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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 D50 to 4
D50 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 potontial impacts of integrating soil into the
riprap layer fer 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 caces, 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
prntection 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 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

i protection and construction economics for reclamation.

1.1 OBJECTIVES

The objective of this investigation was to provide supplemental
design criteria to the lhase I (Abt et al.1987) study on long term
stabilization of uranium tailings impoundments subject to overtopping,

flows. A series of laboratory fiume 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 I 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,

j to evaluate existing design procedures for sizing riprap, for

;

1
,

--
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*

I 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 fiume experiments was conducted in which riprap
|

was placed on an embankment (s) and subjected to overtopping 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 included 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, D50, 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

I 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 1.ayer
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, V , and median stone size, DSO, werei

correlated to the embankment or channel slope, S; the stone properties
coefficient of uniformity, C ; and porosity, n ; as presented in Fig.u p1.2. After a power regression on the results was performed, the
interstitial velocity was expressed as

1. 0 %.O.0M 3 46 .140
Vi - 19,29 C (g D o) (1,1)

*

$ ,

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 embankaent or channel slope correlated to the
Hanning's n value as presented in Fig. 1.3. The n value can be
expressed as

S)0.159n - 0.0456 (D50 X 1 2)

where D50 is in inches. Equation 1.2 was derived for angular stone
surfaces in cascading flow conditions.

1.2.4 Incipient 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 te 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

I 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
I normalized inflow hydrograph. Channelization of the total flow was
| expressed as the ratio of the unit discharge of the channelized flov
| to the unit discharge for the sheet flow. This flow channelization'

ratio was observed to exceed 3.0.

|

|

1
|

_ _ _ _ _ _ . _ . _ . _ _ __ _ . _ _ _ . _ _ . - . _ . _ . _ . _ . . ._ _ . _ _ _
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2. DESCRIPTION OF FACILITIES AND ARMORING MATERIALS

The experimental program was conducted in an outdoor fiume
located at the Engineering Research Center of Colorado State
University. The fiume was used for simulating embankments with side
slopes of 10 and 20%. The fiume was modified to enable prototype
testing of riprap-covered slopes for the evaluation of the layer
stability when subjected to a variety of testing conditions. The
fiume configuration also served to test the stability of soil cover,
soil matrix, and filter materials.

2.1 OUTDOOR FACILITY

The outdoor facility is a concrete fiume that is 180 ft (54.9 m)
long, 20 ft (6.1 m) wide and 8 ft (2.4 m) deep. The fiume is shown in
Fig. 2.1. The fiume was modified so that the upper 20 ft served as an
inlet basin for energy dissipation and wave suppression. A head wall
was constructed and served as the inlet to the test section. The
throat of the test section was 12 f t vide to allow a concentration of
flow onto the embankment. The test embankment extended approximately
65 ft downstream of the headwall. The remainder of the fiume was used
for tailwater control and material recovery.

Water was supplied to the facility from Horsetooth Reservoir
through an existing pipe network. A 36 in butterfly valve located
just upstream of the fiume served to control inflow to the inlet
basin. A sonic flow meter was used to determine inlet discharges. A
V notch weir was installed at the fiume outlet to measure low flows
($5 cfs) and to check the sonic flow meter discharge measurements.

The test embankment was constructed of a moistened, compacted
sand in the test section. The initial 15 ft of the embankment was
horizontally placed to simulate the cover on top of a tailings pile.
The embankment transitioned to a 104 slope to simulate the steep side
slope of a reclaimed tailings pile. Geofabric was used to cover and
stabilize the sand embankment. The geofabric allowed the embankment
to be saturated and to move under a variety of loading conditions.
Hovever, the geofabric prevented the sand embankment from massive
failure, thereby minimizing turn around time between experiments.

A 6 in. thick sand / gravel filter layer was placed on top of the
geofabric as specified by the appropriate filter design criteria for
most of the tests. Riprap was placed on top of the filter material to
the prescribed layer thickness.

,

A catwalk and an observation platform were constructed and placed
on top of the fiume. The catwalk served to allow access to any

. portion of the test section for data acquisition. The obse rvation
platform was used for videotaping snd photographing each record test.

2.2 INSTRUMENTATION

The instrumentation consists of the equipment to monitor the
water surface elevation and flow velocity through and over the riprap

9
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layer. Portable television equipment was used to videotape the
riprapped embankments prior to, during, and after each test.

A trccer 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 was 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 fiume such that the water
surface was at an elevation just above the riprap surface. The tracer i

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.

Localizcd surface velocities in the outdoor fiume 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 piezometers installed in the embankments.
Piezometers 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. Piezo.

[ meters were equally spaced at one third intervals across each section
to monitor potential differences in the flow distribution. Eachl

piezor.eter 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 systern.

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

2.3 TEST MATERIAL PROPERTIES
|

| The rAprap was obtained from a quarry located near Denver,
| Colorado. Nominal median stone sizes. D o, tested were 2 and 4 in.$

Rock properties of coefficient of uniformity, unit weight, specific ,

gravity, porosity, shape, and friction angle were determined in the i

Colorado State University Geotechnical Engineering Laboratory by

. _ _ _ _ _ - _ _ _ . _ . _. . _ , . - _ - _ - . . - _ - __-
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procedures outlined by the Irerican Society 13r 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 blanket was derived from Sherard
et al. (1963) and is expressed as

D15 (riprap) <5 (2.1)
D85 (filter)

D15 (riprap)5< < 40 (2.2)
D15 (filter)

D50 (riprap) < 50 (2.3) !

D50 (filter) !

A summary of the filter grain sizes and coefficients of uniformity isi

presented in Table 2.2. The grain size distribution for the filter materials
is also provided in Appendix A.
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Table 2.1. Riprap properties *

8 he f

G"d
b n 4 cTest Riprap Riprap Filter 7

number D gradation" gradation # P s
3

(20.) (1b/ft )
|

|

19 22 4.0 R GR1 GF1 1.68 90 0.45 38 2.50'

23 25 4.0 A GR2 GF1 2.29 92 0.44 42 2.65

26 34 2.0 A GR3 GF2 2.14 92 0.45 41 2.72

35 38 4.0 R GR4 GF1 2.11 92 0.45 38 2.50

39 44 4.0 A GR5 GF3 2.30 92 0.44 42 2.63

45 46 2.0 R GR6 GF4 2.14 92 0.45 37 2.72

47 48 4.0 A GR7 GF3 4.00 100 0.39 42 2.65

50-51 4.0 A GR8 GF3 1.72 90 0.46 42 2.65

52-53 4.0 A GR5 GF3 2.30 92 0.44 42 2.65

"All properties were determined in the Colorado State University
i Geotechnical Laboratory in accordance with American Society for Testingi

Materials guidelines.

b
A - Angular Rock.

| R - Round Rnck.

D50 - Median stone size.

| Gradation curves designated by symbols are given in Appendix A.c

| d
G - Coefficient of uniformity.u

*
y - Unit weight.

I n - Porosity of rock lajer,
p

8
4 - Friction angle.

h
G, - Specific gravity,

--- - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .
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Table 2.2. Filter properties *

e dTe t Filter Filter Filter Filter Filter" Filter *bnumber gradation D depth C D D
(inkh (in.) (inkh (ikk)"

19 25 CF1 0.50 6 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
J

39 44 GF3 0.44 6 13.40 0.047 1.50
.

45 46 GF4 0.19 6 6.11 0.045 1.00

) 47 48 GF3 0.44 6 13.40 0.047 1.50
i

49 GF5 0.44 6 13.40 0.047 1.50*

I 50 53 GF3 0.40 6 13.40 0.047 1.50
,

: -

,,

1

"All properties were determined in the Colorado State University '

;

Geotechnical Laboratory in accordance with American Society for
i

. Testing Materials guidelines. '

I

j bCradation curves designated by symbols are found in Appendix A.
t

*D - Median stone size. '

50
'

D - lot of stone is finer than indicated s ir.e on specified'

10
j gradation curve.
t

i D100 - All stone is finer than indicated size on specified gradation
curve.;

,

d
i G - Coefficient of uniformity.u
'

(
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3. EXPERIMENTAL PROGRAM

A series of 38 1xperiments was conducted including shakedown,
,

l rock mom ment, interstitial flow, and rock failure. The intent of

| these tests was to characterize riprap stability as a fune; ion of
embankment or channel slope, median stone size, riprap layer
thickness, riprap gradation, and riprap shape. A summary M 'he i.

experimental program is presented in Table 3.1. The exper% ental
variables encompassed the embankment slope, S; the discharga rate Q:

|
localized surface flow selocities, V; interstitial flow velocities, t

V ; water surface depths above the bed, D; and time, t. Also, the i
i

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

,

throughout the analysis,
i

Ceneral observations were recorded, when appropriate, to document (l flow a<d riprap phenomena that could not be explicitly measured (e.g. ,
incipient flow concentrations, filter blanket extraction and failure,

j riprap layer failure indicators, and stone movement (beyond bed
i adj us tment) ) . Therefore, qualitative observations during each test, |

] and later verified during videotape playback, were recorded and |
incorporated into the analysis, t

t

Riprap was dump placed in all the tests conducted in this phase l

of the investigation. However, the stone surface was leveled to
'

minimize the occurrence of man made flow concentratio.'s. The riprap i

layer thickness was determ. ad with a self leveling lezel. Predeter-
mined locations on the filter srrved as a reference. Wee the rock *

1ayer was graded, a square plate a placed on top of thi rock and the
eleva* ion was determined. The difference between the top *f the
filter blanket and top of the rock layer was reported as the, leyer
thickness.

| 3.1 TEST PROCEDURE

i The rock movement and riprap failure test procedures were similar ;

l for all 38 experiments conducted. Once the test embankment and riprap
) were placed and the instrumentation set and checked, the flune inlet !

valve was opened. The riprap was inun.ated, and the bed was allowed;

to adjust and/or settle. '1he flow was increased until overtopping |
| flow was observed. Once the flow stabilized, the discharge was

determined, and localized velocities and water surface elev4,tions 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 failure occurred. A videotape

irecording was made of portions of each test. *

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

i

I

! 15 r

|
'

;,

I_-- . - _ . _ _ - - - . . -- - _ _ _ - - - - - - _ - - - - __ - _ - . . _ _ , . _ _ _ - _ - _ _ _ _ . --
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Table 3.1. Summary of experimental program

Median )
, i

stone
Slope size Riprap lager

(4) in.) thickness Shape of riprap
N er

Tests" 10 20 2 4 1.5 2 3 4 Angular Rounded

3 x x x x
1 x x x x

2 x x x x
2 x x x x

3 x x x x

2 x x x x
x

2 x x x
2 x x x x

2 x x x x
i

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

"In addition, I test was conducted to measure interstitial velocities
thrt h the filter material, 2 shakedown tests were conducted, ?.,

witness tests were conducted, and 4 soil cover and soil matrix tests
were conducted,

bThe layer thickness is expressed as a multiple of the median stone
size. j

!

i
y

f
i

f

I
,

t-

h

|

I

;

i
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'3.2 PARAMFTERS OF ANALYSIS

3 The Manning's roughness coefficient, n, bed critical Shields' '

coefficient, Ce, 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
I

;

as
{

1.486 I In- AR S (3.1),
,

Q t

fwhere4

'
<

n - Menning's roughness coefficient for the bed, !
: S - Channel slope (ft/ft), L

j A - Cross sectional area of flow (ft ), !
; Q - channel discharge (cfs) of surface flow, '

|
R - Hydraulic radius of channel (ft).

The ratio of depth of flow to transverse width of the embankment
was on the order of 0.05 or less and war considered relatively small.<

the re fore , 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
]

j

) 1.486 # /2n- AD S (3.2).

I 9
i !

! 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 I

Shields' coefficient, C, is defined ase ,

DS
(3,3) ;cc- ,

(G 1) D o |s $

where -

D - Depth of flow (ft), ,

S - Channel slope (ft/ft), ;

- S ecific gravity of the rock, [
G Ps
D50 - Median stone size of the riprap (ft). ,

3.2.3 Darcy Veisbach Friction Factors

The Darcy Weisbach friction factor (Ruff et al. 1985) was !
ccmputed for each test discharge. The Darcy Weisbach friction factor, i

f, is define <' as
,

_ _ _ _ _ _ _ _ _ _ _ _ , _ _ _ , - _. . _ . - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ,_.-. -- _.-- ___ _ .__ _
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g ,8 GDS (3.4),

v2

where
2g - Acceleration of gravity (ft/s ),

V - Average velocity of flow (ft/s),
D - Depth o'f flow (ft),

,

S - Channel slope (ft/ft). '

3.3 ESTABLISHED DESIGN PROCEDURES |

1

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

: are:
1. Safety Factor Method (SF), !

2. The Stephenson Method (STEPH), ;

i 3. The U.S. Army Corps of Engineers Method (COE), and
4. The U.S. Bureau of Reclamation Method (USBR).

A summary of each method is presented.

3.3.1 Safaty 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 the corresponding stone size. If the SF is greater than
unity, the riprap is considered safe from failure; if the SF is unity, !

the rock is at the condition of incipient motion; and if SF is less I

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 vector. The safety factor, SF, is:

'

8 t"" #
SF - (3.5)'n' tan 4 + sin i cos A

{ where I
,

'f1 + sin (A + B1f9, -U (3.6)2
,

-

21 r o (3.7)
U " (G, - 1) y D50

I

r, - y DS , (3.8)

and

0 " **" ( '(2 sin f)/(n tan () + sin A
.

1

-._- . _. _ _ -
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The angle,A , as shown in Fig. 3.1, is the angle between a
horizontal line and the velocity vector component, V , measured in ther
plane of the side slope. The angle,6 , is the side slope angle shown
in Fig. 3.1, and S is the angle between the vector component of the

W , directed down the side slope and the direction of particleweight, s
movement. The angle,e , is the angle of repose of the riprap, r, is

the bed shear stress (Simons and Senturk 1977), D50 is the
representative median stone size, Gs is the specific weight of the
rock, D is the depth of flow,7 is the specific weight of the liquid,
S is the slope of the channel, and 'l' and n are stability numbers. In
Fig. 3.1, the forces F1 and Fd are the lift and drag forces, and the
moment arms of the various forces are indicated by the value et as
1 - 1 through 4. Figure 3.2 illustrates the angle of repose for
riprep material sizes.

Riprap is often placed along side slopes where the flow direction
is close to horizontal or the angularity of the velocity component
with the horizontal is small (i.e., - 0). For this case, the above
equations reduce to' '

|

tan 4 " h" $ (3.10)
|and

'2 - (SF)2' '

i

S
'

**#' (3 11)n-
(ST) (S,2)
,

'

where
heS

m tan # (3.12)*

The term Sm is the safety factor of the rock particles a5ainst rolling
down the slope with no flow. The safety factor SF, for horizontal
flow may be expressed as:

2 0.53F - S n sec #+4 S,n see f (3.13).

