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NOTICE

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, or any of their
employees, makes any warranty, expressed or implied, or assumes any legal liability of re-
sponsibility for any third party's use, or the results of such use, of any information, apparatus,
product or process disclosed in this report, or represents that its use by such third party would
not infringe privately owned rights
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Most documents cited in NRC publications will be available from one of the following sources:

1. The NRC Public Document Room,1717 H Street, N.W.
Washington, DC 20555

2. The Superintendent of Documents, U.S. Government Printing Office, Post Office Box 37082,
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3. The National Technical information Service, Springfield, VA 22161

| Although the listing that follows represents the majority of documents cited in NRC publications,
! it is not intended to be exhaustive.

Referenced documents available for inspection and copying for a fee from the NRC Public Docu.
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Licensee Event Reports; vendor reports and correspondence; Commission papers; and applicant and
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ABSTRACT
7

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 layers with median stone sizes of 1, 2, 4, 5 and/or 6

inches. 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,

potential impacts of the filter blanket on the riprap. layer stability, and

the effects of flow concentrations on the riprap stability. The res'ulting

riprap design criteria were compared to the Stephenson, the U.S. Army Corps

of Engineers, the U.S. Bureau of Reclamation, and the Safety' Factors methods

for' riprap stone design; the f.eps relation for tinterstitial- velocities

through riprap; and the Anderson et al. and Corps of Engineers relationships

for estimating Manning's n values for resistance to flow.
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NOTATION

,

Symbol Term

A . Cross-sectional area of flow

.a coefficient

C. Constant.-

' C - Bed critical Shield's coefficient
.c

C' Concentration factorf

CSU Colorado State University

. C0E U.S. Army Corps of Engineers4

C Coefficient of uniformity -u

Cz- Coefficient of gradation
.

1 D Depth of flow

D Soil diameter at which x percent of the soil weight is finerx

D50 Median stone size

e Void ratio
,

'

F Froude number

i
Fd Drag force

Fj Lift force

f Darcy-Weisbach friction factor

. Gs Specific gravity

g Acceleration of gravity

i Slope of embankment

K Oliviers' constant

k Equvaient channel boundary surface roughness

n Manning's roughness coefficient
;

|
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Symbol Term

nCSU Manning's roughness coefficient . determined from tests
performed at CSU

nC0E' Manning's roughness coefficient determined from U.S. Army .
Corps of Engineers methods ,

- nANDER. . Manning's roughness coefficient determined from Andersons's
method

n Porosity..p.

. Q Channel discharge

Qc Total channel.. discharge

91 Qf Failure discharge

Qt Interstitial discharge

Q3 Surface discharge -

- QT Total discharge

q Unit discharge

c Unit' flow rate through channelo
,

qr ' Unit failure discharge |
q*m Stephenson's unit threshold flow at which movement of stones

commences

gf** Stephenson's unit failure flow rate

q* Unit discharge per inch of riprap thickness

R Hydraulic radius of channel

R Reynolds numbere
,

r2 Regression coefficient

S Slope of embankment

S Safety factor of riprap rolling down with, no flowm

SF Safety Factors method

xii
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Symbol Term

STEPH Stephenson's method

t Time elapsed af ter starting the test

tr-- Total time of test

USBR U.S. Bureau of Reclamation

V Surface flow velocity

Vb localized bottom velocity of flow

V ax Maximum localized surface velocitym

VCSU Interstitial velocity determined from tests performed at- CSU

V eps. Interstitial velocity determined from Leps methodL

W Emperical constantm

W Weight of stone '

3

Slope anglea

B Wave front angle

7 Unit weight

ys Unit weight of surface-dry but saturated stone

Tw Unit weight of water

4 Stability number for riprap on a plane bed
_

n' Stability number. for riprap on a side slope

e Angle of slope measured from horizontal-

& Friction angle

A Angle between horizontal and velocity vector

Kinematic viscosityv

7 Shear stress

o Bed shear stresst

to ' Local boundary shear stress

xiii
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1. . INTRODUCTION

- 1.1 GENERAL
|

2 - The protection of thE public health and environment from the potential'

hazards of waste materials has stimulated the assessment of waste stabiliza-

tion design procedures and methods. Current stabilization methods cap the

waste materials with an earthen cover. Reclamation standards require that
<

- waste impoundments be designed and constructed to insure the long-term
4

stabilization for periods of 200 to 1000 years.

One means of providing long-term stabilization of a waste impoundment-

is to place a protective filter blanket and riprap layer over the' cover.

Nelson et al. (1986) indicated that when riprap protection is considered,
,

alternative design procedures should be used for different zones of the

impoundment. The riprap design should protect the impoundment from regional

and localized flooding conditions which affect the embankment toe and side

slopes in the flood plain.

Furthermore, riprap design procedures should also protect the impound-

ment cap and side slopes from overtopping flows that may occur. The riprap
- design procedures must be conservative enough to insure cover stabilization

yet be economically advantageous to warrant the use of riprap. Established

and field tested design procedures exist that stabilize embankment toes and

bank slopes for traditional channel flow conditions. Unfortunately, an

established, field tested design procedure for application in' overtopping
4 situations is not available.

1
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2

1.2 OBJECTIVES

The objective of this investigation was to provide riprap design
,

I
icriteria for overtopping flows. A series of laboratory experiments were

,

conducted to:

(a) Determine the unit discharge, slope, and stone size relationships
of a riprap system at incipient failure;

j (b) Determine the interstitial velocities within the riprap layer;

s

(c) Determine the resistance to surface flows over the riprap; and,

(d) Identify the effects of the filter blanket, flow channelization,
and time on the riprap stability.

The results of the experimental program are compared to existing design

procedures where applicable.

|

I
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2. DESCRIPTION OF FACILITIES AND ARM 0 RING MATERI ALS

2.1 INTRODUCTION

The experimental program was conducted in two flume facilities located

at the Engineering Research Center of Colorado State University. An outdoor
,

fiume was utilized for simulating steep, embankment side slopes (,) 10%)

while an indoor laboratory fiume was used for simulating flat slopes

(< 10%). Each fiume was modified to enable prototype testing of riprap

covered slopes to evaluate the flow conditions and the stability of the
riprap layer.

2.2 00T000R FACILTY

The outdoor facility (flume la) is a concrete flume that is 180-feet

(54.9 m) long, 20-feet (6.1 m) wide, and 8-feet (2.4 m) deep. The flume is

shown in Fig. 2.1. The fiume was modified so that the upper 20 feet 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 twelve feet wide to allow a concentration of flow onto

the embankment. The test embankment extended 40 feet 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-inch butterfly valve located just upstream of

3

0
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the fl'ume served to control. inflow to the inlet basin. A sonic flow meter

was used to determine inlet discharges.

The test embankment was construt.ted of a moistened, compacted and in
'

the test-section. The initial 15 feet of the embankment was horizontally

placed simulating the top of a~ tailings pile. The embankment transitioned .,

to a 2d% slope simulating the $ teep side slope of a reclaimed tailings pile.3

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. However, the geofabric prevented the sand embankment

from massive failure thereby minimizing turn-around time between

experiments .
.

A 6-inch 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 i

I prescribed layer thickness.

A catwalk and observation platform were constructed and placed on top ,

of the flume. The catwalk served to allow access _to any portion of the test
4

section for data acquisition. The observation platform was used for video

j taping each record test.

2.3 INDOOR FACILITY
i

;

The indoor facility (flume Ib), located in the Hydraulic Laboratory, is4

a steel fiume that is 200-feet (61 m) long, 8-feet (2.4 m) wide, and 4-feet

(1.2 m) deep as shown in Fig. 2.2. The fiume is mounted on top of jacks

- _ . - - - . ._ - -
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that allow the slope to vary from 0 to 3%. The pumping system .is capable of

circulating up to 100 cfs. : Discharges were measured with orifices located
1

in the water supply pipelines

The fiume inlet was modified so flows entered the head box, discharged

through a diffuser, and transitioned into the flow development section.

Rock was fixed in the upstream 80 feet of the flume to establish uniform

turbulent approach flow conditions in the channel. A 20-foot transition

section was constructed linking the approach to the 50-foot riprap test

section. The remainder of the-flume served as the tailwater control and
1

material recovery basin. The test embankment consisted of a moistened,

compacted 4-inch sand layer. Geofabric was used to cover and stabilize the

sand bed. An appropriately sized sand / gravel filter was placed on the

geofabric to a thickness of approximately 6 inches. Riprap was placed on

top of the filter material to the prescribed layer thickness.

The embankment was constructed to simulate the top of a tailings pile.

Therefore, the majority of the tests were conducted at slopes of 2% or less.

However, the test section was modified to accommodate 8% and 10% slopes.

The modified slopes were constructed similar to slopes in the outdoor

facility. ~l

} A motorized carriage spanned the flume and was used to support data

acquisition and videotaping equipment. The carriage allowed access to any
'

location in the fiume.

,
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2.4 INSTRUMENTATION

The instrumentation consists of the equipment to monitor the water

surface elevation and flow velocity through and over the riprap layer.

Portable television equipment was utilized to videotape and photograph the

riprapped embankments prior to, during,'and after testing.

A tracer solution injection and recording 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,

multi-channel selector, and multi-channel strip chart recorder as shown in

Fig. 2.3. Each tracer-sensitive probe was fabricated with three

tracer-sensitive elements placed in the lower 8 inches of the probe. Salt

was used as the tracer.

1he tracer-sensitive system was placed in the riprap layer such that

the injector ports were approximately aligned with the tracer-sensitive

elements. The injector and probes were 10-12 inches and 20-24 inches apart.

The flow was established such that the water surface was at an elevation

halfway through the riprap layer, at the top of the riprap layer, and just

above the riprap surface in sequential tests. An event marker on a strip

chart recorder indicated when the injector was triggered. Output from the

tracer-sensitive elements were also recorded on the strip chart enabling the

tracer dilution curve to be observed. Flow velocities were derived from the

tracer-dilution curves recorded on the strip chart for each flow condition

and riprap layer thickness. \

:
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-Surface velocities 'in the outdoor flume were measured using a'-

Marsh-McBirney@ magnetic flow meter. The meter was. periodically

. calibrated throughout;the experimental program. A pitot' tube was used to

determine the velocity.' profiles in the indoor flume.

- Water surface elevations were monitored using piezometers iristalled in

the' embankments of both fiumes. Piezometers were placed at sections near

the crest' of the embankment, at the mid-point of the.' slope, and at the toe

of the slope of each ' embankment. The piezometers 'were equally . spaced across

each section to monitor. potential .differe'nces .in the flow distribution.

Each piezometer..was connected to a' manometer board to enable the recording

of the water surface elevation.
~

A Panasonic videotap'e camera and VCR recording system were used to

visually document each failure test. Also, photographic equipment

documented pre-test, test, and post-test embankment conditions.

2.5 RIPRAP PROPERTIES

The riprap was obtained from a quarry located near Denver, Colorado.

Nominal median stone sizes (D50) tested were 1, 2, 4, 5 and 6 inches.

Rock propertie.: of gradation, unit weight, specific gravity,= porosity, void

ratio and friction angle were iletermined in the Colorado ' State University-

Geotechnical Engineering Laboratory using procedures ~ outlined by the

American Society for Testing Materials (ASTM).. A sumary of the riprap.
,

properties are presented in Table 2.1. The grain size distribution for each

riprap and the associated filter material are presented in Appendix 1.

- - . _ _-_
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Table 2.1. ~ Riprap properties.a'

1-. . > '

L
$'j ~ np a- ~$ Shape-

DSO,(in.)~ 'D50(in.) ,,
-*

3Actual- Cu 1Cz y (1b/ft )Nominal'
4

,

,

, +

" * g ': *
i
* .t

i .1.0 ' . 1.02 -1.75 1.28 94, , 2.72' O.44(0.79 L40 36b-Angular e1 ,

[2.2 ~2.09~bl.26 i91 2.72' '0.45 'O.84' ;41. Angulari- 2.0-
.. ..

4.0 , 4.1 2.15 1.12- 92 2.65 .0.44 0.78 42 Angular

-e 5.0- 5.1 -1.62 1.02.' 90 2.65 0.46 0.85' 42 ~ Angular. i
,s

y 6.0 6.2 1.69 1.08 90 2.65 0.46~ .0.85 42 . Angular /

-

'

. .
. _f ,:.N -

<

-

f. .
Q ).a All properties were determined in the Colorado State University Geotechnical (| a f .
.. . .. .

1! & l.aboratory in accordance with ASTM guidelines with thekfollowing definitions. '

;s | '

D50 = median stone size' f,. j
.

| /j 7,,

| Cu = Coefficient.of uniformity [Cu " D 3
i 10 ,,$ ,.

! 2
-

#
I

Cz = Coefficient of graduatioM [Cz " (D
30

10)(D60)]
7
''

-Y = Unit weight j ,
,

ts

] Gs * Specific gravity

n = Porosity ""|p
'l

= Void ratio 4e
i

.

' & = Friction angle e

! II
,.1 ..

,f ,
' *s .,

_

,,;

l.,

i 1,'

I ?

}, ,+; Y --a,

<-

f . h <,
#*

j n y .

|

1

>
2 % g

h ip. ,
*

, j,r /- - -g g j
-

-
-. . - . -

,._s-.- .L - - - - - .

-
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A filter blanket ' underlaid the riprap-layer in nest. of the tests. Thej) ,

filter criteria used to size the blanket was derived from'Sherad et- al.4

[./ (1963):and is expressed as

15(riprap)'< 5 - (2.1)
D

,

D85(filter)
.

h

5< 15(riprap) '< - 400
(2.2)'-

D15(filter)
.

j- D50(riprap)-
. ( 2.3)'.< 50

,

050(filter);

1

,

e
.

i

>

|

4

?

i

.i

)

5 -

i<

t
3
.

e

?

%

4 Y

A r

i
.

I

~

>

- 1

.t

4 - g e

av~ m -yp-y - w + vm q+- v- e- , yse- wyrc.--ye, *- sT -e4**, , ,, , - k W tv i v y- + 4 v e-r- % w-w ,-r- w %
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| 3. EXPERIMENTAL PROGRAM

3.1 TEST VARIABLES

A series of 52 experiments were conducted including shakedown, rock

movement, interstitial flow, and rock failure. A summary of the

experimental program is presented in Table 3.1. The experimental variables

encompassed the median stone size, DSO, embankment slope, S, presence

of a filter blanket, and the discharge rate, Q. The data collected during

each experiment included the surface and/or interstitial flow velocities, V,
.

water surface elevations, and time. Test results for the two fiumes were

reduced by converting the discharge rate, 0, to unit discharge, q, which is

the discharge per unit width.

General observations were recorded, when appropriate, to document flow

and riprap phenomena which could not be physically measured. For example,

incipient flow concentrations, filter blanket extraction and failure, riprap
.

layer failure indicators, and stone movement (beyond bed adjustment) could

not explicitly be measured. Therefore, qualitative observations during each

test, and later verified during videotape playback, were recorded and

incorporated into the analysis.

Riprap was dump-placed in all the tests conducted in this phase of the

study. However, the_. stone surface was . leveled to minimize- the occurrence of

man-made flow concentrations. The riprap layer thickness was determined

using a self-leveling level. Predetermined locations on the filter served-

as a reference. Once the ' rock layer was graded, a square plate was placed

13
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' Table 3.1. Summary of experimental program.
_

'

No.- ' Riprap Size- .
' Slope Filter.

