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PREFACE

D
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conducted by Messrs. S. T. Maynord, project engineer, E. L. Jefferson, and

R. Bryant under the direct supervision of Mr. N. R. Oswalt, Chief of the
Spillways and Channels Branch. This report was written by Dr. S. T. Maynord
and edited by Mrs. Marsha Gay, Information Technology Laboratory.
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CONVERSION FACTORS, NON-SY TO SI (METRIC)
UNITS OF MEASUREMENT

(metric) units as follows:

Multiply By
cubic feet 0.02831685
degrees (angle) 0.01745329
feet 0.3048
inches 2.54
pounds (mass) 0.4535924
pounds (mass) 16.01846

per cubic foot
square feet 0.09290204

Non-SI units of measurement used in this report can be converted to SI

To Obtain
cubic metres
radians
metres
centimetres
kilograms
kilograms per

cubic metre

square metres
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STABLE RIPPAP SIZE FOR OPEN CHANNEL FLOWS

CHAPTER 1
INTRODUCTION

The transport of water through natural and man-made open channels
carries the possibility of scour if the channel boundaries are erodible,
While many different methods have been used to protect channel bound-
aries, riprap revetment continues to be one of the most widely used
methods. Riprap is long-lasting, flexible, easily placed and repaired,
and natural in appearance. However, in some locations riprap 1is not
readily available or the available stone is toc small for riprap. 1In
other locations, a limited number of available gradations, razther than
design guidance, determines the size used. Transportation costs for
riprap from quarry to jobsite are often greater than the cost of the
rock alone. In spite of these limitations, the large amount of riprap
ugsed requires guidance to ensure optimum design.

Determining riprap size is one of the most important factors in
defining the optimum riprap gradation. Existing riprap sizing methods
have limitations which include the following:

1. Many existing riprap sizing methods have evolved from sediment
transport concepts which use shear stress to define particle
stability. Critical shear stress for a given riprap size is
determined by the well-known Shields coefficients. Most sedi-
ment transport and riprap sizing techniques use a constant
Shields coefficient for rough turbulent flow. Existing riprap

design techniques also use logarithmic velocity laws to relate
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velocity to shear stress. However, several investigators have
found the Shields coefficient to vary at high relative rough-
ness while others have found the logarithmic velocity laws to
be affected by high relative roughness. Since most riprap
stability problems involve high relative roughness, many of the
existing riprap sizing methods may not be applicable.
Existing riprap sizing methods that use shear stress have an
additional 1liability. As stated by Nelill and Hey (1982),
Regearchers tend to favor shear stress criteria for
stability and bed movement. From a practical engineer-
i1.g viewpoint, local shear stresses are difficult to
measure ~nd to conceptualiize, compared to velocities,
Researchers might pay more attention to expressing
results ir velocity terms for practical applications.
Existing riprap sizing methods also lack variation relative to
the effects of riprap gradation, thickness, and shape.
The analytical techniques used to determine the decrease in

stability that —e2sults from placing riprap on a channel side

slope need to be tested against experimental data.

Considering these limitations of existing riprap sizing methods,

the objectives of this study are as follows:

1.

2.

Evaluate the applicability of exiating riprap sizing methods
that use a constant Shields coefficient or the logarithmic
velocity laws.

Develop a riprap method based on velocity. Determine which
velocity (bottom, average, surface, or maximum) to use in the
riprap sizing method.

Incorporate riprap gradation, thickness, and shape variation

into riprap sizing method.
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4, Evaluate side slope effects on riprap stability and incorporate
into riprap sizing method for straight and curved channels.
A series of flume tests were used to accomplish these objectives by

studying the stability and resistance tc flow of riprap having grada-

tion, thickness, and shape similar to that used for scour protection in
open channels. Results are limited to channels with slopes less than

2 percent, and the ratio of flow depth to average riprap size must be
greater than 4. Riprap sizing for placement in highly turbulent flow
downstream of hydraulic structures or for placement on embankments
subject to overtopping flows is not covered in this study.

The following chapters present first a review of existing litera-
ture relative to these four obje:tives. Next, the experimental investi-
gation is explained, and then the analysis and results to achieve each
of these four objectives are presented. Finally the conclusions from

the study and reccmmendations for further studies are prisented.
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CHAPTER 2
LITERATURE REVIEW

In the study of open channel riprap stability, many investigations
have been conducted that are applicable to this engineering problem.
This review of existing information focuses on four different topics
which correspond to the four objectives in the Introduction, First,
studies concerning the effects of relative roughness on Shields coef-
ficient and logarithmic velocity equations will be reviewed to see if
existing sizing techniques are valid. Second, the literature will be
searched for existing riprap sizing methods based on velocity. Third,
previous studies will be reviewed to determine the present knowledge
regarding the effects of thickness, shape, and gradation on particle
stability. Fourth, existing concepts of side slope particle stability
will be reviewed and summarized.
2.1 APPLICABILITY OF EXISTING RIPRAP

SIZING METHODS USING A COHSTANT

SHIELDS COEFFICIENT OR THE

POGARITHHIC VELOCITY LAWS

One of the most common methods for evaluating riprap stability Is
the critical shear stress method (also called tractive force). The
shear stress stability concept was used by Dubuat (1786) but did not
become popular until Schoklitsch (1914). Lane (1953) used the tractive
force method for stable canal design in noncohesive material. Anderson,

Paintal, and Davenport (1968) developed the tractive force approach irnto

a riprap design method which includes the effects of side slopes and
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channel bends. The work of Anderson, Paintal, and Davenport is used as
the basis for riprap design by the US Department of Transportation
(1975). The Office, Chief of Engineers (OCE), (1970 and 1971) riprap
design guidance is based on the tractive force approach. Li et al.
(1976) and Stevens and Simons (1971) developed tractive force methods
which incorporate probability and safety factors into the design method.
The shear stress exerted on the boundary in uniform flow is
T = YVDS 2.1

where

T = tractive force imposed by flowing vater1

T = specific weight of water

D = flow depth

S = energy slope
or using hydraulic radius

T= YWRS 2.2

where R 1s the hydraulic radius.

The imposed force calculated from either Equation 2.1 or 2.2 is
equated to the ability of the particle to resist movement or the criti-
cal shear stress. Using the analysis of Carter, Carlson, and Lane
(1953), which is an equilibrium force analysis, yields

T, = C, (ys = yw) d tan 0 2.3

where

TE = critical tractive force for given particle sizes on bottom

1For convenience, symbols and unusual abbreviations are listed and
defined in the Notation (Appendix A).
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®
gL

P
3

=
X
3 6
o
o 1; C, = coefficient
«3 T, B specific weight of store
'; d = particle size
£ )
> ® = angle of repose
® ]
P Formulations of the shear relations from dimensional analysis
=
:: depend on which parameters are cnnsidered significant. Vanoni (1977)
D
g uses the parameters Tc A W d , the fluid density p , and
L 1 viscosity v , to define incipient motion. This results in the same
A
_‘ j form derived by Shields (1936) or
2 T U,d
L3 = w fl — 2.4
® (Ts - Y‘,;d v
.

b4

where

™

U, = shear velocity =+4/gDS

*

g = universel gravitational constant

u,d
#
For rough turbulent flow (particle Reynolds number = 400), the

right side is often assumed constant aad called the Shields number or

Shields coefficient, herein denoted as C'_ . Most of the stability

AR 5 T S D BT i ke A B Y e i

” investigations concerning Shields coefficient have been related to
sediment transport. According tec Graf (1971), the definition of the
critical Shields coefficient has been subject to the interpretation of

® the researcher. The riprap design procedures by OCE (1970) and
Anderson, Paintal, and Davenport (1568) use a constant Shields
coefficient for safe design.

® The use of a constant Shields coefficient has been questioned by

Meyer-Peter and Muller (1948), Yelin (1965), Barr and Herbertson (1966),

Blench (1966), Neill (1967 and 1968), Bogardi (1968), Ashida and Bayazit
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(1973), Bathurst, Graf, and Cao (1982), Daido (1983), and Bettess
(1984), who propose that Shields coefficients should vary with relative
roughness. Bathurst, Graf, and Cao (1982) and Bettess (1984) have found
this variation with relative roughness to be limited to high relative
roughness below which Shields coefficient becomes coamstant. Meyer-Peter
and Muller (1948) found that the limiting shear stress is proportional

to particle diameter and relative roughness and proposed an equation

d 1/9
Cc - CZ (i) 2.5

An explanation for a changing Shields coefficient with relative rough-
ness has been offered by Escoffier (1968). At high relative roughness
(low depth/dso), turbulence generated at the boundary is hindered by the
presence of the free surface. Consequently the fluctuations in velocity
are decreased. At low relative roughness (large depth/dso), the
boundary-generated turbulence 18 not hindered by the free surface and
fluctuatioas in velocity are not reduced. Since the magnitude of turbu-
lent fluctuations is critical for riprap stability, this provides an
explanation for the variation of Shields coefficient with relative
roughness. Chen and Roberson (1974) and Bayazit (1976) found that mea-
sured turbulence intensity decreased with increase of relative roughness
in the region near the wall. Beyazit (1982) proposed that this "can be
explained by the fact that a substantial part of the energy of the mean
flow 18 converted into turbulence in the separation zones between the
roughness elements in the case of large sc:.le roughness." Gessler
(1971) stated that relative roughness does not influence Shields coef-
ficient because incipient conditions depend only on conditions at the

bed and not on the boundary layer thickness (or depth in open channels).
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Some of the existing riprap procedures (OCE 1970 and Li et al.
1976) use the logarithmic velocity laws to determine the relation between
velocity and shear stress on the boundary. The universal velocity dis-

tribution law for rough surfaces is

\ 30(y +y)

¥y .23 -

U, = log g 2.6
8

where
V = local velocity at distance y

von Karman coefficient

P
|

y = d{istance above origin

s distance below top of roughness element to origin of profile

" equivalent sand grain roughness
Equation 2.6 is integrated over the depth to determine the mean velocity
relations (Keulegan 1938). For wide channels, with essentially two-

dimensional flow, the mean velocity relation is

\'4 2.3 11.1D
-IZ.—K—logT— 2.7
8

where V 1is the average flow velocity.
Several difficulties arise in application of the logarithmic veloc-
ity laws to rough surfaces.

1. Origin for Velocity Profile. Several investigators, including

Einstein and El-3amni (1949), 0'Loughlin and McDonald (1964),
Knight and McDonald (1979), Bayazit (1982), and Coleman, Hodge,
and Taylor (1984), have shown that the velocity profile origin
for rough surfaces lies below the tops of the rcughness ele-

ments. There is no general agreement as to the location of the

origin. The relation between velocity and tractive force is
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sensitive to the origin location, particularly at high relative
roughness,
Ks Value. Previous studies have used Ks values ranging from

d50 (OCE 1970) to 3.5d (dey 1979). Particle sizes d

84 50 °’

d84 » etc., refer to the size of which a given percentage is

finer by weight. Kamphius (1974) found K8 = 2d for depth/

90

d90 > 10 . Van Rijn (1982) determined an average value of

KB = 3d90 .

Effects of Relative Roughness. Yalin (1977) has shown that

Equation 2.6 is not valid at relative depth D/d90 less than
approximately 10 because Ks/d90 varies below D/d90 = 10 .
Other investigators have also suggested limiting application of
the logarithmic velocity equations to small scale roughness.
Bathurst, Graf, and Cao (1982) give D/d86 > 6 for small-scale
roughness. Van Rijn (1982) places the strictest requirement by
limiting application of the logarithmic velocity laws to

D/K8 > 10 . Van Rijn (1982) found Ks = 3d which implies a

90
limitation D/d90 > 30 on the logarithmic laws.

Von Rarman k . There has been considerable disagreement over

the von Karman «k and its constancy in clear versus sediment-
laden flow. Coleman (1981) found that by evaluating x in the
lower 15 percent of the flow, k was the commonly used 0.4 for
clear or sediment-laden flow. However for high relative rough-
ness D/d = 4.0 and 8.5, Bayazit (1982) found x < 0.4 for
clear water flow in the region near the bed. Uram (1981) found
von Karman's « both higher and lower than 0.4 depending on

the nature of the roughness.
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Summarizing, other investigators have suggested that a constant

Shields coefficient and the lcgarithmic velocity laws should not be used

for problems involving high relative roughness.

2.2 EXISTING CRITICAL VELOCITY METHODS
FOR PARTICLE STABILITY

Some of the earliest stability relations used particle size or

weight as a function of velocity. Graf (1971) presented the general

relation

Vi ZK3 (tan ¢ cos a - 8in Q)

- 2.8
Py \ Cd Kl + CL K2 tan ¢
— - 1llgd
¢ /

where

<4
L}

bottom velocity

stone density

.
©
L}

coefficients

=
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bottom angle with horizontal in flow direction

-]
L}

(]
n

drag coefficient

11ft coeff{icient

Q
[ ]

Graf referred to the right side of Equation 2.8 as the sediment coeffi-
cient which varies with particle cheracteristics (shape, size, unifor-
mity, texture, repose angle) and flow characteristics.

Forchheimer (1914) reported that as early as 1753, A. Brahms
presented the relation
L= ¢y w6 2.9
where W 1s the unsubmerged stone weight. Equation 2.9 is a simple

form of Equation 2.8. Isbash (1935) related stone size for dam clos'res

to a bottom velocity called the "velocity against the stone."
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Equation 2.8 is the form used by Isbash and serves as the basis for
Hydraulic Design Criteria (HDC) Sheet 712-1 (US Army Corps of cngineers).
Average velocity is used in HDC 712-1 instead of bottom velocity, which
may cause these curves to be rather conservative for low turbulence
flows. The National Crushed Stone Association (1978) presents guildance
for sizing riprap based on average velocity. The California Divisjion of
Highways (1970) uses a design equation having the same form as
Equation 2.8.

Blodgett and McConaughy (1986) proposed the following relation for
stable rock size based on extensive prototype data

2.44
dSO = 0.01 Va 2.10

where Va is the cross-section average channel velocity. Adjustments
for bank angle, unit stone weight, channel shape, etc., are not used in
this design procedure.

Critical velccity relations using average velocity and depth are
also used for particle stability. They have been rewritten in a common
form to assist in their comparison. Straub (1953) presented the average
velocity and depth relation

3
Y. \l/2
g -0.31 -f—) o 2.11
Ys Yy \JgD

Neill (1967) used dimensional analysis to determine the pertinent rela-
tionships for stability of coarse, uniform bed material and conducted
scour tests using the incipient criterion of first movement by visual

observation. His conservative design curve is represented by the

equation
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Neill and Van Der Gilessen (1966) suggested that relative roughness,

N

which results from the dimensional analysis, is conmected with the

intensity of turbulent fluctuation. Neill (1968) stated that because
the flume size and test section area were constant, the first movement
criterion was more severe for the smaller particles and Equation 2.12

may not be valid. Because the test secticn contained smaller particles,

and therefore more particles, a greater probability of movement exists.
Neill (1968) also stated that the equation is applicable to problems
such as riprap stability. Bogardi (1968) .presented particle stability

data covering a wide range of d/D and determined the relation

. Y, 1/2 . 2.47
D" 0.26 - —_— 2,13

Yo = ¥, \I’E

8 w
which is almost identical to Neill (1967). Cooper (1970) analyzed
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{ sediment tramsport data for low rates of transport (concentration =
1 part per million) and found good agreement with Neill's (1967) rela-
tion. Grace, Calhoun, and Brown (1973), Maynord (1978), and Reese
P - (1984) used the riprap stability relation
2, 3
] d50 Yu 1/2 v
; o " CA ;—_—Y —_— 2.14
E.‘* e w VgD
o [
P which is identical to Straub (1953).
¥
; Combining and rearranging Equatlons 2.4 and 2.7 results in the OCE
)
3 § (1970) procedure for riprap design using average velocity and depth:
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d, - 2.15
c. (v. -y, ) (32.6 10g 112
c\'s w dSO

With the appropriate coefficients, Equations 2.14 and 2.15 give similar

results over a wide range of d/D . Reese (1984) demonstrated that
these two relations differ only by the velocity profile used. Equa-
tion 2.14 is based on a power velocity profile while Equation 2.15 is
based on a logarithmic velocity profile.