Riprap may also be placed on the cover or side slope. For a
cover sloping in the downstream direction at an angle, a, with the
horizontal, the equatio-s reduce to:

# * "" *
SF - (3 14)n tan 4 sin a

Historic use of the Safety Factors Method has indicated that a
minimum SF of 1.5 for non probable maximum flood applications (i.e. ,
100 year events) provides a side slope with reliable stability and
protection (Simons and Senturk 1977). However, an SF of slightly
greater than 1.0 is recommended for probable maximws flood or maximum
credible flood circumstances. It is recommended that the riprap
thickness be a minimum of 1.5 times the D50 Also, a bedding or
filter layer should underlay the rock riprap. The filter layer

- _ _ - _ _ _ _ _ _ _ _ _ _ _ _
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Figure 3.1. Riprap stability conditions as described in the Safety
Factors Method.
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thickness should minimally range from 6 to 12 in. In cases where the
Safety Factors Method is used to design riprap along embankments or
slopes steeper than 4H:1V, it is recommended that the toe be firmly
stabilized.

3.3.2 Stephenson Method
,

]
The Stephenson Method for sizing rockfill to stabilize slopes and

embankmenta 11 an empirically derived procedure developed for emerginga

flows (Stephenson 1979). The procedure is applicable to a relatively
even layer of rockfill acting as a resistance to through and surface

,

flow. It is ideally suited for the design and/or evaluation of
| embankment rradients and rockfill protection for flows parallel to the
I embankments, cover, or slope,

l

: The sizing of the stable stone or rock requires the designer to
determine the maximum flow rate per unit width, q: the rockfill

porosity, np; the acceleration of gravity, g; the relativo density of
the rock, G ; the angle of the slope measured from the horizontal, 6;

c

the angle of friction, $; and the empirical factor, C,

The stone or rock size, D50, is expressed by Stephenson as

n /6 2/3lq(tan 8)?/6
(3.15)D50 ~ C g /2 f(1 n )(G,-1) cos # (tan 4 - tan f)]5/3

.

1

p
!

-
,

whare the factor C varies from 0.22 for gravel and pebbles to 0.27 for ;

i crushed granite. The stone size calculated in Eq. 3.15 is the !

i representative median diameter, D50, at which rock movement is |
expected for unit discharge, q, The maximum flow rate, q, is then
multiplied by 011 viers' constant, K, to ensure stability. 011 viers'
constants are 1.2 for gravel and 1.8 fo:, crushed rock. The rockfill.

layer should be well graded and at least tro times the D50 in.

i thickness, A bedding layer or filter shoult be placed under the
; rockfill. |

|4

I 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 j

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
4

The U.S. Army Corps of Engineers has developed perhaps the most
comprehensive methods and procedures for sizing riprap reveteent,

j Their criteria are based on extensive field experience and practice
j (COE 1970; COE 1971). The U.S. Army Corps of Engineers Method is
j primarily 1pplicable to embankment toe and bank protection and has

; been developed to protect the embankment from local shear fer:es and
localized velocities.

!
|
1
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The toe of a slope or embankment is generally subjected to the
greatest concentration of erosive forces and therefore must be
protected. The effective stone size, D50, can be estimated after the
depth of flow, D, is determined. The local boundary shear, 7, can be
computed as

2
- w (3.16)
fo" 12 . 2 D' 2 ' )

32.6 log 10 k
,

where tw is the unit weight of water in pounds per cubic foot, V is
the average cross-sectional velocity in feet per second, k is the
equivalent channel boundary surface roughness in feet, and D is the
depth of flow in feet. By substituting D o for k, the local boundary$
shear at any point on the wetted perimeter can be determined. The
design shear stress, r , should be based on critical local velocitieso
and shall serve as the design shear for the toe and channel bottom. A
graphic solution to Eq. 3.16 is presented in Fig. 3.3.

|

The design shear for riprap placed on the channel slope or bank |
can be determined as !

'

0. 5
1

8I"2 # (3.17)r -r
2

sin k
where

(r - a(is ' T ) D50 ' *
w

t

as 6 is the angle of the side slope with the horizontal, e is the
angle of repose of the riprap (normally about 40'), Y, is the specific
weight of surface dry but saturated stone, and the value of a 's 0.04.
The side slope shear, r, is the design shear for sizing the riprapo
revetment.

Tha average stone size can then be determined as

D50 " 0.04 (y y) (3.19).

s w

for the toe and channel bottom and
r

D (3.20)50 " 0.04 (y 7,)

for the channel side slopes where is and Tv are the specific weights
of the stone and water, respectively. The same procedure can be used
for bank protection. A graphic representation of Eq. 3.19 is provided
in Fig. 3.4.

The Corps of Engineers Method wa. developed for channelized
flows. Therefore, this procedure should be used to evaluate and/or
design rock protection for the portions of the cover or embankment

__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .
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Basic Equation D/ Dso

to = K V 2
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32.6 togio(12.2D/Dg),
,

y, Specific Weight of Water=

Flow DepthD =

Dso = Theoretical Spherical Diometer of Average
Stone Size

Figure 3.3. Graphical solution to Eq. 3.16, Source: Hydraulic

Design of Flood control Channels, EM 1110 2 1601, U.S.
Army Corps of Engineers, July 1970.
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Figure 3.4, Sising of riprap as a function of design shear stress.
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1971.



. .. .. .. . .
. .

.. . .
.

.

- - _ _ _ _ _ _ _ _ _ - _ _ _ _

26

that are in the floodplain. This method is ideal for stabilizing
cover and embankment toes.

3.3.4 U.S. Bureau of Reclamation Method

The U.S. Bureau of Reclamation (USBR) Method (DOI 1978) for
riprap design was developed for the prevention of damage in and near
stilling basins. The USBR procedure is empirically based upon
extensive laboratory testing and field observations. Riprap failure
was determined to occur because alternative design procedures
underestimate the required stone size in highly turbulent zones, and
there is a tendency for inplace riprap to be smaller and more
stratified than specified. The USBR method is a velocity based design
procedure.

The USBR method estimates the maximum stone size, D as a
functionofthelocalizedbottomvelocityofflow,V,ig0pe,etperd
second. One means of predicting the maximum stone size is by the
Havis and Laushey (1948) procedure:

V 2b
D (3'21)100 ~ '

0,5 (C, - 1)0*5

where D is the maximum stone size in millimeters and G, is the
00

particle specific gravity. If the bottom velocity cannot be
determined, local velocity may be substituted to size the rock. The
local velocity can be determined by U.S. Army Corps of Engineers

|

methods (COE 1970).

| Tne stone size and stone weight can be detarmined from Fig. 3.5
' for a given bottom velocity, V . The resulting stone size isb

conservative. The riprap should be composed of a well graded mixture
of stone. Riprap should be placed on a filter blanket or bedding
layer. The riprap layer should be 1.5 times the thickness of the
largest stone diameter. The filter blanket should be at least 6 in,
thick.

It is recommended that the USBR Method be considered for only the
design of rock along the toe of the slope or where flow concentrations
require substantial energy dissipation. This method would be well
suited in areas where a hydraulic jump may occur. The USBR Method is
not necessarily recommended for bank and cover protection, because of
its conservatism.

3.3.5 Summary

It is apparent that design procedures exist that adequately size
riprap layers for protecting low gradient channel beds and banks,
energy dissipation and impact basins, and steep embankments. However,
these procedures fail to address other components of the riprap design
process (e.g., layer thickness, effects of rounded rock, and effects
of rock gradation).

. _ - _ _ _ _ ___-_-________-__ - ___- _ -
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Figure 3.5. Parametric curve used to determine maximum stone size in
riprap mixture as a function of channel bottom velocity.
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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 coefficient, n, is perhaps the most commonly used means of

! expressing flow resistance. The Manning's roughness coefficient has
; been shown tio be a function of surface roughness, vegetation, channel
3

irregularity, channel alignment, channel shape, and flow depth (Chow i

. 1959). Alao, the resistance to flow is affected by the stone shape !

2 and size in gravel and cobble bed channels (Barnes 1967).

Several procedures are used to determine the resistance to flow )
1

by the Manning's roughness coefficient. These procedures were derived
from data obtained in gravel, rock and cobble bed, and natural i,

; streams, Six frequently cited procedures for determining resistance |
to flow are:

1. Limerinos (1970), i

'
. 2. Strickler (1923),
I 3. Anderson, Paintal and Davenport (1970), !
j 4. Jarrett (1984),

5. Bathurst (1985), and
1 6. U.S. Army Corps of Engineers (COE 1970).
) Each procedure is summarized below.

-
1

i3.4.1 Limerinos' Procedure |

'

Limerinos (1970) collected data in California gravel bed rivers.

to develop an equation to estimate Manning's roughness coefficient.-

| His analysis yielded the expression:

0.113 D @
i n- (3.22)
l 1.16 + 2.00 log ,[, |

84 i

j
''

r
.

] where D is the mean flow depth in meters and D is de character. |84istic bed material size for the reach in meters. Limerinos related> ,

flow resistance to the relative submergence, D/D
84*

J 3.4.2 Strickler Procedure '

!
Strickler (1923) proposed a formula for determining the Manning

j coefficient as only a function of a characteristic bed material. His |
expression is !,

i i

n - a (D (3.23)90 ,

1

where D is in feet. The coefficient, a, ranges from 0.0385 to

| 0.041.9klthoughtheStricklerequationwasderivedforlowgradient,
i

natural chsnnels, it is commonly used indiscriminate 1y. The Strickler |
<

! expression should be used only where channel slopes are less than 24 ;

| and a high, in bank flow condition exists. |
| t

a i

i I
i

t

h

!
1
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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 (D50) (3.24),

| where D is in feet. The channel slope in the Anderson et al.
50

experiments was less than 24, 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 reveral on site surveys by making 75
discharge measurements on 21 streams having slopes greater than 0.24,
with the purpose of estimating the Manning roughness coefficient, n, i

! as well as to provide the hydraulic data on the streams. From the
dara Jarrett developed an equation for predicting Manning's n in
n.itural channels expressed as -

n - 0.39 S .38 R (3.25)
0 0.16

,,

i

vbere S is the stream gradient (channel slope) and R is the hydraulic
radius. He concluded that n varies directly with slope, n varies

,

j inversely with depth, and streams thought to be in the supercritical
flow range were often in the subetitical flow range because of the
high resistance to flow. '

.

[i 3.4.5 Bathurst Procedure

Bathurst (1985) studied the flow resistance of gravel and boulder bed I

| rivers with slopes ranging from 0.4 to 4.04. On many sites, boulders, ,

j protruded through the surface and inhibited flow. Bathurst performed an E

l empirical analysis relating the flow resistance to the relative submergence,
'

D/Dg4, resulting in the expression:
4

| T 1/2 - 5.62 log +4, (3.26)
1 , 8 4, [|

vhere f is the Darcy k'eisbach friction factor. The relative |

| aubmergence values ranged from 0.43 to 7,10,

3.4.6 U.S. Army Corps of Engineers Procedure f
I

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

p /6
'

} l
r

. n- ,,

f 23.85 + 21.95 log 10
,

l

1
:
!

_ . . _ . . _ _ _ - .. - _ _ - _ .--, _. -
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.

w ,is the Ma.sning's roughness coefficient, R is the hydraulic
r. it, feet, and k is the equivalent roughness height in feet.

'

Equivalent roughness, k, for a stone lined channel may be
i referenced to the theoretical spherical diameter of the median stone

size, D50 The effective height of the irregularities forming the
roughness elements is called the roughness height. Values of k for

j natural rivers range between 0.1 and 3.0 (COE 1970).
' 3.4.7 Summary

Recent studies indiente that the depth of flow, characteristic; .

boundary roughness, and channel slope influence the resistance to'

j flow, as often expressed by the Manning's roughness coefficient. i

Further, it is apparent that the resistance to flow may greatly vary, !.

j depending upon the field conditions from which the procedure vae
: derived. The procedures cited were derived from natural streams with
| bed materials containing predominately rounded stones and cobbles.

,
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4. ROCK FAILURE AND ROCK MOVEMENT REIATIONSHIPS

The results of the Phase 11 riprap testing program were used to
verify the findings of the Phase I riprap testing report ( Abt et al.
1987) and to extend the current design guidelines for the long term
protection of uranium tailings impoundments. The tests performed in
Phase II extended the existing data base relative to riprap failure
criteria and rock movement criteria. Data were also obtained to
provide stone shape, riprap gradation and riprap layer thickness
criteria. Data acquisition and analysis were similar to and
consistent with procedures used in the Phase I report.

Rock movement and failure criteria determined in Phase I testing
were also used throughout the Phase II test program. Rock movement
was observed during each test at two distinct times. First, rock

movement occurred for only a few seconds when flow commenced or when
the flow was incrementally increased. This movement consisted of
settling of the riprap layer or slight movement of individual stones
to a more stable position. Second, incipient movement of the stones
occurred when the forces exerted by the channel flow just overcame the
resistance force of a stone to motion. Individual stones would
initiate movement by rolling over the rock layer.

The criterion for incipient failure of the riprap layer was
visual observation of exposed filter blanket, or more often,
geofabric. In many cases, concentrated flows veuld remove riprap from
a localized zone along the embankment. However, rock movement from
upslope would subsequently fill and stabilize the scoured area. When
rock movement could no longer adequately replace the material in the
scoured area, failure was observed. Catastrophic failure occasionally
occurred prior to filter cloth exposure because of the dynamic rock
movement along the bed and because of poor conditions for obnerving
the filter blanket resulting from the significant turbulence, bubbles,
and air entrainment in the cascading flows.

A series of 17 tests was conducted in which rock movement or rock
failure were recorded. Riprap failure occurred during 15 of the 17
tests. A summary of the Phase II test parameters and ramarks that
will be used for the data analysis is presented in Table 4.1.
Conplete test results are presented in Appendix B and Appendix C.
Because the results of both Phase I and Phase II will be incorporated
in the analysis of failure relationships, the failure data of both
test series will be combined wherever possible.

4.1 FAILURE RELATIONSHIPS OF ANGUIAR ROCK

Failure relationships were determined for angular and rounded
stone shapes placed on 10 and 206 slopes. Tests were also conducted
to analyze the stability of an angular-shaped, riprap layer with
respect to riprap gradation, riprap layer thickness, and riprap flow
resistance.

31
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_



-,

*
Table 4.1. Summary of failure tests

Test Median Stone Riprap Slope Q q Remarksg
number stone shape Thicg-

size ness
D

(20.) (in.) (cfs) (cfs/ft)

20 4.00 ROUNDED 12.00 0.20 8.65 0.72 Rock movement observed
21 4.00 ROUNDED 12.00 0.20 11.38 0.95 Complete slope failure

22 4.00 ROUNDED 12.00 0.20 11.12 0.95 Complete slope failure
#

24 4.00 ANGUIAR 12.00 0.20 1.28 0.11 Test stopped on request of NRC
27 2.00 ANGUIAR 3.00 0.10 9.21 0.77 Complete slope failure

'

29 2.00 ANGUIAR 4.00 0.10 10.21 0.85 Complete slope failure

| 31 2.00 ANCUIAR 6.00 0.10 11.99 1.00 Complete slope failure

| 32 2.00 ANCUIAR 6.00 0.10 13.32 1.11 Complete slope failure

34 2.00 ANCUIAR 8.00 0.10 14.80 1.23 Complete slope failure *g - . -
36 4.00 ROUNDED 6.00 0.10 23.84 1.99 Complete slope failure

38 4.00 ROUNDED 12.00 0.10 25.11 2.09 Complete slope failure

40 4.00 ANGUIAR 6.00 0.10 40.80 3.40 Complete slope failure

42 4.00 ANGUIAR 8.00 0.10 42.13 3.51 Complete slope failure
44 4.00 .ANCUIAR 12.00 0.10 45.45 3.79 Complete slope failure

46 2.00 ROUNDED 6.00 0.10 8.27 0.69 Complete slope failure

48 4.00 ANGUIAR 12.00 0.10 28.93 2.41 Complete slope failure

51 4.00 ANCUIAR 12.00 0.10 49.41 4.12 Complete slope failure

"All tests were conducted without tailwater and with a filter blanket thickness of 6 in.