Tests Nominal D50 (inches) %. Blanket Flume

1 2- '4 5 6 1- -2~ 8 - 10 20,

6 x x x' 8' i

x x R'11 x
,

4 x x x 8'-
'

7 x x - x 8'

.1 x x x 8'

'3- x x x' 8'
'

3. ~x x '12'-

3 x .x x 12'

5 x x- x -12'

'4 x 'x -- x 12'-
~

.

'

5' x x x 12'
~ l

52.
'

d

f

4

1:

i .

,

B

5

, - - . --- , . - - , ,, s a n.- , ~ - , - - - .er . - . .- ._a ,
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on: top of the rock and the elevation was calculated. The difference between

,

the top of the filter blanket and top of the rock layer was the layer
|
!' thickness.
I-

! 3.2 TEST PROCEDURE

The rock movement and riprap failure test procedures were similar for

all 52 experiments conducted in both indoor and outdoor facilities. Once
I

the test -embankment and riprap were placed and the. instrumentation set and

checked, the flume inlet valve was opened. The riprap was inundated and the'

bed was -allowed to adjust and/or settle. The . flow 'was increased until'

surface flow was observed. Once the flow stabilized, the discharge was

determined and localized velocities and water surface elevations were

obtained along four cross sections when and where possible. After recording

the data and documenting observations, the flow was increased. Generally,

12-20 minutes were required to increase and stabilize the flow, acquire

data, and record results. The procedure was repeated until stone movement,

and/or failure occurred. In several instances the stone movement tests were i

extended to failure. A videotape recording was made of portions of each

test.
,

l

3.3 PARAMETERS OF ANALYSIS

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

coefficient, Cc, and Darcy-Weisbach friction factor, f, were computed for :

each_ discharge tested.

. . _ _ _ .
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3.3.1 Manning's Roughness Coefficient j

:|.

-I
~!

. The Manning's roughness coefficient (Ch'ow,1959) can be estimated as
,

1.486 2/3 g /2 -- ( 3.1')
1

Q

where

n = Manning's roughness coefficient ' for the bed
s

S = Channel slope'(ft/ft)

2A = Cross-sectional area 'of flow (ft )
1

Q = Channel discharge (cfs) of surface flow -

'

R = Hydraulic radius of channel (ft)
i

,

The ratio of depth of flow to transverse width of the embankment was on

the order of 0.05 or less and considered ~ relatively ~ small . Therefore, the

J.

channel was assumed to be a wide channel. 'Since the depth of flow, D, is -

l- approximately equal to the hydraulic radius for a wide channel,- Eq. 3.1 can-
-

be modified toj

| 1.486 2/3 1/2
- .n= AD S .(3.2)
! O

i

3.3.2 Shields' Coefficient
<

.

The bed critical Shields' coefficient (Simons and Senturk.1977) is an -
~

indicator of incipient stone movement on the rock bed. The Shields''

coefficient (Cc) is defined as s
,

___ . - _ . . _ . . -- - - - _ _ _ _ - _ . - - , , _ , _ _ ,
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DS
Cc = (3.3).,

L (Gs-1) D50
!. ,

where

D = Depth.of flow (ft)
I-

!- S = Channel slope (ft/ft)

Gs' = .Specified gravity of the rock

D50 = Median stone size of the riprap (ft)

3.3.3 Darcy-Weisbach Friction Factors

The Darcy-Weisbach -friction factor (Ruff et al.,1985) was computed for

each test discharge. The Darcy-Weisbach friction factor. (f) is defined as-

8 GDSf= ~(3.4)
-

v2

where

g = Acceleration of gravity (ft/s2)

V = Average velocity of flow (ft/s)
,

D = Depth of flow (ft)

S = Channel slope (ft/ft)
_

'l.

3.4 ESTABLISHED DESIGN PROCEDURES
,

Presently, several riprap. design procedures are routinely used to

determine the appropriate- stone size for protection of impoundment covers,

r

I

I

i 1

. - . . _. . . . . - . . . _ - . _
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embankments, channel and unprotected slopes from the impact 'of flowing

waters. Four riprap design procedures which will. be referenced are:

1. Safety Factors Method (SF)

2. The Stephenson Method (STEPH)

3. The U.S. Army Corps of Engineers Method (C0E)

4. The U.S. Bureau of Reclamation Method (USBR)

A summary of each method will be presented.

3.4.1 Safety Factors Method

The Safety Factors Method (Richardson et al .,1975)~ for siz'ing riprap

allows the designer to evaluate rock stability from flow parallel to tihe

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 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 non-horizontal (downslope) velocity

vector. The safety factor, SF, is:

cos e tan &
SF = (3.5)-

# tan & + sin 6 cos #

where
,

,
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. - - .

[1 + sin ( A+ $)]9, ,y

_ 2 _

*n= (3.7)-
! (G -1)Y050s
|
i

o = y DS -(3.8)-r

and

'

s = tan (3.9)
, (2 sin 6)/(ntand) + sin A

,

The angle, K, is shown in Figure 3.1 and is the angle between a

horizontal line and the velocity vector component measured in the plane of

the side slope. The angle, 0, is the side slope angle .shown in Figure 3.1,

and # is the angle between the vector component of the weight, W ,s
,

directed down the side slope and the direction of particle movement. The

angle,4, is the angle of repose of the riprap, t is the bed shear stress -o

(Simons and Senturk,1977), D50 is the representative stone size,

G is the specific gravity of the rock, D is the depth of flow, Y is thes _

specific weight of the liquid, S is the slope of the channel, and n' and n -

.

are stability numbers. In Figure 3.1, the forces F1 and Fd are the lift- |
j and drag forces, and the moment arms of the various forces 'are indicated by |
'

I

the value ej as i = 1 through 4. Figure 3.2. illustrates the angle of ]

repose for riprap 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

<

- - , w
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Water 4
Surface Horizontal LineN '

s / 'pFfog Direction of Velocity, v
j r

0|%/'

_ _ A~O y
,
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~ ~ __ _t_ -

(a) General View

A Fg
"' 'P["I'# Part icle e,

~d A

3- Vr

W sin g gg- F cos8d
Streamline ,3

9
/ V A er ,

R, Direction of W, sino cosp
Particle Movement

W CO3Ss

( b) View Normal to the Side Slope .(c) Section A- A

Fi g . 3.1. Riprap stability conditions as described in the Safety Factors
Method.
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horizontal is small '(i.e., A = 0). - For this case, the above equations

reduce to:

|
n tan & !

. tan # =- (3.10)
2 sin e

and
. .

'
n= cos e (3.11)-

(SF) (Sm)
. .

where

. tan &

Sm = tan e (3.12)
-

1

The terih Sm is the safety factor of the rock particles against' rolling

down the slope with no flow. The safety factor, SF, for horizontal flow may

be expressed as:

2 2 2 , , 4) 0.5 -S n sec 8] (3.13)SF = [S 9 sec

Riprap may also be placed on the cover or side slope. For a cover

sloping in the downstream direction at an angle, o , with the horizontal, the

equations reduce to:

" "
i SF = -(3.14)

0 tan o sin a

,

.

'

. .-
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Historic use of the Safety Factors Method has indicated that a minimum

SF of 1.5 for non-PMF applications (i.e.100-year events) pro" ides a side

slope with reliable stability and protection. (Simons _ and.Senturk,1977).

However, a SF of slightly greater than 1.0 is recommended for PMF 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 f'11ter layer

should underlay the rock riprap. The filter layer should minimally range
1

from 6 inches to 12 inches -in thickness. 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.

3.4.2 Stephenson Method

.

The Stephenson Method for sizing rockfill to stabilize slopes and - ,

embankments is an empirically derived procedure developed for emerging flows

(Stephenson,1979). The procedure is applicable to a relatively even layer

of rockfill acting as a resistance to through and surface flow. It is

ideally suited for the design and/or evaluation of embankment gradients and -

rockfill protection for flows parallel to the embankments, cover or slope.

The sizing of the stable stone or rock requires the designer to
,

determine the maximum flow rate per unit width (q), the rockfill porosity

(n ), the acceleration of gravity (g), the relative density of the rock'p

(G ), the angle of the slope measured from the horizontal (e), the angles

!of friction (4), and the empirical factor (C).-

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

-

=
.

np/6 2/3
Oq(tane')

(3.15)0
C g /2 [1-n )(G -1) cos 6 (tan 4 - ta'n|0)]5/350 1

_ g 3 _

-

where the factor C varies from 0.22 for gravel and pebbles to 0.27 for
'

crushed granite. The stone size calculated in Equation 3.15 is the

representative diameter, 050,- at which rock movement is expected for

unit-discharge, q. The representative median stone diameter (D50),15
~

then multiplied by Oliviers' constant, K, to insure stability. 011 viers'
~

constants are 1.2 for gravel and 1.8 for crushed rock. The rockfill layer

should be well graded and at least two times the D50 in thickness. A

bedding layer or filter should be placed under the rockfill.

The Stephenson hethod does not account for uplift of the stones due to-

emerging flow. This procedure was developed for flow over and through

rockfill on steep slopes. Therefore, it is recommended that the Stephenson

Method be applied as an embankment stabilization for overflow or sheetflow.

conditions. Alternative riprap rockfill design procedures should be

considered for toe and stream bank stabilization.

3.4.3 U.S. Army Corps of Engineers Method

The U.S Army Corps of Engineers has developed perhaps the most

comprehensive methods and procedures for sizing riprap revetment. Thei r

criteria are based on extensive field experience and practice (C0E,1970 and

>
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|

1971). The U.S. Army Corps of Engineers Method is primaril'y applicable to

embankment toe and bank protection and has been developed to protect the

embankment from local shear forces and localized velocities.

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, Yo can be computed as

2TwVo= (3.16)Y

(32.6 log 10 k )

where T is the unit weight of water in pounds per cubic foot, V 'is thew

average cross-sectional velocity in ft/s, k is the equivalent channel

I boundary surface roughness in feet, and D is the depth of flow in ft. By

substituting D50 for k, the local boundary shear at any point on the

wetted perimeter can be determined. The design shear stress, r , shouldo

be based on critical local velocities and shall serve as the design shear

for the toe and channel bottom. A graphic solution to Equation 3.16 is

presented in Figure 3.3.

The design shear for riprap placed on the channel slope or_ bank can be

determined as

~ sin 2 g ~ 0.5
To = r 1- (3.17)

_ sin 2 4 _

as

., .-. . . _ . _
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O.OO35 i , i i , . , , _i i

,

0.0030 - -
,

0.0025 --

K 0.0020 --

2
,

1 0.00I5 --

i

\

0.00104 - -

.:

:

| O.0005 - -

j i i I I i 1 I I I

I 10 10 0 400
Basic Equotion D/Do5

2to=KV2,

where
7"*

K =
2 2

,_ ,32.6 I og,o(122 D/ %),

7, = - Specific Weight of Water

Flow DepthD =

D,o = Theoretical Spherical Diameter --of Average
Stone Size

'

' Fig. 3.3. Graphical solution to Eq. 3.16. Source: C0E, 1970.

.
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, . .

(3.I8)r= a(T ," T ) D50s w

!
s

where 9 is the; angle of the side slope with the horizontal,~4 is the angle -

of- repose of. the riprap (normally about 40'), Ys i'si the unitz weight of

; surface dry but saturated stone, Land the value of a is _0.04. The side. slope.

| shear,. r , is the design shear for sizing the riprap ~ revetment.o

The average stone size can then-be determined as
:

D
' ' (3.19):=

50 0.04 (T - Tw)s
,

for the toe and channel bottom and'

(3.20)0 =.

4- 50 0.04 (7s - Tw)-
,

for the channel side slopes where 7s and Tw areL the specific weights of i

the stone and water, respectively. The same procedure can be used for bank-

protection. A graphic representation uof Equation 3.19_.is provided in .-

'

i Figure 3.4.

The Corps of Engineers Method was developed'for channelized' flows. .

| Therefore, this procedure should be used to evaluate and/or design rock - '

protection for the portions of the cover o.' embankment-~that are-in the"

floodplain. This method is ideal for. stabilizing cover and embankment?
,

! toes.
i

)

*
.

$

<

!

5

m
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-
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.
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_
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' ' ' ' ' '''''''ilO.4 i ' '

O.15 0.2 0.30.4 0.6 0.81.0 2.0 3.0

D3o , f t;

Basic Equation

r = 0.040 ( y,- 7,) D3a
where

r = Design Shear Stress on Bottom of Channel
7 = Specific Weight of Stones

y, = Specific Weight of Water (62.4 lb /ft )3

D = Theoretical Spherical Diameter of3a
Average Size Stone

Fig. 3.4. Sizing of riprap as a function of design shear stress.
;

Source: COE, 1970..
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'3.4.4 U.S. Bureau of Reclamation Method
~

The U.S. Bu'reau of Reclamation (USBR) Method (001,1978) for riprap

j 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^ 1nplace riprap to be

smaller and more stratified than specified. The USBR method is -a velocity

based design procedure.

Stone-Size Determination

The USBR method estimates the maximum stone size, 0100, as a

function of the localized bottom velocity of flow, V , in feet per second.b

One means of predicting the maximum stone size is using the Mavis and

Laushey (1948) procedure where

- _

Yb 2
(3.21)D =

100
- 0.5 (Gs - 1)0.5_

as 0100 is the maximum stone size in m and Gs is the particle

specific gravity. If the bottom velocity can not be determined, local

velocity may be substituted to size the rock. The local velocity can be

determined using U.S. Army Corps of Engineers procedures (C0E,1970).

.
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The stone-size and stone weight can be determined from Figure 3.5 for a
,

given ~ bottom velocity, V . The resulting stone size ,is conservative. Theb

riprap should be composed of a well-graded mixture of stone. Riprap should

be place'd on a . filter blanket or bedding layer. The riprap layer should be

1.5 times as thick.as the largest stone diameter. The filter blanket should

be at -least 6 inches thick.

It is recommended that the USBR method be considered only for 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 due to its conservatism.

1
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4. RESULTS AND ANALYSIS

The study program concentrated on the acquisition of information
I

| related to identifying interstitial velocities in a rock layer, incipient

rock movement, and riprap layer failure. To enhance the consistency of data

acquisition, rock movement and riprap failure, criteria were determined

prior to the beginning of experimentation.

Rock movement was observed during two distinct times of each test.

Rock movement occurred when flow comenced and when the discharge was

incrementally increased. During the change in discharge, the riprap layer

appeared to settle and many of the individual stones moved to a more stable

position. Rock movement and/or adjustment lasted only a few seconds. The

riprap layer stabilization was not considered incipient movement of the

stones resulting from the shear stresses and impinging flow. Incipient rock

movement was, determined after layer settlement occurred and when the force

exerted by flow just overcame the resistance force of a particle to motion,
i

Individual stones would initiate movement rolling over the rock layer.