Determining which velocity to use is an important step in develop-
ing a riprap sizing method based on velocity. Some form of bottom
velocity is the most representative because it is closest to the bed.
However bottom velocities are difficult to predict and measure (Bogardi
1978) because the velocity near the bottom varies rapidly with distance
from the bed. Surface velocities are easy to measure but difficult to
predict and are not representative because they are far removed from the
bed. Bogardi (1978) recommended the use of mean velocity in critical
velocity relations. Mean vclocity is the easiest to calculate using
both numerical and physical modeling techniques.

2.3 PREVIOUS STUDIES ON THZ EFFECTS

OF GRADATION, THICKNESS, AND

SHAPE ON RIPRAP STABILITY

The effects of gradation on particle stability or resistance are
generally accounted for by determining a characteristic size which repre-
sents any gradation. In the case of resistance, the larger size frac-
tions are generally used for the characteristic size (van Rijn 1982,
Bayazit 1982). In the case of stability, the characteristic size is
found to vary. Einstein (1942) found d to be the effective size for

35
movement of sand mixtures. Schoklitsch (1962) used dAO in stability
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relations. The California Division of Highways (1970) used w33 in the

riprap sizing relation. Peterka (1958) used d.,‘0 in the riprap sizing

relation for placement downstream of stilling basins. Shen and Lu
(1983) found d30 to be the characteristic size of nonuniform surface
material on an armored bed. Shen and Lu suggested that increased turbu-
lence caused by the larger particles decreases the stability of non- '
uniform materials. Anderson, Paintal, and Davenport (1968) conducted
flume tests showing that nonuniform ripraps are less stable than uniform
ripraps having the same average size. These results show that the char-
acteristic size is less than the average size. Maynord compared the

stability of various riprap gradations and found that dSO was the

characteristic size for riprap placed to a thickness of 1d100 . How-

ever, these tests differed from prototype placement of riprap because
the careful placement techniques used in the model preveuted segregation

of sizes with the nonuniform ripraps. Many riprap sizing relations have

used d as the characteristic size (CCE 1970, Anderson, Paintal, and

50
Davenport 1968, US Department of Transportation 1975, Blodgett and

McConaughy 1586).

Standardized riprap gradaticns have been used by OCE (1971),
California Division of Highways (1970), and the US Army Engineer Divi-
sion, Lower Mississippi Valley (1982). Simons and Senturk (1977) and
the US Department of Transportation (1975) present a single curve
defining riprap gradation.

Studies were not found on the effects of varying blanket thickness

} on riprap stability. Present OCE (1971) guidance requires a thickness

{ of 1 (maximur) or 1.5d50 (maximum), whichever is larger, for

4100
placement in the dry.
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# Shape effects on riprap stability are important in determining
which shapes are acceptable. Neill (1968) compared the stability of
spheres and "irregular grains" and found no significant difference if
the equivalent spherical diameter (volume basis) was adopted as the size
of the irregular grains. Olivier (1967) conducted tests on overflow
rock dams and found that rounded stone had to be approximately 15 per-
cent larger than crushed stone for equivalent stability. This was

® attributed to surface smoothness, not shape. Present OCE (1970)
guidance for riprap shape is as follows:

1. Stone predominantly angular
'S 2. No more than 25 percent of stones having a stone langth £ to
stone thickness b ratio of > 2.5
3. No stone having 2/b > 3.0

i 2.4 EFFECTS OF SIDE SLOPE ON
PS . PARTICLE STABILITY

ET DALY RIS WREELAAODOY  BSSSIAS

Since most riprap is placed on channel banks, the infiuence of side

slope angle on riprap stability is important. Carter, Carlson, and Lane
(1953) presented the effects of side slopes on particle stability by

defining forces parallel and normal to the angle of repose of the mate-

rial. The equilibrium condition given by Carter, Carlson, and Lane is -

[ ) ’W 2 s:l.n2 0+ az Tsz
tan ¢ = Y2 . 2.16

WS cos ©

where
o ws = gubmerged weight of stone
© = angle of side slope with horizontal

a = effective area of particle
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Ts = critical tractive force for particle on side slope
Carter, Carlson, and Lane defined the tractive force ratio K as the
ratio of force on sloping side to that on level surface necessary to

cause impending motion

T 2 2
K-T—B-cose\/1-—t“ze= R 2.17
c tan” ¢ sin” ¢

Equation 2.17 is used in many riprap design procedures including

Anderson, Paintal, and Davenport (1968), US Department of Transportation
(1975), and OCE (1970, 1971).

An alternate formulation by Graf (1971) includes lift force FL
and the angle of inclination of the drag force or shear stress as a

result of secondary motion B , which is especially pronounced in

channel bends. The equilibrium condition is alternately written

WZ sin2 © + 2aT W _ gin © gin B + aZT 2
8 8 s ]

tan & = W cos 6 ~-TF 2.18
8 L

Lack of information on the angle B has preventeu .valuation of this
form of the side slope stability analysis. Christensen (1972) developed
a side slope stability analysis which included 1lift and showed ghat the
relation given by Equation 2.17 1§ not conservative. Stevens and Simons
(1971) determined the stability of coarse particles on a side slope
based on equilibrium of moments instead of forces. Relative safety
factors can be determined with this method and the authors concluded
that the Carter, Carlson, and Lane (1953) method yields larger sizes

than required by the Stevens and Simons method.
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No investigations were found that test these side slope equations
for open channel flow. There have been tests in the wave environment
that test the applicability of the Hudson (1958) equation, which

follows:

where
H = wave height
KD = gtability coefficient
Since wave forces act up and down the side slope, the effects of side
slope angle are expected to be more severe than that in open channel
flow where forces act along the slope. Comparing 1V:1.5H e1d 1V:3H side
slopes in Hudson's equation gives the wave effect:

d (1v:1.58) _

d (1v:3H) k<26

Using the open channzl Equation 2.17 with ¢ = 40 deg2

(OCE 1970) gives
the velocity effect:

d_(1V:1.58) _
T avoan o - LN

This comparison suggests that the tractive force relation (which has not
been tested against stability data) oveteséimates the effects of side
slope angle on stability.

2.5 SUMMARY

Several investigators have proposed that Shields coefficient should

ZA table of factors for converting non-SI units of measurement to

SI (metric) units is found on page iii.
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vary with relative roughness. Many of the existing riprap design tech-
niques use a constant Shields coefficient.

Past studies have shown that the logarithmic velocity laws should
be limited to small-scalc roughness. Present riprap guidance does not
place any limitations on use of these laws. Other factors, including
determining the correct values of Ks » X , and the profile origin,
compound the difficulty in using these laws for surfaces having high
relative roughness.

Several different velocity-based riprap sizing methods have been
developed. Average velocity is recommended for use in th:se equations.

Previous studies on gradation effects on the stability of riprap
to d . No studies

30 50
were found addressing the effects of riprap thickness on stability.

have used a characteristic size ranging from d

Side slope stability equations have used equilibrium of both forces
and moments. Information was not found in which these equations were
tested against stgbility data. Comparison of the side slope equations
for open channel flow with equations tested szgainst wave data suggests
that the existing side slope relations for open channel flow over-

estimate the effects of side slope angle.
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CHAPTER 3
EXPERIMENTAL INVESTIGATION

Experimental studies were conducted to determine the stability and
resistance to flow of riprap having gradation, thickness, and share
cimilar to riprap used in the prototype installations. This chapter
describes fecilities, model riprap, failure criteria, test procedures
and data collection, and data restrictions. Additional information on
the Colorado State University (CSU) studies can be found in Fiuzat,
Chen, and Simons (1982), Fiuzat and Richardson (1983), Ruff et al.
(1985), and Ruff et al. (1987).
3.1 TEST FACILITIES

One flume at CSU, Fort Collins, Colorado, and three flumes at the
US Army Engineer Waterways Experiment Station (WES), Vicksburg,
Mizsissippi, were used to conduct the riprap tests. The CSU flume is
200 ft long by 8 ft wide by 4 ft deep and can be tilted from O to 2 per-
cent bottom slope. Maximum discharge is 100 cfs. The sides and bottom
of the flume are made grimarily of alumirum. A portion of the side of
the flume is made of Plexiglas to allow observation of the test section.
Two gates installed at the downstrram end of the flume allow control of
the water level in the flume under subcritical flow conditions. A
motorized carriage can travel along the flume for carrying data collec-
tion instruments and photographic equipment. A schematic diagram of the

flume and the test section is shown in Figure 3.1. The initial 100 ft
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Figure 3.1. CSU tilting flume
of the flume was used for flow development and transition into the
test section.

The CSU tests consisted of four phases. Phases I-III addressed
stability of bottom riprap having varying gradation, thickness, and
shape. The Phase IV tests addressed stability of side slope riprap. 1In
Phase I and II test series, large 6~ to 10-in. rocks cemented to the
flume rlocr between stations 0 and 80 produced a fully developed hydrau-
lically rough boundary flow at the beginning of the 20-ft tramsition.
Rock similar in size to that in the test section was placed in the 20-ft
transition to eliminate the abrupt change in roughness between the flow
development section and the test section. In the Phase III test series,
the large 6- to 10-in. rocks were placed in the initial 60-70 ft of the
flume. A 40-ft-loag transition was used in the Phase III tests. The
test section varied from 40 to 50 ft in length for Phases I-III. Details
of the Phase IV test facility, in which a 1V:2H side slope was tested,
are shown in Figure 3.2.

The WES trapezoidal channel model is described in Maynord (1978).
This facility had a 5-ft bottom width with 1V:2H, 1V:3H, and 1V:4H side

slopes. Discharge capacity was 35 cfs, and a constant bottom slope of
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Figure 3.2. CSU Phase IV side slope test flume
0.008 ft/ft was used in all tests. A tailgate was used to control depth
of flow.

The WES tilting flume is 3 ft wide by 1 ft deep by 75 ft long.
Maximum discharge is 5.6 cfs. Bottom slope can be varied from 0 to
2.2 percent, and a tailgate at the downstream end of the model is used
to control depth of flow for subcritical flows. Steel rails set to
grade are used to support instrumentation devices.

The WES curved channel model is shown in Figure 3.3. This trape-
zoidal channel has two 100-deg bends with a centerline radius of 22 ft.
The bends are separated by a 15-ft straight rea;h, and the straight
reach on each end of the channel is 25 ft in length. The bottom width
is 7.0 ft, and side slopes are 1V:2H. The bottom slope is 0.0025 ft/ft,

and the discharge varies up to 15 cfs.,

4IA A

<_f%?¥ﬁﬁﬁ?f§ﬁ\2§




22

MO A DN W

PR PRI R SO TR RO A Ry

Sy -
-

"}h-s*\:]'i

Figure 3.3. WES cuarved channel model

3.2 MODEL RIPRAP

The characteristics of the model riprap used in these investiga-
tions are given in Table 3.1. Gradations for the CSU flume are shown in
Figures 3.4-3.7.

All model riprap was crushed rock. Shape characteristics of the model
riprap are shown in Table 3.2.
3.3 FAILURE CRITERIA

At the outset of these experimental studies, an acceptable failure
criterion had to be determined. The selected failure criterion must be

able to be used to determine riprap stability for a range of riprap

gradation and blanket thicknesses. Most sediment transport studies using

uniform materials have weighed the transported material for various flow

-

rates and extrapolated the transport rate to zero to determine what is
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Figure 3.6. Size distribution for CSU Phase IIIL
termed "incipient motion." Applying this technique to different riprap
blanket thicknesses would probably yield little variation with thick-

Y ness. Applying this technique to nonuniform ripraps would give biased

results because some of the finer material in nonuniform ripraps will be
moved without ultimate failure of the riprap revetment.

Another exis:ing feilure criterion is the technique used by Neill
(1967), which was a visual observation of first movement. This tech-
nique would be successful for uniform materials but unsuccessful for

nonuniform {graded) ripraps of varying thickness. The idea of painting

T W RS RTRD STR I S, Ay

® rocks in the test section was rejected because it would yield nc infor-

mation about the effects of thickness for nonuniform ripraps.
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Figure 3.7. Size distribution for CSU Phase IV
An important consideration in riprap stability is that the under-
® lying material should not be exposed to the forces of the flowing water.
It is not important if some of the finer material resting on the surface
of a nonuniform riprap is washed away. Another factor which must be

considered with riprap stability is size segregation during placement.

% The selected failure criterion must be able to address the effects of
size segregation when using nonuniform materials.
To meet these requirements, the concept of incipient failure is
* used in this investigation to define the flow conditions at which any
portion of the underlying material has been exposed. Use of this
failure criterion allows determination of the stability of various
o
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gradations and thicknesses. It is the only failure criterion which was
considered to address the effects of size segregation. The incipient
failure criterfon is not the same as the incipient motion criterion used
in sediment transport studies. Incipient failure defined the flow con-
ditions which lead to failure of the riprap blanket. Incipient motion
defines the flow conditions at which the rate of particle movement
apprecaches zero. Incipient motion could not be used in this study
because it would not allow determination of the effects of riprap grada-
tion or thickness.
3.4 TEST PROCEDURE AND DATA COLLECTION

In the CSU and WES trapezoidal channel tests, a fabric was used to
separate the riprap from the bed of underlying sand. In the WES tilting
flume tests, the fabric was placed directly on the flume floor. While
the riprap was being placed, the riprap surface was not tamped or packed
to best simulate prototype placement. The flow conditioms at which the
rock would fail were estimated using existing riprap sizing techniques,
The initial test bepan with low flow rates 2nd slopes well below the
estimated failure condition. The riprap was tested for 2 hours, after
which the test section was examined for any exposed areas of the under-
lying fabric. If no exposure of the fabric occurred, the flow rates or
slope was increased and the 2-hour test repeated. This process was
repeated until the fabric was exposed. After the test secticn was
repaired, the previous stable slope was run for 4-8 hours to ensure sta-
bility of the riprap. In case of failure, the slope and/or discharge

was further reduced and another 4- to 8-hour run was conduczted until

stable conditicns were found. The WES tilting flume tests differed in
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that near the point of failure, all runs used in the analysis were 4- to
8-hour runs.

In the CSU and WES tilting flume studies, uniform flow was main-
tained by adjusting the tailgate at the downstream end of the flume for
subcritical flows. The WES trapezoidal channel tests had a mild, grad-
ually varied flow regime because of the lack of slope variability. Flow
uniformity in the WES curved channel model was maintained by keeping the
same depth at the upstream and downstream ends of the model.

During the tests at both CSU and WES, discharges were measured by
calibrated venturi and orifice meters, velocity was determined with
pitot tubes and propeller meters, and depths were measured with point
gages.

In the CSU tests, a '"general datum" for each rock thickness was
established by the following procedures:

1. The flume was set to the horizontal position.

2. Water was added tc the flume until about 90 perceat of the

rocks were covered with water.

3. The elevation of the water surface was measured at the loca-

tions where flow depths were measured.

4. These elevations were considered as the elevations of the bot-

tom of channel (general datum) in measuring the flow depth.
In the WES tests, the datum was set by placing a flat plate of known
thickness on top of the riprap surface to establish the datum.
3.5 DATA RESTRICTIONS
Two areas of concern generally surface in the course of any flume

investigation. First, flow conditions must be turbulent to ensure that

viscous forces are insignificant in the flume just as they are in the
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prototype. Tc ensure rough turbulent flow, the following restrictions
were placed on the data to be used in the analysis:

U*dSO

= > 400 (Graf 1971)

Vdso

2. > 2.5(10)° (0'Loughlin et al. 1970)

The second area of concern in flume studies is how to handle the
effects of the sidewalls. Previous sediment transport studies have
frequently used the sidewall correction procedure given in Vanoni
(1977). This sidewall correction procedure results in the average bed
shear stress. This method takes the central region of the flume (where
the flow is essentially two-dimensional) and the two side regions (where
the shear stress and velocities are reduced) and determines a weighted
average. In this type of study, the riprap generally fails and veloci-
ties are measured in the central region of the flume. What 18 needed is
not the weighted average but the values of shear stress and velocity in
the central portion of the flume. The velocities pose no difficulty
because they are measured in the central portion of the flume, but shear
stress needs to be calculated. If the central portion of the flume is
sufficiently wide, then the shear stress is best approximated by YHDS .
To ensure that the central region is wide enough, Neill (1967) and van
Rijn (1982) required that the ratio of flume bottom width B to depth
(aspect ratio) be equal to or greater than 5. As part of this study,
the limiting aspect ratio was evaluated with velocity measurements taken
in a straight, riprapped bottom, smooth sidewall flume. Detailed
velocity measurements were taken at aspect ratios of 4.0, 4.9, and 7.3

(Figure 3.8). The tests with aspect ratios of 4.9 and 7.3 show a
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Figure 3.8. Velocity measurements used to evaluate sidewall effects
relatively wide center section of essentially two-dimensional flow.
® test at an aspect ratio of 4.0 not only shows significant sidewall
effects extending out iunto the flume, but an imbalance of flow across
the cross section. All data used in this investigation will have an
aspect ratio >5. This restriction on aspect ratio addresses two other
g concerrs relative to the CSU tests:
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) 1. The CSU tests were generally conducted with sequential dis- 'a
charges of 25, 50, 75, and 100 cfs. By the time the 75- and ;‘i

100-cfs tests were conducted, the riprap in the flume was §§
- "well-seasoned."” Any weak spots had already failed and had L;
been repaired. The tests conducted at these higher discharges ti
generally did not meet the width/depth >5 restriction. g&

2. At the deeper depths, slopes were mild at the point of failure ﬁg

® of the riprap. Only three depths were measured along the test E
section for each test, which made it difficult either to assume ?

that the bottom slope equaled the energy slope or to compute -

® the energy slope. At nild slopes, errors in determining energy

slope can be large. At steeper slopes, the bottom slope domi-

ENY TR T L .
ey Je

D i

nates the energy slope and errors due to a limited number of
depth measurements are small. This factor was probably signif-
icant only for the smaller ripraps.