All riprap was dump-placed.

#NRC - Nuclear Regulatory Commission.
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4.1.1 Phase II Data

Four of the Phase II failure tests were conducted to verify
model prototype sirnilarities between Phase I and Phase II test
results. Because many of the Phase I tests were conducted in an
indoor fiume with a shortened model embankment, it was important to
correlate the indoor model embankrent results to the outdoor prototype
embankment results. Therefore, some Phase II tests were used to check
experiment repeatability.

All four failure tests (Nos. 31, 32, 44, and $1) were conducted
in the outdoor flume on an embankment with a 104 slope and riprap
layer thickness of three times D50 (2. and 4 in, median rock sizes).

In Fig. 4.1, the Phase I and Phase II results are presented It
is seen that the results of the Phase II experiments closely agree
with the results and predicted relation at failure presented in the
Phase I report for the 10% embankment. Therefore, it was concluded
that test repeatability and model prototype similarity was achieved,

4.1.2 Composite Failure Relationship

In the Phase I tests involving median rock sizes of 1 to 6 in.,
layer thicknesses of two to three cimes D50, and embankment slopes
ranging from 1 to 206, a family of curves exists that relates unit
discharge at failure to the msdian rock size (Fig. 4.1). Because the
failure relationships are parallel and slope dependent, a regression
analysis of the Phase I and Phase II data resulted in a cotsposite

' relationship as presented in Fig. 4.2. A power regression was
perfortned on the parametric expression relating the median stone size,:

i D t the embankment slope, S, and unit discharge at failure, qr.
Th0,e results are expressed as:

;

50 - 5.23 S .43
0 0.56

| D q{ (4,1)
,

Based upon the test. parameters previously described, Eq, 4.1i

should not be used for D greater than 6 in., for rounded rock, or
for slopes greater than bt. Application of Eq. 4.1 beyond the limits'

! prescribed would be strictly at the users' risk.

i 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 engineer. The Phase I report presented an alternative,

| procedure for estimating the Manning's n value for riprap lined
! char.nols or embankment faces where roughness is a function of the

median stone size and the slope, as presented in Eq. 1.2.
I

; 4.2.1 Computation of Manning's n Value

; The riprap resistance to flow over the riprap surface was

{ estiinated for each of the ten failure test conditions suasarized in
J Table 4.2. Each value presented in Table 4.2 is the average of the
|
|
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Table 4.2. Sumnary of average Manning's n for Phase 11 data"

Median stone Nwnber
size Riprap of

fao dataTest Dao thickness
b c

run (in.) (in.) points n

27 2.0 3.0 1.02 10 0.038

29 2.0 4.0 1.50 11 0.059

31 2.0 6.0 1.18 18 0.029

32 2.0 6.0 1.47- 13 0.044

34 2.0 8.0 1.56 35 0.049

40 4.0 6.0 1,66 20 0.061

42 4.0 8.0 1.70 33 0.046

44 4.0 12.0 1,54 30 0.050

48 4.0 12.0 1.32 26 0.058

51 4.0 12.0 1,59 24 0.045

*All tests were conducted on a 10% channel slope.
bNumber of data observations from which the n is derived.

"Colorado State University value.

(
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individual data sets collected for each test prior to riprap layer
failuree For example, ten n values, ranging from 0.032 to 0.044, were
determined from the data collected in test 27. The average n value
for test 27 is 0.038, as presented in Table 4.2. These average values
better indicate data trends than do the individual data points from
which these averages were derived. The individual data sets are
presented in Appendix C.

In the analysis, the Manning's roughness coefficient, n, the bed
Shields' coefficient, Ce , and the Darcy Weisbach friction factor, f,
were computed by the equations presented in Chapter 3. Because the
Manning's, Shields', and Darcy Weisbach coefficients are interrelated,
the analysis concentrates on the Manning's roughness coefficient.

)The Manning's roughness value is difficult to determine for
riprap in cascading flow situations. The Manning's roughness
coefficient, n, was expressed in Eq. 3.2 as a function of the surface
discharge, the depth of flow in a wide channel, the embankment or
channel slope, and the cross sectional area of flow. Other factors
that affect Manning's roughness coefficient include surface roughness,
channel irregularity, channel alignment, flow depth, silting and
scouring, obstructions, and channel shape. Chow (1959) and Barnes
(1967) present a comprehensive list of n values for open channel flow
applications. Manning's n values commonly range from 0.017 for smooth
channels to 0.07 for cobble bed streams.

The Manning's n value for the 2 in, rock ranged from 0.029 to
0.059 for the test runs presented in Table 4.2. The average n value
of the five 2 in, tests is 0.044. The Manning's n values for the
4.in, rock ranged from 0.045 to 0.058, yielding an average n value of
0.052. The average n value for the 2. and 4 in. median stone sizes
varies about the mean by approximately 34 and 124, respectively. The
n values presented are derived for supercritical flow conditions.

The flow depth / median stone size ratto (D/D n) is presented in
5Table 4.2 for each of the ten tests in which the Manning's n value was

estimated. The D/D values ranged from 1.02 to 1.70. The high
resistancetoflowI0n conjunction with the low. flow depth / median.
stone size ratio indicates extensive separation and air entrainment
over the riprap surface.

4.2.2 Comparison of Phase I and Phase II Manning's n Values

Four failure tests were conducted in Phase II, (Nos. 31, 32, 44,
and 48) in which the riprap layer thickness, rock gradation, and
angular shape vere similar to the Phase I tests. The computed
Manning's n values for these four tests are plotted with the Phass I
results in Fig. 4.3. It is evident that the Phase II
results are generally higher than the Phase I results by as much as
40%. The Phase II data indicate that the Phase I relationship may not
necessarily be conservative.

The increase in Manning's n in Phase II may be attributed to
differences between the Phase I and Phase II test conditions. During

-
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Phase I, the 104 slope failure tests were conducted in the indoor
fiume. Water surface measurements were obtained with a point gage in
turbulent flow. Slight differences in recording the depth of flow
were found to significantly affece the resulting n values. A series
of piezometers was used in Phase II to collect water surface

elevations. The variability of the piezometers 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 II expet-iments are currently
insufficient to modify the relationship presented in Fig. 4.3.
However, the Phase II results indicate that the n value estimation
expression presented in the Phase I report may not be as conservative

|
;

1 as originally anticipated,

'

4.3 RIPRAP GRADATION EFFECT ON RIPRAP STABILITY

One criterion for ripray design that has not been investigated
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,
failure to maintain a uniform gradation during placement cperations

! may reduce layer stability.
;

Existing gradation criteria have been developed for stable
jchannel and coastal protection conditions. Simons and Senturk (1977) L

| recommended that the gradation of stone riprap follow a smooth size
f

, distribution, have a maximum size to median size ratio of about 2.0, ;
j and have a median size to 20% size ratio of about 2,0. They suggest !
; that a gradation with a coefficient of uniformity, C . ofu
| approximately 2.5 should be sufficient to provide erosion protection,

i
! The U.S. Army Corps of Engineers (COE 1970) recommended that :

stones should be well grada1 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 sexceed five times the median stone. The Corps of Engineers' upper !
limit coefficient of uniformity is approximately 1.75. The Corps of {Engineers identifies riprap by weight and not by rock size.

The Federal Highway Administration (Richardson et al.1975) and
t

the California Division of Highways (CDH 1970) also have general gradation
!

guidelines. The recomnended upper limit gradation curves for the Federal,

tHighway Administration and the California Department of Transportation have
|coefficients of uniforrity of approximately 2.7 and 1.1, respectively.
['
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Although standards for riprap gradation exiat, the differences in
the4se standards are substantial. For example, 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.

j 4.3.1 Failure Relationship
na

In an attempt to evaluate gradation effects on riprap layer stability,
a
!

three Phase II failure tests were conducted, (Nos. 44, 48, and 51) in which
the median stone size, D - 4.0 in.; embankment slope, S - 104; riprap layer'

thickness, tr - 12 in.; d stone shape, angular; vere held constant. Rocka

; gradation, expressed as the coefficient of uniferatty, was the only variable
modified in all three tests. The gradation curves of the riprap layers'

tested are presented in Fig. 4.4 The coeffic!ents 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 tradation

j significantly impacts the riprap stability for the rock size, layer |

thickness, and slope tested. The increase in coefficient of uniformity from|

1,72 to 4.0 reduced the unit discharge at failure by about 404,;

t

1 The sizing of riprap for overtopping conditione should account fer the
' variability in rock gradation to maintain a stable riprap layer. Therefore,

,

a gradation coefficient, C was derived from the data in Fig. 4.5 by '

relating the coefficient ok u,niformity to the variation of stability as
indicated by the unit discharge at failure. A coefficient of uniformity of
2.3 was related to the gradation coefficient of 1.0, as shown in Fig. 4.6, toa

|
maintain consistency with the gradation standards presented by the U.S. Army

; corps of Engineers (COE 1970). Multiplying the riprap median stone size by
that will maintain the [! the gradation coefficient yields an adjusted D50

desired level of riprap 1syer 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 sits to maintain a stable riprap layer,i

i

4.4 RIPRAP 1AYER THICKNESS
i
' The riprap layer thickness has traditionally been expressed in

terms of the median stone size, D For example, the U.S. Army Corps.

of Engineers (COE1970)channelphhtectionguidelinesindicatethat !
!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

4

I was developed for protecting channel beds and banks, the riprap layer
should not be less than I? in, thick. When riprap is placed

;

underwater, the layer thickness should be increased by 50% to account
|s

!

|
l

.

l I
I

;

I |

I
,

r
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for uncertainties associated with placement. Further, should riprap be

subje.cted to large floating debris or to wave action, it is advised
that the stone size be increased and that the riprap thickness be

increased by 6 to 12 in.

The California Department of Transportation (CDH 1970) has
developed a procedure for determining riprap layer thickness fer the
protection of embankments along streams and rivers. The riprap
thickness criterion is based on the orientation, side slope, stone
shape, and class of stone. The general expression for estimating the
riprop layer thickness '~

KsinCk (4.2)Tr - Cp 3

where er is the riprap thickness normal to the face slope, K is the shape
is the classfactor of stone (commonly 0.40),6is the side slope angle, We

is a coefficient representing machine placement orweight of stone, and Cp
dump placement, and ranSes from 1.5 to 1.875, respectively. It is

recommended that the thickness, tr, be 1.5 times the long axis of the
critical stones.

Simons and Senturk (1977) indicated that the thickness of riprap
should be sufficient to accommodate the largest stones in the riprap.
Further, for a well-graded riprap witho.2t voids, a layer thickness
equal to the largest stone should be adequate. When strong wave
action is of concern, the thickness should be increased by 50%.

| The American Society of Civil Engineers Task Committee (Vanoni
1975) recommended that a blanket revetment on river banks should be
characterized by a graded material placed such that all voids are
filled and all rocks are keyed into the mass. The maximum rock size
is linited to about 1-1/2 times the median rock size. Minimum riprap
thickness should be 1 1/2 times the median rock size.

Stephenson (1979) developed a procedure for estimating the
thickness of the riprap layer sufficient to resist potential high
velocities from overtopping flows on rock protected embankments. It

was reasoned that the stono thickness must be great enough to resist
the sliding between adjacent stone layers. Stephenson equated the
friction drag psr unit area to the shear resistance and solved for the
minimum lining or layer enickness. The minimum layer thickness, t r.
was expressed as

Ri

1)( n + 1) cos # (e.ad 4 tak f y2 (4,3)(G - -

g p

where & is the angle of friction, e is the angle of bank slope from
horizontal, R is the hydraulic radius, i is the head loss gradient, C,

is the specific gravity of the material, and np is the porosity of the
rock fill.

_______________ - -
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0i the basis of Stephenson's experimental data, the layer
thickness criterion was expressed as

r :: 1. 5 D , (4.4)t e 3

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

4.4.1 Failure Trends

Eight failure tests were designed and conducted in Phase II 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 Sere correlated
to the unit discharge at failure for each median stone size, as
presented in Fig. 4.7.

It was observed that the unit discharge required to fail the rock
layer increased as the rock layer thickness increased. For 2-in, rock, an
increase in riprap thickness from 1.5 to 4.0 D in reased the layer
stability by approximately 60%. For 4-in, rock 0, an 11% increase in stability
is observed by increasing the riprap layer thickness from 1.5 to 3 D *50'
riprap layer was enhanced as the weight of the additional stone layer
compressed and vedged the lower stone layer (s). The stone weight, in
conjunction with the vibration of the flow, cransfcrmed 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 nedian stone size is
warranted. However, when the median stone sizes is > 6 in., the
traditional guideline of 1.5 times the median stone size is prudent.

|

| 4.4.2 Layer Thickness Adjustment

j 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

l 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 adjuste
' 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 thic.kness. The relation in Fig. 4.8 was
derived from the Phase II failure tests for 2 in, riprap on a 10%
slope. A riprap layer thickness of 3.0 D
coefficient of layer thickness equal to 13. corresponds to a

1

| 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 i

uranium disposal sites, or the cost to haul high-quality rock to the |
disposal site is prohibitive. Some disposal sites have rounded, j

alluvial rock available thac may be considered for surface and erosion )
protection 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 vich no intersectin5 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 rock
tested in Phase II.

4.5.1 Stability Comparison

To compare the stability of rounded with angular rock, the unit
discharges at failuru 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 round b 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.

ITo 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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Fig. 4.10. It is observed in Fig. 4.10 that a linear relationship,
parallel to the best-fit curve for the angular shaped rock, can be fit
to the rounded rock results. The difference in the stability between
the rounded- and angular-shaped stones is about 40%.

The relationships presented in Fig. 4.10 provide the user the
ability to size riprap for rounded- and angular-shaped stones on the
basis of the design embankment slope and design unit discharge.
Although the rounded stone data base is quite limited, it provides an
indication of relative riprap stability.

4.6 STONE MOVEMENT AND CHANNELIZATION

It was reported in Phase I that stone movement, resulting from
the impinging flow, must be considered to prevent failure of the
riprap layer. Stone movement was recorded in Phase I for 2 , 4 ,
5 , and 6-in. stones on a 20% slope. The stone movement was
determined to initiate when the unit discharge approached about 76% 3% of
the unit discharge at failure. Stone novament was independent of bed
settlement and shifting due to changes in discht.*t4o.