The failure criterion of the riprap layer was when the filter blanket,

or more often, the geofabric was exposed. In many cases, concentrated flows

would scour a localized zone along the embankment. However, rock movement

from un slope would subsequently fill and stabilize the scour area. When

rock movement could no longer adequately replace the scour or failure zone,

catastrophic failure was observed. Therefore, catastrophic failure

occasionally occurred prior to filter cloth exposure due to the dynamic rock

movement along the bed and due to poor conditions for observing the filter

33
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resulting from the significant turbulence, bubbles, and air entrainment in

the cascading flows.
|

4.1 FAILURE RELATIONSHIPS

The results are presented in Table 4.1 for 20 tests in the outdoor

facility (12 ft) and in Table 4.2 for 32 tests in the indoor facility

(8 ft).
As shown in Fig. 4.1, a family of curves were generated for slopes of 1

to 20% for median stone sizes ranging from 1 inch to 6 inches. The'

resulting unit discharges at failure (qf) were dependent upon the stone

! size, 050, and the slope. The results portrayed in Fig.-4.1 shall be

referenced as the CSU relationship.

Experiment repeatability was a concern in establishing the CSU

relationships presented in Fig. 4.1. Therefore, failure tests with no

tailwater were repeated to verify the testing procedure and unit discharges

at failure. The variance of unit discharges at failure were less than 10%.
'

It should be acknowledged that the CSU relationships presented in Fig.

4.1 are based on a relatively small data base. Verification of these

relationships requires additional testing.

4.1.1 CSU-Stephenson Comparison

The relationship of median stone size and unit discharges at failure

(qr) presented in Fig. 4.1 were compared to the relationship derived by

:

|
t

!
l

-

_
_ . _ . .
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Table 4.1. Summary of tests run in the outdoor fiume (12 ft).a

Riprap Riprap Depth Depth Slope Pl acement .-
Run D50 DSO of of of of

bNo. Nominal Actual Riprap Filter Embank. Q q Vmax Riprap _ Remarks

(in.) (in.) (in.) (in.) (cfs) (cfs/ft) (ft/s) '

.

01- 2 2.2 6 - 0.20 3.39 0.28c 3.70 Dumped ' Rock movement and failure
observed at,st. 30 ft

t

01A 2 2.2 6 - 0.20 3.50 0.29c 2.90 Dumped Complete slope failure

02 2 2.2 6 - 0.20 3.90 0.32C - Dumped Complete slope failure
1

- - - Dumped Test run to measure03 4 4.1 12 6 0.20
velocity th ough rock

- - - Dumped Test run to measure04 4 4.1 12 6 0.20
velocity through rock

Dumped Test run to measure05 4 4.1 12 6 0.20 - - -

velocity through rock y

06 4 4.1 12 6 0.20 18.10 1.51 3.20 Dumped Rock movement observed at
st. 40 ft

07 4 4.1 12 6 -0.20 21.78 1.81c 4.60 Dumped Complete slope failure

- - - Dumped Test run to measure08 5 5.1 12 6 0.20
velocity through rock

t

Dumped No rock movement09 5 5.1 12 6 0.20 26.19 2.18 -

10 5 5.1 12 6 0.20 34.46 2.87 7.80 Dumped Rock movement observed
4

10A 5 5.1 12 -6 0.20 42.75 3.56c - Dumped Complete slope failure
-A

...

1

' -
_ . _ _ _ _ ____.-_i__.

'
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Table 4.1. Continued.

Riprap Riprap Depth Depth Slope Placement

D0 of of of ofRun D50 5
No. Nominal Actual Riprap Filter Embank. Q q' Vmaxb Riprap Remarks

(i n.) (i n.) (in.) (in.) (cfs) (cfs/ft) (ft/s)

11 6 6.2 12 6 0.20 - - - Dumped Test run to measure
velocity through rocks

12 6 6.2 12 6 0.20 - - - Dumped Test run to measure
velocity through rocks

13 6 6.2 12 6 0.20 31.10 2.59 - Dumped No rock movement observed

14 6 6.2 12 6 0.20 - - - Dumped Test run to measure
velocity through rocks

15 6 6.2 12 6 0.20 53.12 4.43c - Dumped Complete slope failure - S$
,

16 2 2.2 6 6 0.20 - - - Dumped Test run to measure
velocity through rock

17 2 2.2 6 6 0.20 5.58 0.46 3,30 Dumped Rock movement observed

18 2 2.2 6 6 0.20- 6.05 0.50C 3.50 Dumped Complete slope failure

a All tests were run without tallwater.

b Maximum localized surface velocity,

c Indicates unit discharge at failure.

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



Table 4.2. Summary of tests rtms in the indoor fiume (8 ft).

Riprap Riprap Depth Depth Slope Placement
Run D50 D50 Of Of Of Of
No. Nominal Actual Riprap Filter Embank. Q q V a

max Riprap Remarks(in.) (in.) (in.) (i n.) (cfs) (cfs/ft) (ft/s)

1 2 2.2 6 6 0.02 24.60 3.07 5.34 Dumped No failure
2 2 2.2 6 6 0.02 48.60d 6.08e 7.33 Dumped 3 in. deep scour-failure
3 2 2.2 6 6 0.02 43.60 5.45 6.77 Dumped No failure
4 2 2.2 6 6 0.02 46.90 5.87 6.87 Dumped No failure
5 2 2.2 6 6 0.02 52.70 6.59 7.08 Dumped No failure
6 2 2.2 6 6 0.02 56.60d 7.07e 7.07 Dumped Exposure to filter -

material - failure
,

. 7b 2 2.2 6 6 0.02 36.00d 4.53e 6.12 Dumped 4 in, scour at the down-

stream end - failure O
8 1 1.02 3 6 0.02 10.00 1.25 3.98 Dumped No failure
9 1 1.02 3 6 0.02 15.20 1.90 4.60 Dumped No failure

10 1 1.02 3 6 0.02 18.30 2.29e 4.87 Dumped Exposure of filter

material - failure

11b i 1.02 3 6 0.02 8.85 1.11e 3.65 Dumped 1.9 in. scour at the
downstream end - failure

12C 1 1.02 3 6 0.02 8.50 1.06 3.44 Dumped No failure
r 13C 1 1.02 3 6 0.02 12.00 1.50 3.91 Dumped No failure

-

_ _ _ _ _ _
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Table 4.2. Continued.

Riprap Riprap Depth Depth Slope Placement

D50 D50 of of of of
Run . Nominal Actual Riprap Filter Embank. Q q Vmaxa Riprap Remarks .No.

(in.) (in.) (in.) (in.) (cfs) (cfs/ft) (ft/s) ,

14c 1 1.02 3 6 0.02 15.00 1.88 4.35 Dumped No failure '

15C 1 1.02 3 6 0.02 17.80 2.23e 5.56: ' Dumped Exposure of filter
material . failure -

16C 1 1.02 3 6 0.02 12.00 1.50 4.48 Dumped No failure

17c 1 1.02 3 6 0.02 15.00 1.88 4.74 Dumped. No failure-

18c 1 1.02 3 6 0.02 17.90 2.24e 5.37 Dumped . Exposure of filter'

material . - failure

19b 1 1.02 3 6 0.01 10.00 1.25 3.07 Dumped

20b 1 1.02 3 6 0.01 12.00 1.508 3.22- Dumped. Exposure of filter
material . failure

21 1 1.02 3 6 0.01 30.00d 3.758 4.95 Dumped- 2.6 in. scour at STA -
150 - failure

22' 1 1.02 3 6 0.01 35.00 -4.37 5.03 Dumped

23 1 1.02 3 6 0.01 40.00 5.00 - 5.40 Dumped Max scour depth = 2.0 in,
at STA 108

24 1 1.02 3 6 0.01 43.00 5.37e 5.40 Dumped . Exposure of filter
material

25b 1 1.02 3 6 0.10 ' .2.90 0.368 - Dumped Exposure of filter
material

- . . - . .__-____x_
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Tabl e . 4.2. Continued.

Riprap Riprap Depth Deptn Slope Placement
Run D50 D50 Of of of of

a Riprap RemarksNo. Nominal Actual Riprap Filter Embank. Q q Vmax

(in.) (i n.) (in.) (in.) (cfs) (cfs/ft) (ft/s)

Dumped Exposure of filter26b 1 1.02 3 6 0.10 2.70 0.34e -

material

Dumped Exposure of filter27b 1 1.02 3 6 0.10 2.48 0.31e -

material

Dumped Exposure of filter28b 1 1.02 3 6 0.10 3.35 0.428 -

material

29b 2 2.20 6 6 0.10 9.00 1.12e 5.15 Dumped Exposure of filter
material

30D 2 2.20 6 6 0.10 10.00 1.258 5.14 Dumped Exposure of filter
material.

31b 2 2.20 6 6 0.10 10.00 1.25e 5.42 Dumped ' Exposure of filter
material

32b 2 2.20 6 '6 0.08 14.50.- 1.81e 4.90 Dumped- Exposure of filter
material

a Maximum localized surface velocity,
b Runs without tailwater.
C Runs without..tallwater. .the riprap in the last 3 ft of the downstream end of the test section was replaced by riprap of

,

D50 = 2.5 in.
d Average discharge,
e Indicates unit discharge at failure.

____________________________.___2_____ _ _ . _ _ _
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Stephenson (1979) for overtopping flows for rock-fil. led dams as presented 'in

Eq. _3.15. Stephenson's relationship can be rearranged to estimate the

threshold flow-at which stone movement commences as

D Cg [1-n )(G -1)' cos e (tan 4 - tan 0 )]S/3! II
, 50 g s (4.1)'q =

(tane)7/6
.1/6m
n.

p
|

where

= unit discharge, threshold flow

D50 = median stone size
'

C = a constant. equal to 0.22 -

g = gravitational acceleration
,

.np = rockfill porosity
G = specific gravitys

6 - angle of slope measured from horizontal

$ = angle of friction.

**
The unit discharge at failure, qr can be estimated by multiplying the

unit discharge, qm*, computed in Eq. 4.1 by Oliviers' (Stephenson,1979)

constant.
]

** *

qf = q, x K (4.2)

where Oliviers' constant, K, is 1.20 for crushed gravel and 1.80.for crushed i

granite. Stephenson's. unit discharge at failure and median stone size

relationship is presented in Fig. 4.2 for 2%,10% and 20% slopes.
.

To enhance a comparison of the CSU relationship presented in Fig. 4.1

with Stephenson's relationship presented in Fig. 4.2, the unit discharges at

_ _ _ _ _ . _ _ - _ _ _ .
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. failure were computed as presented in Table 4.3 and graphically presented in

Fig. 4.3. It is observed in Fig. 4.3 that. at a representative unit

discharge of 1.0 cfs at failure, the Stephenson relationship yields-a median

stone size nearly 25% larger than does the CSU relationship for a 20%

embankment slope. However, at a unit discharge. of I cfs at failure for a 2%

slope, the Stephenson relationship yields a median stone size nearly 42%

| smaller than the'CSU relationship presented in Fig. 4.3. This . comparison

| indicates that the Stephenson method for sizing riprap is an acceptable

procedure for stabilizing reclaimed tailings embankments with slopes of 10%
,

or greater. However, Stephenson's method does not yield a conservative

median stone size for slopes under.10% and is not recommended for

application to stabilizing reclaimed tailings covers.

4.1.2 Comparison of Riprap Design Methods-

,

The CSU riprap design relationship presented in Fig. 4.1, developed for

overtopping flows, was compared with the riprap design procedures presented

by the U.S. Bureau of Reclamation (001,1978), the U.S. Army Corps of

Engineers (C0E,1970), the Safety Factors (SF) Method (Richardson et al .. .
,

1975), and the Stephenson (STEPH) Method (Stephenson,1979). The unit

discharge at failure and corresponding embankment slopes were extracted from
~

Table 4.1 and Table 4.2 and used as input values for the CSU, USBR, C0E, SF

and STEPH design procedures and/or relationships. The calculated median

stone diameters from each of these methods are presented in Table 4.4.

t

., - -
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Table 4.3. Comparison of actual and theoretical discharge at failure.a

Run' Riprap. Riprap * **

No. Flume _ DSO in. 050 in. Slope qr qm . -- qf -

(Nominal) (Actual) (Actual. ,(Theoretical (Theoretical
Failure) Movement) Movement)-

10 Indoor 1.00 1.02 - 0.02 ' 2.29 2.30 2.67
'

06 Indoor- ,2.00 2.20 0.02 7.07 7.45 8.94-
- 02 Outdoor. 2.00 2.20 0.20 0.32 0.33 0.40

07 Outdoor 4.00 4.10 0.20' 1.81 0.87 1.57
,

10A Outdoor 5.00 5.10 0.20 3.55 1.20 2.16

15 Outdoor- 6.00 6.20 0.20 4.43 1.52 2.74

18 Outdoor 2.00 2.20 0.20 0.50 0.33- 0.40
,

25 Indoor 1.00 1.02 0.10 0.36 0.28 0.34-

26 Indoor 1.00 1.02 0.10 0.34 0.28 0.34-
,

27 Indoo r. . 1.00 1.02 0.10 0.31 0.28 0.34-

28 Indoor 1.00 1.02 0.10 0.42 0.28 0.34

29 Indoor 2.00 2.20 0.10 1.12 0.83 1.00

30 Indoor 2.00 2.20 0.10 1.25 0.83 1.00

31 Indoor 2.00 2.20 0.10 1.25 0.83 1.00

32 Indoor 2.00 2.20 0.08 1.81 1.30 1.56.

a Definitions

qf = actual flow (unit discharge) at failure in CSU tests

Dh2 C91/2 [(1-n )(Gs-1) cose(tan 4 - tan e )]5/3*

(tan #) /6 np /6l

,

= threshold flow (cfs/ft) at which nuvement of stone commences (Stephenson,1979)
;

'** *

qf = q x K = Unit discharge at failure (cfs/ft) by Oliviers' method (Stephenson,1979).

4'
K = Oliviers' constant, 1.20 for crushed gravel

1.80 for crushed granite

.
C = 0.22

,

.

1
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Table 4.4 Comparison of riprap sizing procedures.a,b -
,

Run Flume Slope-- qf. 0 in. D I"* 0 n. D in. D50 ' "* '50 50 50 SO
!- No. !S cfs/ft. (CSU) (STEPH) (SF)- (C0E) (BOR)

c

20 ' Indoor 0.01 1.50' 1.02- 0.39 1.36> 1.20 21.40

11, Indoor -0.02 1.10- 1.02 0.69 1.77 1 .20 ' 1.75"

25 . Indoor 0.10 0.36 1.02 ~ 0.98 3.71 2.52 3.60

07~ Indoor- 0.02 -4.50 2.20 1.39 3.00 '2.16 -5.25

31 Indoor 0.10 1.25 2.20 2.32 4.34 4.36 4.20

02c Outdoor. 0.20 0.32 2.20 1.90 2.36 4.36 --

218 . Outdoor 0.20 0.50 2.20 2.56 2.75 6.00 a'

! 07 Outdoor 0.20 1.81. 4.10 4.51 "6.40 6.60 5.00-

10A Outdoor 0.20 ' 3.55 - 5.10 7.04 .7.50 9 .36' 6.00

i 15 Outdoor 0.20 4.43 6.20 8.76 8.45 11.75 6.75'
!

a All tests are for no tatlwater condition.

b Definitions
u

{ 050(CSU): Colorado State University test data.

050(STEPH): Stephenson, 1979.

050(SF): Richardson et al., 1975.
'

050(COE): COE, 1970.'