Fortunately, data meeting the width/depth >5 requirement are sufficient

to define riprap stability for the majority of problems.
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CHAPTER 4
ANALYSIS AND RESULTS
4.1 APPLICABILITY OF EXISTING SIZING
RELATIONS USING A CONSTANT

SHIELDS COEFFICIENT OR
LOGARITHMIC VELOCITY LAWS

The review of previous work presented in Chapter 2 indicates that
numerous investigations have proposed that Shields coefficient should
vary with relative roughness. Experimental results from the WES and CSU
tilting flumes were used to evaluate Shields coefficient as a function
of relative roughness. Results from the WES trapezoidal channel were
not used because the test section was not long enough to accurately mea-
sure the water-surface slope so that shear stress could be computed.
Only those data sets covering a large range of D/d and having the same
thickness, gradation, and shape were used in this analys's. Shields
coefficients computed for the four data sets meeting these requirements
are shown in Figures 4.1-4.4, The data used in Figures 4.1-4.4 ore
listed in Tables 4.1-4.7. Shields coefficient is computed using a
combination of Equations 2.1 and 2.4 or

YwDS

R . J—
e (¥, - YJ)dso

4.1

and only data meeting the limitations in Chapter 3 are used in the
analysis. In a comparison of these results to the Shields (1936) work,
the difference in stability criteria must be considered. The Shields
(1936) investigation measured low rates of transport and extrapolated
these values to a zero rate of transport to obtain incipient conditions.
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Figure 4.1. Shields' coefficient versus D/dSO s thickness =
1d100 . dgsld15 = 1.35 (data from Table 4.1)
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This investigation used the incipient failure stability criterion given
in paragraph 3.3. The best-fit lines on Figures 4.1-4.4 are drawn to
separate failure runs from stable runs and are not the result of regres-
sion techniques. Three of the four data sets (Figures 4.1, 4.3, and
4.4) show a significant increase in Shields coefficient with a decrease
in D/d50 . This is the same variation proposed by several investi-
gators cited in Chapter 2. Over the range of D/d50 tested, there was
no indication that Shields coefficient approached a constant value as
proposed by Bathurst, Graf, and Cao (1982) and Bettess (1984). The
average of the best-fit lines shown in Figures 4.1, 4.3, and 4.4 show

that Shields coefficient should vary according to

(dso )1/5
c. = c5 s 4.2

which can be compared to Meyer-Peter and Muller (1948) results given in
Equation 2.5.

Logarithmic velocity relations are used in riprap design to relate
velocity to shear stress. Several references cited in Chapter 2 show
that the logarithmic velocity relations are not applicable to high rela-
tive roughness and should be limited to small-scale roughness. The mean
velocity logarithmic Equation 2.7 is the equation most frequently used
in riprap design problems and will be evaluated in this analysis. The
mean velocity relation results from integration of the point velocity
relation over the entire depth of flow. This is one problem with the
mean velocity equations, if Coleman (1981) is correct in saying that the
point velocity logarithmic equation is applicable in only the lower

15 percent of the depth. Another problem is that the origin for the

velocity profile is assumed equal to the tops of the roughness elements

L O e e
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in the integrétion. This assumption is satisfactory for low relative
roughness but not for high relative roughness. The effects of both of
these assumptions are lumped into the determination of Ks « The
experimental data collected in the WES and CSU flumes were used to
define the applicability of the logarithmic velocity relatioms. Analy-
sis of Equation 2.7 was similar to Yalin (1977) in which Ks/d90 is
determined as a function of relative roughness. Results are presented
in Figure 4.5 for tests with no movement and meeting cthe data require-
ments given in Chapter 3. Data used in Figure 4.5 are given in

Tables 4.2-4.12. Results show that Ks/d90 is not constant over the
range of data used in this investigation. This result is comsistent
with Yalin'e results showing the point velocity logarithmic relation
(Equation 2.6) inapplicable for D/d90 <10 .

4.2 DEVELOPMENT OF CRITICAL
VELOCITY RELATION

One of the objectives of this study is to develop a riprap sizing
method based on velocity. Dimensional anslysis is used to defime the
dimensionless variables based on the selection of all relevant param—
eters. The dimensional analysis is similar to that proposed by Neill
(1967) 1in which mean velocity is used instead of the critical tractive
force approach used by many investigators. The relevant parameters
governing the stability of riprap ir open channels are as follows:

d = characteristic particle size, L
D = flow depth, L

fluid density, M/L3

v
L}

p_ = stone density, M/L3
V = mean velocity, L/T

M = absolute viscosity, M/LT
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4.5. Variation of Ks/dQO with relative depth
(data from Tables 4.2-4.12)

gravitational acceleration, L/T2

= side slope factor

channel slope

= gradation uniformity

100

shape factor and surface texture

blanket thickness/d

fundamental dimensions of mass, length, and time,

respectively

The mean velocity in this investigation is the average velocity in the

point of interest. With this concept, the effects of

channel aliznment or curvature can be incorporated into the design pro-
cedure. The designer must determine the velocity at the point of inter-
est, not average cross-section values, in order to determine rock size.

Methods to determine this average velocity at the point of interest are
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presented in Chapter 5. Neither g nor pgy can be independent param-
eters; they must occur in the combination g(ps - p) which is the sub-
merged specific weight of the riprap Y; . Replacing u with v =

u/p , the reievant parameters can be writteun

f(d! D, P, V, Yé) v, F /d =0 ‘ 4.3

s’ 5 dg5/dy50 N Fopupp)

Out of these eleven variables there are six dimensional variables (d,

D, p, V, y;, v) and five dimensionless quantities (F o 'S; d85/d N,

SIDE 15°
FSHAPE)' Since there are three fundamental dimensions (M, L, and T),

there are three nondimensional groups. The statement can be rewritten

I('la “2’ W3| FSIDE, S, d85/d15, N, FSHAPE) =0 4.4

Using repeating variables V , D , and yé , the ¥ terms are

a b c d
1 1 1 1

LI V™D yé p 4.5
a b (o d
2 2 2 2

1r2 =V ~D Yé d 4.6
a, b c d
% 3 3 e 3 e

13 V™D Ys v 4.7

Set each of 7's equal to M°L°T®  and solve simultaneously for a ,

b, ¢, and d . This results in

DVZ Yw \ .
¥, = — =|————— ]} — = Froude Number modified by relative rock 4.8
I =YD Y. ='Y_J.eD |
s 8 W weight

L % = relative roughuness 4.9
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' number 4,10

™, = %2 = Reynolds

3

Tha statement can then be rewritten

Y 2
W v d VD & 2
f <Ys = yw>§ﬁ » 5 * v * Fspe» S» dgs/dys » N » Fopupp| = 0 4011

The Reynold’s numbér term VD/v is indicative of viscous effects which
are not important in prototypes and in the model sizes used in this
investigation. The influence of slope is important for steep flows, and
Bathurst, Graf, and Cao (1982) found slopes greater than 2 percent to
have significant effects on incipient conditions of bed movement. At
the condition of incipient failure of riprap, slope and particle
size/depth ratio d/D are dependent. A steep slope implies large d/D
at incipient conditions. Since this investigation is limited to slopes
equal to or less than 2 percent and since d/D 1is retained in the
analysis, slope is omitted. The majority of open channel riprap
problems have slopes well below 2 percent. The statement of relevant

dimensionless parameters becomes

Y V2 d

Riprap stability data will be used to evaluate the importance of each of
these parameters. Channel bottom test series having a relatively large

range of d/D and having the same gradation uniformity d85/d15 » thick-

ness N , and shape FSHAPE were used to evaluate
Y 2

s - function of |{—— . 4.13
D Yg ~ Y,/ 8D
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Results in Figures 4.6-4.9 show that the basic equation for threshold of

incipient failure of bottom riprap im straight channels has the form

d50 Yoy 1/2 v 2.5
= = C6 Y—_"_Y- —_ 4.14
s T Ved

—»

These best-fit lines were drawn to separate stable runs from failure

LAY

e 500

runs and were not the result of regression techniques. Equation 4.14 is
the same form found by Neill (1967) and Bogardi (1968) and will be uséd
in the evaluation of the effects of gradation, thickness, and shape.
Particle size d50 was used in this analysis until additional analysis

can define a characteristic size.

q
An equation similar to Equation 4.14 can be derived by combining

the following shear or tractive force relations: 3
Ao’
T= prs (2.1 bis) a

(o

= - €

T, vty Yw)dSO (2.4 bis) i

T= Tc (at incipient failure) 4.15 :j

dso Al (

Cc = C5 ) 4.2 bis ¥

Manning's equation

A

ye

Ha

i
o )

\

. 1;49 02/351/2 x

s

where n = Manning's resistance coefficient and Strictler's equation is

o2

1/6 o

n C7d50 4,17 t%
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When combined, these equations yield
a
dgg Y, \!/2 Lz”l
o)
8 W
which is similar to Equation 4.14.

Most existing riprap design procedures fall into two categories:

1. Constant Shields coefficient. Equation 2.14 is an average

velocity relation which can be derived using a constant Shields

coefficient and combining equations 2.1, 2.4, 4.15, 4.16, and

& 17
ds0 c (..___Y“ )1/2 o : (2.14 bis)
P MINe " Y/ w

2. Isbash type relations. These can be expressed as

2
d50 = C9V 4,19

Many US Army Corps of Engineers (CE) offices have charts

relating riprap size to velocity which use this relation. This

relation can be rewritten in the form

1/2 2
d Y
% - ¢, (—_—") e 4.20
Ys Y \/gD

using the full form of the Isbash equation and dividing both
sides by depth.
Comparing Equations 2.14 and 4.20 to the equation proposed in this

investigation (previously proposed by Neill (1567) and Bogardi (1968))

1/2 25
d Y
50 W \'A
o C6 <_—Y ) —_ (4.14 bis)
s w
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shows that riprap stability is best described by a relationship with an
exponent that falls halfway between the two most commonly used methods
of design.

4.3 EFFECTS OF GRADATION, THICKNESS,
AND SHAPE OR RIPRAP STABILITY

4.3.1 Gradation. Variation of gradation uniformity was accounted

for by using a characteristic size less than the average size given in

several references cited in the literature review. Size segregation can

be a significant factor when using highly nonuniform materials aud 1is

probably one reason the characteristic size was found to be less than

the average size. The ratio d85/(‘15 is8 used to describe the unifor-
mity of riprap gradations. Standard CE gradations given in OCE (1971)
have d85/d15 = 1.8-2,1 . In addition to the results presented in

Figures 4.6-4.9, data from the following test series were evaluated

using Equation 4.14 (these data sets were not used in the development of

Equation 4.14 because they do not cover a wide enough range of d/D) .

Source dBS/dIS Thickness Table Figure
CSU Phase I 3.9 ld100 4.8 4.10
CSU Phase 1I 4.6 ld100 4,9 4.11

To evaluate the effects of gradation for riprap placed to a thick-

ness of 0’ the coefficients from the equations shown in Fig-

ld10
ures 4.6, 4.7, 4.10, and 4.11 are plotted against d85/d15 in

Figure 4.12. Results show that the coefficient varies with d85,d15 s

which means that dSO is not the characteristic size for th2 range of

gradations tested. Equation 4.14 was evaluated using different

characteristic sizes, and only d (Figure 4.12) was shown to give a
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relatively constant C 1in Equation 4.14. All data are plotted in

Figure 4.13. The equation

1/2 2.5
d Y
—3% = 0.30 (L-{}—-> - 4.21
YS YU

NP

is applicable to threshcld of incipient failure of riprap ple~ed to a

thickness of 1d /d15 < 4.6, d30/D = 0.020-0.25 , F < 1.2,

100 * 985
on the bottom of straight channels. This analysis shows that either

d can be used in Equation 4.14 with a coefficient which varies with

50

gradation or d3 can be used in Equation 4.21.

0
4,3.2 Thickness. Several of the test series were used to deter-
mine the effects of blanket thickness on riprap stability. Any compari-
son of different thicknesses of riprap must be conducted with the same
gradation. Data from Maynord (1978) are shown in Figure 4.14 for &

thickness of 1.5d The follcwing tabulation summarizes the test

100 °
series used in the analysis of thickness effects:
Source dg5/d15  Thickness 9307950 Table Pigure
_ WES trapezoidal 2.0 1'5d100 0.83 See Maynord 4.14
channel (1978)
CSU Puase III 2.1-2.3  1.4d,., 0.80 4.4, 4,5 4.8
CSU Phase III 2.1-2.3 2.1d100 0.80 4.6, 4.7 4.9

The coefficients from these equations are determined for a characteris-

tic size d30 and plotted against thickness in Figure 4.15. For thick-

ness of 1.0d100 » the coefficient from Equation 4.21 is used. Results
show that increased thickness decreases the size required to remain

stable up to a thickness of 2.0-2.5d Additional tests are needed

100 °

to evaluate the effects of thickness for other gradations. Note that

d30 was shown to be the characteristic size for a thickness of 1.0d

only. As riprap thickness increuses, the likelihood of areas having

100
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9 . Results of these two test series are plotted in Figure 4.16. Data used
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only small particles (due to size segregaticn) decreasec. Another

- I NI ELL S o b

-

mechanism, armoring, may also exert a signifizant influence on riprap
stability. These may be the reasons that thickness is seen to te so
significant in Figure 4.15.

4.3.3 Shape. Two of the test series conducted during the CSU
Phase III tests allow a comparison of the effects of riprap shape. OCE
(1970) shape guidance requires the following:

1. Stowve predominantly angular

2. No more than 25 percent of stones having &£/b > 2.5

3. No stone having /b > 3.0
Riprap meeting this guidance was testad and compared with riprap having
the following characteristics:

1. All stopne angular

2. Thirty percent of stone had &/b > 2.5

3. Eighteen percent of stone had &£/b > 3.0

in Figure 4.16 are from Tables 4.4 and 4.10. Results show that shape
effects are insignificant within the range tested in this investigation.

Neill (1967) also found shape effects to be small. The stability of

\

rounded rock such as cobbles was not addressed in this investigation.

4.4 EFFECTS OF SIDE SLOPE ON
RIPRAP STABILITY

i
)

i

|

i Three areas must be addressed in defining the effects of channel

i side slopes on riprap stability. First, the effects of the gravity com-
E ponent acting downslope and the influence of angle of repose must be

: evaluated. Secornd, the effects of the side slope on the velocity pro-

file and distributi. n must be incorporated into the average velocity

f relations for sizing riprap. Third, side slope stability tests must be
g
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0

conducted to determine the combined effect of the gravity component and %&
the velocity profile. éﬁ
4,4.1, Effect of Gravity Component Acting Downslope. As indicated §§

in the literature review, several different methods including equilib- %é
rium of moments and equilibrium of forces have been used to d=fine the aﬁ
S

stability of a particle resting on a channel side slope. As part of

E
e B

this investigation, tests were conducted in the WES tilting flume

o5

(Phase IV) to compare thea stability of riprap resting on various side
slopes. A schematic of the test facility is shown in Figure 4.17. The
side slope was hinged at the bottom of the slope to facilitate changing
the side slope. The riprap surrounding the test section was the same
size as used in the test section and was glued to the side slope to

ensure that the velocity profile and turbulence characteristics of the

approach flow did not vary from test to test. Results for six different

side slopes using uniform riprzp with a thickness of ld100 are shown

3

‘.
!
.
»
v
)
4

4

o
,_
}
:if,,,
]

in Table 4.13. Bottom velocity was used to define the imposed velocity
and was measured 2.9d50 above the side slope as shown in Figure 4.18.