The Phase I report also indicated that ssali channois formed in
the riprap layer, conveying unit discharges greater than were expected
under sheet-flow conditions. The channels appeared to form as flows
vero diverted around the larger stones and directed into areas or
zones of the smaller stones. The smaller stones moved, creating a gap
between the larger stones. The flow concentrated into these gaps,
thereby increasing the localized velocity and discharge.

An attempt was made to quantify the degree of channelization
through the riprap layer. A channel concentration factor, Cg, was
formulated as the ratio of the flow through the channelized riprap to

| the flow expected under sheet flow conditions. The channel
j concentration factor ranged from 1.0 to 3.0.
1

1 The unit discharge at channelization was recorded and compared to
the unit discharge at failure for 2 , 4 , 5 , and 6 in, stones. It

was reported that channelization occurred at about 90% 5% of the unit
discharge at failure.

4.6.1 Stone Movement to Failure Pelationship

During each of the Phase II failure tests, the unit discharge at
which stone movement occurred was recorded. In a manner similar to
that in Phase I, stone movement observations were verified with
videotape recordings. A summary of the unit discharge at stone
movement, at channelization, and at failure are presented in Table
4.3. The stone movement can be normalized by dividing the unit
discharge at movement by the unit discharge at failure. The average
ratio of the unit discharge at movement to unit discharge at failure
is 0.73. A graphical presentation of the normalized discharge to the
normalized time is presented in Fig. 4.11. The Phase I and Phase II
unit discharge at movement to unit discharge at failure ratios of 0.76
and 0.73, respectively, indicate a small change in the incipient stone

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Summary of channel and movement discharges"Table 4.3.
(All values are in cfs/ft.)

9 fF.2Ve }. (chani
Run Rock q(,,yg) q(chan) 9(fail) q ,ty qfailg

number Shape

21 R 0.75 0.84 0.95 0.79 0.88

22 R 0.75 0.83 0.94 0.80 0.89

27 A 0.45 0.63 0.77 0.59 0.82

29 A 0.56 0.73 0.85 0.66 0.85

31 A 0.62 0.82 1.00 0.62 0.82

32 A 0.84 0.95 1.11 0.76 0.86

34 A 1.10 1.18 1.23 0.89 0.96

36 R 1.51 1,67 1.99 0.76 0.84

38 R 1.39 1.80 2.09 0.66 0.86

40 A 2.71 3.17 3.40 0.80 0.93

42 A 2.72 3.23 3.51 0.77 0.92

44 R 2.95 3.24 3.79 0.78 0 86

46 A 4.58 0.57 0.69 0.67 0.83

48 A 1.88 2.17 2.41 0.78 0.90

51 A 3.10 3.68 4.12 0.75 0.89

Average 0.73 0.87

- unit discharge at incipient motion of the rocka
q ,

b - unit discharge at channelization of the rockq

- unit discharge at rock failureq g

bR - rounded rock.
A - angular rock.

|
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movement between phases. Inclusion of the Phase I data with the Phase
II data without rounded stone and soil cover yields an average unit
discharge at a movement to unit discharge at failure ratio of 0.74.

4.6.2 Rock Sizing to Resist Movement

A relationship was presented in Eq. 4.1 for predicting the median
stone size of the riprap layer on the bases of the embankment slope
and the unit discharge at failure. Stone movement can be prevented by
adjusting the unit discharge at failure. The adjusted unit discharge
at failure, qr is defined as the design unit discharge divided by the
stone movement to stone failure ratio of 0.74 expressed as

* "qg- - 1.35 qdesign

Eq. 4.1 is modified to yield a median stone size that will resist
stone movement at the design unit discharge where

D50 - 5.23 SW (qr)" (4.6)

Eq. 4.6 is applicable to only angular shaped riprap.

4.6.3 Channelization to Failure Relationship

Flow channelization was observed and documented in 15 thilure
tests during Phase II. The unit discharge at which flow channeliza-
tion was observed in the riprap layer is presented in Table 4.3.
Although an attetpt to identify initial channelization was made durit.a
cach test, documentation of initial channelization was verified from
the videotape recordings. The unit discharges at channelization wcre
normalized to the appropriate unit discharges at failure. A
representation of the normalized unit discharge to time, normalized at
failure, is shown in Fig. 4.11.

The average ratio of the unit discharge at channelization to the
unit discharge at failure was 0.88 for angular shaped riprap. The
Phase I report indicated that the average ratio of unit discharge at
channelization to unit discharge at failure was 0.90. The average
Phase I and Phase II rati. of 0.89 shall be considered the critical

| channelization ratio. On the basis of these results, it is possible
to predict the unit discharge at which channelization will occur on a
riprap embankment.

4.7 SUMMARY

| The Phase I and Phase II failure test data resulted in a
composite relationship for angular shaped rock as presented in Fig.
4.2 and expressed in Eq. 4.1. The composite failure relationship

f related the median stone size to the embankment slope and unit
discharge at failure for overtopping flow conditions.

. .. . _ -
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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.

s . !The thickness of nhe riprap layer was investigated to determine
its effect on riprap st' ability. ' It was concluded that a layer
thickness of 1.5 times the median stone size, or 1.0 times the D
is adequate for median stone sizes of 6 in, or larger. Howeve c,1kke,
layer thickness or the median stone size should be increased 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 indiented that rounded-rocks are about 40% less stable than iangular rocks of the same median stone size. The rounded rock failure !relationship is presented in Fig. 4.10. '

I

i Sir a riprap should be sized to resist movement rather than
'

failure, a means was presented to adjust the unit discharge at
j 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.

,

,

! i

t

! I
e

.

>

!
;

.

L :

i i

!i

! !
, ,

8

| !
.

!
. . - - --- - - -_. ..- - - _ _ - - _ . . . _ - - . - . _ _ _ _ _ _ _ .

_



5. INTERSTITIAL VELOCITIES THROUGH RIPRAP

The measurement of interstitial velocities through the riprap
layers was performed in Phase II to verify the velocity relationships
presented in Phase I. Because riprap gradation and riprap shape were
constants in Phase I, both parameters varied in Phase II 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 configuration (D and layer thickness) to estimate
thoaverageinterstitialvelocityOfflow.5 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 sueface 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 profilos 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
indicata 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 yielded interstitial velocities of -0.55 fps, while the 4-in,
angular riprap interstital velocities were -0.64 fps. The stone shape

I appearn to influence the interstitial flow of the riprap layer.

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
i 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 largeI

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 I AND PHASE II INTERSTITIAL VELOCITIES

Nine of the fourteen interstitial velocity tests conducted in
Phase II used angular shaped riprap, as reported in Phase I. With

57
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Table 5.1. Velocity profiles for interstitial flow through riprap in the outdoor flume (12 ft) at 10%
slope.

- )
Test Median Riprap Distance Q Depth Velocity of flow through riprap Average

mobe r stece Thick- f eem of flow at Y in. below riprap surface interstitial

ness headwall (fps) **locity
size *

D50 l
(in.) (in.) (ft) (cfs) (in.)

Y-10 Y-8 Y-6.5 Y-6 Y-5 Y-4.5 Y-3.5 T-3 Y-2 Y-1.5 Y-0.5 Y-0.0 (fps)
(1)

26 2.0 3.0 20-22 1.10 0.00 0.45 0.45

26 2.0 3.0 50-52 1.12 0.00 0.46 0.46

28 2.0 4.0 20 22 1.16 0.00 0.31 0.62 0.47

28 2.0 4.0 50-52 0.91 -0.27 0.36 0.64 0.50
10 2.0 6.0 20 22 1.84 0.00 0.52 0.41 0.63 0.52 1.06 0.63

33 2.0 6.0 50-52 1.79 0.17 0.59 0.44 0.65 0.49 0.54

31 2.0 8.0 20-22 2.05 0.73 0.45 0.39 0.51 0.48 0.56 0.61 0.50

31 2.0 8.0 50-52 2.11 0.75 0.46 0.63 0.77 0.51 0.53 0.64 0.59

35 4.0 6.0 20-22 0.97 -0.61 0.45 0.34 0.40

35 4.0 6.0 50-52 0.94 -0.31 0.36 0.47 0.8) P.55

17 4.0 12.0 20-22 3.05 -0.32 0.40 0.71 0.58

37 4.0 12.0 50-52 4.20 0.82 0.40 1.31 0.67 0.73

39 4.0 6.0 20-22 2.40 0.36 0.49 0.48 0.75 0.44 0.30 0.49 y
|
i 39 4.0 6.0 50-52 2.52 1.16 0.3J 1.00 0.65 0.46 0.62

41 4.0 s.0 20-22 2.52 0.67 0.47 0.39 0.60 0.56 1.20 1.10 0.72

41 4.0 5.0 50-52 2.37 0.44 0.77 0.60 0.42 0.83 0.50 0.83 0.66

41 4.0 12.0 20-22 3.33 -9.47 0.60 0.76 1.15 0.84

45 2.0 6.0 20-22 1.64 0.45 0.28 0.37 0.41 0.48 0.39

45 2.c 6.0 50-52 1.94 0.41 0.21 0.35 0.49 0.48 0.38

47 4.0 12.0 20-22 2.46 0.30 0.42 0.33 0.35
47 4.0 12.0 50-52 2.40 0.40 0.64 0.40 0.48

50 4.0 12.0 20-22 4.64 -0.23 0.90 0.60 0.63 1.45 0.91

SO 4.0 12.0 50-52 5.58 0.20 0.50 0.53 0.94 0.66

*a - Round Rock

Wominal distances of the tracer injector and tracer sensor, respectively.

,
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specific test parameters from Appendix B, the average upstream and
downstream interstitial velocities (Nos. 26, 28, 30, 33, 39, 41, 43,
47, and 50) are plotted in Fig. 5.1 along with Phase I data from equivalent
tests using the dimensionless relationship in Eq. 1.1.

Figure 5.1 indicates that the interstitial velocity data obtained
at 10% slope in Phase II compare favorably to the data recorded in
Phase I for slopes ranging from 1 to 20%. Therefore, it appears
appropriate to use Eq. 1.1 to estimate interstitial velocities through
riprap layers on slopes <; 20%. It is, however, recommended that the
data base be expanded to median riprap sizes > 6 in. and riprap layer ,

thicknesses > 12 in. before Eq. 1.1 is applied to engineering !

problems.

5.2 CALCUIATED VS MEASURED INTERSTITIAL VELOCITIES

In an attempt to verify the interstitial velocity measurements
obtained with the injection system, the average interstitial velocity
was also calculated. Because the total discharge (Q) supplied to the
fiume, the average cross sectional area of flow, and the porosity of
the rock layer were measured parameters, the average calculated
interstitial velocity, V , isc

e -[ , (5.1)V

where discharge is in cubic feet per second and area is in square
feet. The average measured interstitial velocity data from both Phase
I and Phase II tests, as presented in Fig. 5.1, were compared with the
averago calculated interstitial velocity. A comparison of the
measured vs calculated interstitial velocities is presented in Fig.
5.2. The diagonal line plotted in Fig. 5.2 indicates perfect
agreement between measured and calculated average interstitial
velocities. The data indicate that there is generally a good fit
between the measured and calculated velocities considerie the wide
range of slopes, rock sizes, and rock layer thicknesses tested.
However, the relocity may not be strictly proportional to the inverse
of porosity, and other factors may be important.

The velocity of flow through the voids of the riprap layer is a
function of the rock size and the gradation. In part, the more well
graded the riprap, the more small particles available to fill the
voids between the rocks, resulting in a lower porosity. Becausa the
interstitial velocity was related to median stone size, as evident in
Eq. 1.1, it is possible that the gradation, expressed as the
coefficient of uniformity, Cue is related to the interstitial
velocity.

5.3 INTERSTifIAL VELOCITY RE1ATED TO D
10

It was determined in the Phase I study that the interstitial
velocity, V ,i through the riprap and/or filter layer (s) is a function
of the material properties and the gradient expressed as
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' S '' "p' ) (8 D50) I '2)
'

Vt - 19.29 (C~ *u

During the preliminary design process, the median stone size, D50' 18 fD*"
estimated However, the material properties of coefficient of uniformity,
C , and tne rock layer porosity, n , are unknown. Therefore, an analysis wasu p
conducted to correlate the interstitial velocity through the rock layer to
the rock size and slope. The variables C and n were eliminated from theu p
analysis.

A sensitivity analysis sss performed relating the rock size and

| gradient to the interstitial velocity. Representative stone sizes of
f D50, D D D20, D'S and D in c njunction with the slope, were

corre1Ne,d d ,the measured ink 0,erstitial velocity. The analysis
indicated that the D stone diameter (at which 10% of the weight is

| finer) provided the kighest coefficient of correlation of the stone
sizes tested. The interstitial velocities depicted in Fig. 5.1 and
the interstitial velocities measured for the rounded rock riprap
layers (Phase II tests 35, 37, and 45) wore plotted as shown in Fig.

' 5.3. A linear regression analysis yielded the expression

Vt - 0.232 (g D } < )10 ' *

where Vi is the interstitial velocity in feet per necond, g is the
dCCelerk. ion of gravity in feet per second squared, D is in inches,

10
and S is the gradient expressed in decimal form. The correlation
coefficient of the relationship presented in Eq. 5.2 is r' - 0.92.

5.4 INTERSTITIAL VELOCITY THROUGH FILTER MATERIAL

Interstitial velocity profiles were measured for filter material
GF5, median grain size of 0.44 in. (Table 2.2), which was considered
representative of the filter materials used throughout the Phase 11
program (Appendix A). The averaSe interstitial velocities of flow
through filter GF5 are presented in Table 5.2. The average
interstitial velocity through the CF5 filter material is 0.08 fps.

The filter material interstitial velocities were nearly two
orders of magnitude smaller than the surface velocities and one order
of magnitude smaller than the riprap interstitial velocities. Thus,
the volume of flow through the filter is signficantly less than the
volume of flow throur,h the riprap layer.

5.5 APPLICATION TO RIPRAP 1AYER DESIGN

The design of the median stone diameter, riprap gradation, and
riprap layer thickness is dependent upon the unit discharge over the
riprap layer surface. Because a portion of the design discharge
tributary to the riprap layer will flow through the layer, the
surface discharge can be reduced by an amount equal to the through-
flow discharge.
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Table 5.2. Interstitial velocities through filter GF5
s

Velocity of flow through
'

- Depth of riprap at 4 in, below Average
.Q f11ter filter surface'(ft/s) ' velocity

(cfs) (in.) Y - 1.5 Y - 4.5 (ft/s)
i

0.09 6.0 0.11 0.05 0.08 |

1-

0.10 6.0 0.10 0.04 0.07 |

0.23 6.0 0.12 0.06 0.09

)
I Average 0.08 |
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To calculate the adjustment of the design surface discharge,
9 design'

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
,

j Interstitial velocities through the riprap layers were recorded
and compared to the interstitial velocity data in Phase I. Ai

| comparison of the Phase I and Phase II results substantiated the use

| of Eq. 1.1 derived in Phase I.

!
| The interstitial velocities measured in Phase I and Phase II were
,j compared with the calculated interstitial velocities. The data
; indicate a favorable cooparison although other factors not identified in this
! study appear to influence the velocity estimate.

i An analysis conducted to simplify Eq. 5.2 indicated that tre
interstitial velocity can be expressed as a function of the rocr. size D

10'the acceleration of gravity and the embankment slope. The simplified
interstitial velocity relationship is presented in Eq. 5.3.