050 (BOR): BOR, 1978.
*

c Without filter bedding.

a

.i

e

i

,

3

J

i

,

4

. -

|
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With the exception of the Stephenson Method at slopes of 2% and below,

the various procedures generally yield a larger median stone diameter than

does the CSU relationship (Table 4.4). For stone sizes of 4 to 6 inches,

the C0E procedure produces median stone diameters of 61% to 90% larger than

the CSU relationship. Similarly, the SF and USBR procedures yield median

stone diameters ranging from 36% to 56% and from 8% to 22%, respectively,

i larger than the CSU relationship. It is interesting to note that the

| Stepenson method yields a median stone size that is 41% larger than the CSU
|

relationship at a 20% slope for a unit discharge at failure of 4.43 cfs.

The comparison indicates that for slopes of 10% and greater, the USBR,

COE, SF and STEPH procedures yield conservatively larger stone sizes when

applied to overtopping flow. It is acknowledged that the USBR and COE

procedures were not developed for application to overtopping flows but

rather for the stabilization of river banks and beds. The application of

the C0E, USBR, and SF riprap design procedures provide a conservative design

for stabilizing tailings impoundments.

Conservatisms are important when engineers must provide designs that

have extended lives of 200 to 1000 years. The conservatism accounts for

many of the unknowns such as flow concentration, rock durability, water
i

borne and wind borne sediments, and weathering. However, an ove-ly

conservative design will result in an escalation of stabilization costs.

Therefore, the conservatism of the design must be carefully weighed against |
the additional costs of implementation.

4

1
'

_- . __ _



.

A

48

4.2 INTERSTITI AL VELOCITIES

Velocity profiles = of flow through the riprap layer were obtained for

f each stone size on.each of the embankment slopes. Table 4.5 summarizes the

velocity profiles for interstitial flow with the flow depth approximately at.

-the riprap surface. Additional velocity profiles are presented in Appendix
-

B.
.

4.2.1 Average Interstitial Velocity
.

An average interstitial velocity was-calculated for each profile

presented in Table 4.5 and plotted in Fig. 4.4. A unique relationship is
_

observed for each embankment slope indicating velocity dependence on slope

and median stone diameter. The CSU relationship was compared to the

empirically derived Leps (1973) procedure for estimating interstitial ' flow

velocities. The Leps relation is

(1 54) (4,3)0V = N*
12.

where

V = velocty in feet per second

Wm = is an empirical constant

i = slope of the embankment.

i

i

!

t
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Table 4.5. Velocity profiles for interstitial flows.

Oepth of
Flow

Depth Relative Velocity (ft/s) of Flow at Y inches

Runa Riprap of to Riprap .Below Riprap Surface Average
No. Flume 0 Riprap Slope Q Surface Velocity V

50 7 Leps

(in.) (in.) (cfs) (in.) Y=1.5 Y=4.5 Y=7.5 Y=10.5 (ft/s) (ft/s)

61 Indoor 1.02 3 0.01 0.11 0.00 0.10 -- -- -- 0.10 0.08

71 Indoor 1.02 3 0.02 0.11 0.00 0.13 -- -- .-- 0.13 0.12
0.24 -- -- 0.24 0.2791c Indoor 1.02 3 0.10 0.21 0.00 --

41 Indoor 2.20 6 0.01 0.23 0.00 0.17 0.13 -- -- 0.15 ,0.12

31 Indoor 2.20 6 0.02 0.33 0.00 0.24 0.23 -. 0.23 - 0.17--

0.36 0.4010ld Indoor 2.20 6 0.10 0.56 0.00 0.36 0.36 -- --

0.37 0.40 ..lite Indoor 2.20 6 0.10 0.56 0.00 0.42 0.33 -- --

3f Outdoor 4.10 12 0.20 4.34 0.00 0.69 0.82 0.81 0.56 0.72 0.85 $-
49 Outdoor 4.10 12 0.20 4.25 0.00 -- 1.18 0.91 0.82 0.97- 0.85
8f Outdoor 5.10 12 0.20 5.70 0.00 0.86 1.11 1.15 1.04 0.93--

89 Outdoor 5.10 12 0.20 '5.96 0.00 -- 0.84 0.87 0.88 0.86 0.93
149 Outdoor 6.20 12- 0.20 6.22 0.00 -- -- -- -. -- --

a. Test runs 5,15,16, II, 21. and 51 were not included due to malfunctioning equipment,
b Leps,1973,
c Test run 9 at station 140-142.
d' Test run 10 at station 140-142.
e Test run 11 at station 148-150.
f Test run at station 22-24..
9 Test run at station 35-37.

.

8

4

|
<
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Median stone diameters and appropriate slopes were' extracted from Table

4.5 and were calculated from Eq. 4.3. The resulting velocity relationships

are presented in Fig. 4.4. It is observed that the CSU and Leps relation-

ships are similar for slopes of 10% or greater. However, the CSU relation-

ship yields higher interstitial flow velocities at slopes of 2% and less.

Therefore, it is recommended that the Leps relationship be applied only to

slopes of 10% or greater.

In an attempt to consolidate the CSU interstitial . velocity relation-

ships presented in Fig. 4.4, an analysis was conducted to evaluate the

effect that riprap porosity, np, riprap coefficient of' uniformity, Cu. -

median stone size, 050, and embankment slope, S, have on the intersti-

tial velocity. The dimensionless variables of stone porosity, coefficient

of uniformity, and slope are graphically related to a dimensionless para-

meter comprising flow velocity, median stone diameter, and the acceleration

of gravity in Fig. 4.5. The riprap properties and embankment slope

effectively consolidated the data into a single relation expressed as

50)0.5 = a ChS
c

n (4.4)
(90

A multiple linear regression analysis was performed for Eq. 4.4 using the

data in Appendix B. The coefficients resulting from this regression ~ are:

a = 17.60

b = -0.074
1

I

_ , _ .,
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c = 0.46

d = 4.14

Expressing the relationship of Fig. 4.5 in a power regression and
.

- solving Eq. 4.4 for velocity yields

V = 19.29 (C~0.074 3 46 n *14)1.064 (g D50) .(4.5)
40

-

u p

Equation 4.5 allows the designer to estimate the interstitial flow

velocity in the riprap layer as a function of the riprap properties and the

embankment slope. The relationship in Eq. 4.5 was derived from riprap layer'

thicknesses of 3 inches to 12 inches. The correlation coefficient of the

relationship presented in Fig. 4.5 is r2 = 0.89.

4.2.2 Discharge Estimation for Unit Thickness

!The riprap interstitial velocity relationship presented in Fig. 4.5 can
,

: be extended to estimate the unit discharge in the riprap layer. In order to

incorporate a unit thickness term into the abscissa parameter of Fig. 4.5,

the unit discharge, q, was modified to a unit discharge per inch of riprap

thickness, q*, The unit discharge was derived from the average velocity

through the riprap layer with riprap thicknesses of 3 inches to 12 inches.

The parameter of unit discharge per unit thickness and median stone |

size was graphically correlated to the dimensionless variables of

coefficient of uniformity, embankment slope, and porosity in Fig. 4.6.

i

i
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With the consolidated.CSU data, this resulted inL a single relationship that

can be expressed as

*

12 9 b c d=aC S n (4.6)u

(g 050) '

|
|,'

. A multiple linear regression analysis was performed for Eq. 4.6.- The

coefficients resulting from this regression are:

a = 0.949

b = -0.94

c = 0.46

d = 1.07.

Expressing the relationship of Fig. 4.6 in a power regression and solving

Eq. 4.G for q* yields

q = 0.079 (C-0.94
*

3 46 n .07)0.999 (g D50) .5 (4,7)0

i
4

The correlation coefficient of the relationship presented in Fig. 4.6 is.

| r2 = 0.95. ,

J

i

4.3 RESISTANCE TO FLOW

i

The resistance to flow was estimated for each test condition using the;

data presented in Table 4.6 and 4.7 for the outdoor and indoor facilities.,

.

J

+
. - . . . - - - - .
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Table 4.6. Resistance factors for tests run in the outdoor fiume (12 f t),a

Darcy-
Area Weisbach

Total Surface of Froude Shields' Reynold's Friction

Run Discharge Discharge Slope Depth Velocity Flow Number Manning's Coefficient Number Factor
No. 050 QT Os S D=R V A F n Cc Re f

2(in.) (cfs) (cfs) (ft) (fps) (ft )

6 4.10 17.50 13.23 0.20 0.20 5.59 2.36 2.22 0.040 0.070 27270 0.324
7 4.10 21.78 17.48 0.20 0.22 6.62 2.64 2.49 0.037 0.078 28843 0.259
8 5.10 11.41 5.58 0.20 0.16 2.91 1.92 1.28 0.067 0.046 30597 0.976
9 5.10 26.19 20.36 0.20 0.26 6.53 3.12 2.26 0.041 0.074 39003 0.315 -

11 6.20 19.47 13.25 0.20 0.26 4.25 3.12 1.47 0.064 0.061 47416 0.743
12 6.20 19.80 13.58 0.20 0.23 4.42 2.76 1.81 0.051 0.054 44596 0.489
13 6.20 31.10 24.88 0.20 0.35 5.92 4.20 1.76 0.056 0.082 55013 0.514
17 2.20 5.58 4.14 0.20 0.10 3.45 1.20 1.92 0.041 0.066 10434 0.433
18 2.20 6.05 4.61 0.20 0.11 3.49 1.32 1.86 0.044 0.073 10944 0.465

a Definitions
2

Os/12 A = 12 x D (in ft ) mF= *
(90 )0.53

DS

Ce =
1.486 (Gs-1) 050

Os D50 (g05)0.5
Re =

"
Os

V = _ (in ft/s)
A

1.41 x 10-5 2ft /s at 50*Fy =

y ,8g05
y2

Where, 'O' is the average of multiple readings shown in Appendix C.I.
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Table 4.7. Resistance factors for tests run in the indoor flume (8 ft) a

Darcy.
Area Weisbach

Total Surface of Froude Shields' Reynold's Friction

Run Discharge Discharge Slope Depth Velocity Flow Number Manning's Coefficient Number Factor
No. D50 QT Os S D=R V A F n Cc Re f

2(in.) (cfs) (cfs) (ft) (fps) (ft )

1 2.20 24.60 24.27 0.02 0.57 5.34 4 .56 1.26 0.025 0.038 11108 0.088
2 2.20 48.60 48.27 0.02 0.84 7.32 6.64 1.42 0.022 0.055 13404 0.066
3 2.20 43.60 43.27 0.02 0.81 6.77 6 .48 1.33 0.024 0.055 13535 0.079
4 2.20 46.90 46.57 0.02 0.85 6.87 6.80 1.31 0.025 0.058 13932 0.081
5 2.20 52.70 5 2.37 0.02 0.93 7.08 7.44 1.29 0.025 0.063 14546 0.082
9 2.20 56.60 56.27 0.02 1.00 7.07 8.00 1.25 0.026 0.068 15076 0.086
7 2.20 36.00 35.67 0.02 0.74 6.12 5.92 1 .25 0 .0 26 0.050 12969 0.091
8 1.02 10.08 9.89 0.02 0.32 3.91 2.56 1.22 0.024 0.046 3859 0.100
9 1.02 15.20 15.09 0.02 0.41 4.60 3.28 1 .26 0.024 0.060 4351 0.093

10 1.02 18.30 18.19 0.02 0.47 4.87 3.76 1.25 0.025 0.069 4642 0.094
11 1.02 8.90 8.79 0.02 0.30 3.65 2.40 1.17 0.025 0.045 3733 0.111 un

'd
12 1.02 8.50 8.39 0.02 0.31 3.44 2.48 1.09 0.027 0.045 3764 0.128
13 1.02 12.00 11.89 0.02 0.38 3.91 3.04 1.11 0.027 0 .0 56 4196 0.121
14 1.02 15.00 14.89 0.02 0.43 4.35 3.44 1.17 0.026 0.063 4445 0.109
15 1.02 17.80 17.69 0.02 0.42 5.30 3 .36 1.44 0.021 0.060 4421- 0.070
16 1.02 12.00 11.89 0.02 0.34 4.41 2.72 1.33 0.022 0.049 3977 0.083
17 1.02 15.00 14.89 0.02 0.40 4.74 3.20 1.33 0.023 0.058 4261 0.085
18 1.02 17.90 17.79 0.02 0.42 5.37 3.36 1.47 0.021 0.061 4372 0.069
19 1.02 10.00 9.89 0.01 0.41 3.07 3.28 0.85 0.025 0 .0 29 3017 0.101
20 1.02 12.00 11.89 0.01 0.47 3.22 3.76 0.83 0.026 0.033 3228 0.104'
21 1.02 31.70 31.59 0.01 0.80 4.95 6.40 0.98 0.023 0.057 4230 0.069
22 1.02 34.50 34.39 0.01 0.86 5.03 6.B8 0.96 0.023 0.061 4378 0.070
23 1.02 40.00 38.89 0.01 0.94 5.40 7.52 0.98 0.023 0.067 4580 0.069
24 1.02 43.00 42.89 0.01 1.00 5.38 8.00 0.95 0.024 0.071 4823 0.071
26 1.02 2.70 2.49 0.10 0.08 4.10 0.66 2.49 0.022 0.059 4394 0.127
27 1.02 2.48 2.27 0.10 0.11 2.84 0.87 1.52 0.037 0.078 5039 0.339
28 1.02 3.35 3.14 0.10 0.14 2.98 1.14 1.37 0.043 0.102 5768 0.415
29 2.20 9.00 8.44 0.10 0.23 5.15 1.84 1.89 0.035 0.076 15777 0.234
30 2.20 10.00 9.44 0.10 0.25 5.00 2.00 1.76 0.036 0.083 16449 0.224



Table 4.7. Continued.

Darcy--
Area Weisbach

Total Surface of Froude Shields' Reynold's Friction
Run Discharge Discharge Slope Depth Velocity Flow Number Manning's Coefficient Number Factor
No. D50 Of Os S D=R V A F n Cc Re f

2(in.) (cfs) (cfs) (ft) (fps) (ft )

31 2.20 10.00 9.44 0.10 0.26 4.81 2.08 1.66 0.0 38 0.086 16775 0.272
32 2.20 14.50 13.94 0.08 0.35 5.18 2.80 1.54 0.038 0.093 17408 0.247

a Definitions

2QT/8 A = 12 x 0 (i n f t )
F=

3(gD }0.5
DS

Ce =
1.486 (Gs-1) 050

S /2 A a3D /32 1n=
QT

D50 (g05)0.5
Re =

Q '

V = .-- (in f t/s)
A

= 1,41 x 10-5 2f t /s at 50*Fe

8 GDS
f=

V2

Where, 'D' is the average of multiple readings shown in Appendix C.2.
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-

respectively. 'The values presented in Table 4.6 and 4.7 are averages of the

individual data sets collected for each run. These average values. better

. indicate data trends than do the individual data points from which these

averages are derived. - .The individual data sets are presented in Table C.1

(outdoor flume) and Table C.2 (indoor flume) of Appendix C..,

In.the analysis, the Manning's roughness coefficient, n, the bed

Shields' coefficient, Cc, and the Darcy-Weisbach friction factor, f, were

computed using the equations presented in Chapter 3. Since the Manning's,

Shields' and Darcy-Weisbach -coefficients are interrelated, the analysis

concentrates on the Manning's roughness coefficient.
' One of the most difficult Manning's roughness' values to determine is

for riprap in cascading flow situations. The selection of an approximate n

value is important to accurately depict the flow conditions needed to design

a riprapped channel or embankment. The equation for calculating the

Manning's roughness coefficient, n, is expressed as:

n = 1.486 D /3 3 /2 A .(4.8)2 1

{ Os

4

! where Qs is the surface discharge, D is the depth of flow S is the slope,

and A is 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.