Results show decreasing bottom velocity for increasing side slope.

T

The tractive force ratio as used by Carter, Carlson, and Lane :9
(1953) 1is :t
£

T Z ) e

K=o = cos © 1-‘—3-“7—9- /1--1’-112—e (2.17 bis) R

c V tan” ¢ \1 gin® @ )

F.

Given the same fluid, pirticle characteristics, and depth, shear stress E;
b

ey 4

is proportional tc the second power of the velocity

! 2
T C11V 4.22

The WES tilting flume side slope tests were conducted with the same

230 32

"~
L

e

rluid, particle characteristics, and depth. The onlyv factor that varied
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-PITOT
TUBE

1.25-4.0

Figure 4.18. Location of bottom velocity measurements in WES
tilting flume side slope tests

was the side slope angle, Having established these conditions Equa-
tion 4.22 can be substituted into 2.17 to obtain

v 2

(17)

K= 4,23

| -3

v

(2]

s
2
C
where

V8 = critical velocity for particle on side slopes

Vc = critical velocity for particle on horizontal bed
The flattest side slope, 1V:4H, and the horizontal test yield essen-
tially the same critical velocity and will be used for Vcl in this
analysis. The tractive force ratio K froam Equation 4.23 is plotted
against the side slope angle 6 1in Figure 4.19. Also shown in this
figure is the analysis of Carter, Carlson, and Lane (1953) using an
angle of repose of 40 deg (OCE 1970). The Carter, Carlson, and Lane
method shows a greater decrease in stability than the experimental data.
The experimental results are consistent with the fiﬁdings of Hughes,

Urbonas, and Stevens (1983) stating that "rock size does not need to be
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Figure 4.19. Tractive force ratio K versus side slope angle 6
(Data from Table 4.13)

increased for steeper channel side slopes, provided the side slopes are
no steeper than 2H:1V."

Tests were conducted to see if the assumed angle of repose of
40 deg was correct for the revetment used in these stability tests. The
question arises, "Is the angle of repose of a revetment of varying
height and thickness the same as the bulk angle of repose obtained from
a pile of material?" The same revetment configuration used in the

stability tests was placed on the hinged sloping side. The side slope

angle was gradually increased until the revetment failed by sliding down
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the slope. The average value of repose angle obtained for this revet-
ment configuration under dry conditions was 52 deg (see Table 4.14).
These tests were repeated with the test section submerged, and the aver-
age repose angle was 53 deg. A third series of tests was conducted
using pressure fluctuations to simulate the turbulent fluctﬁations that
occur when water flows over the riprap. A pressure transducer was
installed flush with the sloping side on which the riprap was placed.
Measurements of pressure were taken for flow conditions close to the
conditions that resulted in failure of the riprap. With the test sec-
tion submerged but without flow, a variable speed vibrator was attached
to the flume sidewall. The speed of the vibrator was varied until the
amplitude of the measured fluctuation was approximately equal to the
maximum amplitude measured under flowing water conditions. This
vibrator speed was used in all subsequent angle of repose tests. The
third series with pressure fluctuations resulted in an average repecse
angle of 53 deg. The vibrator resulted in higher frequency fluctuatiocns
than did the flowing water condition but the amplitudes were similar.
The predictive technique of Carter, Carlson, and Lane (1953) was
again tested against the experimental data using the measured angle of
repose ¢~ 53 deg. Results given in Figuce 4.20 show a much better com—
parison between predicted and observed values when the repose angle of
53 deg is used in the Carter, Carlson, and Lane equation, Equation 2.16.
Additional tests were conducted to determine why the measured
repose angle was significantly higher than that predicted by existing
techniques (Anderson, Paintal, and Davenport 1970). These tests were
conducted to determine the effects of revetment height, bank smoothness,

and revetment thickness. Results shown in Table 4.14 were plotted in
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Figure 4.20. Tractive force ratio K versus 6 (Data from

Table 4.13)

Figure 4.21. The relative height of the revetment is defined as the
length along the slope Ls divided by the average riprap size dSO .
Revetment height Ls was included to determine if a 50-ft-high channel
bank is less stable or has a different angle of repose ther a 10-ft-high
channel bank. Also shown on Figure 4.2la is the repose angle for
crushed rock from Anderson, Paintal, and Davenport (1970).

show that revetment height and thickness have a significant effect on

These results
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- = ANDERSON,PAINTAL, AND DAVENPORT (1970}
FOR CRUSHED ROCK HAVING dg, = 0.024 FT

AS USED IN THESE TESTS
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Figure 4.21. Angle of repose of a revetment
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‘ b
& the angle of repose. Surface smoothness was tested by comparing the e
9
repose angle for a smooth piece of marine plywood to that of a surface F\:- 1
€
b
having sand glued to the marine plywood. The smooth surface yields a ?:*
L O
slightly higher value than the sand surface. The difference is small iﬁ;u
e 2 ]
and surface roughness is not considered to be a big factor in angle of 2:":
-_':t'}‘ E:
repose for the two surfaces used in these tests. SO
o 4
The California Division of Highways (1970) uses a repnse angle of °~ :
® 7C deg in the predictive equations. Blodgett and McConaughy (1986) ,.
report that this was based on tests in which \
A 3
They constructed a model streambank on which small stones aha,
were arranged as riprap, and underlying stones were cemented q?;;_—"
® in a plaster of paris base. The side slope was increased ‘(\'W
until the first outer stone was displaced. It was determined J{r i
that 65° to 70° was the maximum angle attained before a stome 2o 3
fell out. ol
b2 SRR
Miller and Byrne (1965) found the angle of repose of a single sand grain rig- ;
( | . on a fixed rough bed to be as high as 70 deg when the fixed rough bed :‘f_‘
particles were egual in size to the single sand grain. Both the ;-
(%] :
California study and Miller and Byrne show that surface roughness g g
j
P becomes important when the underlying material size becomes large rela- *
tive to the size of the riprap. Hudson (1958) did not include the coef- E;M_ i
@ '
ficient of friction (angle of repose) in the development of his widely fx=e 4
H :
b ]
used equations for the design of quarrystone cover layers subjected to 3
wave attack. He cited several factors that presented difficulty in G
&
using angle of repose. Method of placement was one of the factors that {I ot
caused variation in the repose angle. 4‘“;}._ 3
® The following results summarize angle of repose: :"-}n 3
e 3
1. The angle of repoce of a revetment is not always equal to the ;.’_7‘"
bulk angle of repose reported in the literature. > &.{:
I{_-«
[
f
o & .
® pe |

/
/
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) 2. The angle of repose of a revetment is affectad by revetment
heiéht, thickness, method of placement, and possibly other
factors that were not investigated.

Similar to Hudson (1958), this investigaticn will omit repose angle from
the analysis of side slope stability and incorporate repose angle
effects into the empirically derived coefficients,

4,4,2 Velocity Profiles Over Channel Side Slopes. As part of the

® CSU Phase IV riprap stability tests, velocities were measured over the
1V:2H side slope in a straight flume. Results from tests having similar
depth were averaged. Velocities were made dimensionless by dividing

® observed point velocity by the average velocity of a single vertical

traverse over the toe of the slope, and depths were expressed in per-

centage of the total depth. Results shown in Figure 4.22 indicate

reduced velocities over the slope and that the influence of the slope

extends out from the toe of the slope approximately 0.5 times : e depth

of flow. The measured depth at the toe of the slope was generally

95 percent of the depth in the horizcntal portion >f the channel. This :»
® is shown in Figure 4.22 where the cross section is rounded at the toe of {
the slope. These profiles are for straight channels without the effects (‘; !
of upstream channel curvature. An analysis of the shear distribution of E’:W k
[

® the profiles was conducted using the approach given in Section 4.4.1.

2y

LD

The shear stress was evaluated relative to the shear stress in the hori-

zontal portion of the cross section at X/D = -1,0 . The velocity aleng
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the channel bottom was determined at a distance of 0.1D above the bad,
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where D 1is the depth at X/D = -1.0 . The relative shear is

determined from

2

xT — = Vx 4.24
T at 5= -1.0 V™ at D = -1.0

Results from the three profiles, plotted in Figure 4.23, show that the
shear stress is less on the channel side slope than on the channel

bottom.

Another series of velocity measurements was conducted in a curved
channel at WES to determine velocity profiles over side slopes that have
strong upstream curvature effects. Profiles were measured at sta-
tions 11.6, 16.6, 21.6, 65.0, 70.0, and 75.0, shown in Figure 4.24.
These stations correspond to the regions of maximum velocity over the
toe of the slope. Nondimensional profiles were determined (Figures 4.25
and 4.26) and are significantly different from the profiles having a
straight upstream alignment. These curved channel profiles show a
velocity maximum over the toe cf the slope, with the maximum loczted

below the water surface.

X
TAT — =-10
[+]

X/0

Figure 4.23, Shear stress distribution, 1V:2H side slope, straight
channel
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Figure 4.24. WES curved channel model, plan view

An analysis of the shear in the straight versus curved section wvas
conducted using the same analysis use¢.’ ia Equation 4.24., For equal
average velocity over the toe of the tlupe, the maximum stress on the
curved channel side slope (located at X/D = 0.5) is equal to approxi-
mately 1.5 times the chear stress at X/D = 0.5 in th. straight channel
side slope.

4.4.3 Side Slope Stability Tests. Before side slope stability

tests are analyzed, a characteristic velocity and depth must be
selected. This velocity and depth must be representative of the condi-
tions on the side slope and must also be values which a designer has
some hope of determining or estimating. Average channel velocity is the
easiest to determine but not very representative of conditions on the
side slope. Depth and average velocity over the toe of the slope will
be used in this investigation for the side slope stability analysis.
These values were selected based on the two requirements stated pre-

viously and the results from the WES curved channel, which showed that
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Figure 4.25.

c. Station 21.6

Velocity profiles, WES curved channel facility,
stations 11.6, 16.6, and 21.6
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Figure 4.26. Velocity profiles, WES curved channel facility,
stations 65, 70, and 75
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. the maximum velocity in the cross section occurred over the toe of the

& side slope. o
Prior to the CSU Phase IV side slope stability tests, an analysis

was conducted of the Dorena Dam prototype tests reported by the US Army @

® Engineer District, Portland (1952). These tests were conducted down- E:-:
stream of Dorena Dam in a channel having a grouted riprap bottom and g,;-’é

Vs

~r

1V:2H side slopes with riprap placed to a thickness of ldIOO . Results

are shown in Table 4.15 and Figure 4.27. The curve for threshold of

®
incipient failure, thickness of lleO » 1V:2H side slope, and straight
channel is
: 2.5
. d Y 1/2
° PL-oaf(—=—) L 4.25
) B
based on the Dorena Dam prototype tests. The depth and velocity over
the toe of the slope were used in the analysi:. The velocities were
® ‘ measured for several tests, and these were used tc estimate the velocity
in the remaining tests. o <
B
In the CSU Phase IV tests, stability was determined for the Ko
L
PY following: E
dSO Thzckness 9@ -
in. 100 Table b
nel
1.0 1.33 4.16 R
® L
1.0 1.0 4.17 ~
b s
0.5 1.0 4.18 gl 3
%
LT
Like the Dorena Dam tests, these tests were conducted in a straight t:’
Ras
® channel without -pstream curvature effects.

The results given in Tables 4.16-4,.18 show that the bottom riprap

fails more often or with greater severity than the side slope riprap.
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Figure 4.27. d30/D versus mocified Froude number, thickness of

1.Od100 , 1V:2H side slope, Dorena Dam prototype tests (Data
from Table 4.15)

In tests 29-35 (Table 4.16) with the l-in. d riprap placed 2 in.

50
thick, the bed was stabilized with a wire screen to ensure failure on
the side slopes. Results from tests with a thickness of ld100 are
shown in Figure 4.28. A failure point from test 21 is located to the
left of the incipient failure line. This test had a total failed area
of less than 0.1 sq ft. Due to the small failure area and the position

of this point reiative to several stable runs, this point was not used

in the determinatioa of the best-fit line. The curve for threshold of
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Figure 4.28. d30/D versus modified Froude number, thickness

of 1d100 » 1V:2H side slope, CSU Phase IV (Data from
Tables 4.17 and 4.18)

incipient failure, a thickness of ldIOO » 1V:2H side slope, and

straight channel is

5
d Y \1/2 :
30 - 0.24 <—Y L ) . 4.26
8 w \’gD

based on the CSU Phase IV tests. This relation is in close agreement
with the Dorena Dam prototype test results.

Results from the CSU tests with a thickness of l.33d100 are shown
in Figure 4.29. The effects of thickness for side slope riprap are

C., (N = 1.33)
12 O.IZ = 0.79

C13(N = 1.00) 0.2
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° . Phase IV (Data from Table 4.16) .
From Figure 4.15 the effect of thickness for bottom riprap is ‘_
—
cll.(N = 1,33) 0225 _ i S '!
§ = k! ® e
Cls(h 1.00) 0.30 F
® 21
whif:h is essentially the same thickness effect as the side slope riprap. o
&)
Note that these thickness results apply only to gradations having a ARy
d85/d15 ratio of 2-2.3.
L A limited series of stability tests was conducted in the WES curved L._4
~
channel facility shown in Figure 4.24. These tests were limited in the :‘;ﬁ’
gsense that only a narrow range of rock size could be failed while main- i 4
o taining a high enough Reynolds number based on the limitations given in {;.(,,.:
D
section 3.5. Results are shovn in Table 4.19 and Figure 4.30. With so F’CT‘:
Cax"s5]
g
few data points, the basic relation given by Equation 4.21 is used to . :-',";'.\v
define the slope of the power function. The relation describing the r;,d;
0
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¢ E
threshold incipient failure for a thickaess of ld;., » 1V:2H side slope, ¥
b4 R
and curved channel i3 .