,

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/.P COVER
'

Although riprap is one of the most effective means of erosion; ,

protection and slope stabilization, it is often considered visually
obtrusivo. Therefore, a series of three tests in Phase II (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 soil cover placement
and testing.

6.1 MATERIAL CIASSIFICATION AND PIACEMENT
k

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. L

; 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 i

i the riprap. The soil was vibrated into the rock. 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% 24 of the modified proctor.

The embankments with soil cover were tested in a manner slightly |
l different from that of the riprap-covered embankments. Instead of .

water flowing directly into the soil at the headwall embankment
[

interface, the flune was modified to enable water to flow over the i

I soil cover surface and down the embankment. The soil cover was allowed
to erode away, exposing the riprap protective layrt . Flow was
gradually increasco until the riprap layer failed.

|

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 othat testing procedures were as outlined in Section !

3.2. The soil cover in test No. 23 was a sandy silt composition ;

without clay content. The cover vas placed such that flow ponded at [
the headwall-soil cover interface, and soil was placed over the entire |
toe of the slope. The depression near the headwall soil interface
filled, allowing water to simultaneously enter the riprap and overflow
onto the soil surface. -

i

6.2 RESULTS OF TEST No. 23
>

l

Vhen flow overtopped the soil surface along the embankment crest,
the flow cut into the sandy soil cover, leaving numerous rills down

.

I

the embankment face. As the initial flow reached the middle of the i
embankment, a portion of the soil cover near the toe was "blown" out
by the hydrostatic pressure of water stored in the riprap layer under i
the soil cover. The cavity in the soil cover served as a base for a

{
t

I

|

|
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Table 6.1. Soil properties (a,b)
.

Test Riprap Slope Soil Soil y Soil C Sandu
number D thickness type (I7x D (t)

(in9) 'in.) (N. ).

23 4.0 0.20 12.0 SM(*) 93.8 0.0180 4.6 82%

25 4.0 0.20 12.0 CL(d) 90.0 0.0031 13.8 54%

SC *) 90.0 0.0157 7.9 864C52 4.0 0.10 0.0

SC *) 91.0 0.0157 7.9 86%I
53 4.0 0.10 12.0

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

(b) Gradation curves found in Appendix C.

(*)SM: Poorly graded sand silt mixture.

(d)CL: Inorganic clays of lov to medium plasticity.

(*)SC: Clayey sands, poorly graded clay mixtures.

D50 - Median stone or soil size.
;

y - Theoretical soil density.
max

C - Coefficient of uniformity,

i

l
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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 cfs 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.

2. Fonding upstream of the slope crest or anywhere on the
reclaimed pile should be avoided. Seepage from the pond
tends to renove the soil in the riprap, serves as a moisture
source to the radon barrier, and generally weakens the
erosion protection layer on the embankment.

3. The toe of the embankment slope should not be covered, but
rather allowed to drain. Water tends to accumulate in the
riprap and filtor layers if covered, resulting in the
potential f or 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 404 clay compacted to 904 modified proctor. The
soil covered an angular riprap layer with median stone size of
4 in, placed at a layer thickness of 3 times 0 n a 20% slope.50

The soil cover was overtopped and determined to be highly
resistant to erosion. In the early stages of testing (q $ 1.0 cfs),
soil 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 efs, soil was removed in clumps, thereby pitting the soil
cover surface. As the unit discharge approached 1.40 cfs, flow began
to channelize, causing headeutting along the fiume wall. The headeut
incised very quickly to the riprap layer. More than 80% of the flow
was diverted into the gally, causing the gully to widen because it
could no longer incise. The channelization of flow soon failed the
entire riprap layer in the bottom of the gully at a unit discharga of
1.53 cfs, as shown in Table 6.2. The predicted unit discharge at
failure of the riprap layer (from Eq. 4.1) was 2.45 cfs.,

i 6.4 RESULTS OF TEST NO. 53
!
| Test No. 53 was conducted in the same manner as test No. 25.
I Ilowever, the soil cover was graded toward the center of the embankment
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Table 6.2. Summary of soil cover tests"

*
q q RemarksTest Slope Q

number (cfs) (cfk) (cfk)

23 0.20 0.12 0.01 0.13 Riprap covered with 12-in, sandy
silt

25 0.20 18.33 1.53 0.13 Riprap covered with 12 in, clayey
loam

52 0.10 48.05 4.00 4.6 Riprap filled with clayey sand,
flush with surface

53 0.10 27.36 2.28 4.6 Riprap covered with 12 in. of

clayey sand

"All tests were conducted with dump placed angular shaped riprap of
4 in, median stone size, 12-in, riprap layer thickness, 6 in, filter
thickness,

bAdjusted unit discharge to resist movement.

_ _ _ _ _ _ _ _ _ _ _ _ -
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to ensure flow concentrated away from the fiume walls, as shown in
Fig. 6.1. Once the embankment was prepared, flow overtopped the embankment.
As the unit discharge approached 1.0 cfs, a gully developed along the fiume
centerline. The gully penetrated through the soil cover to the riprap
barrier. Flow began to channelize, thereby widening the gully, as shown in
Fig. 6.2. The riprap layer failed at a ur.It discharge of 2.28 cfs (Table
6.2). The predicted unit discharge of the riprap layer at failure (Eq. 4.1)
due to overtopping was 4.10 cfs.

The findings from these soil cover tests are summarized as
follows:

1. The clay content of the soil used for the cover is an
important indicator of the cover stability. The higher the
clay content, the more stable the slope when subjected to
sheet flow conditions.

2. The greater the clay content of the soil cover, the more
energy of the flow is required to erode the gully sidewalls
as flow is channelized. The slower the sidewall degrada-
tion, the greater the potential for premature riprap layer
failure.

3. The soil cover thickness directly influences the extent of |
gullying. The thicker the cover, the greater the chance
that concentrated flow through the gully may cause premature
failure of the riprap barrier.

On the basis of the findings, ie is recommended that a soil cover
thickness above a riprap barrist not exceed 3 to 4 in. Thin soil
layers can be easily eroded vitreut excessive gu11ying. As the soil
thickness increases, stability e the erosion barrier decreases.

6.5 RIPRAP SOIL HATRIX

One test (No. 52) was conducta' to determine the feasibility of
protecting an embankment with a soil rock matrix. The matrix should be
comprised of rock to resist the design unit discharge and soil to fill
the rock voids and reduce infiltration as weil as provide a soil base
for vegetation.

Two methods were considered for mixing and placement of the matrix
barrier. The first method entailed the mixing of the rock and soil in a
stock pile. The rock soil motorial would be dumped on the embankment,
vibrated, and tested. Problems resulting from implementation of this method
included: how much soil to mix with the rock; how to avoid segregati n and
localized areas without rock protection; how much compaction is need.d; and
how to ensure adequate rock protection and maintain quality control.

The second method of soil rock matrix placement was to place the
riprap to the prescribed thickness over the entire embankment. Then,
place a thin soil layer, 3 to 4 in, thick, over the riprap layer and
vibrate the soil into the rock. Repeat the soil placement and
vibration until the soil is adjacent to the rock surface, as shown in
Fig. 6.3. The rock layer remains intact, ensuring the quality of the
erosion barrier. The soil fills the voids and reduces the visual
obtrusion of the reclaimed pile.
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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 tl.e
barrier. It was also anticipated that t'ae vibration used during soil
placement would densify the 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 over the embankment crest increased. Little rock movement was
observed when the unit discharge was below 1.5 cfs. The soil
particles tended to stabilize the rock, reducing rock layer
adj us tment . When the unit discharge exceeded '.0 efs, the soil had

i 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 gove 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.

i 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 104 more
stable than the riprap layer without soil. Because of the manner in

2

which the test was conducted, the strengthened erosion barrier at
failure is attributed to the compactive process. [

!

It is recognized that these results do not reflect the erosive
effects of lesser rainfall and runoff events on the soil matrix that
occur prior to the major runoff event simulated in test No. 52. Also.
the antecedent moisture conditions in the matrix prio2 to the major

4

tunoff event were ignored. Therefore, the amount of erosion on the
matrix cover prior to 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 vedging stones together. The soil fills the void spaces,
stabilizing tha rock from movement, reducing moisture infiltration, ;

and providing a vegetative base. Because soil is not placed above the !
; riprap surface, the opportunity for gu11ying and channelized flow [

through the soil is significantly reduced. Although the riprap [
surface is not completely hidden, visual degradation is reduced. ;

'
|

,

6.7 SUMMARY |

! >

Three tests were conducted in which soil covers and rock soil i

matrices were evaluated. The test results indicated that cover !

raterials should be cohesive in nature. Covers should be contoured to;

I eliminate potential ponding. When riprap underites a soil 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. |

1
,

,

|

!

!
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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,

i

i
i

)
,

.
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7. RECOMMENDED DESIGN PROCEDURE

The Phas6 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 I and Phase II studies.

7.1 DESIGN PROCEDURE
;

Sten 1. Determine the desien unit discharge
i

Determine the design embankment slope (s) and the peak unit,

discharge, q, resultir.g from the tributary 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 flov |

'

| concentration factor, Cg, as j
; ;.

qdesign - q x Cg , (7.1) t

where Cg - 1.0 for overland sheet flow, i

2.0 for a high prcbability of concentrated flow, and
3.0 for a high probability of channelized flow.

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

i

| Steo 2. Estimate the median sto g_rire (D50} I th' #I #8" I""*"

To size the median stone and prevent stone movement, adjust the.,

design unit discharge by

; design -1.35qbes (7.2)9 .n

; Then, estimate the median stone size as

Anrular stone

Apply Eq. 4.1, using the embankment slope from Step 1:

50-5.23S.43(qj,,{ )0.56 (7,3)
0

D ,

where D is expressed in inches,50

j Rounded rock
i

j Compute a conditional value of the rock size. D , wheree

e-5.23S.43(9jesign)
0 '

(7'')D *

f Then, from Fig. 4.10, obtain the median stone size for rounded shape

77
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riprap, as D50, expressed in inches.

Steo 3. Estirrate the rierno laver thickness

Estimate the minimum riprap layer thickness, tr, using the median
stone size, D50, c 2Puted in Step 2 by

tr - 1.5 D (7.5)50or
tr-D (7.6)100 ,

whichever thickness is greater. A riprap layer thickness greater than
that prescribed in Eq. 7.5 or Eq. 7.6 can be specified.

Steo 4. Estimate interstitial dischargt

The average velocity of flow through the riprap layer can be
determined by one of two means developed in the Phase I and Sase II
reports. Method I requires that extensive testing of the re,: . source
be conducted. Method II allows the user the opiortunity to estimate
interstitial velocities without significant tesd.ng of the rock
source.

Method I

The average velocity of flow through the stone layer, V , can bet

estimated by determining the embankment slope, S; the coeft'icient of
uniformity, Cu - D /D10; the porosity, n ; ano ?he median stone size,60 p
D f the source riprap. The average velocity through the riprap50,
layer is computed by Eq. 1.1 as

i - 19.29 (Cu * ' S * nf ) (g D50) ~ (7'7)
~

V '

'

where velocity is in feet per second.

| 14ethod II

| The average velocity of flow through the stone layer, V , can bet
estimated by determining the embankn.ent slope, S, and the soil
particle size at which 10% of the soil weight is finer D *10'average velocity is computed by Eq. 5.2 as

Vi - 0.232 (g D S) / (7.8)10
,

'
where velocity is feet per second and g is the acceleration of
gravity, 32.2 ft/s

Interstitial Discharge

The interstitial unit discharge, qi, is estimated by cultiplying
the interstitial velocity, V , (using either Eq. 7.7 or Eq. 7.8) byi

the thickness of the rock layer, tr expressed in feet, and multiplying by
1.0 foot, yielding

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . .-
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qt-Vtir x 1.0 , (7.9)
,

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

Steo 5. Adj us tment of the desien surface discharce

Thedesignsurfaceunitdischarge,qj should be adjusted to '

| reflectthataportionofthedischarge,qi' GEE,throughtheripraplayer.
Therefore,

9 design " 9 design qi , (7.10)
'

where qdesign is in cubic feet per second.
Sten 6. Adjustment of the median stone size'

| The median stone size should be adjusted to reflect a redaced
surface discharge. Repeat Step 2, substituting the adjusted unit

1

discharge, qNIEbEEp,on a rN8EffEed value of q*
for q' in Eq. 7.2. Then, compute the median

stone size b
.,,g

,

Steo 7. Adiustment of the riorao laver thickness

; Using the adjusted median stone size from Step 6, compute the
; adjusted riprap layer thickness as outlined in Step 3.
i

Sten 8. Median stone size adjustment for eradati2D
|

|
The median stone size, D of the riprap layer should be '

modifiedonthebasisofthehkpra,pgradation. Determine thei

coefficient of uniformity, C , of the riprap source material. Then,u
; enter Fig. 4.6 with the coefficient of uniformity, and obtain the
1 coefficient of rock gradation, C Multiply the median stone size.

i resultingfromStep6bythecoekkicientofgradationas
! t

i

! D -D xC II*II)50 50 CR '
.

'

whereDj0 i' I" I"#h*''
L

I Seco 9. Median stone size adiustment for laver thickness

For D 2 6 in.:50

Adjus tment is not required,
i.

D50 < 6 in.:
.

In the case (s) where the adjusted design unit discharge for stonei

| movement results in a median stone size D f < 6 in., it was
50recommended that a riprap layer thicker than 1.5 D may be warranted.:

| However, the median stone size can be adjusted to h0ompensate for the '

,

reduced layer thickness. To modify the median stone size Dj0' I# * ;

!

. , , - . -_. ._
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Step 8, obtain the design riprap layer thickness resulting from Step
3. From Fig. 4.8, determine the coefficient of layer thir~m sss, C .t
Multiply the median stone size, D' , from Step 8 by the co.flicient of

layer thickness as

xC (7.12)
D50" D50 e,

where D*0 is in inches.|

7.2 COKMENTS

The research presented strongly supported the use of a filter
i layer beneath the riprap layer. The filter tends to bed and stabilize
I the stones, prevents migration of particles beneath the filter, and

reduces any prt.ssure gradient that may exist from seepage, llowever,
information indicatirg the optimal filter thickness is not available.
Therefore, the use of a filter layer > 6 in, thick is highly
recommended.

I

.__ _ .-
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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 overtopping flows. Embankment slopes of 1, 2, 8, 10, and 20% were
protected with riprap layers, 1.5 to 4 D in thickness, comprising
median stone sizes of 1, 2, 4, 5,and/or0in. Design criteria were

5

developed 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 a'.e as follows: i

A unique riprap design relationship was developed toi o
determine mediar, stone size on the basis of the unit

discharge and embankment slope for overtopping flows.|

l
i.