.- .- . , - . .- - -- - - .
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4.3.1 Estimating Manning's n for Cascading Flow

'The average Manning's roughness value, n, was computed for each failure

test based on flow velocities and depths measured prior to failure, and are

plotted versus the median stone size, D50, in Fig. 4.7. It is observed

in Fig. 4.7 that the n values for 1% and 2% slopes fall closely to the solid
|

line representing a relationship developed by Anderson et al. (see Section

4.3.2). However, the n value for each stone size increased as the slope of 1,

the embankment increased, and the n value is over 40% higher when
,

Depth /DSO < 2 (cascading flow conditions) than when Depth /050 is

greater than 2 (Table 4.8).

A median stone size-slope parameter (050 x S) was correlated to

the Manning's n value for the CSU data as presented in Fig. 4.8. Combining
.

the median stone size and slope in one parameter appears to have reduced the

data scatter. The relationship can be expressed as:

9
n = 0.0456 (D x S) * (4.8)50

where 050 is in inches. The correlation coefficient, r2, is 0.90.

Therefore, a Manning's n value can be estimated for a riprapped surface in

cascading flow as a function of the median stone size and slope.

4.3.2 Comparison of Procedures

A comonly used expression for determining Manning's n for riprap was

presented by Anderson et al. (1970) as

i
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<

Table 4.8. Summary of average Manning's n for CSU data.

No. of
D50 Data

(in.)- D/D 8 S10Pe? _ Points. n50 CSU

1.02 9.20- 0.01 16 0.024
1.02 2.07 0.02 31~ -0.024
1.02' 1.29 0.10 3 0.034-

'2.20' 4.47- 0.02 21 0.025
;

t- 2.02 1.86 0.08. 3 0.036
2.20 1.35 0.10- 9 '0.036'

2.20 0.41 0.20 - 22' O.035
4.10 0.57 0.20. 26 0.043
5.10 0.46 0.20- 38 0.044
6.20 0.47 0.20 35 0.055

a Depth + 050

|

*
.

_ _ _ _ _ _ _ _ _ . _ .
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-(4*9)n = 0.0395 (D50)
'

1

c

where D50 is the median stone size in feet. This relationship, which

was developed from natural streams with slopes less than 2% for uniform flow -

conditions over submerged riprap is shown as the solid line in Fig. 4.7.

However, the Anderson et al. (1970) relationship is commonly used and

extrapolated to estimate roughness on steep slopes. Anderson et al . did not .

consider the resistance to be a function of slope.

The U.S. Army Corps of Engineers (C0E,1970) have also developed a

procedure for estimating Manning's n value. Althrough the C0E procedure was

formulated for flat slopes and deep flow depths (1-60 f t), it is routinely

applied to estimate flow resistance of steep slopes. The Manning's n is-

calculated as

R /61
'

n= (4.10)
23.85 + 21.95 log 10 (R/K)

:

!

where R is the hydraulic radius and K is the equivalent | roughness height in

ft. The equivalent roughness for stone lined channels is the theoretical

spherical diameter of the median stone size. The hydraulic radius is,

,

approximated with the depth of flow in wide channels.

The CSU and Anderson et al. (1970) equations were compared to
,

demonstrate the effect that slope has on the Manning's n. The Manning's n

values were approximated by applying Eq. 4.8 and Eq. 4.9 for median stone

f sizes of 2.2 inches and 5.1 inches on slopes of 1%, 2%, 5%,10% and 20%.
1
'

,

|-

. . - ._
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The results of the analysis (Table 4.9) indicate that. at slopes below 2%,

the Anderson et al. equation yields slightly greater n values (approximately

10%) than does the CSU equation. The'.CSU and Anderson et al. relations-

coincide at a slope between 2% and 5%.

The CSU and Anderson Et al. relations yield significantly different

Manning's n values at steep slopes (>10%). .The Anderson et al. n value

remains constant at 0.034 for a 5.1-inch stone (D50) for all slopes.

However, the CSU equation yields an n value of 0.046 for a 5.1-inch stone

(D50) at 20% slope, a value 35% greater than predicted by Anderson et-

al. It is evident that the Anderson et al. formulation can lead to

erroneous designs if applied to slopes greater than 2%.

An attempt was also made to compare the Manning's n value from the U.S.

Army Corps of Engineers procedure (C0E,1970) with the CSU results presented

in Fig. 4.8. As observed in Table 4.9, the COE n values are less than the

Anderson et al. and CSU values at slopes less than 10%. However, the COE3

value meets or exceeds the Anderson et al. and CSU n values for slopes of

10% or greater,

it should be noted that the CSU equation was based on computed average

n values and does not indicate the upper range of localized n values which'
,

extended from 0.06 to 0.08. Appendix C, Sumary of Hydraulic Data, presents

the localized n values resulting from each test of the testing program.

4.3.3 Bed Critical Shields' Coefficient

The bed critical Shields' coefficient, Cc, was computed for each test

as presented in Table 4.6 and Table 4.7. The Shields' coefficient of each
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Table 4.9. . Comparison of-Manning's n.
,

'

. b ,a

b50.I"* SI P' - "(ANDER):
~ "

(C0E) '"(CSU)-
't

.0.0252.2 0.01 0.030-'

.--

'2.2 0.02 0.030 ' . 0.025 0.028-

0.032-2.2 - 0.05 0.030 --

t

2.2' O.10 0.030 0.029 0.036-.

$ 2.2 0.20' O.030 0.044 .0.040

0.028:5.1- 0.01 0.034 --

0.032. 5.1 0.02 0.034 --

0.0375.1 - 0.05 0.034 --

0.041-5.1 0.10 0.034~ --

: 5.1 0.20 0.034 0.047 0.046'
!
i

j' n(ANDER): Eq. 4.8..a

b n(CSU) = Eq.-4.9.
! ,l

'

>
t

I
i
}

I ,

| ;

I

! '

" r

i

j. '

,

1

+

;

i

.

!

I

.

b

i
.

. - , - . . . - ., , , . . ~ , - , - - , - . . , , , , , - , . . , . , . . . , - - - . , - - - - , , --,,...,-c. -,,.,----,-,-r .,---,.---,n . , , - ,
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failure test, or average coefficient if nore than one failure test was run,

was determined for the flow just prior to failure for each stone size. The-

resulting coefficients were plotted on the Shields' Diagram (Simons and

Senturk,1977) as presented in Fig. 4.9. It is observed that the

- coefficients for the 1-inch, 2-inch, 4-inch, 5-inch, and 6-inch stone sizes

- failed just above the Shields' curve and significantly above Gessler's

modification (Gessler, 1971). The riprap failure occurred with Shields' -

coefficients slightly greater than expected using the Shields' diagram.

Therefore, the Shields' coefficient as presented in the Shields' diagram may

be conservative for stone sizes of 1-inch or greater. Also, it is possible

: that the high Shields' coefficients reflect the slope influence of the bed.

4.4 TIME EFFECTS ON RIPRAP FAILURE

1

During the testing program, it was observed that the rising limb of the
I

inflow hydrograph varied as a function of the time required to acquire data.

Therefore it was necessary to analyze how the shape of the rising limb of

the hydrograph affected the unit discharge at the failure of the riprap

layer.

Three tests were conducted with the 2-inch riprap without filter on the

20% embankment slope. The unit discharge and test time in Table 4.10 are

graphically presented in Fig. 4.10. It is observed in Fig. 4.10 that the-

time to failure in test No.1 represents a steep rising linb of the inflow

hydrograph while the time of failure in test No. 2 represents a slower,

gradually rising limb. The unit discharges at failure are 0.28 cfs, 0.29

cfs and 0.31 cfs for tests No.1, No. la and No. 2, respectively.
,

- v ,.v . . - . ,
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. Table 4.10. Summary data for computing normalized time and discharge.a

Run L L
No. 0 SIOP'

.

t t
50 . '9 - 9f f qf t

f

(i n.) (cfs/ft) (cfs/ft) (min) (min)

1 2.2 0.20 0.21 0.28 23 50 0.75 0.46 'I
0.28 50 1.00 1.00

1A 2.2 0.20 0.11 0.29 30- 0.38' O.25
0.15 65 0.52 0.54
0.20 90 0.69 0.75
0.29 12 1.00 1.00

2 2.2 0.20 0.13 0.32 75 150 0.40 0.50
0.17 95 0.52 0.63- ,

0.20 115 0.61 0.77 :
'

0.26 '135 0.81 0.90
-0.28 145 0.86 0.97
0.32 150 1.00' 1.00

18- 2.2 0.20 0.22 0.50 17 80 0.44 0.21-
0.32 -27 0.64 0.34
0.37 40 0.74 0.50

! 0.50 80 -1.00 1.00-
7 4.1 0.20 0.72 1.81 40 150 0.40 0.27

1.17 62 0.65 0.41,

1.40 90 0.77 0.60
1.56 110 0.86 0.73
1.72 139 0.95 0.93;

1 1.81 150 .1.00' -1.00 i

10A 5.1 0.20 0.91 3.56 57- 193 0.26 0.29
1.40 75 0.39 0.39

; 1.57 98 0.44 0.51 '

'

! 1.95 131 0.55. :0.68
3 2.45 157 0.69' O.81
| 2.80 165 0.79 0.85
1 2.87 183 0.81 0.95
: 3.48 188 0.98 =0.97
i 3.56 193 1.00 1.00;

15' 6.2 0.20 1.44 4.43 20 63 10.32 0.32t

1.80 30 0.41- -0.48,
,

: 2.63 47 0.59 0.75'
4.43 63 .1.00 1.00

4

a Definitions

q = unit' discharge at time 't'.

qf = failure discharge.
t = time elapsed after starting the test. i

tt = total time of-test.
i

.Ia

I

|
|
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Fig. 4.10,. Unit discharge versus time for 2-inch riprap at 20% slope.
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It appears that the shape of the' rising limb of the inflow hydrograph

has little effect on the unit discharge at failure of the riprap layer as

long as the flow does not exhibit dynamic wave loading conditions. However,

if-a ponding condition upstream of 'the riprap covered slope should suddenly

burst, the riprap layer may fail at a lower unit discharge- than reported in

Section 4.1 due to unsteady, nonuniform flow conditions.

4.5 INCIPIENT STONE MOVEMENT AND CHANNELIZATION

4.5.1' Incipient Stone Movement

Incipient stone movement resulting from the force of the impinging flow

was considered an important factor in determining the riprap failure

criteria. The unit discharge was recorded during each test when stone

movement was first observed. Stone movement was independent of bed

settlement or shifting due to changes in the discharge. . In each case, field

observations were verified with the videotape recording of the test.

A graphical presentation of the normalized discharge versus the

normalized time is presented in Fig. 4.11 for the 2-inch, 4-inch, 5-inch,

and 6-inch stones with filter on a 20% embankment slope. - It is observed

that the stone movement occurred when the unit discharge approached

approximately 76% + 3% of the unit discharge at failure. The stone movement

appears to be independent of the shape of the rising linb of the inflow
,

hydrograph.

! Therefore, stone movement unit discharge can be estimated as a function

of the unit discharge at failure. Furthermore, incipient stone movement is

|

._. - _ ,
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independent of the shape of the hydrograph. These findings are based on a

single slope and should be verified with additional tests on other

slope (s).

4.5.2 Channelization

During several tests, small channels formed in the riprap layer

conveying unit discharges greater than were expected under sheet flow

conditions as previously indicated by Codell (1986). The channels appeared

to form as flows were diverted around the larger stones and directed into

areas or zones of the smaller stones. The smaller stones would move

creating a gap or notch between the larger stones. The flow would

concentrate into these notches thereby increasing the localized velocities

and subsequently the local discharge. The newly formed channel would !

usually migrate downstream. However, migration often was across the

embankment as well as directly down the embankment.

Although flow channelization was not well documented, evidence of

channelization was obtained in four tests as sumarized in Table 4.11. When

channelization was observed, the channel depth and width were estimated and

a localized velocity measurement was taken. The sheet _ flow unit discharge,

q, was determined and compared to the unit discharge calculated from the
,

localized channel, qc. The ratio of qc/q presented in Table 4.11

indicates that the channel may convey in excess of three times the discharge

indicated for sheet flow conditions. It should be noted that the qc/9

ratio decreases as the stone size increases.

- - _ _ _ . - .. - . .
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Table 4.11. Channelization of flow in the outdoor fiume (12 ft). j

9C .

*

Velocity Rate Concentrat' ion.
Qy Q Width Depth X-section of Flow Qc of Flow . Factor.

Run Riprap Total Sheet .. of of Area of through Channel through 1

No. D Flow Flow Channel Channel Channel Channel Flow Channel q /q Q IO50 c c
; i n, cfs cfs/ft ft ft ft2 ft/s cfs cfs/ft
t

01 2.2 3.36 0.28 2.50 0.25 -0.63 3.70 '2.33 0.93 3.33 0.69 3.23

02 2.2 3.36 0.28 3.00 0.33 0.99 1.90 1.88 0.63 2. 24 , . 0.56- '.- 2.27 5
07 4.10 21.72 1.81 4.00 0.56 2.32 5.20 - 12.06 3.02' 1.67 - 0.56 - 2.27

' 10 5.10 33.48 2.79 '3.00 0.50 1.50 .7.80 11.70 3.90. 1.40. 0.35 - 1.54

i
-

.

L

f

-I

,

''
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In an attempt to quan'tify the degree of flow concentration that exists

when channelization occurs, a flow concentration factor was formulated as

1
C (4,11)=

f 1 - (Qc/Q)

where

Cf = Concentration factor

Qc = Total channel discharge

0 = Total discharge.

The resulting concentration factor can be interpreted in at least two

ways. The concentration factor can serve as an indicator of the " built-in"

safety factor in the stability of the riprap design. The concentration

factor could also be used as a multiplier or coefficient that may be

integrated into a design procedure to increase stability against-the unknown

possibility of unsteady, nonuniform flow and subsequent channelization. The

results are inconclusive because of the limited data base. ' However, it is

evident that channelization can occur and is stone size dependent.

The videotape recordings of the failure tests were reviewed and the

unit discharge at incipient channelization was documented. The incipient

channelization unit discharges were normalized to the appropriate. unit

discharges at failure. The zone of incipient channelization is

cross-hatched in Fig. 4.11. It is observed that incipient channelization

occurs at approximately 90% + 5% of the unit discharge at failure.
_

Furthermore, the channelization appears to be independent of the shape of

the inflow hydrograph.

i

.
. . -
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..

_ . . -



76

4.6 FILTER INFLUENCE ON STABILITY

It is generally recommended that a filter blanket of well-graded rock

material be placed over an embankment or cover prior to riprap placement.

The filter blanket prevents migration of embankment or cover materials, acts

to dissipate dynamic water forces between bedded layers .and stabilizes the

riprap layer. The filter thickness varies depending upon the riprap stone

size, riprap thickness, and riprap design procedure. Generally, a filter

thickness of one-half the riprap layer thickness, but not less than 6

inches, is recommended.

The experimental program did not directly a'ddress how the filter

blanket affected the stability of the riprap layers. However, one set of

tests was conducted which indicates the potential effect of the filter

blanket.