Nl
"4

o
2.5 -
430 Y, \/2 g ;
@ -—D—- = (0.29 -Y_"—Y w— 4,27 ¥ >
s~ W/ W&
based on the WES cu.ved channel model using depth end average velocity ;"—
(.
over the toe of the side slope. (
® This model derived relationship can be compared to the prototype i;-;
(&
data of Blodgett and McConaughy (1986). These data were taken mainly :—.— ;
o
P
from curved channels. Since side slope angle is generally considered to R
3
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be significant, only sites with the cotangent of the side slope angle
between 1.8 and 2.2 vere used in this analysis. To best estimate the
average velocity and depth over the toe of the slope, the maximum depth
and maximum velocity were used in the analysis. In cases where the
maximum velocity was not measured, the relation

vmax.- 1.53Vavg 4.28
was derived from the Blodgett and McConaughy data and used to estimate
maxim:m velocity. A similar approach was used to estimate d30 for
measurements where sufficient data were not given. The values used in
the analysis are shown in Table 4.20 and Figure 4.31. Only sites with
particle erosion or no damage were considered in the analysis. Blanket
thickresses are not given, and these results are considered applicable

to a thickness of 1d since most prototype sites are constructed to

100
this tnickness. The incipient failure curve shown in Figure 4.31 is
drawn to the right of two failure points (measurements 6 and 7). The
site of these measurements was a channel curved only 18 deg. The
failure for measurement 6 was on the upper 6 ft of the channel side
slope. which is unusual. Blodgett and McConaughy state that the
velocity for measurement 6 "may have been greater than estimated.” The
data for measurement 7 show a relatively low velocity but an extremely
high shear stress. The high-water profile shows some unusual conditions
such as an adverse woter-surface slope over the point of failure. Con-
sidering these problems and the proximity of points 6 and 7 to other
stable points, these failure points were not considered in the analysis.
The resulting threshold of incipient failure curve for 1V:2H side slope,

a thickness of ld100 , and curved channels is the same as that proposed

for bottom riprap or
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McConaughy (1986) prototype data (Data from Table 4.20) :
_ 2.5 o
d30 Y 1/2 v T
T = 0,30 Y—'—Y — (4.21 biS) P F
S V&P \g E
%
which is in close agreement with the model relation determined in the <
N
b
WES curved channel model. This relation uses the depth and average Lcr
g
velocity over the toe of the side slope. 2
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CHAPTER 5

SAFETY FACTORS, SIZING NOMOGRAPH, AND DESIGN APPLICATION

5.1 SAFETY FACTORS
The threshold of incipient failure for bottom riprap and 1V:2H side

slope riprap in curved channels was shown to be described by

2.5
d Y 1/2 :
%0. = 0.30 | [—2— . (4.21 bis)

“ %) @
Until additional tests can be conducted to define the relationship for
other side slopes, Equation 4.21 should be used for all slopes equal to
or flatter than 1V:2H. This relation is applicable to a thickness of
ld100 » which is the most common thickness used in open channel riprap.
Since this relation describes incipient fallure, a safety factor must be
used in design. A common problem that should be avoided in deeign of
riprap 1s the additiop oi safety factors at all steps in the design pro-
cedure. The use of available gradations often adds a safety factor to
the design because tlie compnted riprap size falls between two available
gradations and the rdesigner must choose the larger gradation. A safety

factor of 1.2 times the d,, riprap size given by Equation 4.21 provides

30
stability above the failure points used the analysis of the Blodgett and

McConaughy prototype data. Using this safety factor yields

2.5
d30 Yy 1/2 v

T-0.36 —_— -_ 5.1

Ys T Yy VgD
This equation is shown by the dashed line in Figure 4.31.
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Figure 5.1. Sizing nomograph for riprap
5.2 SIZING NOMOGRAPH
L sizing nomograph of Equation 5.1 is shown in Figure 5.1. In
Figuré S.la, the relationship of average velocity in the vertical,

depth, and d are given for a specific weight of 165 pcf and a

30

blanket thickness of 1d In Figure 5.1b, the adjustment for

100 °
thickness is given for gradations having d85/d15 = 2.0-2.3 , which is

similar to the gradations given in OCE (1971). In Figure 5.lc, the cor-

rection for unit weight of rock is given.
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5.3 DESIGN APPLICATION

This design procedure is basel on the premige that a variety of
tools are available for estimating the average velocity in the vertical
for use in this design procedure. The average velocity in the vertical
at the pcint of interest 1s used, not average cross-section values. The
available tools for determining velocities include the following:

1. Numerical Models: oune-dimensional water-surface profile

programs and multidimensional models

2. Physical models

3. Prototype measurements

4, Analytical techniques such as the California Division of

Righways (1970) equation

Vmax = 4/3(Average Channel Velocity) 5.2
‘ which should be limited to prismatic channels, and the zanalysis
of the data by Blodgett and McConaughy (1986) which gave the
relation
Vmax = 1.53(Average Channel Velocity) (4.28 bis)

which would be applicable to ratural channels.
Alalytical techniques that need to be developed include
vmax = f(average channel velocity, bend radius/
water-surface width, channel shape (natural
or prismatic), side slope angle, aspect ratio,
bend angle, different bed and bank roughness)
5.4 EXAMPLE DESIGN
Determine size of side slope riprap for the design problem at

Pinole Creek given in Blodgett and McConaughy (1986) having the fol-

lowing conditions:
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Average channel velocity = 7.7 ft/sec
Average depth = 4.8 ft
Maximum depth = 7.7 ft
T 175 pcf
Curved channel (radius/width = 2.,5)
Water-surface width = 61 ft
Thickness = ldIUO
Cotangent of side slope angle = 2
As in most riprap design probhlems, only the average channel velocity is
known. The maximum average velocity in the vertical over the toe of the
outer bank can be estimated by
vmax = 1'53vavg.- 11.78 ft/sec (4.28 bis)

This velocity and the maximum depth are used in equation 5.1. The size
required for stability is d30 = 0.64 ft . At Pinole Creek prototype,
riprap having a d30 of 0.45 ft and a unit stone welght of 178 pecf
failed under the given hydraulic conditions.

Using OCE (1971) gradations given in Table 4.21, a bianket thick-

ness of 18 in. provides a d (minimum) of 0.73 ft for a unit stone

30
weight of 175 pcf. A blanket thickness of 15 in. cannot be used because
the d30 (zinimum) of 0.61 ft is less than 0.64 ft.

For comparison, OCE (1970 and 1971) riprap sizing guidance using a
constant Shields coefficient and the logarithmic velocity relations
results in a dSO of 1.17 ft. The 24-in. blanket thickness given in

Table 4.21 for a unit stone weight of 175 pcf provides a d (ninimum)

50

of 1.17 ft.
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SUMMARY OF LIMITATIONS

This design procedure is limited to the following conditions:

1. Straight and curved open channels that are net immediately
downstream of a structure that creates a hydraulic jump.

2, Channel bottoms and channel side slopes less than or equal to
1V:2H.

3. Slopes less than 2 percent, no overtopping embankment flows.

4. Froude number less than 1.2.

5. Ratio of flow depth to d riprap size from 4 to 50.

30
6. PFor thickness equal ld100 ’ d85/d15 ,» less than or equal to

4.6, For thickness greater thaan 1 d85/d15 from 2,0-2.3.

4100 °
7. Angular rock.
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS
This investigation has shown that a constant Shields coefficient
and the logarithmic velocity laws are not applicable to such high rela-
tive roughness problems as riprap design.
The critical velocity relation developed in this study for the

threshold of incipient failure of riprap is

d30 T 1/2 v
T "% [\v -1 —
s w \’gD

2.5

This relation was developed for straight channel bottoms, straight chen-
nel side slopes of 1V:2H, and curved channel side slopes of 1V:2H.
Average velocity in the vertical at the point of interest is used, not
average cross-sectional values. A relation of this form was first pro-
posed by Neill 71967) and Bogardi (1968).

This critical velocity relation was compared to the two most common
riprap sizing methods: (1) critical shear stress using a constant
Shields coefficient and (2) Isbash type relatioms (d50 = C9V2). This
critical velocity relation has an exponent that falls halfway between
these two methods.

Riprap gradation uniformity was shown to affect riprap stability if
d50 is used in the analysis. Use of particle size d30 in the
stability relations eliminates the effects of gradation uniformity for
riprap thickness of ld100 and is used as the characteristic size in

this investigation.
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' Riprap thickness was shown to have a significant affect on riprap
® stability for riprap gradation having d85/d15 of 2.1-2.3.
Within the range tested, riprap shape did not have a significant
effect on riprap stability. Gradations having 18 percent elongated
® : particles (&/b > 3) exhibited the same stability as gradations not
having elongated particles.
Existing side slope relations used in the critical shear stress
equation overestimate the decrease in stability that occurs when a
i particle is placed on a sloping bank. This was demonstrated in two
ways:
1. Comparison with the Hudson (1958) wave <quation that showed the
.. effects of side slope angle are more significant in channel
flow than in wave attack.
£ 7 2. Stability tests on sloping sides conducted in this investiga-
[ . tion. The existing side slope stability relations matched the
observed data when a repose angle of 53 deg was used in the
analysis instead of the commonly used 40 deg. This led to a
series of repose angle tests which suggested that repose angle
i varies with revetment height, riprap thickness, surface tex-
ture, and placement method. Revetment height is important
because the higher the bank, the greater the amount of material
® being supported by the rock at the toe of the slope. Because
of these difficulties, repose angle was not used in the criti-
cal velocity relation and was included in the empirical coef-
) ficients just as Hudson did in his wave equation.
Comparison of velocity profiles over channel side slopes in
straight and curved reaches shows that for the same average velocity
o
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over the toe of the side slope, the velucity and shear stress on the
side slope are significantly higher on the outer bank of the curved
channel. Side slope stability tests in straight channels cannot be used
in channel bends. The representative velocity used herein for side
slope riprap stability is the average velocity in th= vertical over the
toe of the side slope. Maximum velccities in the curved channel tests
occurred over the toe of the side slope.

Using depth and velocity over the toe of the side slope, the
threshold of incipient failure of 1V:2H side slope riprap in straight

channels is described by

d30 Y, 1/2 v
T = 0.24 T_'-Y_ ma—
s w \’gD

based on model and prototype data for thickness = 1d

2.5

100°

For 1V:2H side slope riprap in curved channels

d ; 1/2
39 L 0.30 (__"__.) —
D Y -
s W

Ve

based on model and prototype data for thickness of 1d

2.5

100 ° This rela-

tion was also found applicable to bottom riprap in straight channels.
Since these relations define the threshold of incipient failure,
safety factors must be determined before they can be used. A common
problem in the design of riprap is the addition of safety factors at
each step in the design procedure. A safety factor of 1.2 times the d30
riprap size given by the threshold of incipient failure curve is used in
the sizing nomograph (Figure 5.1) develcped in this investigation. The

designer can easily use other safety facrors and apply them to the

incipient failure relations.
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During this study, the following areas were identified as needing

additional study relative to open channel riprap design:

1.

3.

Effects of blanket thickness for gradations other than those
studied in this investigation.

Effects of riprap shape outside the range covered in this
study, including the effects of surface texture such as
stability of cobble particles.

Side slope stability tests of 1V:1.5H and 1V:3H.

Determining repose ahgle of riprap revetment so that 1~ can be
included in the design procedure.

Effect of revetment side slope height on stability. Side slope
riprap in shallow channels may be much more stable than in deep
channels due to the amouat of material being supported by the
toe of the slope.

Analytical methods for determining velocity in straight and
curved channels for use in riprap sizing.

Using the experience of others involved in riprap design to

better define appropriate safety factors.

ek
i »or

e S e g

X

LX ™
F
,,

]

"3

.'.
v
- ’.r.-, -

g =

ke ol o
= s
ot agh

2
i

)

2

> e

h‘“&flﬂ"‘
o)
PRI v,

e

>

3
4
&
E
9

@

sl

Pal®, 3 .
*.°}A-1‘%
A ATE! “‘..u. ” o

n

o]

&

AR R T

\

-

A O,

»
X,

e
o

]

9
kA e

Ve

bats
1%
W
L.
S

"
A
Fs

i

itk




REFERENCES

' Anderson, A. G., Paintal, A. S., aad Davenport, J. T. (1968). '"Tenta-
tive design procedure for riprap lined charnels." Project Report
No. 96, St. Anthony Falls Hydraulic Laboratory, University of Minnesota,
Minneapolis, Minn.

Anderson, A. G., Paintal, A. S., and Davenport, J. T. (1970). "Tenta-
tive design procedure for riprap-lined channels."” Natioral Cooperative

o Highway Research Program Report 108, University of Minnesota,
Minneapolis, Minn.

Ashida, K., and Bayazit, M. (1973). "Initiation of motion and roughness
of flows in steep channels." Proceedings, 15th Congress of the Interna-
tional Association on Hydraulic Research, 1, 475-4&4.

® Barr, D. I., and Herbertson, J. G. (1966). Discussion of "Sediment -
transportation mechanics: initiation of motion," by Task Committee on SR
Preparation of Sedimentation Manual, Journal of the Hydraulics Divisioa, i
American Society of Civil Engineers, 92(HY6), 248-251. o
Bathurst, J. C., Graf, W. H., and Cao, H. H. (1982). "Initiation of g

® ‘ sediment transport in steep channels with coarse bed material." Pro- ; ;
ceedings of Furomech 156: Colloquium on Mechanics of Sediment Tibe -
Transport, Istanbul, 207-213. A

!

i@

Bayazit, M. (1976). "Free Surface Flow in a Channel of Large Relative
Roughness.” Journal of Evdraulic RBesearch, International Association on
Hydraulic Research, 14(2), 115-126.

o e e |
’

i

oy

o {3 3
:

Bayazit, M. (1982). "Flow structure and sediment transport mechanics
in steep channels." Proceedings of Euromech 156: Colloquium on
Mechanics of Sediment Transport., Istanbul, 197-206.

-
ke

Bettess, R. (1984). "Initiation of sediment transport in gravel
streams." Proceedings of the Institution of Civil Engineers, Technical
® Note 407, Part 2, 77.

A e ey
%

¥

Hom
1D

Blench, T. (1966). Discussion of "Sediment transportation mechanics:
initiation of motion," by Task Committee on Preparation of Sedimentation
Manual, Journal of the Hydraulics Division, American Society of Civil
Engineers, 92(HY5), 287-288.

T T

®
Y

=% 5

80

SN




Pt b
A |

i

Qva

81

F“',.’“" Pt 0l ot "{
4
‘ Al

Blodgett, J. C., and McCenaughy, C. E. (1986). "Rock riprap design for

w @ L B
" ol

protection of stream channels near highway structures; Vol 2, Evaluation For
of riprap design procedures." Water-Resources Investigations Report 86- ¢ .
4128, US Geological Survey, Sacramento, Calif. A ;
I 4
Bogardi, J. L. (1968). "Incipient sediment motion in terms of critical } o
mean velocity." Acta Technica Academiae Scientarium Hungaricae, ;;* ;
Budapest, 62 (1-2), 1-24. g
o 3
Bogardi, J. L. (1978). Sediment transport in alluvial streams. :%u;
Akademiai Kiado, Budapest. :"1
HL’-'\J 3
California Division of Highways. (1970). - "Bank and shore protection in “t;“
California highway practice." State of California, Department of Public xe
Works, Sacramento, Calif. 5
i A
Carter, A. C., Carlson, E. J., and Lane, E. W. (1953). "Critical trac- : . =
tive forces on channel side slopes in coarse, non-cohesive material." e 3
Hydraulic Laboratory Report No. HYD-366, US Bureau of Reclamationm, °:;*
Denver, Colo. Er;{'

Chen, C. K., and Roberson, J. A. (1974). "Turbulence in wakes of rough-
ness elements." Journal of the Hydraulics Division, American Society of
Civil Engineers, 100(HYl), 53-57.

VAT
® s

o eyl

X
Christensen, B. A. (1972). "Incipient motion on cohesionless channei ?j" :
banks.”" Sedimentation, H. W. Shen, ed., 4-1--4-22, Fort Collins, Colo. g:
‘ Coleman, H. W., Hodge, B. K., and Taylor, R. P. (1984). ™A re- ;
evaluation of Schlichting's surface roughness experiment." Journal of é
Fluids Engineering, American Soclety of Mechanical Engineers, 106, Y
60-65. = 4
Coleman, N, L. (1981). "Velocity profiles with suspended sediment." E 4
Journal of Hydraulic Research, 19(3), 211-229. £
Cooper, R. H. (1970). "A study of bad-material transport based on the "TLN
" i a

analysis of flume experiments," thesis presented to the University of
Alberta, Edmonton, Alberta, Canada, in partial fulfillment of the re-
quirements for the degree of Doctor of Philosophy.

Cgcan g o % ¥

Daido, A. (1983). "Incipient motion and bed load of sediment in steep @~
channel."” International Association for Hydraulic Research, 20th o
Congress, Moscow, Seminar 2, 3, 293-29%. ;

s

1

L
e 4
Dubuat, P. 1786. Principes d'Hydraulique. 2nd Edition, Paris. 2
Einstein, H. A. (1942). "Formulas for the transportation of bed load," f;;; E
Transactions, American Society of Civil Engineers, 107, 561-537.
g 200
Einstein, H. A., and El-Samni, E. A. 1949. "Hydrodyramic forces on a (RN
rough wall." Reviews of Mod>rn Physics, 21(3), 520-524. g
n’v"
(o
T TR T T B B B AR




e

82

Escoffier, F. F. (1968). "Third summary of progress, riprap study." e

-
-p"
*, ¥
P
i d akhiaiong.