A design criterion was developed to size rounded riprap for
'

o
,

potential erosion control applications. The rounded riprap
| required oversizing of about 40% to provide the same level of

,

i protection as the angular riprap. '

,

) The median stone size should be increased by increasing theo

; design unit discharge by 35% to prevent rock movement. i

o Two procedures were derived to estimate interstitial
velocities though the riprap layer. Both procedures are
based on a representative stone size and embankment slope. ;

o A unique procedure was derived to estimate the resistance to
surface water 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,

J

Flow channelization occurred along the riprap protectedo
embankment when the unit discharge approached 88% of the

] unit discharge at failure.

I o A procedure was developed to adjust the median stone size on
| the basis of the proposed riprap layer thickness for stone

{sizes < 6 in. The stone layer should not be < 1.5 D
50' |

i
1

| Riprap gradation was determined to significantly influenceo
!

riprap stability. It was recommended that the coefficient |

i of uniformity be s 2.3. A procedure was developed to adjust i
! the median stone size on the basis of the riprap gradation. i

The application of soil covers over riprap layers causedo
premature barrier failure. Soil covers should not exceed 3i

|to 4 in. thick above the riprap surface,

o The application of a riprap soil matrix without soil cover !
was determined to stabilize the riprap barrier. In many >

cases, the matrix may increase stability beyond riprap |
alone. ;

I >

| |

i
;
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Flow concentrations will occur on riprapped embankments.o
Flow concentration factors of 1.0 to 3.0 are recommended to
adjust the design unit discharge,

A riprap design procedure was developed for sizing theo
median stone size for rock protection subjected to
overtopping flow.

G

_ _ _ _ _ __ _ _ _ _ _



_.

9. REFERENCES.

Abt, S. R., et al., May 1987, Develooment of Rioran Desien Criteria by
Riprao Testine in Flumes: Phase I, USNRC Report NUREG/CR 4651.
prepared for NRC by Colorado State Univeru;ty and Oak Ridge
National Laboratory.

Anderson, A. G. , A. S. Paintal, and J. T. Davenport, 1970, Tentative
Design Procedure for Riprao Lined Channels, Report 108, National
Cooperative Highway Research Program.

Barnes, H. H., 1967, Rouchness Characteristics of Natural Channels,
Water Supply Paper 1849, U.S. Geological Survey. j

Bathurst, J. C., 1985, "Flow Resistance Estimation in Mountain
Rivers," J. Hydrol. Eng., III (4), Paper 19661.

CDH (California Division of Highways, Department of Public Works),
1970, Bank and Shore Protection in California Highway Practice,
p. 423.

Chow, V. T., 1959, Oven-channel Hydraulies, McGraw Hill Book Co.

Codell, R. B., 1986, "Runoff from Armoured Slopes," Proceedings from
Geo technical and Geo hydrological Aspects of Vaste Management,
Colorado State University, Fort Collins, Colorado.

COE (U.S. Army Corps of Engineers), July 1970 Hydraulic Design of
Flood Control Channels, EM 1110 2 1601, U.S. Army Corps of
Engineers.

CO,1 (U.S. Army Corps of Engineers), May 1971, Encineerine and Design,
Additional Guidance for Riorno Channel Protection, ETL-1110 2-
120, Office of the Chief of Engineers, U.S. Army Corps of
Engineers.

DOI (U.S. Department of the Interior), 1978, Hedraulie Desien of
Stilline Basins and Energy Dissinators, Engineering Monograph 25
Bureau of Reclamation, U.S. Department of the Interior.

Jarrott, R. D., 1984, "Hydraulics of High Gradient Streams," 1.
Hydrol. Enc., ASCE 101 (11), 1519 39.

Lacey, G., 1946 1947, "A General Theory of Flow in Alluvium," 1.
Inst. Cly. Eng. , London, Vol. 27, Paper 55118, pp. 16 47.

Limerinos, J. T. ,1970, Etigraination of the Mannine's Coefficient
from Measured Bed Roughness in Natural Channels, Water Supply
Paper 1898 B, U.S. Geological Survey, Washington, D.C.

Mavis, F. T. , and L. M. Laushey,1948, "A Reappraisal of the
Beginnings of Bed Movement Competent Velocity," EIoceedines of
the International Association for Hydraulie Structurs Research,
Stockholm, Sweden.

83



. __ -__

.

84

Nelson, J. D., et al., May 1986, dsthodologies for Evaluating Lang-
Term Stabilization Designs of Uranium Mill Tailings Imooundmentg,
Phase I Report, NUREG/CR 4620, U.S. Nuclear Regulatory
Commission, Silver Spring, Maryland.

Richardson, E. V., et al., 1975, Highways in the River Environment -

Hydraulies and Environmental Desien Considerations, U.S.

D'epartment of Transportation. Available from Publications
Office, Engineering Research Center, Colorado State University,
Fort Collins, Colorado 80523.

Ruff, J. F. , et al. , August 1985, Rioraq_ Tests in Flood Control
Channels, prepared by Colorado State University for the U.S. Army
Corps of Enginaers, Waterways Experiment Station, Vicksburg,
Miss. , CER85 86JFR AS SRA EVR17.

Sherard, J . C. , L. P. Dunnigan, and J. R. Talbot, June 1984, "Basic
Properties of Sand and Gravel Tilters," J. Geotech. Enc. Div.,
ASCE 110 (6).

Sherard, J. L. , et al. ,1963, Earth and Earth Rock Dams, John Wiley.

Simons, D. B. and F. Senturk, 1977, Sediment Transport Technology,
Water Resources Publications, Fort Collins, Colorado.

Stephenson, D., 1979 "Rockfill in Hydraulic Engineering," pp. 50 60
in Develoomenta in Geotechnical Engineerine, Vol. 27, Elsevier
Scientific Publishing Co.

I
Strickler, A., 1923. "Beitrage zur Frage der Geschwindigkeits formel

I und der Rauhigkeitszahlen fur Strome, Kanale und Geschlossene
Leitungen" (Some contributions to the prcblems of the velocity
formula and roughness factor for rivers, canals and closed '

conduits), Mitt. Eide. Amtes Wasserwirtsch. , Bern, Switzerland,
No. 16 g.

Vanoni, V. A., ed., 1975, Sedimentation Encineering, prepared by the
American Society of Civil Engineers, Task Committees for
Preparation of Manual on Sedimentation, Sedimentation Committee
of Hydraulics Division, Manuals and Reports on Engineering
Practice, 54, New York, N.Y.

_



_ _ _ _ _ _ . _ _ _ _ _ _ _ _ - _ . _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ _

,

!

!

i

I

I

|
;

1
i

APPENDIX A !
; .

,

|
,

'
I RIPRAP, FILTER, AND SOIL GRAIN SIZE DISTRIBUTION

i
.

.

'

'
| -
;

I
:.
I
t

!

| i i
l

! I
. i
'

|F
'

: ,

,

1
'

i !

b

i,

'
\

,

i

I
,I

.

i I
| i
i ."

P

>

i
t r

]
: ;

i A

k

I
'

: ,

, ,

't |
i
>

|

ii

!
'

;

1

h'

!
,

i t
i ,

I

| t

| '
:

h

- - . , _ _ . . . - - - _ . - , - - - - _ _ _ _ _ , . - _ - - - - _ , , . - . - _ - _ , - - . . .-.- . . - . _ ._

_ .- - . . . . - , >.



lI| ; |

yw
Da

- - _ - - - _ - _ I

)
2
R f
C o
(

t
A 2 n

,e
eei.

n d zc
9 aiii

rsf0 2 g f
4 2 ee

f no'.

2 o c: :oR 3 u ns-
G D C o

in a C"t
ui) b .

t i eer rmp. ' i

( t a
sh

R i s
d 0E 5r .

T eDay
E z l t

. '

.uii
M s gm
A pnr

naaoI

i r fD api. '
ri n
CrAu

,

. ' .

2

A
'.

e
r
u' g
i
F'

.

- - _ - - - _ - _ 0
1

0 0 0 0 0 O
0 8 6 4 2
1

Ewzg $ e
0 d .

a .y
- - _ - - - _ - _ rnet1

g a pi
iam

fdhroeso
R m f

n di
n

o bf
.

i un
ti 8 u0 6 bDoo'.

i r4 r t
1

sp- nt .)
I :o : . en iaRiR 3 u i

( dr cG D C '
p .i.

R eief
E zrzf

i ieT s) so'

E I c.

nR eM iCn-
A a( o'.

s C,r tI

D C1
'

.

I.'.

A'.

e'
. r

- - _ - - - _ - _ 0 u1 g0 0 0 0 0 O i
0 8 6 4 2 F
1

Ewzg #



__ __- _. _ _ _ _ _ - - . _ . _ _ . _ _ _ _ . . _ . _ _ . - . _ _ _ _ . _ . _ _ . - - _ _ _ . _ _ .- _ _ . . _ - _ _ _

-

|
|

10 0 10 0 j. . . . . . .,... . . . . .

! GR 3 GR 4 '

| - - -
|

|

; Dg 2.0 in. A Dg4.0 in. R

80 - Cu : 2.14 - 80 - Cu :2.12 _

- - - .

;

: S0 - - 60 - -

r r ,

'

|w w
!

; z z
E A

|

$ $
40 - - 40 - - y

s-

1

-
- - - -

!

; 20 - - 20 - -

!.
1

_ - _
.

.

I' ' ' ' ' ' ' ' '
O O'' ' ' ' ' ' '

10 1.0 10 1.0

DIAMETER (in.) DIAMETER (in.)
1

Figure A.3. Crain size distribution of grade Figure A.4. Crain size distribution of grade 4 (CR4)
"" * ""* *!***3 (CR3) riprap. D - median riprap. D ~ "*

50 50;

; stone size. A - angular shape. R - rounded shape, C - coefficient of

C - coefficient of uniformity. uniformity.
u

!

. . - _ _ , _ . _ . . - . . _ _ _ _ _ _ . . _ . _ . . . _ _ . . . _ . . _ _ _ _ _ - _ _ _ - - - - _ , _ _ _ _ _ _ _ _ _ _ _



-

10 0 100, , , , , . . ,, , . . . . ,, , , , , , ,

_ GR 5
_ _

GR 6
_

D o: 4.0 in. A Dso: 2.0 in. R
'

'

3 .-
f

.i

CO - Cu : 2.30 - 80 - Cu: 2.14 _
'

_ _ _
_

60 - - 60 -
-

x xw wz - z- - - g _
_

$ $
40 - - 40 -

_ y
v.

- - _
_ |

|

|

20 - - 20 - - )

_ _ _ _

O '' ' ' ' ' ' ' I''' ' ' ' 'O *'' ' ' ' ' '

10 I.O 10 1.0 0.2
DIAMETER (in.) DIAMETER (in.)

Figure A.5. Crain size distribution of grade Figure A.6. Crain size distribution of grade 6 (CR6)
5 (CRS) riprap. D - mdian riprap. D ~ "* '*" * * "'*** ~50 50stone size. A - angular shape. rounded shape, C - coefficient of

"C, - coefficient of uniformity, uniformity.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ - - _ _ _ _ _
.

.-



_- .. . . . . . . - - . . . - . _ . - - .- - . . - _ . - . . - . - . . _ . _ _ _ _ - _ .- . . . . - = . . . - . .

I

!

: i
.

,

'1 100 !j 10 0 .. . . . . .g..
,

... . . . . .
4 i
'

GR 7 GR 8 - i
_ _ _ _

D o: 4.0 in. A! Da: 4.0 in. A 3
i

80 - Cu : 4.00 - 80 - Cu : 1.72 -

-

.

!

l
_ _ _ _

60 - - 60 - -

e r |

w w !

zi z ~ E
- ~

l
! w

i
i

ie
1 3- ;e

- y (40 - - 40 -

; *
1

i
; _ _ _

-
;

!,
- 20 -

-

t 20 -

:
1

3 _
_ _

_

!

i
I'O O |

''' ' ' ' '''' ' ' ' ' '

10 1.0 10 1.0 -

| DIAMETER (in.) DI AMETER (in.) l

i
,

i Figure A.7. Crain size distribution of grade Figure A.S. Crain size distribution of

7 (CR7) riprap. D - w dian grade 8 (CRS) riprap. D ~

50 50
stone size, A - angular shape, median stone size, A = angular

,
'

C - coefficient of uniformity. shape C - coefficient of |

uniformiYy. j"

i l

|
i |
t

_ _ ___ --- _ _ _- __._..._-_.____ - __._._.- _ _-_._ _ _ _ _ . _

-



ll||

.>4

2
0- - _ - - - _ - - .

0 l
f a
oi. r ,
nee
ot z

' i ai.

n t msi u f. '

9 7 b2 eo
i n. '1 8 rnot

' ) t ot n.

0 5 sise. .

it i' n2 1 danc: : '. i

a 0( d ai .i '

F 3 u eaif y

G D C R zrdft
igeeiE s mom

T r cr
E ne- o

i
fit

M al. '

A ri E
CfDCuI

D .. '
0
1

. ' A
e. '

r
u. '
g

. ' i
F. '

- - _ - - - _ - - 0'

1

0 0 0 0 0 O _

_

0 8 6 4 2 _
_
_

1 _
_

rwEu. .b
_

_2 .

0- - _ - _ - _ - - _

O. _

.

. '

.
. ' rl

ea.
ti'

. l rn. ' e-ii. ' ft
10 m C" .

a. '

5 2 J fi I

O) o y
1 ) .t0 n n1 ei1

oFzmi
I : : ( iCiroF 3 u R u f

t( so
G D C E b1 ei. '

i nnT rnouE t ot
M sisf. '

it oA dan
d atI

D eain. '

zrde
. ' i gei

s mcr i. ' ne
f
f

it. '

Mal. '
ri.

0 CfDc'
i

I
1

.

9

A
0 e- - _ - - - _ - -

r0 0 0 0 0 O2 u
0 8 6 4 2 g
1 i

F
E wE u. #

}



I|| i:l|| | l

,_

.

>E
2
O- - - - _ - _ - _

Q f
o

. ) -
n4 "i
oF*f
iCIf. '
t(de .

u * oy
b4 "ct. . '

n i i
rn~ r

i
m. '

t o9 I
. ' si 0 S1

I. ) it bf. '

dad ,i.

0 6. n d' n1

4 0 (i ea eug I

: : zr .z
F o i glifs o s asoG D C R ri

E neret
i t ennT al t oe

.
E riati

. '

M Cf msc
A_

_ I. ' .D 2
_

1
. '

A
. ' e

r
. ' ug. '

i
F. '

i ' 0- - - - _ - _ - _

0 0 0 0 0 O1
0 8 6 4 2
1

Ewzg #

2
0- - - - _ - _ - _

O
. '

. '

. '

. . '

n e. ni '
0 o. 4 '

4 4 f t. '
I. o sfg

3 O)I ) o
O n3 n1 .

oFatn3 iCini: : ( t(d eo u eiF s u R b3 mcG O C i iE. ' rn
f
f

T t o
E si 0e

i t 5oM d aDc. '

A d .

ea yI

D zr .t. '
i gl Y
s aCm, ' ri .rner o,

i t eef'

al t zi, '
riain
Cf msu. '

. '

O .g
I

11
1

A
e
r0 u- - - - - - _ - _

0 0 0 0 0 O2 g
i0 8 6 4 2 F1

mw:g #r

! ,



! !i i1| |

>*,

-

C
,

ez
- - _ E - ~ - - - _ i'R s,

U ' 1
,

0 eT '
n,

X 0 o
I t

Y M s
L nR T aO L i

I dO S e
',

P m
D
N -,

D A '

N S g,

A D
S D ',

E .