The 2-inch median stone diameter riprap was tested in the outdoor

facility on a 20% slope with and without a 6-inch thick filter blanket. .The

average unit discharge at failure of the 2-inch riprap without a filter was

0.30 cfs/ft as presented in Fig. 4.1. However, when a 6-inch filter blanket

was placed beneath the 6-inch layer of 2-inch riprap, the unit discharge at

failure increased to 0.50 cfs/ft. Apparently, the presence of .the filter -

increased the resistance to riprap movement by nearly 67%. _ The 'same riprap

and method-of riprap placement was used in all tests.

Several observations were made during and after each test. Because of

the turbulence of the cascading flows on steep slopes, it was not possible

to observe situations in which a " slow pumping" or extraction of the filter

blanket may have occurred during each test. However, in several instances,
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a cloud of filter material was observed in the flow just prior to.the
,

failure of the riprap layer. Also, a qualitative inspection of the unfailed

portions of the embankment after each test indicated that the filter blanket

often moved or adjusted with the' riprap, but was not extracted from beneath

the riprap layer.

Although the results do not provide sufficient evidence to support a

final conclusion, the results indicate that the filter blanket may be a key

element in the long-term stabilization of a riprap system. Furthermore, it

is recommended that additional efforts be concentrated on the contributions

of the filter blanket to the stability of the riprap system.

4.7 T0E STABILITY ON FLAT SLOPES

A series of tests were conducted with 1-inch . riprap on 1% and 2% slopes

to evaluate the tailwater effects on the riprap toe of the' embankment.
;

1' Also, the stability effect of oversizing riprap located at the toe of flat !

slopes was investigated.

The riprap stability on flat slopes was evaluated for both tailwater

and no tailwater conditions. Unit discharges -at failure were 1.50 cfs and

5.37 cfs for the no tailwater and tailwater conditions, respectively, for a

1% slope as presented in Table 4.2. Similarly, unit discharges at failure

were 1.11 cfs for the no tailwater condition and 2.29 cfs for the tailwater

condition at 2% slope. Therefore, the presence of. tailwater increased the

stability of the 1-inch and 2-inch riprap by 100% to 250% for these low

slopes.

.-- . . . --
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Since 'the design of- flat slopes does not usually include a means of

maintaining high t'ailwater, the effect of increasing the~ riprap stone size

near the slope ~ toe was. investigated. The riprap median stone size was

doubled in' an ' attempt to stabilize the toe in a manner similar to~ a

- localized tailwater condition. The resulting unit discharge at failure for

the no tailwater condition using 1-inch riprap at 2% slope was approximately

2.24 cfs. The unit failure discharge was 2.29 cfs for the same con'ditions -

with tailwater. Therefore, by doubling the median stone size placed near-

the toe of a' flat slope (S < 0.02), the oversized riprap compensates for the

low tailwater condition and' serves to stabilize the toe.4

1

6

4

, - , .- - ,
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5. CONCLUSIONS

A series of 52 laboratory experiments were conducted in which riprapped

embankments were subjected to overtopping flows._ Embankment slopes of 1, 2,

8,10 and 20% were protected with riprap layers comprised of median stone
*-sizes of 1, 2, 4, 5 and/or 6 inches. Riprap design criteria for overtopping

flows were developed in terms of the unit discharge at failure, the

.

interstitial velocities in the riprap layer, the resistance to ' flow over the

riprap surface, the potential impacts of the filter blanket on riprap

stability, and the effects of flow concentration on riprap stability.

Specific findings are summarized as follows:

1. Rock Sizing

o A family of riprap design curves was developed from the CSU data

relating unit discharge, embankment slope, and median stone size

for overtopping flow when embankment slopes range from 1% to-

20%.,

o The Stephenson Method was determined to be an acceptable

procedure for determining median stone diameter for overtopping

flows with embankment slopes of 10% or greater.

o The COE, USBR, and SF design procedures for sizing riprap yield

conservative median stone sizes for resisting overtopping

flows.

|
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Recomendations:. The'.CSU, Stephencon, COE,:USBR, and-SF methods are
.

acceptable procedures .forisizing : riprap to resist- overtopping flows.
.

HOwever, it is not recomended that the Stephenson metho'd be used for-U
~

slopes less than 10%.

2. Interstitia'l Flows

A procedure was deriv'ed from the CSU data to estimateo

i interstitial velocities .and discharges through' a ' riprap layer as

a function of the embankment slope, median stone size,

1 . coefficient of uniformity, and porosity. -

The Leps relationship for estimating interstitial velocities in .o, ,

a riprap layer should be applied only' to slopes of 10% or:t-

;

. greater. '

t ,

J

4
,

Recomendation: The CSU and Leps methods are acceptable. procedures for

estimating interstitial velocities in riprap. However, the.Leps method
~

is not recomended for use on: slopes under 10%.
, .c

t

I

3. Resistance to Flow ;

The Manning's n was determined to be a funktion of the median. '

j o

) stone size and slope-in cascading flows..
!. ;

o A relationship was presented that allows the user to estimate-.

Manning's n for 1% to 20% slopes with: median stone sizes from'1'

inch to 6 inches.

.

The CSU relationship yields higher n values than.does theO

;. -

Anderson et al. or C0E procedure for slopes less than 10%.

4

d

'm. . ., .h . ~ - - ,,,,r .,.-.-,,x , _ . . . , . . . . , ~ . . .. - .,<m , , . ,- . . - + . _ .., a m,-.
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o The Anderson et al. relation for determining n values should

only be ap' plied to channel oor embankment slopes' of 2% or less.

o. The bed critical Shields' coefficients. _Cc, were! determined ~ to-

be more conservative .than those valttes predicted.by the Shields''

diagram.
|

|
t

j Recommendation: The CSU and Anderson etc al, methods' are acceptable

procedures for estimating Manning's n values for slopes ~ of-2% or less.-
~

The Anderson et al. ~ relation should not be used for determining n

values on slopes above 2%.

4.- General Findings

0: The failure lof the riprap layer was ~ independent of the shape of

-the rising limb.of the inflow hydrograph tributary to the

embankment.

o Incipient stone movement-in the riprap layer occurred when the

unit discharge approached 76% +i 3% of the' unit discharge. at

failure.

Flow channelization occurred when the unit discharge approachedo

90% + 5% of the unit discharge at. failure,
_

o The filter blanket stabilizes the riprap layer,

o Tailwater stabilizes the riprap layerion slopes less1than org
i

equal to 2%.

Recommendation: Additional tests must be conducted to provide' informa-

tion indicating how the filter blanket stabilizes the riprap layer.

.
. . ..

.
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Fig. A 3. Grain-size distribution curve of 4.1 inch riprap. '
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APPENDIX B

IEERSTITIAL VELOCITY PROFILES FOR RIPRAP
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Table B.1. Interstitial velocity and interstitial discharge for the outdoor fiume (12 ft)
and the indoor flume (8 ft).

Runa Riprap Depth of Slope Flume
No. Flume D50 Riprap S Width Q q*b yc

Cu np(in.) (in.) (ft) (cfs) (cfs/ft/in.) (ft/s)

61 Indoor 1.02 3 0.01 8 0.11 0.0047 0.10 1.75 0.44
7! Indoor 1.02 3 0.02 8 0.11 0.0047 0.13 1.75 0.44
91 Indoor 1.02 3 0.10 8 0.21 0.0087 0.24 1.75 0.44
31 Indoor 2.20 6 0.02 8 0.33 0.0067 0.23 2.09 0.45
4I Indoor 2.20 6 0.01 8 0.23 0.0050 0.15 2.09 0.45

10! Indoor 2.20 6 0.10 8 0.56 0.0120 0.36 2.09 0.45
111 Indoor 2.20 6 0.10 8 0.56 0.0120 0.37 2.09 0.45
3d Outdoor 4.10 12 0.20 12 4.34 0.0300 0.72 2.15 0.44
48 Outdoor 4.10 12 0.20 12 4.25 0.0290 0.97 2.15 0.44
Bd Outdoor 5.10 12 0.20 12 5.70 0.0396 1.04 1.62 0.46
8e Outdoor 5.10 12 0.20 12 5.96 0.0414 0.86 1.62 0.46

14e Outdoor 6.20 12 0.20 12 6.22 0.0432 1.51 1.69 0.46

a Run 5
b q* = u, nit discharge per inch depth of riprap.15, and 16 outdoor and runs II, 2I, and 51 indoor were not included due to malfunctioning equipment.
c V = interstitial velocity.
d Test run at Station 22-24
e Test run at Station 35-37.
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Table B.2. Velocity profiles for interstitial flows in the outdoor fiume (12 ft).

Velocity of Flow through Rocks at
Depth location Depth of Flow 'Y' inches below Riprap Surface

Runa Riprap of of Relative to (ft/s)
No. 050 Slope Riprap Test QT Riprap Surface

(19.) (i n.) (Station) (cfs) (in.) Y=10.5 Y=7.5 Y=4.5 Y=1.5

3 4.1 0.20 12 22-24 4.34 0.00 0.56 0.81 0.82 0.69
3 4.1 0.20 12 22-24 5.15 +0.70 0.54 0.82 0.83 0.71
3 4.1 0.20 12 22-24 8.00 +1.60 0.56 0.82 0.90 0.80
3 4.1 0.20 12 22-24 2.68 -4.60 0.55 0.77 -- --

i

4 4.1 0.20 12 35-37 4.25 0.00 0.82 0.91 1.18 |--

4 4.1 0.20 12 35-37 5.31 +1.60 0.76 0.91 1.09 --

4 4.1 0.20 12 35-37 8.12 +2.85 0.73 0.99 1.06 1.82
4 4.1 0.20 12 35-37 2.58 -3.90 0.78 -- -- --

8 5.1 0.20 12 22-24 5.70 0.00 1.15 1.11 0.86 -- e
*

8 5.1 0.20 12 22-24 6.07 + 0.70 1.03 1.02 1.10 --

8 5.1 0.20 12 22-24 8.75 +2.00 1.00 1.08 1.14 --

8 5.1 0.20 12 22-24 11.41 +3.00 1.08 1.23 1.39 --

8 5.1 0.20 12 22-24 2.90 -6.00 1.00 1.50 -- --

8 5.1 0.20 12 35-37 5.96 0.00 0.88 0.87 0.84 --

8 5.1 0.20 12 35-37 7.22 +1.00 -- 0.90 0.86 --

1.858 5.1 0.20 12 35-37 9.74 +2.50 ---- --

8 5.1 0.20 12 35-37 3.06 -6.00 0.56 0.84 -- --

14 6.2 0.20 12 35-37 4.58 -0.70 1.23 1.02 -- --

14 6.2 0.20 12 35-37 6.22 0.00 1.33 1.69 -- --

14 6.2 0.20 12 35-37 8.71 +1.40 1.36 1 .36 1.85 --

14 6.2 0.20 12 35-37 10.75 +2.10 1.28 1.72 1.75 --

14 6.2 0.20 12 35-37 13.28 +2.60 1.16 1.61 1.78 --

a Runs 4, 5,15, and 16 were not included due to malfunctioning equipment.
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Table B.3. Velocity profiles for interstitial flows in the indoor fiume (8 ft).

Velocity of Flow through Rocks at
Depth Location Depth of Flow

Rt:na Riprap of of Relative to -
'Y' inches below Riprap Surface

(ft/s)
No. 050 Sl0Pe Riprap Test Q Riprap, Surface

(in.) (in.) (Station) (cfs) (in.) (=1.5 Y=4.5. Y=7.5

31 2.20 0.02 6.0 120 0.33 0.00 -0.23 0.24 --

31 2.20 0.02 6.0 120 0.63 +0.85 0.24 0.26 --

31 2.20 0.02 6.0 120 4.73 +3.00 0.23 0.28 -

31 2.20 0.02 6.0 120 15.70 .+5.90 0.26 0.66 --

31 2.20 0.02 6.0 120 0.12 -3.00 0.19 -- --

4I 2.20 0.01 6.0 120 0.23 .0.00 0.13 .0.17 --

4I 2.20 0.01~ 6.0 120 0.63 +1.00 - 0.16 0.16 0.78
di 2.20 0.01 6.0 120 3.74 +3.00 _0.13 0.36 1.85
4I 2.20 0.01 6.0 120 12.40 +6.00 0.15 0.68 -1.50 e

"'41 2.20 0.01 6.0 120 0.07 -2.80 0.09 -- --

61 1.02 0.01 -3.0. 120 0.11 0.00 0.10 -- --

61 1.02 0.01 3.0 - 120 0.66 +1.00 0.09 -- . - -

61 1.02 0.01 3.0 120 4.73 +3.00 1.89 ----

61 1.02 0.01 3.0 120 0.05 -0.80 0.10 -- --

71 1.02 0.02 3.0. 120 0.11 0.00 0.13 -- --

71 1.02 0.02 3.0 120 6.26 +3.00 3.80-- --

71 1.02 0.02 3.0 120 13.60 +4.80 -- 3.60 --

71 1.02 0.02' 3.0 120 0.04 -1.40 0.11 -- --

8I '1.02 0.02 3.0 120 0.08 0.00 0.11 -. --

81 1.02 0.02' 3.0 120 0.66 +1.00 0.09 -- --

8I 1.02 0.02 3.0 120 4.73 +2.80- 1.60-- --

81 1.02 0.C2 3.0 120 9.46 +4.00 ;- 2.24 3.20 -
81 1.02 'O.02' 3.0 120 0.01 -1.40 0.09 -- .--

,

__ - - - - - - . - - - - - . - _ - . - - - . _ - . - - _ _ - - - , - - _ - - . - _ _ - - - - - - - . - _ . .
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Table B.3. Continued.

' Velocity of Flow through Rocks at
Depth Location Depth of Flow . ''Y' inches below Riprap. Surface

Runa Riprap of of Relative to (ft/s)
050 Slope Riprap Test Q. Riprap Surface -No..

(i n.) (i n.) - (Station) (cfs) (in.) .Y=1.5- Y=4.5 Y=7.5
^

91 1.02 0.10 3.0 140-142 0.21 0.00 0.24- -- --

91 1.02 0.10 3.0 140-142 0.40 +0.95' O.24. . - - - -.