® US Army Engineer Waterways Experiment Station, Vicksburg, Miss. ;P_
Fiuzat, A. A., Chen, Y. H., and Simons, D. B. (1982). "3tability tests @g'
of riprap in flood control channels." Prepared under Contract sj
No. CER81-82AAF-YHC-DB556 by Colorado State University, Fort Collinms, ,; ]
Colo., for the US Army Engineer Waterways Experiment Station, Vicksburg, Fa.
® Miss. :.7':» ]
s
Fiuzat, A. A., and Richardson, E. V. (1983). '"Supplemental stability ?ﬁj
tests of riprap in flood control charnels." Prepared under Contract ii:
No. CER83-84AAF-EVR18 by Colorado State University, Fort Collins, Colo., ;&f
for the US Army Engineer Waterways Experiment Statiom, Vicksburg, Miss. ';?‘ !
) Forchheimer, P. (1914). Hydraulik. Teubner, Leipzig/Berlin. ?‘-‘ ;
Gessler, J. (1971). "Beginning and ceasing of sediment motion," River R
Mechanics, Fort Collims, Colo., H. W. Shen, ed., 1, 7-1—7-22. :&“
—_— V:‘ 4
Grace, J. L., Jr., Calhoun, C. C., Jr., and Brown, D. N. (1973). Qg;f 4
"Drainage and erosion control facilities, field performance investiga- E' 3
® tion," Miscellaneous Paper No. H-73-6, US Army Engineer Waterways s 1
Experiment Station, Vicksburg, Miss. g
L
Graf, W. H. (1971). Hydraulics of Sediment Transport. McGraw-Hill, 'E;“
New York. ey ]
[ 4
¢ :
Y . Hey, R. D. (1979). "Flow resistance in gravel-bed rivers,”" Journal of ¢ i
the Hydraulics Divigion, American Society of Civil Engineers, 105(KY9), %
365-379. {
Hudson, R. Y. (1958). '"Design of quarry-stone cover layers for rubtble- { T
mound breakwaters." Research Report 2-2, US Army Engineer Waterways ¢
Experiment Statiom, Vicksburg, Hiss. }
@ i
X
Hughes, W. C., Urbonas, B., and Stevens, M. A, (1983). "Guidelines for ﬁs"
the design of riprap channel linings.” D. B. Simons Symposium on ) g
Erosion and Sedimentation, R. M. Li and P. S. Lagasse, Fort Collins, i i

Colo., 4.106-4.127,

® Isbash, S. V. (1935). "Construction of dams by dumping stones in
flowing water." Translated by A. Dorijikov, US Army Engineer District,

Eastport, Me. {"’.’:.
Kamphius, J. W. (1974). '"Determination of sand roughness for fixed b 3
beds." Journal of Hydraulic Research, International Association om
Hydraulic Research, 12(2), 1°3-203. oo

e S,
Keulegan, G. H. (1938). 'Laws of turbulent flow in open channels." o
Journal of Research of the National Fureau of Standards, Research Paper F'P’

RP115, 21, 707-741.

® ' "

(\' =
N

WM&WW\%W&WYEMMWM‘LMM&M




83

Knight, D. W., and McDonaid, J. A. (1979). '"Hydraulic resistance of
artificial strip roughness." Journal of the Hydraulics Division,
American Society of Civil Engineers, 105(hY6), 675-690.

Lane, E. W. (1953). "Progress report on results of studies on the
design of stable channels.” Hydraulic Laboratory Report No. HYD-352,
US Bureau of Reclamation, Denver, Colo.

Li. R. M., Simons, D. B., Blinco, P. H., and Samad, M. A. (1976).
"Probabilistic approach to design of riprap for river bank protection.”
Symposium on Inland Waterways for Navigation, Flood Control, and Water
Diversions, Colorado State University, Fort Collins, Colo., II,
1572-1591.

Maynord, S. T. (1978). "Practical riprap design." Miscellaneous Paper
H-78-7, US Army Engineer Waterways Experiment Station, Vicksburg, Miss.

. "Open channel riprap design: incipient failure and friction
coefficients for channel bottom riprap" (in preparation). US Army
Engineer Waterways Experiment Station, Vicksburg, Miss.

Meyer-Peter, E., and Muller, R. (1948). "Formulas for bed-load

transport." International .i.ssociation for Hydraulic Structures Research,

Second Meeting, Stockholm, Appendix 2, 39-64.

Miller, R. L., and Byrne, R. J. (1965). "The angle of repose of a
single grain on a fixed rough bed." Prepared under Contract Nonr
-2121(26) by the University of Chicago, Chicago, I11l., for Office of
Naval Research.

National Crushed Stone Association. (1978). "Quarried stone for exro-
sion and sediment control.'" Washington, D. C.

Neill, C. R. (1967). "Mean-velocity criterion for scour of coarse
unifcrm bed-material." International Association ca Hydraulic Research,
12th Congress, Paper C6, 3, C6.1-Co.9.

Neill, C. R. (1968). '"Note on initial movement of coarse uniform bed-
material." Journal of Hydraulic Research, International Association on
Hydraulic Research, 6(2), 173-176.

Neill, C. R., and Hey, R. D. (1982). "Gravel-bed rivers: engineering
problems." Gravel-Bed Rivers, R. D. Hey, J. C. Bathurst, and C. R,
Thorne, ed., Wiley and Sons, Chichester, N. Y.

Neill, C. R., and Van Der Giessen. (1966). Discussion of 'Sediment
transportation mechanics: initiation of motion,” by Task Committee on
Preparation of Sedimentation Manual, Journal of the Hydraulics Division,
American Society of Civil Engineers, 92(HY5), 280-287.

Office, Chief of Engineers, US Army. (1970). '"Hydraulic design of
flcod control channels." EM 1110-2-1601, US Government Printing Cffice,
Washington, D. C.

SOAOAGNNN GGG A AN A N N N A XA DU AL N NI I A A TR AT T IO

L XA
u AL A e

N

1

2

bl S-S I Ee X AT,
To EETR i, s
NPTV R

&

o

 georE

Pl
“'v

7

£
rd

w Yoy

ST A
i.a

SE- ¥
L] r

§

o TN

[t el o B0
o

- !

- e ey

-
-
i

kg
4

5 5.
o
& g

oK
ko

= g
AL AT S |
. oY

Evs a Sa
»

’.f

ot A
P T
LA

:
v . -
N A

i e




: A i
84
¢ ]
o Office, Chief of Engineers, US Army. (1371). "Additional guidance for L_‘
riprap channel protection." ETL 1110-2-120, US Government Printing ,2
Office, Washington, D. C. |
o
Olivier, H. (1967). '"Through and overflow rockfill dams - new design ',; 3
techniques." <roceedings of the Instituation of Civil Engineers, 36 A ;
(7012), 433-471. iKY
® o
0'Loughlin, E. M., and McDonald, E. G. (1964). "“Some roughnees- :.i; 3
concentration effects on boundary resistance." La Houille Blanche, 7, EL: 3
773-782. s
S
0'Loughlin, E. M., Mehrotra, S. C., Chang, Y. C., and Kennedy, J. F. fnix,
P (1970). "Scale effects in hydraulic model tests of rock protected G,, :
structures." IIHR Report No. 124, Iowa Institute of Hydraulic Research, E‘i 1
Iowa City, Ia. {.L'
Peterka, A. J. (1958). "Hydraulic design of stilling basins and energy ;
dissipators." Engineering Monograph No. 25, US Bureau of Reclamaticn, e
Denver, Colo. rgB-(r
® 2 ]
Reese, A. (1984). "Riprap sizing - four methods.™ Proceedings of the "".;";*
American Society of Civil Engineers Hydraulics Specialty Conference, "* :
Coeur d'Alene, Ida., 397-401. E
Ruff, J. F., Shaikh, A., Abt, S. R., and Richardson, E. V. (1985). o
"Riprap tests in flood control chkannels.” Prepared under Contract 3 3
o ' No. CER85-86-JFR-AS-SRA-EVR-17 by Colorado State University, f -
Fort Collins, Colc., for the US Army Engineer Waterways Experiment }
Station, Vicksburg, Miss. {
[ RN
&
Ruff, J. F., Shaikh, A., Abt, S. R., and Richardson, E. V. (1987). s
"Riprap stability in side sloped channels." Prepared under Contract
® No. DACW39-83-C-0045, by Colorado State University, Fort Collinms, Colo.,
for the US Army Engineer Waterways Experiment Station, Vicksburg, Miss. v
Schoklitsch, A. (1914). Uber Schleppkraft und Geschiebebewegung. ' hé"' i
Engelmann, Leipzig. AT
s
. 1962. Handbuch des Wasserbaues. Springer-Verlag, Vienna. :
® 8
Shen, H. W., and Lu, J. (1983). '"Development and prediction of bed ‘(
armoring." Journal of Bydraulic Engineering, American Society of Civil o
Engineers, 109(4), 611-629. e T
&
Shields, A. (1526). Application of Similaritv Principles and Turbu- N
lence Research ro Bed-load Movement.. English translation by W. P. Ott 2‘
o ard J. C. van Uchelon, Caiifornia Institute of Technology, }_{‘h
publication 167. ©
-
Sirons, D. B., and Senturk, ¥. (1977). Sediment Transport Technology. :_
Water Resources Publ’catlions, Fort Collins, Colo. ¥
®
':’ - E
i i
gt 4
A AT/ N A UM A VA U L A A A S M MGG YR YA M Ao Y IO MO N U MMM AN KN KN KRN i etad




85

Stevens, M. A., and Simons, D. B. (1971). "Stability analysis for
coarse granular material on slopes." River Mechanics, H. W. Shen, ed.,
Fort Collins, Colo., 1, 17-1--17-27.

Straub, L. G. (1953). "Dredge fill closure of Missouri River at
Fort Rardall." Proceedings of Minnesota International Hydraulics
Convention, Minneapolis, Minn., 61-75.

Uram, E. M. (1981). "Analysis of the roughness function and wall law
slope for rough surface turbulent boundary layers." Bioengineering,
Fluids Engineeriny and Applied Mechanics Conference, American Society of
Mechanical Engineers/American Society of Civil Engineers, Bouiuer,
Colo., 81-FE-36, 1-9. '

US Army Corps of Engineers. '"Hydraulic design criteria." Prepared for
Office, Chief of Engineers, by US Army Engineer Waterways Experiment
Station, Vicksburg, Miss., issued serially simce 1952.

US Army Engineer District, Portland. (1952), "High velocity revetment
tests." Civil Works Investigation-485, Portland, Ore.

US Army Engineer Division, Lower Mississippi Velley. (1982). "Report
on standardization of riprap gradations" (Revised). Vicksburg, Miss.

US Department of Transportation. (1975). "Design of stable channels
with flexible linings." Hydraulic Engineering Circular No. 15, Federal
Highway Administration, Washington, D. C.

Vanoni, V. A. (1977). "Sedimentation engineering." American Society
of Civil Engineers Manuvals and Reports on Engineering Practice ilo. 24,
New York.

van Rijn, L. C. (1982). "Equivalent roughness of alluvial bed." Jour-
nal of the Hydraulics Division, American Society of Civil Engineers,
Technical Note, 108(HY1C), 1215-1218.

Yalin, M. S. (1965). "Similarity in sediment transport by currents."
Bydraulics Research Paper No. 6, HM Stationery Office, London.

Yalin, M. S. (1977). Mechanics of sediment transport. Pergamon Press,
Elmsford, N. Y.

< .-('.l
.

“\ | s
@

I

el

Lol
X lk'l b

v
b |

150
F

9o K.

)

@

5] Q""!""f:’:‘

 ——

s i

o a2

e, G oy 7 O TR T S B0 I
‘lo s "‘,"“.v .

»

(‘.

MPCTUCTUC A TOUX P TUIC T PRUOE T A T TR TR TR TR TR AT D6\ L UK PRI TUA WA AN TOU VR VA UM AN AR AT MMM'-\MM“M“MMMWH\!MJ

| AR ]

< K,

%x]

F‘.\rﬁ'—rw -
9 Ll M &
u“ ® " ‘.’.

e

![x;-r__ Ty ;

oA

s

p

]

3

Sy
p

r

2% e

»d
bl it i

el

wa

1
3

eaiac e 4o o

i

3




Model Riprap
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Table 3.1

d
Test 50 d85 Ya
Flume Phase in. Thickness 15 Gradation, in. pcf
Ccsu I 1.87 .04, 2.8 Figure 3.4° 170
csu I . 3, 1.0d, .0 3.9 Figure 3.42 170
csu Il 0.5 1.0d,,, 4.6  Figure 3.5° 166
csu II 1.0 1.0d,,, 4.6  Figure 3.5° 166
csu T L0 1A b 20 Figure 3.6 167
2 T8,
Ccsu IIT 2.0 lad, .t 2.3 Figure 3.6° 165
2. 504
csu Iv 0.5 1.0d,,, 2.0  Figure 3.7% 167
csu IV 1.0 l.edj, & 2.3  Figure 3.79 167
1.3d, 00
WES Trapezoidal s S 2 ; SR 08T I 2.0 OCE (1971)° 167
WES Trapezcidal I 0.33 1.54,, 2.0 OCE (1971)% 167
WES Trapezoidal I 0.46  1.5d;4, 2.0 OCE (1971)° 167
WES Tilting I 0.86 1.0d100 1.23 3/4-1 167
WES Tilting I 0.61  1.0d,,. 1.2 1/2-3/4 167
WES Tilting I 0.43  1.0d;,, 1.26  3/8-1/2 167
(Continued)
: Sce Figure 3.4 for gradation.
& See Figure 3.5 for gradation.
d See Figure 3.6 for gradation.
. See Figure 3.7 for gradation.
See OCE (1971) for gradation.
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87 ]
Table 3.1 (Concluded) ., )
Q9
{
s d i
Test dSO d85 Ys {
Flume Phase in. Thickress 15 Gradation, in. pcf e
20
WES Tilting I 0.30  1.0d,,. 1.56 #4 - 3/8 167 e 4
- E
WES Tilting II  0.43 1.0d;,, 2.5 332 1/2-3/4 167 o ]
33z 3/8-1/2 Vi 3
WES Tilting IIT  0.43 1.0d,,, 2.5 33% #4 - 3/8 167 . 4
WES Tilting III  0.61 1.0d,,, 2.1 33% 3/4-1 167 -2
33% 1/2-3/4 :
33z 3/8-1/2
WES Tilting 1v 0.30 Varied 1.56 #4 - 3/8 167 N i
s
WES Curved 1 0.38  1.0d,,, 2.0 50% #4 - 3/8 167 ?it_ 4
50% 3/8-1/2 v
;
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‘ o
® Table 3.2 ::_
Shape Characteristics of Model Riprap (
&
Percent Percent ¢
Greater than Greater than .y :
o Test Rock Rock Sixa, in. /b = 2.5 2/b =3 0
WES # -1 29 17 i
¥ :
CSU (1lst test series) 2 -6 16 7 { ,
CSU (2nd test series) 3/8 - 1-1/2 37 25 &‘F; 4
& o
CSU (3rd test series) #4 - 1-1/2 30 18 ;
{ 1
CSU (4th test series) #6 - 1-1/2 30 18 § ;
5 3
° &t ‘
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® v
® Table 4.1 & ]
WES Tilting Flume, Phase I Test Results for d85/<115 = 1.,5, Thickness = i 3
1'18(150 % 1d100 Wi % 167 psf, Shape Characteristics Not Meeting ;
b 3
o Ccrps Guidance ? i
» .
Energy Average  Average Stable or r 1
Slope Velocity Depth Sieve Failed or :,>_~ 1
. fr/fe frfsec®  fr 930/t d5o/fE dgo/ft giie,in,  Unknown” . |
0.01800 4.34 0.400 0.068 0.072 0.081 3/4-1 S ' :
0.02000 4.45 0.405 0.068 0.072 0.081 3/4-~1 F s
0.01600 3.20 0.301 0.047 0.051 0,060 1/2-3/4 S {
0.01700 3.23 0.290 0.047 0.051 0.060 1/2-3/4 F b
0.02100 3.23 0.227 0.047 0,051 0,060 1/2-3/4 v 6
0.02100 2.90 0.228 0.047 0.051 0.060 1/2-3/4 S o {
® 0.00900 3.60 0.501 0.047 0.051 0.060 1/2-3/4 S ? X
0.01000 3.80 0.470 0.047 0.051 0,060 1/2-3/4 F ) o
0.011C0 3.49 0.402 0.047 0,051 0,060 1/2-3/4 S ! 1
0.01200 3.58 0.391 0.047 0.051 0.060 1/2-3/4 F ; L
0.01500 3.47 0.327 0.047 0.051 0,060 1/2-3/4 ] = :
0.01600 3.56 0.319 0.027 C€.051 0.060 1/2-3/4 F i |
® . 0.02100 3.11 0.258 0.047 0.051 0.060 1/2-3/4 S j
0.021C0 3.17 0.243 0.047 0.051 0.060 1/2-3/4 F ; s
0.00530 3.34 0.530 0.019 0,025 0.02% 3/3-%4 F :
0.00530 3.37 0.534 0,019 0,025 0.029 3/3-84 Fc : 3 |
0.00880 3.38 0.400 0.019 0.025 0.0.9 3/8-%#4 ? -
0.00200 3.52 0.389 0.0i9 0.0z 0,025 3/8-%4 F i 1
0.02100 3.06 0.131 ©6.019 0.025 0.029 3/8-%4 ? ':
o 0.02200 3kl 0.129 0.019 0.025 0.029 3/8-#4 F {
0.00%00 2,44 0.205 0.019 0,025 0.029 3/e-#4 ? i
0.01000 2.53 0.198 9.019 0.025 0.029 3/8-#4 F t 3
0.01200 3.17 0.210 0.919 C€.C25 0.029 3/3-#4 ? o 4
0.01300 3.2% 0.204 0.019 GC.02 0.029 3/8-%24 F ¥ §
0.00570 2.59 0.325 0.0619 G.025 0.929 3/8-#4 ? t 1
0.007C0 2.75 0.303 0.019 C.025 0.029 3/8-%4 F - 1
® 0.00240 3.75 0.310 0.019 0.025 ©0.029 3/8-é4 ? y
0.01C30 2,71 0.220 0.019 0.0Z25 9.02%9 3/8-%4 F p
€.C0s00 2.82 0.402 0.0:9 0.02 0.02%9  3/8-%4 ? 9
0.09600 3.03 0.377 0.019 0.025 0.029 3/8-%#4 F " 4
0.€0400 2,88 0.387 0.013 0.025 0.029 3/8-%4 ? . 1 |
2.00500 3,00 0.461 0.019 0.025 0.029 3/8-#4h F s 3 |
® (Continued) o
e ‘
: Velocity based on discharge/area. :‘;f _
S = stable; F = failed; ? = unkncwn. g 3
::1 Stabte but tected for a ghort duration compared to the other tests. L k
® Width/depth < 5. v
[
(R s
i
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Table 4.1 (Concluded)
Energy Average Avercage Stable or
Slope  Velocity Depth Failed or
a 4, /ft d./fe 4 [fe Sieve b
fe/fe ft/sec ft 30° 50 90 Size, in. Unknosm
0.00300 2.73 0.633d 0.019 0.025 0.023 3/8-%4 ?
0.004C0 2:95 0.58%9 0.019 0.025 0.029 3/8-¥%4 F
¢.005C0 3.28 0.564 0.034 0.036 0.041 1/2-3/8 ¥
0.00350 2.93 0.551 C.034 0.036 ©0.041 1/2-3/8 S
0.00800 3.06 0.368 0.034 0.036 0.041 1/2-3/8 F
0.00%03 3.23 0.353 0.034 0.036 0.041 1/2-3/8 S
0.C0700 2.93 0.386 0.034 0.036 0.041 1/2-3/8 S
0.01810 2.77 0.181 0.034 0.036 0.041 1/2-3/8 S
0.01950 2.82 0.178 0.034 0.036 0.041 1/2-3/8 F
0.00930 2.91 0.297 0.034 0.036 0.041 1/2-3/8 ?
0.01000 2.585 9.293 0.03% 0.036 0.04! 1/2-3/8 F
0.00500 2.82 0.306 0.034 0.056 0.041 1/2-3/8 S
0.00s520 3.03 0.494 0.034 0.036 0.041 1/2-3/8 ?
0.00600 3.28 0.463 0.034 0.036 0.04} 1/2-3/8 F
Velocity based on discharge/area.
S = gtable; F = failed; ? = unknown.
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i Tadle 4.2
F] CSU Phase I,

