflect that a portion of the discharge, 3:. £ through the riprap layer.
Therefove,

design = q&nin\ Y (7.30)

where qdoltgn is in cubic feet per second.
Step 6. Adjustment of the median stone size

The median stone size should be adjusted to reflect a reduced
surface discharge. Repeat Step 2, substituting the adjusted unit
discharge, q , for q| in Eq. 7.2. Then, compute the median
stone size bi"&‘ﬂpon 4 rga,&!ﬂod value of q* .

design

Step 7. Adjustment of the riprap layer thickness

Using the adjusted median stone size from Step 6, cumpute the
adjusted riprap layer thickness as outlined in Step 3.
Step 8. Median stone size adjustment for gradation

The median stone size, D , of the riprap layer should be
modified on the basis of the ggprnp gradation. Determine the
coefficient of uniformity, , of the riprap source matsrial. Then,
enter Fig. 4.6 with the coefficient of uniformity, and obtain the
coefficient of rock gradation, C__.. Multiply the median stone size
resulting from Step 6 by the coo?‘tctont of gradation as

050 - DSO X CCI N (7.11)

vhere béo {s in inches.

Step 9. Median stone size adjustment for layer thickness
For Dso 2 6 in.;

Adjustment {s not required.

D <6 in.:

50
In the case(s) where the adjusted design unit discharge for stone
movesment results in a median stone size, D.. of < 6 in., it was
recommended that a riprap layer thicker thiR 1.5 D,, may be warranted,
However, the median stone size can be adjusted to 2 pensate for the

reduced layer thickness. To modify the median stone size, D;o. from
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8. CONCLUSIONS

A series of 90 laboratory experiments was conducted in the Phase
I and Phase II studies in which riprapped embankments were subjected
to ovvrtopping flows. Embankment slopes of 1, 2, 8, 10, and 20% were
protacted with riprap layers, 1.5 to 4 Ds in thickness, comprising
median stone sizes of 1, 2, 4, 5, and/or 2 in. Design criteria were
develoed for overtopping flows addressing stone size, stone shape,
layer thickness, stone gradation, interstitial velocity, resistance to
surface flow, and the effects of flow concentration on riprap
stability. Specific findings ave as followus:

o A unique riprap design relationship was developed to
det.rmine mediar, stone size on the basis of the unit
discharge and embankment slope for overtopping flows.

o A design criterion vas developed to size rounded riprap for
potential erosion-control applications. The rounded riprap
required oversizin; of about 40% to provide the same level of
protection as the ingular riprap.

o The median stone size should be increased by increasing the
design unit discharge by 354 to prevent rock movement,

o Twe procedures were derived to estimate ‘nterstitial
velocities though the riprap layer. Both procedures are
based on a representative stone size and embankment slope.

0 A unique procedure was derived to estimate the resistance to
surface vater flow using the Manning's n coefficient. The
resistance to flow was found to be a function of the stone
size and embankment slope for angular-riprap-covered slopes.

o Flow channelization occurred along the riprap-protected
embankment when the unit discharge approached 88% of the
unit discharge at failure.

o A procedure was developed to adjust the median stone size on
the basis of the proposed riprap layer thickness for stone
sizes < 6 Iin. The stone layer should not be < 1.5 DSO‘

© Riprap gradation was determined to significantly i{nfluence
riprap stability. It was recommended that the coefficient
of uniformity be £ 2.5. A procedure was developed to adjust
the median stone size on the basis of the riprap gradation.

o The application of soil covers over riprap layers caused
premature barrier fallure. Soil covers should not exceed 3
te 4 in. thick above the riprap surface.

o The application of a riprap-soil matrix without soil cover
vas determined to stabilize the riprap barrier. In many
cases, the matrix may increase stability beyond riprap
alone.
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Table C.1. {(continued)

Medlan Area Darcy-Welsbach

Stone Surface Total of Froude Shields’ Reynold’'s Friction
Run Plezo Size Lischarge Discharge Slope Depth Veloclity Flow Nuaber Manning's Coefficient Number Factor
Ko No. '” Q' Q‘ s =R v A F n Ct l. £ 4

(ia.) (cfs) (cfs) ({fr) (fps) fe?)
st L] 4 00 45.26 49 .41 0.19 0.56 6.7 6.76 1.5? 0.048 0.102 31840 0.324
p 9 4 45 .26 4% 4w 0.20 0.53 5 9 7.5 1.32 0.058 0.115 3373 0.458
51 10 4. 00 45.26 49 4l 0.10 0.42 8.89 5.09 2.41 0.030 0.077 27628 0.138
st 11 4. 00 45.26 v a 0.10 0.46 813 5.57 2.10 0.C35 0.084 28502 0.181
s1 i2 4.00 45.26 49 4l 0.10 0.46 4.21 5.51 2.i6 0.03 0.083 28746 0.175

“Data computed by IBM PC; therefore, rounding effects may be neglected.
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