91- 1.02 0.10 3.0 140-142 0.67 +1.28- 0.31- -- --

91 1.02 0.10 3.0 140-142 1.67. +1.67 0.17 . - - --

91 1.02 'O.10 3.0 . 140-142 0.10= -1.73 0.17 -- --

101 2.20 0.10 6.0 140-142 0.56 0.00- 0.36 0.36 --

'

101 2.20 0.10 6.0 140-142 0.68- +0.17 0.37 0.37: --

101 2.20 0.10 6.0 140-142 2.12 +1.25 0.36. 0.38 --

101 2.20 0.10 6.0 .140-142 5.02 +2.11 0.36. 0.35 -- $-
101 2.20 0.10- 6.0 140-142 0.29 -2.93 0.33' -- --

111 2.20 0.10 6.0 148-150 0.56 0.00 0.33 --- --

;111- .2.20 0.10 6.0 148-150 .0.67- +0.40 0.36- 0.39- --

111 2.20 0.10' 6.0 148-150 2.12 +1.05 _ 0.34 L- 0.41 0.83 -

111 2.20 0.10 6.0 148-150. 5.02 +2.15 0.35 0.36- 1.06
111 2.20 0.10 6.0 148-150 0.29 -2.40 0.32. -- - - -

a Run 11, 21. and 51 were not included.due to' malfunctioning equtpaent.
; _
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Table C.I. Summary of hydraulic (#.4 for the oatdoor fiume (12 ft).a
|

! Darcy-
Area WeisbachTotal Surface of Froude . Shields' Reynold's FrictionRunb Discharge Discharge Slope 9epth Velocity Flow Number Manning's Coefficient Number FactorNo. 050 QT Os .S 0=R V A F n Cc Re, f

(in.) (cfs) (cfs) (ft) (fps) (ft )2
i

6 4.10 7 .54 3.24 0.20 0.10 2.75 1.18 1.54 0.052 0.035 19283 0.6726 4.10 10.29 5.99 0.20 0.15 3.27 1.83 1.48 0.058 0.054 24014 0.733.6 4.10 13.00 8.70 0.20 0.12 6.08 1.43 3.11. 0.026 0.042 .21228 0.166-6 4,10 13.00 8.70 0.20 0.13 5.51 1.58 2.67 0.031 0.047 22313 0.2246 4.10 13.00 8.70 0.20 0.17 4.18 2.08 1.77 0.049 0.061 25602 0.5106 4.10 16.10 11.80 0.20 0.17 5.96 1.98 2.59 0.034 0.059 24979 0.2396 4.10 16.10 11.80 0.20 0.19 5.18 2.28 2.09 0.042 0.061 26804- 0.3656 4.10- 16.10 11.80 0.20 0.21 4.66 2.53 1.79 0.050 0.075 28236- 0.a996 4.10 17.50 13.20 0.20 0.17 6.35 2.08 2.69 0.033 0.061 25602' O.2226 4.10 17.50 13.20 0.20 0.21 5.22 2.53 2 90 0.045 0.075 28236 0.3996 4.10 17.50 13.20 0.20 0.21 5.22 2.53 2.00 0.045 0.075 28236 0.399 ,.
o7 4.10 14.10 9.80- 0.20 0.23 3.63 2.70 1.35 ~0.068 0.080 29169 0.880 ""

7 4.10 14.10 9.80 0.20 0.20 4.17 2.35 1.66 0.054 0.069 27213 0.5807 4.10 16.75 12.45 0.20 0.25 4.15 3.00 1.46 0.064~ 0.089 30747 0.7487 4.10 16.75 12.45 0.20 0.17 5.93 2.10 2.50 0.035. 0.062 - 25724 'O.2577 4.10 18.77 14.47 0.20 0.17 7.24 2.00 3.12 0.028 0.059 25104 0.1647 4.10 18.77 14.47- 0.20 0.25 4.82 3.00 1.70 0.055 0.089 30747 0.5547 '4.10 18.77 14.47 0.20 0.18 6.58 2.20 2.71 0.033 0.06 5 26330 0.2187 -4.10 20.66 16.36 0.20 0.18 7.61 2.15 3.17 0.028 0.064 ' 26029 0.1597. -4.10 20.66 16.36 0.20 0.18 7.79 2.10 3.28 0.027 0.062 25724 0.1497 4.10 20.66 16.36 0.20 0.28 4.88 3.35 1.63 0.058 0.099 32491 0.6037 4.10 20.66 16.36 -0.20 0.22 6.06 2.70 2.25 0.041 0.080- 29169 0.3167 4.10 -20.66 16 .36 0.20 0.29 4.67 3.50 1.53 0.063 0.103 33210 0.6887 4.10 21.78 17.48 0.20 0.18 8.13 2.15 3.38 0.026 0.064 26029 0.1407 4.10 21.78' 17.48 0.20 0.19 7.77 2.25 3.16 0 .0 28 . 0.067 26627 0.1607 4.10 21.78 17.38 0.20 0.28 5.22 3.35 1.74 0.054 0.099 32491 0.528

. - _ _ - _ - _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _
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Table C.I. Continued. r

Darcy--
Area .. Weisbach

Total . Surface of Froude- . Shields'' .Reynold's Friction
Runb Discharge Discharge Slope Depth Velocity Flow Number Manning's Coefficient . Number' Factor
No. D50 QT Os S D=R V A .F n Cc. .Re .f-

2(in.) (cfs) (cfs) (ft) (fps) (ft )

8 5.10 8.75 2.92 0.20 0.07 3.70 0.79- 2.54 0.029- 0.019 19626 0.248
8 5.10 8.75 2.92 ,0.20 0.12 2.06 1.42 1.05 0.078 0.034 26313 - 1.422
8 5.10 11.41 5.58 0.20 0.13 3~.62 1.54 1.78 0.047 0.037 27402 0.504
8 5.10 11.41 5.58 0.20 0.18 2.63 2.12 1.10 0.079 'O 050 32151 1.314

9 5.10 10.26 4.43 0.20 0.10 - 3.72 - 1.19 2.08 0 .0 38 ' O .0 28 24088 0.369
9 5.10 10.26 4.43 0.20 0.13 2.91 1.52 .1.44 0.058 0.036 27223 0.768
9 5.10 12.54 6.71 0.20 0.14 4.09 1.64 1.95 0.043 0.039 28278 0.421,

9 5.10 12.54 .6.71 0.20 0.09 6.05 1.11 3.50 0.022 0.026 23264 0.130' gg ~
9 5.10- 12.54 6.71 0.20 0.17 3.24 2.07 1.38 0.064 0.049 31769 0.846 ro
9 5.10 14.53 8.70 0.20 0.17 4.37 1.99 1.89 0.046 0.047 31149 0.447
9 5.10 14.53 8.70 0.20 0.12 6.17 1.41 3.17 0.026 0 .0 34 26220 'O 159
9 5.10 14.53 8.70 0.20 0.21 3.52 2.47 1.37 0.066 0.059 34703' O.855 -
9 5.10 17.56 11.73 0.20 0.22 4.44 2.64 1.67 0.055 0.063 .35878 0.574
9 5.10 .17.56 11.73 0.20 0.19- 5.19 2.26 2.11 0.042 0.054 33195 0.360
9 5.10 17.56 11.73 0.20 0.14 7.07 1,66 3.35 0.025 0.039 28450 0.143
9 5.10 17.56 11.73 0.20 0.24 4.02 2.92 1.44 0.064- 0.069 37732. 0.777
9 5.10 19.32 13.49 0.20 0.24 4.75 2.84 1.72 0.054- 0.067 37212 0.540
9 5.10 19.32 13.49 0.20 0.21 5.48 2.46 2.13 0.042 0.058 34633 .0.351
9 5.10 19.32 - 13.49 0.20 0.17 6.71 2.01 2.89 0.030 0.0 48 '31305 0.192
9 5.10 15.32 13.49 0.20 0.26 4.39 3.07 :1.53 0.061 0.073 38689 0.683

.9 5.10 19.1? 13.49 -0.20 0.16 7.10~ 1.90 3.14- 0 .0 27 0.045 30437 0.162
9 5.10 20.61 '14.78 0.20 'O.25 4.86 3.04 1.70 0.055 0.072 38500' O.552
9 5.10 20.61 14.78 'O.20 0.21 5.77 - 2.56 2.20 0.041 0.061 35330 0.330-
9 5.10 20.61 14.78 '0.20 0.17. ~ 7.17. 2.06 3.05 0.029 0.049- 31692 0.172
9 5.10 20.61 14.78 .0.20 :0,26 4.66; 3.17 1.60 0.059 0.075 39314 0.626

o

%
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Table C.I. Continued.

Darcy-
Area

. Weisbach
Total Surface of Froude . Shields' Reynold's Friction

Runb Discharge Discharge ' Slope Depth Velocity Flow Number Manning's Coefficient Number. Factor
No. 050 QT Qs S D=R V A F n Cc Re f

(in.) (cfs) (cfs) (ft) (fps) (ft )2

9 5.10 20.61 14.78 0.20 0.17 7.21 2.05 3.07 .0.028 0.049 31615 0.169
9 5.10 20.61 14.78 0.20 0.16 7.74 1.91- 3.42- 0.025 0.045 30517 0.137
9 5.10 -23.93 18.10 0.20 0.29 5.19 3.49 |1.69 0.056 0.083 41251 0.557
9 5.10 23.93 18.10 0.20 0.25 5.92 3.06- 2,06 0.045 0.073 38626 0.375

'9 5.10 23.93 18.10 0.20 0.20 7.51 2.41 2.95 0.030 0.057' 34279 0.183
9 5.10 23.93 18.10 0.20 0.30 5.07 3.57 1,64 0.058 0.085 41721 'O.596
9 5.10- 23.93 18.10 0.20 0.18 8.23 2.20 3.39 0.026, 0.052 32752 0.140
9 5.10 23.93 18.10 0.20 0.20_ 7.67 2.36 .3.05 0.029- 0.056 33922 0.172
9 5.10 26.19 20.36 0.20 0.29 5.92 3.44 1.95 0.049 0.082 L40954 -0.422
9 5.10' .26.19 20.36 0.20 0.27 6.25 3.26 2.11 0.045 0.077 39869 0.359
9 5.10 26.19 20.36 0.20 0.21 8.11 2.51 3.13 0.029 0.060 34983 0.164 -5
9 5.'10 26.19 20.36 0.20 0.31 5.47 3.72 1.73 0.056 0.088 42589 0.533 "
9 5.10 26.19 20.36 0.20 0.21 7.95 2.56' 3.03 0.030 0.061 35330 0.174

11 6.20 7.87 1.65 0.20 0.04 3.30 0.50 2.85 0.024 0.010 18981 0.197
11 6.20 7,87 1.65 0.20 0.05 3.00 0.55' 2.47 - .0.028 0.011 19908- 0.262
11 .6.20 7.87 1.65: 0.20 0.04 3.06 0.54 2.54L 0.028 0.011 19726 0.248
11 6.20 13.60 7.38 0.20 0.20 3.01 2.45 1.17. 'O.076 0.048 42017 1.159
11 $.20 13.60 7.38 0.20' O.18 3.40 2.17 1.41 0.062 0.042 39543 0.805
11 6.20 13.60 7.38' 0.20 0.15 4.12 1.79 1.88 0.045 0.035 35915 0.452' 4

11 6.20 13.60 7.38 0.20 0.14. 4.39 1,68 2.07 .0.041 0.033 -34794 0.374
11 6.20 19.47. 13.25 0.20 0.30 3.73 3.55 1.21 0.079 0.069_ 50578 1.094
11 6.20 19.47 .13.25 0.20 0.28 3.91 3.39 1.30 0.073 0.066 49425 0.953
11 6.20 19.47. -13.25 0.20 0.26 4.25 3.12 1.47 0.064 0.061 -47416 0.743
11 6.20 19.47 13.25 0.20 0.24 4.67 2.84 1.69 0.054' O.056 45238 0.560-
11 6.20 19.47- 13.25 0.20 0.23 4.85- 2.73 1.79 0.051 0.053 _44353 0.498

_ - _ _ - - - _ - _ - - _ - _ _ _ _ _ - _ _
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Table C.I. Continued.
.

Darcy-
Area Welsbach

Total Surface .
of Froude Shields' Reynold's Friction

*

Runb Discharge Discharge Slope Depth Velocity Flow Number Manning's Coefficient Number Factor
No. '050 QT Os. 5 D=R V A F n Cc Re '' f~

2(in.) (cfs) (cfs) (ft) (fps) (ft )

12 6.20 12.50 6.28 0.20 0.14 3.81 1.65 1.81- ,0.047 0.032 34481' O.489
12 6.20 12.50 6.28- 0.20 0.17 3.06 2.05 1.31 0.067 0.040 38434 -0.938'
12 6.20 12.50 6.28 0.20 0.13 4.13 1.52 2.05 0.041 0.030 33095 0.382-
12 6.20 12.50 6.28 0.20 0.13 4.08 1.54 2.01 0.041 0.030 33312 0.398
12 6.20 12.50 6.28 0.20 0.12 4.55 1.38 2.36 0.035 0.027 31534 0.286
12 6.20 19.80- 13.58 0.20 0.25 4.60 2.95 1.64 0.057 0.058 46106 0.598
12 6.2C 19.80 13.58 0.20 0.25 4.45 3.05 1.56 0.060. 0.060 46881 0.661
12 6.20 19.80 - 13.58 0.20 0.24 4.82 2.82 1.75 0.053 0.055 45078 ~0.522
12 6.20. 19.80 13.58 0.20 0.21 5.35 2.54 2.05 0.044 0.050. 42782 0.382-
12 6.20 19.80 13.58 0.20 0.21 5.26 2.58 2.00 0.045 0.050 43117 0.400 .-.

13 6.20. 26.50 20.28 0.20 0.31 5.41 3.75 1.70 0.057 0.073 51983' 0.550
13 6.20- 26.50 20.28 0.20 0.36 4.66 4.35 1.36 0.072 0.085. 55987 0.859
13 6.20 26.50 '20.28 0.20 0.29 5.93 3.42 1.% 0.049 0.067' 49643 0.418
13 6.20 26.50 20.28 0.20 0.35 4.90 4.14 1.47 0.067 0.081 54619 0.741
13 6.20 28.10 21.88 0.20 0.40 4.61 4.75 1.29 0.078 - 0.093 58505 0.961-
13 6.20 28.10 21.88- 0.20 0.36 5.03 4.35 1.47 0.067 0.085 55987 -0.738
13 6.20 28.10 21.88 0.20 0.37 4.98 4439 1.45. 0.068 0.086 56244 0.579
13 6.20 28.10 21.88 0.20 0.31 5.85 3.74 1.85 0.052 0.073 51913- 0.469
13 6.20 31.10 24.88 0.20 0.41 5.03 4.% 1.38 0.073 0.097 59724 0.841
13 6.20 31.10 24.88 0.20- 0.37 5.59 4.45 1.62 0.061 ~0.087 ' % 627 0.611

13 6.20 31.10 24.88. 0.20 0.37 5.54 4.49 1.60 0.062 0.088 56881 0.628.
13 6.20 31.10 24.88 0.20 0.32 6.40 3.89 1.98 0.049 .0.076' 52944 0.408

13 6.20 31.10 24.88. 0.20 0.30 6.95 3.58 2.24 0.043 0.070 50791 0.318

_ _ _ _ _ _ _ .
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Table C.I. Continued.

Darcy . '

.
. Area - . Weisbach 1Total Surface of Froude: Shields' .Reynold's' Friction.

[Runb Discharge Discharge Slope Depth Velocity Fitw Number Manning's Coefficient Number -Factor
~

No. 050 QT Os S D=R .V A F n. Cc Re ; f

'(in.) (cfs) (cfs) (ft) (fps)' -(ft )2

" -
17 _2.20 -4.04 2.60 0.20 0.05 4.41 0.59 3.50 0.020 ' O.033' 7316 0.130'-

2

17 2.20 4.04' 2.60 0.20 0.06' 3.42- 0.76 2.40 0.031 0.042_ 8304 0.279:
17 2.20 4.04 2.60 0.20 0.06 3.82 0.68 2.83 0 .0 26 ' -0.037 7855 0.20017, 2.20 4.71 3.27 0.20 _0,07 3.67 0.89 :2.38 0.032 0.049 8986 0.283 - 2
17 2.20' 4.71 3.27- 0.20

_

0.08 3.24' 1.01 1.97- 0.039 0.0% 9573- 0.414-
17 2.20- 4.71 3.27 .0.20 0.07- 3.72 0.88 2.42 0.031' O.048 8935 'O.274 '

17 2.20 .5.33 3.89 0.20 .0.08 4.14 0.94 L2.61 0.029 0.052' 9235. 0.236 '
.