E Test Results for dSS/dlS = 2.8, Thickness = 2dSO = ld!og'
’ d50 w8 79n., YS = 170 pcf, Angular Particles, Does Kot
A
; Heet Corps Shape Cuidance
)
% Orifice Average Average
Run Discharge Flume Velocity Depth Stable (S) or
{ No. cfs Slope fps ft Failed (F)
3
4 1 25 0.00852 3.62 0.825 s
] 2 0.01378 4.34 0.687 s
2 3 0.01667 4.62 0.653 F

2 4 0.01973 5.11 0.629 s
v 5 50 0.00761 4.78 1.218 s
3 6 0.01089 5.24 1.110 S
{ 7 0.01451 5.92 1.032 F
\ 8 0.01266 6.01 1.051 F
i 9 0.01089 5.35 1.151 F
b}

.5 10 75 .00537 5.39 1.868: s
: 11 0.00769 5.38 1.716 s
: 12 0.01025 5.92 1.509, F
: 13 0.00394 5.64 1.6047 F
i 14 0.00759 5.39 1.700 s
2
! ! 100 0.00420 5.39 2.325: s
] 16 0.00601 5.32 2.1117 s
i 17 0.00801 6.03 2.0107 F
2 18 0.00699 5.86 2.0127 F
% 19 0.00601 5.68 2.062 S
i
4
»

o

2
3
¥
!

{ a .

A Width/depta < 5 .
i

3
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1 Tebie 4.3
i
3 CSU Phase IT,
i CSU Phase IT,
-; Test Results for dgs/d15 = 2.5, 4%lickness = 2d50 - 14100.
) .
;; dSO = 0,5 in., L e 166 pcf
)
% Nominal Average Average N
i Run Discharge Flume Velocity Depth Stable (S) or
1 No. cfs Slope fps fit Failed (F)
; 1 25 0.00143 1.763 1.434 s
) 2 25 0.00185 2.269 1.335 s
i 3 25 0.00231 2.391 1.277 s
) 4 25 0.00280 2.779 1.106 s
3 5 25 0.00331 2.940 1,021 F
1 6 25 0.00331 3.147 0.922 F
: 7 25 0.00280 3.212 1.201 F
2 8 25 0.00231 3.155 1.030 F
9 50 0.00102 3.022 1.951: F
¥ 10 50 0.00128 3.135 1.894 F
} 1 50 .00102 3.085 2,047 F
! 13 75 0.00072 3.410 2.953: F
} 14 75 0.€0090 3.610 2.7243 F
| 15 75 0.00072 3.372 2.8557 F
| 16 75 0.00056 3.154 3.025 s
i
i 17 100 0.00056 3.469 3.55¢6% s
i
|
J
3
]
4
3
)
3}
!
§
3
1
'(
L
b
3
?
]
R}
]
a ’
i Width/depth < 5 .
;
{
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Test Results for dgs/d15 a 2,1, Thickness = 2d

93

Table 4.4

CSU Phase III,

are 1.4d

S 1¢0°

d50 =1 in., Y, = 167 pcf, Shzpe Characteristics

Meeting Cor~: uidance

¥

" MEKRVAM R VRE RN RERKALEEX -;x'y\:v _\'«3,’: bAL AT J}q:‘\‘;’\!; ~n : 4 '\.,l‘_"‘l(_".;l
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Width/depth < 5 .

PSSR
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Rem e, A

Nominal Average Average
Run Discharge Flume Velocity Depth Stable (S) or
No. cfs Slope fps ft Failed (F)
33 25 0.00998 4.40 0.684 S
34 25 0.01088 4,51 0.703 S
35 25 0.01186 4,72 0.672 S
36 25 0.01337 4.95 0.618 F
37 25 0.01204 4,77 0.651 F
32 50 0.00558 4.90 1.300 F
41 50 0.00475 4,71 1.353 F
38 75 0.00402 5.02 1.832; F
39 75 0.00377 5.00 1.842a F
40 75 0.00345 4,84 1.918 S
42 160 0.00314 4.97 23717 s
43 100 0.00403 4,90 2.415a S
&4 100 0.00436 5.20 2.210a F
45 100 0.00354% 5.09 2.332 F
a

it i s S Ak S
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Tahle 4,5

CSU Phase I1I,

Test Results for dgsldls = 2,3, Thickness = ZdSD - 1'4d106'

d

= 2 {n., 165 pcf, Shape Characteristics

50
Meeting Corps Guidance
Nominal Average Average
Run Discharge Flume Velocity Depth Stable (S) or
No. cfs Slope fps ft Failed (F)
76 25 0.01193 4.55 0.681 S
77 25 0.01858 5.27 0.598 S
65 50 0.00998 5.03 1.246 S
66 50 0.01378 6.13 1.019 S
67 50 0.01519 6.36 0.987 S
68 50 0.01796 6.71 G.935 S
69 50 0.013888 €.63 0.948 F
78 50 v.01579 6.14 1.022 F
70 75 0.01110 6.65 1.410 F
71 75 0.00781 6.33 1,433 S
72 75 0.00937 6.81 1.423 S
73 100 0.00731 6.43 1.954: S
74 100 0.00840 6.62 1.891a S
75 100 0.01066 7.00 1.8C4 F
a

Width/depth < 5 .
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. Table 4.6

CSU Phese II1I,
Test Results for dBS/dis = 2.1, Thickness = 3d50 = 2.1

100°

dSO = ] in., Ve = 167 pcf, Shape Characteristics

i Meeting Corps Guidance
!
ﬂ
y Nominal Average Averayge
3 Run Discharge Flume Velocity Depth Stable (S) or
No. cfs Slope fps ft Failed (F)
46 25 0.00880 4.37 0.720 S

‘ 47 25 0.01011 4.61 0.688 s
N 48 25 0.01313 5.02 0.640 S
; 57 25 0.01475 5.02 0.625 s
5 58 25 0.01626 5.52 0.568 F
4
4
{ 49 50 0.0052¢ 4.94 1.268 s
3 50 50 0.00635 5.36 1.169 s
: 52 50 0.G0726 5.74 1.095 s
i 53 50 0.00802 5.66 1.095 F
; 54 50 0.00732 5.64 1.111 F
, S5 50 0.00732 5.03 1.245 F
i 56 50 0.00647 5.11 1.231 s
‘ 59 75 0.00423 4.90 1.907: S
! 60 75 0.G0517 5.11 1.814_ s
: 61 25 0.00521 5.50 1.714 F
; 62 100 0.00406 4.63 2.5137 s
’ 623 100 0.00457 5.25 2.210 F
! 64 100 0.00409 5.10 2.298 s
]
]
3
]
il

.
i
3
i
{
1
i
4
) 8 Width/depth < 5 .
|
|
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Table 4.7

CSU Phase III,

Test Results for dBS/dIS = 2,3, Thickness = 3d50 - 2.16100,

dSO = 2 in., 165 pcf, Shape Characteristics

Meeting Corps Guidance

Nominal Average Average

Run Discharge Flume Velocity Depth Stable (S) or
No. cts Slope fps ft Failed (F)
79 25 0.01180 4.42 0.7190 s

80 25 0.01870 5.17 0.607 S

81 50 0.01205 5.90 1.068 s

82 50 0.01544 6.47 0.966 S

83 50 0.01724 6.76 0.928 S

84 S0 ¢.01879 6.61 0.970 s

85 75 . 0.00898 6.19 1.519 s

86 75 0.01095 6.58 1.414 s

87 75 0.01206 6.63 1.423 s

88 75 0.01359 6.88 1.372 s

89 75 0.01565 6.84 1.399 F

90 100 0.00866 6.97 1.8082 s

91 100 0.00938 6.96 1.7953 s

92 100 0.01084 7.39 L. S

93 100 0.01185 7.64 1.698% s

9% 100 0.01300 8.02 1.572 F

2 Width/depth < 5 .
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Table 4.8

CSU Phase I,
Test Results for dBS/d15 = 3,9, Thickness = 2d

so ™ 145007

d50 =.3 in., Y- 170 pcf, Angular Particles, Does Not

Meet Corps Shape Guidance

Orifice Average Average
Run Discharge Flume Velccity Depth Stable (3) or
No. cfs Slope __fps ft Failed (F)
1 25 0.02000 4.51 0.655 s
2 50 0.01544 5.55 1.064 S
0.02000 6.09 1.026 S
4 75 0.01500 6.60 1.348 F
5 0.01719 6.55 1.363 F
6 0.01500 6.72 1.387 F
7 0.01291 6.41 1.401 S
8 100 0.01099 6.14 1.8313 s
9 0.01343 6.54 1.703B F
10 0.01172 6.37 1.825 F
a

Width/depth < 5 .
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Table 4.9

o G i bt . 11

CSU Phase II,
Test Results for d$5/d15 = 4.6, Thickness = 2d50 = 16100’

ol e i

dSO = 1 {n., Ys = 166 pcf
Nomlnal Average Average
Run Discharge Flume Velocity Depth Stable (S) or
No. cfs Slope fps £t Failed (F)
1 25 0.00348 2.952 1.047 g
3 25 0.00%51 3.027 0.978 s
4 25 0.0U562 3.427 0.848 F
5 25 0.00451 3.373 0.926 F
6 50 0.00249 3.568 1.6892 F
7 50 0.00310 3.653 1.£81 F
: 8 50 0.00249 3.880 1.660 F
10 75 0.00176 3.922 2.561: F
11 75 0.00219 4.119 2.416 F
12 75 0.00265 4.360 2.284: F
13 75 0.00219 4.056 24787 F
14 75 0.00176 3.796 2.442 s
15 100 0.00106 3.710 3.310% F
-3
‘ 8 Width/depth < 5 .
,;
i
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Table 4.10

:
?
|
i

CSU Phase II,
Test Results for d

]
i " L .
2 85/d15 2.1, Thickness 2d50 l.édloo,
L]
% d50 = 1 in., 167 pcf, Shzpe Characteristics
i
: Not Meeting Corps Cuidance
Nominal Average Average
, Run Discharge Flume Velocity Depth Stable (S) or
3 No. cfs Slope fps ft Failed (F)
; 1 25 0.00367 2.57 1.273 s
4 2 25 0.00490 3.55 0.906 S
2 3 25 0.00617 3.87 0.846 s
§3 4 25 0.00749 4.22 0.745 s
? 5 25 0.00872 4.45 0.714 F
! 6 25 0.01012 4.59 0.689 F
3 7 25 0.00869 4.77 0.714 s
] o
: 28 50 0.00409 3.85 1.386 s
| 29 50 0.00490 4.30 1.262 s
; 30 50 0.00561 4.76 1.252 F
: 31 50 0.00561 5.06 1.262 s
: 20 75 0.00284 5.03 2.0182 s
; 21 75 0.€0333 5.14 1.886_ s
¢ 22 75 0.C0407 4.64 1.802_ F
i 23 75 0.60343 5.02 1.885 s
24 100 0.00225 4.86 2.479: s
25 100 0.30266 4.62 2.3977 S
{ 26 100 0.00308 5.15 2.286_ F
f 27 100 0.00318 5.06 2.337 F
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Table 4.11

WES Tilting Flume, Phase II

Bottom Average

e BhD. GalmE. M g
0.00100 1.62 0.707% 0.036 0.055
0.00200 1.90 0.647% 0.036 0.055
0.00300 2.34 0.592 0.036 0.055
0.00400 2.52 0.547 0.036 0.055
0.00500 2.75 0.517 0.036 0.055
0.00600 2.98 0.497 0.035 0.055
0.00700 3.06 0.477 0.036 0.055
0.00900 : 3.23 0.427 0.036 0.055

NOTE: These resistance tests were conducted using riprap with one-third
(by weight) 3/4-1/2 in., one-third 1/2-3/8 in., and one-third 3/8 in.-#4.
The estone had thickness of Idlo . Velocity was based on the average
of two vertical profiles taken ég the flume center line. Stability was
not studied in these tests.