Y D e', rT A u
, ~ 6 L R t'

I

4 S G x
' i,

m:. - '

o M ) l', 1

0mC S iIi o
m s
(

t
R l

iE s
T -

E y', d
M n

aA s
I

D f ., '

oy
t

ni, ' om
ir
t o',

uf
bi' in,

ru', t
sf, '
io
d',

0 tI, en1 ze
ii
sc

i
nf
if
ae

' ro -
Cc

.

- - - - ~ - - - _ 0 3
_

0 0 0 0 0 O3 1 _
_0 8 6 4 2 A _

1

emwb o's* r
ug
i
F



_______ _ ___

1

100 , , , , , g.,,,, , , , g,,,,, , , , g.,

i

i Dso: 0.0031
-'

i Cu : 13.8
80 -

i CL : INORGANIC CLAY OF LOW TO
-

!

| MEDIUM PLASTICITY, SILTY CLAY
;

- -

;

! 60 - -

i x
' tsJ' z
I E ~ '~

.,

; .
'

1 >

|' 40 - - g
.

,

; - _

.

!

20 - -

1

i - .

!

i

! g ra 1,,,,, , i li i a n i i i , inin s a e i

| 1.0 0.1 0.01 0.0 01
: DIAMETER (mm) ;
i ,

I !
4

Figure A.14. Craic size distribution of silty-clay soil mixture. D - median stone size,g
.i C - coefficient of uniformity.
! u

|
1

E I

:

. - - . - - - . .-.._._ _--- ..,. - . , - . . . - - . . - . _ _ _ _ _ _ _ _ _ _ - - .



. - -- - - ... ...-- -- - . - _ _ . . _. _ .. _. - -_ -. . . . = _ _ - _ _ - - ..

i,

|s

1

1

j 10 0 g,,, , , , , , ,,,, , ,

t ,

I <

;

-

D,o: 0.0157 in. -

1 C : 7.91 80 -
u

! SC : CL AYEY SAND, POORLY GRADED
-

|

1
_ CLAY MIXTURE3 .

j ~~

.J-

l

i 60 -
-

r
4

taJ
Z
.

ta.
-

-

! $ Y40 -
- 0.,

I
; _

-
i

I

i

1 20 -
-

;

i
-

-

i

I''' I'''i O ' ' ' ' ' ' ' '
3.0 1.0 0.1 0.04

.

1 DIAMETER (mm)
1

i
1

)
Figure A.15. Crain size distrikation of the clayey-sand soil mixture. D - median stone size,gC, - coefficient of uniformity.

1

i
i

1

!

-----n---,,---,,_., _ _n---. . - - - - - , ---,,..,.---,.,--...----n.----~,n--...- - .- , -.---,-,- - --, , , ,,- ,-



_ _ _ - _ _ _ _ _

APPENDIX B

St.HMARY OF INTERSTITIAL VELOCITY PROFILES

|

. _ . . . . .



. .. -

;

1

B3

APPENDIX B DEFINITIONS

d depth of flow

D median stone size$0

D diameter at which 106 of the sample weight is finer10

C coefficient of uniformityu

n porosityp

Q channel discharge

q discharge per foot of vidth |
|

A cross sectional area

g acceleration of gravity

S gradient

V velocity of flow
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_-- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __,

Tcble C.1. (conciaued)

Median Area Darcy.Vetsbach
Stone surface Yetal of Freude Shields * Seyteld's Triction

Run Fiero Stre Discharpe rischarge Slope Depth Yelecity Tiow haber Manning's Coefficient haber Facter
f

SO s T C, E,No. No. D O N 5 :>-8 Y A F n

(in.) (cfs) (cfe) (ft) (fpe) (f t )
8

_

31 11 2.00 S.% 7.40 0.10 0.11 4.31 1.29 2.32 0.025 0.039 69 % 0.149
31 7 2.00 1.20 9."4 0.10 0.14 4.26 1.09 2.00 0.030 0.031 7960 0.200
11 to 2.00 7.20 9.04 0.10 0.13 3.98 1.81 1.81 0.033 0.033 8238 0.246
31 11 2.00 7.20 9.04 0.10 0.15 4.14 1.74 1.92 0.031 0.053 8077 0.218
31 12 2.00 7.20 9.04 0.10 0.11 S.26 1.37 2.74 0.021 0.042 7167 0.106
31 7 2.00 7.99 9.83 0.10 0.14 4.59 1.74 2.13 0.028 0.053 8077 0.177
il 9 2.00 7.99 9.83 0.10 0.12 S.59 1.43 2.8% 0.020 0.043 7322 0.098
11 10 2.00 7.99 9.83 0.10 0.16 4.08 1.96 1.78 0.0% 0.059 8S72 0.253
31 11 2.00 7.99 9.8) 0.10 0.16 4.23 1.89 1.88 0.032 0.037 8418 0.227
31 12 2.00 7.99 9.83 0.10 0.12 S.44 1.47 2.74 0.021 0.045 7424 0.107
31 7 2.00 10.11 11.99 0.10 0.17 4.86 2.09 2.03 0.030 0.063 88S2 0.190
31 10 2.00 10.15 11.99 0.10 0.18 4.39 2.21 1.89 0.033 0.067 9103 0.22S
31 11 2.00 10.15 11.99 0.10 0.20 4.25 2.39 1.68 0.038 0.072 9466 0.284
31 12 2.00 10.15 11.99 0.10 0.23 3.73 2.72 1.38 0.047 0.082 10098 0.419

4
,

I 32 11 2.00 S.S0 7.34 0.10 0.16 2.79 1.97 1.21 0.0SO O.060 8594 0.%3
! 32 12 2.00 S.50 7.% 0.10 0.14 3.33 1.65 1.58 0.038 0.030 7865 0.319 O
l 12 11 2.00 1.01 8.8S 0.10 0.19 3.02 2.32 1.21 0.032 0.070 9326 0.%S $

32 12 2.00 7.01 8.8) 0.10 0.15 3.79 1.8% 1.70 0.0% 0.0% 8328 0.277
32 11 2.00 5.28 10.12 0.10 0.21 3.3% 2.47 1.30 0.049 0.075 9623 0.472
32 12 2.00 8.28 10.12 0.10 0.18 3.94 2.10 1.66 0.037 0.064 8873 0.290 1

32 11 2.00 9.57 11.41 0.10 0.22 3.63 2.62 1.38 0.047 0.079 9911 0.422 |

32 12 2.00 9.37 11.41 0.10 0.19 4.16 2.30 1.67 0.038 0.070 9286 0.285 |
32 11 2.00 10.69 12.33 0.10 0.23 3.93 2.72 1.4% 0.044 0.082 10098 0.378 !

12 12 2.00 10.69 12.53 0.10 0.20 4.55 2.35 1.81 0.035 0.071 9386 0.244 |

32 7 2.00 11.48 13.32 0.10 0.30 3.18 3.61 1.02 0.066 0.109 11634 0.764
32 11 2.00 11.48 13.32 0.10 0.23 4.24 2.71 1.57 0.041 0.082 100e9 0.324
32 12 2.00 11.48 13.32 0.10 0.21 4.39 2.50 1.77 0.0% 0.076 9681 0.255

% 7 2.00 %.94 7.94 0.10 0.21 2.36 2.52 0.91 0.070 0.076 9720 0.974
% 8 2.00 S.94 7.94 0.10 0.20 2.49 2.39 0.98 0.064 0.072 9466 0.831
% 9 2.00 S.96 7.94 0.10 0.21 2.38 2.50 0.92 0.070 0.076 9681 0.951
34 to 2.00 3.94 7.94 0.70 0.11 4.60 1.29 2.47 0.023 0.039 69 % 0.131
34 11 2.00 S.94 7.94 0.10 0.16 3.0% 1.95 1.33 0.046 C.039 8150 0.451
% 12 2 00 S.94 7.94 0.10 0.14 3.49 1.70 1.64 0.037 0.032 7983 0.299
34 7 2.00 8.06 10.06 0.10 0.24 2.81 2.87 1.01 0.064 0.Os1 10373 0.781
34 8 2.00 8.06 10.06 0.10 0.23 2.89 2.79 1.M O.062 0.08S 10227 0.718
% 9 2.00 8.04 10.06 0.10 0.24 2.78 2.90 1.00 0.066 0.088 10427 0. f74
% 10 2.00 8.06 10.06 0.10 0.13 S.07 1.59 2.45 0.024 0.048 7721 0. W
% II 2.00 8.06 10.06 0.10 0.20 3.29 2.45 1.28 0.0S0 0 074 9584 0.446
% ;2 2.00 8.06 10.06 0.10 0.1% 4.36 1.85 1.96 0.031 0.054 8328 0.209
% 7 2.00 9.62 11.62 0.10 0.2% 3.24 2.97 1.15 0.037 0.090 10SS2 0.608
% 8 2 00 9.62 11.62 0.10 0.24 3.33 2.89 1.20 0.0SS 0.038 10409 0.%0
% 9 2.00 9.62 11.62 0.10 0.26 3.0% 3.15 1.05 0.063 0.093 10867 0.725
34 10 2.00 9.62 11.62 0.10 0.17 4.83 1.99 2.09 0.029 0.060 8638 0.183
% 11 2.00 9.62 11.62 0.10 0.24 3.38 2.85 1.22 0.053 0.086 10337 0.S37
% 12 2.00 9.62 11.62 0.10 0.18 4.47 2.13 1.86 0.033 0.MS 8978 0.231
34 7 2.00 11.15 13.13 0.10 0.27 3.41 3.27 1.15 0.058 0.079 11072 0.604
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Table C.l. (continued)

Median Area Darcy.Weinbach
Stone Surface Total of Froude Shields * Reynold's Friction

Run Fieze Size Discharge Discharge Slope Depth Velocity Flow Number Manning's Coefficient Number Factor
fC, R,No. No. D N N S D- E V A F n

50 s T

(in.) (cfs) (cfs) (ft) (fps) (ft')

40 4 4.00 19.14 21.34 0.10 0.34 4.73 4.05 1.43 0.048 0.061 24 % 5 0.389
40 11 4.0C 19.14 21.34 0.10 0.39 4.08 4.69 1.15 0.062 0.071 2621 0.605
40 7 4.Or 26.33 25.53 0.10 0.54 4.08 6.45 0.98 0.076 0.098 n101 0.831
40 8 4.00 26.33 28.53 0.10 0.42 5.21 5.05 1.42 0.051 0.077 27520 0.399 |

40 7 4.00 30.35 32.55 0.10 0.58 4.34 6.99 1.00 0.075 0.106 32377 0.796 ;

40 4 4.00 30.35 32.55 0.10 0.47 5.37 5.65 1.38 0.053 0.086 29109 0.420 ;

40 11 4.00 30.35 32.55 0.10 0.55 4.61 6.59 1.10 0.068 0.100 31437 0.667
40 12 4.00 30.35 32.55 0.10 0.55 4.58 6.63 1.09 0.069 0.100 31532 0.679
40 7 4.00 35.78 37.98 0.10 0.60 4.94 7.25 1.12 0.068 0.110 32974 0.639
40 8 4.00 35.78 37.98 0.10 0.58 5.15 6.95 1.19 0.063 0.105 32284 0.563
40 9 4.00 35.76 37.98 0.10 0.64 4.65 7.69 1.02 0.075 0.117 33959 0.763
40 11 4.00 35.78 37.98 0.10 0.60 4.98 7.19 1.13 0.067 0.109 32537 0.623
40 12 4.00 35.78 37.98 0.10 0.59 5.02 7.13 1.15 0.066 0.108 32700 0.608
40 7 4.00 38.60 40.80 0.10 0.64 5.05 7.65 1.11 0.069 0.116 ~33871 0.645
40 8 4.00 38.60 40.80 0.10 0.55 5.80 6.65 1.37 0.055 0.101 31580 0.424
40 9 4.00 38.60 40.80 0.10 0.67 4.83 7.99 1.04 0.074 0.121 34615 0.735
40 11 4.00 38.60 40.80 0.10 0.38 8.41 4.59 2.40 0.029 0.070 26236 0.139 o
40 12 4.00 38.60 40.80 0.10 0.53 6.10 6.33 1.48 0.050 0.096 30811 0.365 4

42 7 4.00 14.40 16.70 0.?0 0.0a 3.87 3.72 1.23 0.056 0.056 23619 0.533
42 8 4.00 14.40 16.70 U.1. 0.33 3.68 3.91 1.14 0.060 0.059 24215 0.619
42 9 4.00 14.40 16.70 0.10 0.33 3.62 3.98 1.11 0.062 0.060 24431 0.653
42 10 4.00 14.40 16.70 0.10 0.19 6.34 2.27 2.57 0.024 0.034 18451 0.121
42 11 4.00 14.40 16.70 0.10 0.21 5.62 2.56 2.15 0.030 0.039 19594 0.174
42 12 4.90 14.40 16.70 0.10 0.27 4.18 3.29 1.47 0.045 0.050 22212 0.369
42 7 4.00 19.56 21.86 0.10 0.38 4.23 4.62 1.20 G.059 0.070 2632; 0.553
42 8 4.00 19.56 21.86 0.10 0.38 4.24 4.61 1.21 0.059 0.070 26293 0.550
42 9 4.00 19.56 21.86 0.10 0.39 4.28 4.68 1.18 0.060 0.071 26492 0.575
42 10 4.00 19.?' 21.86 0.10 0.25 6.59 2.97 2.33 0.028 0.045 21105 0.147
42 11 4.00 19. , 21.86 0.10 0.27 6.00 3.26 2.03 0.033 0.049 22111 0.194
42 12 4.00 19.56 21.86 0.10 0.32 5.16 3.79 1.62 0.042 0.057 23841 0.305
42 7 4.00 24.76 27.06 0.10 0.43 4.84 5.12 1.30 0.055 0.078 27710 0.470
42 8 4.00 24.76 27.06 0.10 0.44 4.66 5.31 1.24 0'.059 0.080 28219 0.524
42 9 4.00 24.76 27.06 0.10 0.43 4.78 5.18 1.28 0.056 0.078 27872 0.487
42 10 4.00 24.76 27.06 0.10 0.29 7.14 3.47 2.34 0.029 0.053 22812 0.146
42 11 4.00 24.76 27.06 0.10 0.33- 6.25 3.96 1.91 0.036 0.060 24369 0.217
42 12 4.00 24.76 27.06 0.10 e.36 5.71 4.34 1.67 0.042 0.066 25512 0.286
42 7 4.00 30.32 32.62 0.10 0.51 4.95 6.12 1.22 0.061 0.093 30295 0.535
42 8 4.00 30.32 32.62 0.10 0.50 5.04 6.01 1.26 0.059 0.091 30022 0.507
42 9 4.00 30.32 32.62 0.10 0.46 5.53 5.48 1.44 0.050 0.083 28667 0.384
42 10 4.00 30.32 32.62 0.10 0.30 8.49 3.57 2.74 0.025 0.054 23138 0.106
42 11 4.00 30.32 32.62 0.10 0.36 6.95 4.36 2.03 0.034 0.066 25571 0.194
42 12 4.00 10.32 32.62 0.10 0.41 6.14 4.94 1.69 0.042 0.075 27218 0.282
42 7 4.00 36.10 38.40 0.10 0.55 5.45 6.62 1.29 0.058 0.100 31508 0.478
42 8 4.00 36.10 38.40 0.10 0.54 5.55 6.51 1.33 0.056 0.099 31245 0.454
42 9 4.00 36.10 38.40 0.10 0.49 6.14 5.88 1.55 0.048 0.089 29695 0.335
42 10 4.00 36.10 38.40 0.10 0.33 9.09 3.97 2.79 0.025 0.060 24400 0.103
42 11 4.00 36.10 38.40 0.10 0.37 8.09 4.46 2.34 0.030 0.068 25862 0.146