17 2.20 - 5.33 - :3.89 0.20- 0.11 - 3.09 1.26-
.' 1. 68 -

0.048. 'O.069' 10692 0.568
17 ' 2.20- 5.33 '3.89 0.20 0.09 3.44 1.13 1.98 . 0.040' . 0.062 : 10125 0.409
17 2.20 5.58 4.14 0.20 .0.09 3.98 1.04 2.38 -0.033 0.057 9714L 0.282-

,

17 2.20. 5.58 4.14 0.20. 0.11 3.29 1.26 1.79- .0.045 0.069. 10692 0.501 .~
i 17 2.20 5.58 4.14- ' O.20 - 0.10 3.51 1.18 - 1.97 ~ 0.040 0.065 - 10347 0.412- -S'i
s

18 2.20: 2.67 1.23 .0.20 0.04 2.28 0.54 1.89 0.037 0.0 30 7000 .0.447'
18 2.20' 2.67- 1.23 0.20 0.04 2.67 0.46' 2.41 0.028 0.025 6460. 'O.2761
18 - 2.20 - 2.67 1.23 0.20 _0.04 2.56 ~0.48 2.26 0.030 0.026 6599' O.314'
18 2.20 ;3.82 2.38- 0.20 0.06 3.22 'O.74 2.28. 0.032. 0.041 8194 0.307

'

18 2.20 3.82 2.38- 0.20 0.06 .3.13 _0.76 2.19 .0.034 0.042 8304 0.333
18 '2.20 '3.82 2.38 0.20 0.07 2.87 0.83 1.92 0.039 0.046' 8678 0.433. '

. 18 2.20 4.45 .3.01- 0.20 0.08 3.20- 0.94 2.02- ~0.038 0.052 9235 10.394'

18 2.20 .4.45 3.01 0.20 0.08 3.20- 0.94' 2.02 0.038 0.052- 9235- 0.394 -
18 2.20 6.05 4.61 0.20 0.11 3.57 1.29~ 1.92 .0.042 'O.071 10819' O.434
18 12.20 -6.05 4.61 0.20- 0.11 3.52 -1.31' 1.88 . 0.043 0.072 10902i 0.454:

<

,
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Table C.I. Continued,

Ii

a Definitions

2
Qs/12 . A = 12 x D (i n f t ) .

F=
0 )0.53(9t

DS

'Ce = '

1.486 (Gs-1) 050
3 /2 AD2/3 1n=

Qs
D50(GDS)0.5

Re =
"

Os
V = - (in ft/s) '. .7

,

> >
A ft /s at 50*F .S'21,41 x 10-5y=

,

8905-
_. f =-

V2 ,

.
. .. .

,

. Note: Data computed by IBM PC; therefore rounding effects may be neglected.

;. ( b. Run. numbers.10,'10A.. and 15 were not included in the analysis due to instruments freezing during tests.
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Table C.2. Summary of hydraulic data for the indoor flume (8 ft),a

Darcy - < . .
Area WeisbachTotal . Surface of Froude Shields' Reynold's . Friction

Run Discharge Discharge Slope Depth Velocity Flow Number Manning's Coefficient Number. FactorNo. D50 . OT Os S D=R V A F n Ce Re f

(in.) (cfs) (cfs) (ft) (fps) (ft )2

1 2.20 24.60 24.27 0.02 0.58 5 .28 4.66 1.22 0.026 0.040 11501 0.098
1 2.20 24.60 24.27 0.02 0.57 5.35 4.59 1.25 0.025 0.040 114221 0.095
1 2.20 24.60 24.27 0.02 0.57 5.37 4 .58 1.25 0.025 0.040 11402 0.094

2 2.20 48.30 47.97 0.02 0.88 6.88 7.02 1.29 0.025 0.061 14126 0.082
2 2.20 47.20 46.87 0.02 0.74 8.10 5.90 1.64 0.0 20- 0.051 12942 0.053
2 2.20 50.40 50.07 0.02 0.89 7.09 7.11 1.32 0.025 0.062 14214 0.078

3 2.20 43.60 43.27 0.02 0.80 6.84 6 .38 1.35 0.024 0.055 13451 0.077
3 2.20 43.60 43.27 0.02 0.75 7.25 6.02 1.47 0.022 0.052 13073 0.065
3 2.20 43.60 43.27 0.02 0.87 6.28 6.94 1.19 0.027 0.060 14046 0.098 r.

o
4 2.20 46.90 46.57 0.02 0.84 6.96 6.74 1.34 0.024 0.059 13834' '0.078 - '"

4 2.20 46.90 46.57 0.02 0.75 7.79 6.02 1.58 0.0 20 0.052 13082 0.057
4 2.20 46.90 46.57 0.02 0.97 6.06 7.74 1.09 0.030 0.067 14825 0.115

*

5 2.20 52.70 52.37 0.02 0.84 7.81 6.74' 1.50 0.022 0.059 13842 0.062
5 2.20 52.70 52.371 0.02 1.01 6.53 8.06- 1.15 0.029 0.070 15136 0.102
5 2.20 52.70 52.37 0.02 0.94 7.00 7.53 1.27 -0.026 0.065 14624 0.084..

6 2.20 55.10 54.77' 0.02 0.94 7.33- 7.52 1.33 0.025 0.065 14616 0.077
6 2.20. 55.80 55.47 0.02 -1.01 6.90 8.09 ' 1.21- -0.027 0.070 15158 ~0.092
6 2.20 58.80 58.47 0.02 1.05 6.97 8.43 1.20 0.027 0.073 15477 0.093L

7 2.20 34.70 34.37 0.02 -0.68 6.41 5.42 1.37 0.023 0.047 12404 0.076
7 2.20 _37.50 37.17 0.02 0.80 5.84 6.42 1.15 .0.028 0.956 13501 0.106
7 2.20 .35.70 35.37 0.02 0.73 6.10 5.86 1 .26 0.0 25 0.051 ~ -12898 0.090

_ _ _ -
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Table C.2. Continued..

Dar cy -
Area

. Weisbach
Total Surface -of Froude Shields' Reynold's' Friction

Run- Discharge Discharge . Slope Depth Velocity Flow Number. Manning's;~ Coefficient Number Factor
No. D50 QT Os S D=R V 'A F n Cc Re f

2(in.) (cfs) (cfs) (ft) (fps) (ft )

8 1.02 10.00 .9.89 0.02 0.31 -4.02 2.49 1.27 0.023' O.046 3776 0.094
8 1.02 10.00 9.89 0.02 0.33 3.85 2.60 1.19 -0.025 0.048 3860 0.107
8 1.02 10.00 9.89 0.02 0.31 4.10 2.44 1.31 0.022 0.045 3739 0.089

9 1.02 15.20 15.09 0.02 0.42 4.52 3.36 1.23 0.025 0.063 4388 0.098
9 1.02 15.20 15.09 0.02 0.45 4.23 3.59 1.11 0.027 0.067 4537 0.119-
9 1.02 15.20 15.09 0.02- 0.37 5.15 2.95 1.49 0.020 0.055 4113 0.067

10 1.02 18.30 18.19 0.02 0.46 4.95- 3.70 1.28 0.024- 0.069 4602 0.089
10 1.02 -18.30 18.19 0.02 0.50 4.58 3.99 1.14 0.027 0.074 '4783. 0.111

{10 1.02 18.30 18.19 0.02 0.44 5.20 3.52 1.38 0.022 0.066 4491 0.077

11 1.02 8.85 8.74 0.02 0.29 -3.88 -2.28 1.28 0.023 0.042 3614 0.093
| 11 1.02 8.85 8.74 0.02 0.32 3.43 -2.58 1.06 0.028 0.048 '3848 0.135
| 11 1.02 8.85' 8.74 0.02 0.30 3.65 2.42 1.17 0.025 0.045' 3727 ,0.112

12' 1.02 8.50 8.39 0.02 0.32 3.32 2.56 1.03 0.028 0.048 3830 0.142
'12 1.02 8.50 8.39 0.02 0.31 3.47 2.45 1.11 0.026 0.046 3745 0.125
12 1.02 8.50 8.39 0.02 0.30 3.54 2.40 1.14 0.026 0.045 3708 0.117'

13 1.02 12.00 .11.89 0.02 0.39 3.83 3.14 1.08 0.028 0.058 4239' O.129
13 1.02- 12.00 11.89 0.02 'O.37 4.05 2.% 1.18 0.025 0.055 4188 0.109

1

13 1.02 12.00 11.89 .0.02 0.39. 3.84 3.13 1.08 0.028. 0.058 4234 0.128

14 1.02 15.00 '14.89 0.02 0.44 ;4.31 3.48 1.15 0.026 0.065= 4465 0.112
14 1.02 15.00~ 14.89 0.02 0.44 4.26 3.52 1.13 0.027 0.066 4491 0.115
14 1.02 15.00 14.89~ 0.02 0.42 4.49 3.34 1.22 0.025 0.062 4377 0.099

_ . _ _ ,
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Table C.2. Continued.

Darcy--AreaTotal Surface Weisbach
of Froude

. Shields' Reynold's' FrictionRun Olscharge Discharge Slope Depth Velocity Flow Number Manning's Coefficient Number- FactorNo. D50 GT Os S D=R V A F n Cc Re f(in.) (cfs) (cfs) (ft) (fps) (ft )2

15 1.02 17.80 17.69 'O.02 0.42 5.25 3.39 1.42 'O.021 0.063 4409 0.07415 1.02 17.80 17.69 0.02 0.41 5.44 3.27 1.50 0.020 0.061 4330 'O.066'

16 1.02 12.00 11.89 0.02 0.33 4.55 2.64 1.39 0.021 'O.049 3889 0.078'16 1.02 12.00 . 89 0.02 0.32 4.70 2.55 1.47 0.020 0.048 3824 0.07116 1.02 12.00 11.89 0.02 0.36 4.21 2.85 1.24 0.024 0.053 4040 0.097
17 1.02 15.00 '14.89 0.02 0.40 4.71 3.18 1.32 0.023 0.059 4271 0.08617 1.02 15.00 14.89 0.02 0.39 >4.81 3.12 1.36 0.022 0.058 ;4228 0.08117 1.02 15.00 14.89 0.02 0.40 4.69 3.20 1.31. 0.023. 0.060 4282 0.087
18 1.02 17.90 17.79 0.02 0.43 5.19 3.45 1.39 0.022 0.064 4445 0.076 c$18 1.02 17.90 17.79 0.02 0.42 5.34 3.35 1.45 0.021 0.062 4383 0.070' "D

19 1.02 10.00 9.89 0.01 0.41 3.04 3.29 0.84 0 .0 25 0.0 30 3032 0.10419 1.02 10.00 9.89 0.01 0.40 3.16 3.17 0.88 0.024 0.029 2976 0.093
20 1.02 12.00 11.89 0.01 0.43 3.48 3.45 0.93 0.023 0.031 3104 0.083-20 1.02 12.00 11.89- 0.01 0.50 2.98 4.02 0.74 0.029 0.037 3354. 0.129
21 1.02 31.70 31.59 0.01 0.77 5.17 6.13 1.04 0.021 0.056 4139 0.06221 1.02 31.70 31.59 0.01 0.84 4.71- 6.74 3.90 0.025 0.061 4339' O.08121 1.02 31.70 31.59 0.01 0.79 5.01 6.33 0.99 0.022 0.058 4206 0.068
22 1.02 34.50 34.39 0.01 0.80 5.37 6.42 1.06 0.021 0.058 4237 0.06022 1.02 34.50 34.39 0.01 0.93 4.66 7.41 0.85 . 0.0 26 0.067 4550 0.08922 1.02 34.50 34.39 0.01 0.84 5.13 6.73 0.99 0.023 0.061 4337 0.068

.
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Table C.2. Continued.

Darcy-
Area Weisbach

Total Surface of Froude Shields' Reynold's Friction
Run Discharge Discharge Slope Depth Velocity Flow Number Manning's. Coefficient Number Factor-
No. D50 QT Os S D=R V A F n Cc - Re f

2(in.) (cfs) (cfs) (ft) (fps) (ft )

23 1.02 40.00 38.89 0.01 0.95 5.26 7.61 0.95 0.024 0.069 4611 0.072

23 1.02- 40.00 38.89 0.01 0.93 5.38 7.43 0.98' O.023 0.068' 4558 0.067

23 1.02 40.00 38.89 0.01 0.93 5.36 7.46 0.98 0.023 0.068 4568 0.068:

24 1.02 43.00 42.89 0.01 1.06 5.10 8.44 0.87 0.026 0.077 4857 0.083

24 1.02 43.00 42.89 0.01 0.99 5.42 7.93 0.96 0.023 0.072 4707 -0.070-
24 1.02 43.00 42.89 0.01 0.94 5.72 7.52 1.04 0.022- 0.068 4585 0.060

26 1.02 2.70 2.49 0.10 0.08 4.07 0.66 2.49 0.022 0.059 4394 0.127

27 1.02 2.48- 2.27 0.10 0.11 2.84 0.87 1.52 0.037 0.078 5039 0.339

' hf28 1.02 3.35 3.14 0.10 0.14 2.93 1.14 1.37 0.043 0.102 5768 Q.415

29 2.20 9.00 8.44 0.10 0.21- 5.49 1.64 2.14 0.025 0.068 14895 0.167

29 2.20 9.00 8.44 0.10 0.26 4.38 2.06 1.52 0.042 0.085 16678' O.325

29 2.23 9.00 8.44 0.10 0.23 4.91 1.83 1.81 0.034 0.076 15743' O.231

30 2.20 10.00 9.44 0.10 0.20 6.35 1.58 2.52 0.024 0.065 14602 0.120'

30 2.20 10.00 9.44. 0.10- 0.27 4.68 2,14 1.60 0.040 0.088 16999 0.294'

30 2.20 10.00 9.44 0.10 0.27 4.68 2.14 1.60 0.040. 0.088 16999- 0.294

31 2.20 1G.00 9.44 0.10 0.23 5.46- 1.83 2.01 0.031 0.076 15473 0.187

31 2.20 10.00 9.44 0.10 0.29 4.34 2.30 1.43 0.045 0.095 17655 10.367

31 2.20 10.00 9.44. 0.10 0.26 .4.83 2.07 1.67 0.038 .0.086 .16742: 0.269

32 2.20 14.50 13.94 0.08 0.37 4.91 2.95 1.4? 0.042 0.098 17874 0.289

32 2.20 14.50 13.94 'O.08 0.34 5.39 2.69 1.64 0.036 0.089 -17056- 0.220

32 2.20 14.50 13.94 0.08 0.31 5.87' 2.47 1.86 0.031 0.082 16357. 0.172
*

1
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Table C.2. Continued.

a Definitions

2QT/8 A = 8 x D (in ft )
F=

(9D )0.53

os-
Ce=

1.486 (Gs-1) D50
R /32 5 /2 A1n=

QT
DSO(GDS)0.5

Re=
QT *

V = - (in f t/s)
A -

1.00 x 10-5 f t /s at 72*F2 "r =

8 RS9
f=

V2

Note: Data computed by IBM PC; therefore rounding effects may be neglected.
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