8 Wwidth/depth <5 .

kJGYQHUUQ9CHQVCRUQE?UQYRQRUHVVERQNVY1< OO N IO IR TR AR T AR I I DU R AN SOV OV A A OV T I T OO



l
101 :
]

Table 4,12
WES Tilting flume, Phase II1 i
Bottom Average
Slope Velocicy, Average a {
A ft/ft £t/sec Depth, ft d5o/ £t dgg/ft X
i
0.00300 1.94 0.346 0.036 0.055
0.00400 2.09 0.320 0.036 0.9055
0.00500 2,26 0.296 0.036 0.055
0.00600 2.38 0.279 0.036 0.055 :
0.00700 2.99 0.407 0.036 0.055
® 0.01600 2:12 0.207 0.036 0.055
i 0.00200 2.10 0.582 0.036 0.055
0.00250 2.37 0.538 0.036 0.055 |
0.00300 2.48 0.511 0.036 0.055 :
0.00350 2.60 0.49C 0.036 0.055 i
0.00400 2.69 0.466 0.036 0.055
: 0.00200 1.73 0.423 0.036 0.055
® 0.00300 1.96 0.369 0.036 0.055 *
0.0C400 2.16 0.338 0.036 0.055 '
0.00500 2.28 0.314 0.0356 0.055 ;
N.0060G0 2.40 0.298b 0.036 0.055 [
0.00200 2.06 0.624 0.036 0.055
0.00250 2.16 0.585 0.036 0.055
0.00300 2.33 0.548 0.036 0.055
0.00350 2.54 0.513 0.036 0.055
0.003C0 1.81 0.353 0.051 0.070
0.004090 2.07 0.323 0.051 0.076
0.0C500 2.26 0.298 0.051 0.076 '
0.0C8%00 2.42 0.287 0.051 0.076 !
0.060200 2.12 0.580 0.051 0.076
0.003C0 2.30 0.531 0.051 0.076
0.00400 2.55 0.488 0.051 0.076 .
0.00500 2.76 0.446 0.051 0.076 H
0.01300 3.50 0.379 0.051 0.076
0.01200 3.70 C.425 0.051 0.076

NOTE: These resistance tests were conducted with stone having a thick- ¢
ness equal to 1d 0° Velocity was based on the average of four verti-
cal velocity profiges. Stability was not studied in these tests.

Gradation used for d50 = 0.036 ft was same as WES Phase II tests.
Gradation used for d = 0,051 ft was one-third 3/4-1 in.,
one-third 1/2-3/4 in.; and one-third 3/8-1/2 in.

b Width/depth < 5 .
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Table 4.13
Side Slcpe Versus Critical RBottom Velocity -

Critical Dottom

Slope Velocity, ft/sec
Horizental 2.64
2.58
2.53
1V:4H 2.63
2.58
2.63
1V:2.75H 2.51
2.58
2.61
2.61
1V:2H 2,41
2.44
2.41
2,46
1V:1.5H 2.15
2.20
1V:1.25H 2.06
2.06
1.87
1.94
1.91
2.00
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) Table 4.14
! Angle of Repose
3
.‘D
_ i Revetrment
i e st Height Average
1% Angle of
’ Thickness S
3 Pressure gy o No. of Repose
:3 Fluctuations Submerged 100 50 Surface Tests deg
y No No 1.0 10.4 Sand 14 52.3
) ]
! No Yes 1.0 10.4 Sand 14 52.8
3 Yes Yes 1.0 10.4 Sand 21 53.5
: Yes Yes 1.0 10.4 Smooth 10 54.3
a
3 Yes Yes 1.0 20.8 Sand 9 47.5
3 Yes Yes 1.0 20.8 Smooth 9 50.5
i)
3 Yes Yes 1.0 41.7 Sand 8 42.3
i Yes Yes 1.0 41.7 Smooth S 42.5
]
'; Ves Yes 1.5 41.7 Smooth 12 46.3
; Yes Yes 2.0 41,7 Smooth 7 48.8
i
1
i
)
L]
!
d
>
3
2
§
5{
1
3
3
i
:
3
3
_‘i
)
)
i
2
i
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Table 4.15
Analvsis of Dorerns Dum Prototyve Daza
1V:2H Side Slope, Straight Channel
Right
or Failed
Sta- Lefe Orada- dqp or
Test tion Bank tion® D Stable
3 2+80 L A 7 7.3 2.34 0.067 S
3 2+80 R B 7.1 133 0.34 0.084 S
3 3+46 L A 11.5 6.6 0.58 0.074 S
3 3+46 R B 10.5 6.6 0.53 0.0%2 S
3  3+%0 L Cc 16.5 6.0 0.77 0.095 F
3 3490 R D 14.5 6.0 0.77 0.120 S
3 4412 8 c 13.0 6.7 0.65 0.085 S
3 4+.2 R D 13.0 6.7 0.65 0.107 S
3 4+75 L&R D 15.0 6.3 0.77 0.114 F
4 3+46 L A 10.9 6.6 0.55 0.074 S
4 3+46 R B 10.9 6.6 0.55 0.C82 S
&  4+12 L C 13.0 6.7 0.65 0.085 S
4 4+12 R D 13.0 8.7 0.65 0.107 S
" Rock Characteristics:
d30 leO Thickness
Gradstion ft ft 100
A 0.49 1.08 1.08
B 0.61 1.28 1.02
C 0.57 ? ?
D 0.72 1.79 1.12
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Table 4.16

CSU Phase 1

Test Results for d“/d15

v

= 2.3, Thickness = 1.34

100°

d

=1 in.,

S L 167 pcf, Shape Characteristics Not Meeting

Corps Criteria
Average Average
Water-  Velocity Depth,
Surface Over Toe of Over Stable (S) or
Runa Discharge, Slope, Sliope Toe, Failed (F)
No. cfs ft/ft ft/sec ft Bottom Side Slope
1 15 0.00768 3.44 0.81 S S
3 15 0.00929 3.59 0.76 S S
4 15 0.01127 3.73 0.70 F S
5 i5 0.01077 4,15 0.64 F S
6 15 0.00907 4.18 0.€64 F S
7 15 0.00957 4.40 G.62 S S
12 20 0.00491 3.91 0.81 S S
13 20 0.CC804 4,19 C.78 S S
14 20 0.00%45 4.41 0.77 S S
15 20 0.01074 4,61 0.77 F S
16 30 0.006835 4.86 1.11 S S
17 30 0.00723 4,97 1.G09 S S
18 30 0.60677 5.13 1.07 S S
19 30 0.00796 5.35 1.00 F S
20 40 0.00515 4.87 1.51 S S
21 40 0.00595 4.98 1.42 S S
22 40 0.00536 5.25 1.36 S S
23 40 0.00669 5.61 1.28 S F
25 40 0.00729 5.76 1.26 F F
8 50 0.00547 - 5.47 1.57 S F
9 50 0.00498 5.46 1.58 S F
10 50 0.00526 5.45 1.60 F S
11 50 0.002%2 5.56 1.64 S S
(Continued)
a
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Test numbers omitted did not have velocities measured over toe.
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: Table 4.16 {Concluded)
{
: Average Average
% Weter- Velocity Depth,
) Surface Over Tce of Over Stable (S) or
g Runa Discharge, Slope, Slope Toe, Failed (F)

No. cfs fe/fe ft/sec ft EBottom Side Slope
4 OpE
l% 29 50 0.00451 5.77 1.61 —b S
» 30 50 0.00449 5.89 1.50 -=b F
3 31 40 0.00560 571 1.28 —b F
i 33 20 0.00921 4.15 0.81 --b S
i 34 20 0.01112 4.64 0.76 —b s

35 20 0.01310 4,77 0.74 --b F

RSy

. e - . ;
Hatuiriiaiid AR A IKIAA " il i it REAERAL * i ‘0 b a RS Y Ko -

W

Test numbers omitted did not have velocities measured over toe.
Bottom fixed with wire mesh to ensure side slicpe failure.
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Tabdble 4,17
CSU Phase IV

Test Results for d85/d15 = 2.3, Thickness = 1d w Tefn.,

100* 950

Y= 167 pcf, Shape Characteristics Not Meeting

Corps Criteria

Average Average
Water-  Velocity Depth
Surface Over Tce of Over Stable (S) or
Run Discharge, Slope, Slope - Toe, Failed (F)
No. cfs ft/ft ft/sec ft Bottom Side Slope

36 15 —b 3.54 0.76 S S
37 15 0.01002 3.73 0.65 S S
38 15 0.01165 3.91 0.64 F S
39 15 0.01090 4,03 0.€9 S S
40 20 0.00930 4,42 0.80 F S
41 20 0.00832 4,26 0.84 S S
42 30 0.00711 4,97 1.09 F F
43 30 0.00482 4,56 1.20 S Sc
44 30 0.00649 4,68 1.16 F F
45 40 0.00464 4.93 1.45 F S
46 40 0.00408 4,62 1.54 S S
47 50 0.00287 4.93 1.77 S Sc
48 50 0.00434 5.27 1.63 F F
49 50 —b 5.36 1.63 S F
50 50 —b 5.46 1.61 F F

Estimated from results given in Table 4.16.

Not determined. ' 2

Failed area less than 0.1 ft°,
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Table 4.18
CSU Phace IV

Test Results for dgsld15 = 2.0, Thickness = 1d = 0.5 4in,,

100° dSO

& = 167 pcf, Shape Characteristics Not Meeting

Corps Criteria

L : I ) T .
B e b ARl SR i et e 4 My 5 Y R A R s I AR N ki o S st o e

Average Average
Water- Velocity Depth
Surface Over Toe of Over Stable (S) or
Run Discharge, Slope, Slope Toe, Failed (F)
No cfs fe/ft ft/sec ft Bottom Side Slope
1 15 0.00203 2.15 1.02 S S
2 15 0.0026% 2.31 0.93 S S
3 15 0.00207 2.39 0.91 F S
5 15 0.00197 2.87 0.91 S Sa
21 15 0.00375 2.50 0.97 S F
15 20 0.00295 3.24 1.07 S
16 20 0.00400 3.46 1.60 F F
17 20 0.00347 3.25 1.03 S S
10 30 0.00242 3.51 1.54 S S
11 30 0.00234 3.75 1.48 S S
12 30 0.00221 3.55 1.57 S F
13 30 0.00206 3.73 1.43 s S
14 30 0.00322 3.83 1.39 ¥ F
23 30 0.00270 4,27 1.29 F F
i8 35 0.00249 3.88 1.68 S F
19 35 0.00250 4,08 1.62 S F
6 40 0.00241 4.38 1.62 F F
7 40 0.00170 4,28 1.65 F F
. 8 40 0.00268 4.10 1.70 F F
9 40 0.00159 3.63 1.88 S S
22 40 0.00158 2.93 2.17 S S

& patled area lees than 0.10 £&°
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Table 4,19
Test Resulcs From WES Curved Channel Model
i
‘ Average Velocity Average Depth Number
Over Tce of Over of 6-
Discharge Slope 5 Toe, Stable (S) or Hour
. cfs ft/sec ft Failed (F) Runs
4
f; 7.0 2.44 0.47 s 10
8.0 2.57 0.50 F 1
9.0 2.62 0.56 F 3
1
1
1
3
1
1
1
2
K]
]
i
.
i
i
i
]
|
o
|
3
}
1
fa!'
; For stable runs this was the maximum average velocity in the vertical
f over the toe. For failure, run velocity was measured at the location
3 of the failure. Failure points and maximum velocities were always
: between stations 70 and 75.
i
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Table 4.290

Prototype Data

(From Blodgett and McConaughy (1986))

1/2
Y \Y
%] vl
Measurement d30 d30 S§§ max, Y -Y S‘:r -
Number ft max d15 ft/sec a9 V 8D Failure (F) cot
2 0.54 0.011 2.0 6.17 0.119 s 1.9
5 0.55 0.045 2.5 8.17 0.320 s 1.8
6 0.55 0.633 2.5 7.97 0.266 F 1.8
7 0.55 0.032 2.5 9.33% 0.300 F 1.8
8 0.46" - "0:068 2.7, 11.75, 0.564 F 2.0
9 1.75 0.273 == 16,22° 0.842 s 2.1
10 0.42 0.075 3.0,  7.43 0.412 S 2.1
14 0.52 0.042 ==’  6.46 0.243 s 2.1
15 0.52 0.05 =)  9.46_ 0.402 s 2.1
22 0.63 0.052 -=’ 15.903 0.611 s 2.0
25 0.63 0.066 —" 27.24 1.205 F 1.9
27 1.12 0.052 1.6 5.2 0.153 s 2.0
28 1.12 0.039 1.6  22.34 0.569 s 2.0
33 1.05 0.036 2.8  19.05° 0.713 s 2.0
34 1.05 0.162 2.8  15.30° 0.734 s 2.0
37 0.38 0.019 2.1 8.54 0.264 s 1.8
38 0.38 0012 - 2.1 - 1117 0.278 F 1.8
39 0.38 0.029 2.1  10.25° 0.397 F 1.8

Est‘mated using Equation 4.28.
Not given.
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Table 4.

21

Gradations for Riprap Placecent in the Dry,

Low-Turbulence Zones

Limits of Stone Weight, 12

Percent Lighter by Weight

Riprap 1060 50 15 d30(min)
Thickness, in. Max Min Max Min Max Min ft
Specific Weight = 155 pcf
12 81 32 24 16 12 5 0.48
15 159 63 47 32 23 10 0.61
18 274 110 81 55 41 17 Cc.73
21 435 174 129 87 64 27 0.85
24 649 260 192 130 96 41 0.97
27 924 370 274 185 137 58 1.10
30 1,268 507 376 254 188 79 1.22
33 1,688 675 500 338 250 105 1.34
36 2,191 877 649 438 325 137 1.46
42 3,480 1,392 1,031 696 516 217 1.70
48 5,194 2,078 1,539 1,039 769 325 1.95
54 7,396 2,958 2,191 1,479 1,096 462 2.19
Specific Weight = 165 pcf
12 86 35 26 17 13 5 0.48
15 169 67 50 34 25 11 0.61
18 292 117 86 58 43 18 0.73
21 463 185 137 93 69 29 0.85
24 691 276 205 138 102 43 0.97
27 984 394 292 197 146 62 1.10
30 1,350 540 400 270 200 84 1.22
33 1,797 719 532 359 266 112 1.34
36 2,331 933 €91 467 346 146 1.46
42 3,706 1,482 1,098 741 549 232 1.70
48 5,529 2,212 1,638 1,106 819 346 1.95
54 7,873 3,149 2,335 1,575 1,168 492 2.19
Specific Weight = 175 pcf
12 92 37 27 18 14 5 C.48
15 179 72 53 36 27 11 0.61
18 309 124 92 62 46 19 0.73
21 491 196 146 98 73 31 0.85
24 733 293 217 147 109 - 46 c.97
(Continued)

Stone weight limit data from OCE 1971.
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Table 4.21 (Concluded)

T -

[ Limits of Stone Veight, 162
Percent Licihiter by Weight

k Riprap 100 50 15 d30(mia)
] Thickness, in. Max Min Max Min Max Min ft
®
Specific Weight = 175 pef
27 1,044 417 309 209 155 65 1.10
30 1,432 573 424 286 212 89 1.22
33 1,906 762 565 381 282 119 1.34
36 2,474 9590 733 495 367 155 1.46
[ J 42 3,929 1,571 1,164 786 582 246 1.70
48 5,864 2,346 1,738 1,173 869 367 1.95
54 8,350 3,340 2,474 1,670 1,237 522 2,19
®
°®
i
2
]
i
f
® a
¢
3
. 3
o
; 2 Stone weight limit data from OCE 1971.
[
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APPENDIX A
NOTATION

effective area of particle
stone brz2adth or thickness
equation is repeated
flume bottom width
generic coefficients
Shields coefficient
drag coefficient
11ft coefficient
flow depth

particle size of which a certa’n percent is firer by
weight

gradation uniformity

1ift force

shape factor and surface texture
side slope factor

universal gravitational constant
wave heignt

tractive force ratio

generic coefficients

stability coefficient

equivalent sand grain roughness

stone length

113
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L = length along channel side slope

M,L,T = fundamental dimensions of mass, length, and time,
respectively

PRl SO B0

n = Manning's roughness coefficient
N = blanket thickness/dloo
R = hydraulic radius
S = energy slope; channel slope
U, = shear velocity.-\}gDS -V T/»

V = average flow velocity

V_ = cross-section averazge channel velocity

S N TONT KR RRAL LA

V., = bottom velocity
V_ = critical velocity for particle on horizontal bed

V = critical velocity for particle on side slopes

[ o i o o )

V_ = local velocity at distance y
W = unsubmerged stone weight

W = submerged stone weight

G AT TR

y = distance above origin of logarithmic velocity profile

y. = distance below top of roughness element to origin of
profile

a = bottom angle with horizontal in flow direction

B = angle of inclination of drag force as a result of
secondary motion

Y_ = specific weight of stone

Y,, = specific weight of water

0 = angle of side slope with horizontal

COLLLIALTAI RRDIICHI) WNICRIUEF R

|

i k = von Karman ccefficient
|

: u = absolute viscosicy

v = kinematic viscosity
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R

\v

p = fluid density &da
p_ = stone density ':{.*'i
L e
T = tractive force imposed by flowing water :
Tc = critical tractive force for given particle size on e
bottom :—.3

2

T = critical tractive force for particle on side slope %3
¢ = angle of repose b
K.
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