_ _ _ _ . _ _ _ _ - .
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Table C.l. (continu:d)
c

Median Area Darcy-Velsbach
Stone surface Total of Frouda Shields * Reynold's Friction

Run Floro Size Discharge Discharge slope 7;epth Velocity Flow Number Manning's Coefficient Number Factor
No. No. D N S 5 IHL V A F n C R, f50 a T

(In.) (cfs) (cfs) (ft) (fps) (ft )2

42 12 4.00 36.10 38.40 0.10 0.44 6.82 5.29 1.81 0.040 0.080 28166 0.244
42 7 4.00 39.83 42.13 0.10 0.59 5.59 7.12 1.28 0.059 0.108 32677 0.488
42 8 4.00 39.83 42.13 0.10 0.58 5.68 7.01 1.31 0.058 0.106 32423 0.466
42 9 4.00 39.83 42.13 0.10 0.52 6.44 6.28 1.55 0.048 0.095 30689 0.335

44 7 4.00 20.99 24.39 0.10 0.30 5.90 3.56 1.91 0.035 0.054 23106 0.220
44 4 4.00 20.99 24.39 0.10 0.25 7.12 2.25 2.53 0.026 0.045 21033 0.125
44 9 4.00 20.99 24.39 0.10 0.32 5.44 3.86 1.69 0.041 0.058 24060 0.280
44 11 4.00 20.99 24.39 0.10 0.47 3.11 5.66 0.95 0.077 0.086 29134 0.883
44 7 4.00 26.80 30.20 0.10 0.38 5.94 4.51 1.71 0.041 0.068 26007 0.274
44 8 4.00 26.80 30.20 0.10 0.33 6.70 4.00 2.05 0.034 0.061 24492 0.191
44 9 4.00 26.80 30.20 0.10 0.38 5.94 4.51 1.71 0.041 0.068 26007 0.274
44 10 4.00 26.80 30.20 0.10 0.55 4.10 6.54 0.98 0.077 0.099 31317 C.836
44 11 4.00 2 .8C 30.20 0.10 0.53 4.21 6.36 1.02 0.073 0.096 30881 0.769
44 7 4.00 31.98 35.38 0.10 0.43 6.26 5.11 1.69 0.042 0.077 27683 0.280
44 4 4.00 31.98 35.38 0.10 0.38 6.95 4.60 1.98 0.036 0.070 26265 0.204
44 9 4.00 31.98 35.38 0.10 0.42 6.32 5.06 1.72 0.042 0.077 27547 0.272 0
44 10 4.00 31.98 35.38 0.10 0.59 4.51 7.09 1.03 0.073 0.107 32608 0.748 k
44 11 4.00 31.98 35.38 0.10 0.56 4.80 6.66 1.14 0.066 0.101 31603 0.620
44 12 4.00 31.98 35.38 0.10 0.60 4.44 7.21 1.01 0.075 0.109 32882 0.787
44 P7 4.00 35.51 38.91 0.10 0.45 6.50 5.46 1.70 0.043 0.083 28615 0.277
44 8 4.00 35.51 38.91 0.10 0.38 7.72 4.60 2.20 0.032 0.070 26265 0.166
44 9 4.00 35.51 38.91 0.10 0.44 6.75 5.26 1.80 0.040 3.080 28086 0.248
44 10 4.00 35.51 38.91 0.10 0.59 5.04 7.04 1.16 0. 0".5 0.107 32493 0.594
44 11 4.00 35.51 38.91 0.10 0.55 5.37 6.61 1.28 0.059 0.100 31485 0.492
44 12 4.00 35.51 38. 1 0.10 0.57 5.23 6.78 1.23 0.061 0.103 31896 0.532
r.4 9 4.00 37.17 40.57 0.10 0.46 6.81 5.46 1.78 0.041 0.083 28615 0.253
44 10 4.00 37.17 40.57 0.10 0.53 5.84 6.37 1.41 0.053 0.097 30908 0.402
44 11 4.00 37.17 40.57 0.10 0.51 6.13 6.06 1.52 0.049 0.092 30146 0.346
44 12 4.00 37.17 40.57 0.10 0.57 5.46 6.81 1.28 0.059 0.103 31957 0.491
44 7 4.00 42.05 45.45 0.10 0.49 7.18 5.86 1.81 0.041 0.089 29645 0.244
44 9 4.00 42.05 45.45 0.10 0.45 7.87 5.34 2.08 0.035 0.081 28299 0.185
44 10 4.00 42.05 45.45 0.10 0.54 6.48 6.49 1.55 0.048 0.098 31197 0.332
44 11 4.00 42.05 45.45 0.10 0.48 7.24 5.81 1.83 0.'040 0.088 29518 0.238
44 12 4.00 42.05 45.45 0.10 0.61 5 .1. 7.36 1.29 0.059 0.112 33223 0.464

46 8 2.00 1.86 3.50 0.10 0.11 1.40 7 33 0.74 0.078 0.040 7061 1.460
46 12 2.00 1.86 3.50 0.10 0.b8 1.84 1.12 0.049 0.031 6154 0.639
46 7 2.00 3.85 5.49 0.10 0.14 2.23 1.03 0.058 0.052 8054 0.750
46 8 2.90 3.85 5.49 0.10 0.16 2.01 a... 0.88 0.069 0.058 8484 1.025
46 12 2.00 3.85 5.49 0.10 0.09 3.47 1.11 2.01 0.028 0.034 6451 0.198
46 7 2.00 5.25 6.89 0.10 0.17 2.64 1.99 1.14 0.054 0.060 8638 0.614
46 8 2.00 5.25 6.89 0.10 0.19 2.35 2.23 0.96 0.065 0.068 9144 0.864
46 12 2.00 5.25 6.89 0.10 0.11 3.86 1.36 2.02 0.029 0.041 7141 0.196
46 7 2.00 6.63 8.27 0.10 0.19 2.96 2.24 1.21 0.052 0.068 9164 0.549
46 8 2.00 6.63 8.27 0.10 0.21 2.62 2.53 1.01 0.064 0.077 9739 0.791
46 10 2.00 6.63 8.27 0.10 0.11 4.95 1.34 2.61 0.022 0.041 7083 0.118
46 11 2.00 6.63 8.27 0.10 0.11 5.22 1.27 2.83 0.020 0.038 6900 0.100

_ _ - - _ _ _ _ _ _ _ _ _ _
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Table C.1. (continued),

4

Median Area Darcy.Uelsbach
j Stees surface Total of Froude Shields * Reynold's Friction

Run F1eze Size Discharle Discharge slope '7th Velocity Flow Number Manning's Coefficient Number Factor,

C, R, fR V A F nNo. No. D N O 3 --
50 a T

ai (in.) (cfs) (cfs) (ft) (fps) (fc )

| 46 12 2.00 6.63 8.27 0.10 0.16 3.38 1.96 1.48 0.042 0.059 8572 0.368

48 8 4.00 7.76 9 94 0.10 0.20 3.30 % 1.31 0.048 0.036 18773 0.463
48 10 4.00 7.76 9.94 0.10 0.18 3.64 . A 1.52 0.041 0.032 17873 0.344

i 48 8 4.00 10.93 13.11 0.10 0.28 3.26 4.35 1.09 0 062 0.051 22414 0.676
? 48 10 4.00 10.93 13.11 0.10 0.23 4.00 . 73 1.48 4.044 0.041 20234 0.366
; 48 11 4.00 10.93 13.11 0.10 0.32 2.81 3.89 0.87 0.079 0.059 24153 1.058
1 48 8 4.00 16.35 18.53 0.10 0.36 3.80 4.30 1.12 0.062 0.065 25394 0.638
| 48 9 4.00 16.35 18.53 0.10 0.41 3.36 4.86 0.93 0.076 0.074 26997 0.922

44 10 4.00 ;6.35 18.53 0.10 0.29 4.74 3.45 1.56 0.043 0.052 22746 0.330'

1 48 11 4.00 16.35 18.53 0.10 0.38 3.56 4.59 1.01 0.070 0.070 26236 0.777
| 48 7 4.00 20.36 22.54 0.10 0.47 3.58 5.69 0.92 0.080 0.086 29211 0.9%
il 48 8 4.00 20.36 22.54 0.10 0.34 5.03 4.02 1.52 0.045 0.061 24645 0.344
] 48 9 4.00 20.36 22.54 0.10 0.45 3.76 5.41 0.99 0.073 0.082 28484 0.820

48 10 4.00 20.36 22.54 0.10 0.34 5.00 4.07 1.51 0.046 0.062 24706 0.349t

! 48 11 4.00 20.36 22.54 0.10 0.45 3.78 5.39 0.99 0.073 0.082 28431 0.811
48 7 4.00 23.91 26.09 0.10 0.51 3.88 5.16 0.95 0.078 0.093 30394 0.878 0

1

48 8 4.00 2331 26.09 0.10 0.38 5.22 s.58 1.49 0.047 0.069 26208 0.361 6
48 9 4.00 23.91 26.09 0.10 0.48 4.12 3.81 1.04 0.070 0.088 29518 0.736
48 10 4.00 23.91 26.09 0.10 0.34 5.90 4.05 1.79 0.039 0.061 24645 0.249

I' 48 11 4.00 23.91 26.09 0.10 0.35 5.27 4.54 1.51 0.047 0.069 26093 0.351
i 48 12 4.00 23.91 26.09 0.10 0.44 4.53 5.28 1.20 0.060 0.080 28139 0.553
; 48 7 4.00 26.75 28.93 0.10 0.52 4.27 6.27 1.04 0.071 0.095 30664 0.739

48 8 4.00 26.75 28.93 0.10 0.43 5.21 5.13 1.41 0.051 0.078 27737 0.405,

! 48 9 4.00 26.75 28.93 0.10 0.48 4.60 5.81 1.17 0.063 0.088 29518 0.588
48 10 4.0d 26.75 23.93 0.10 0.31 6.77 3.95 2.08 0.033 0.060 ?4339 0.185

1 48 11 4.00 26.75 28.93 0.10 0.40 5.52 ~. 8 5 1.53 0.047 0.073 26969 0.342
! 48 12 4.00 26.75 28.93 0.10 0.47 4.79 5.58 1.24 0.059 0.085 28928 0.521

51 7 4.00 25.61 29.76 0.10 0.47 4.57 5.61 1.18 0.062 0.085 29005 0.578
51 8 4.00 25.61 29.76 0.10 0.36 6.01 4.26 1.78 0.039 0.065 25276 0.253

,

51 9 4.00 25.61 29.76 0.10 0.45 4.71 5.44 1.23 0.059 G.082 28563 0.327
51 10 4.00 25.61 29.76 0.10 0.29 7.34 3.49 2.40 0.028 0.053 22S78 0.139
51 11 4.00 25.61 29.76 0.10 0.33 6.45 3.97 1.98 0.035 0.060 24400 0.205-

51 12 4.00 25.61 17.76 0.10 0.35 6.08 4.21 1.81 0.038 0.064 25127 0.244
51 7 4.00 33.05 37.20 0.10 0.53 5.24 6.31 1.27 0.058 0.096 30762 0.494
51 8 4.00 33.05 37.20 0.10 0.47 5.84 5.66 1.50 0.049 0.086 29134 0.356
51 9 4.00 33.05 37.20 0.10 0.52 5.25 6.29 1.28 0.058 0.095 30713 0.489
51 10 4.00 33.05 37.20 0.10 0.38 7.20 4.55 2.05 0.034 0.070 26236 0.190
51 11 4.00 33.05 37.20 0.10 0.43 6.39 5.17 1.72 0.042 0.c78 27845 0.272
51 12 4.00 33.05 37.20 0.10 0.42 6.60 5.01 1.80 0.040 0.076 27410 0.247

|' 51 7 4.00 39.95 44.1C 0.10 0.58 5.78 6.91 1.34 0.056 0.105 32191 0.444
i 51 8 4.00 39.95 44.10 0.10 0.53 6.28 6.36 1.52 0.049 0.096 30883 0.346
I 51 9 4.00 39.95 44.10 0.10 0.57 5.88 6.79 1.38 0.055 0.103 31910 0.421
1 51 10 4.00 39.95 44.10 0.10 0.42 8.01 4.99 2.19 0.033 0.076 27356 0.167

51 11 4.00 39.95 44.10 0.10 0.48 6.92 5.77 1.76 0.042 0.087 29416 0.258*

51 12 4.00 39.95 44.10 0.10 0.46 7.25 5.51 1.89 0.039 0.083 28746 0.225
51 7 4.00 45.26 49.41 0.10 0.63 5.95 7.61 1.32 0.058 0 115 33782 0.462
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Table C.l. (continued)
4

Median A rea . . Darcy.Ua1sbach
Steen Surface Total of Frauen Shields * Reynold's Friction

Run riese Size Lischarge Discharge Slope Depth velocity Flow Number Itamning's Coefficient Mr Facter
No. Ile. D N O'f S D-R V A F n C R, fSO s

| (1a.) (cfs) (cfs) (ft) (fys) -(fts)
1

i 51 9 4.00 45.26 49.41 0.10 0.56 6.7b 6.16 1.57 0.048 0.102 31840 ' O.324
" S1 9 4.0L 45.26 49.41 0.20 0.53 5 96 1.59 1.32 0.058 0.115 33734 0.454
! 51 10 4.00 45.26 49.41 0.10 0.42 8.89 5.09 2.41 0.030 0.077 2762s 0.138
1 51 11 4.00 45.26 49.41 0.10 0.46 8.13 5.57 2.10 .0.C35 0.044 28M2 0.181
; 51 12 4.00 45.26 49.41 0.10 0.46 8.21 5.51 2.14 0.034 0.043 28746 0.175
i
1

"Data computed by IEIE PC; therefore, rounding effects may be neglected,

f O /12
-m DS#~ ~

(c,1) Dgc

:

I

,. 1.486 32/3 I/2S A R -

| 's - - ?
e*

g o.

} Y, it/s v - 1.41 x 10~ ft /s at 50*F
1
I

A - 12 x D ft fU,
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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
0 to 4 0 Riprap design criteria for overtopping flows were developed in terms of
u$tdischhg.e at failure, interstitital velocities tnd 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 stabilizatien. A riprap design procedure is presented for
overtopping flow conditions.
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