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ABSTRACT

A series of 9 overtopping tests were performed in a physical model of an embankment to
determine design criteria for rounded/angular rock riprap in overtopping flow. A predictive
equation was derived as a function of the embankment slope, coefficient of uniformity, percent
rounded, failure unit discharge and the median stone size. In addition, it was determined that the
hydraulic roughness, Manning’s n, for rounded rock riprap on steep slopes was 25 to 28 percent
smaller compared to angular rock riprap.
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1. INTRODUCTION

In the construction of new dams, rehabilitation of existing dams, and the protection of the public
health and environment from the potential hazards of waste materials, rock riprap is usually the
most economical material for protection. Currently, available design criteria require the use of
angular stones for all riprap revetments. However, in remote locations, the cost of shipping
angular riprap from the quarry to the project site may increase the project cost significantly.
Large quantities of alluvial material may be locally available, but stones are often rounded in
shape. Only limited design criteria have been proposed to allow the utilization of rounded rock
riprap for overtopping protection. The objectives of this investigation were: (1) develop design
criteria for rounded rock riprap in overtopping flow; (2) expand the database of rounded rock
riprap to include higher embankment slopes; (3) increase the understanding of the behavior of
rounded rock riprap in overtopping flow; and (4) analyze the hydraulic roughness of rounded rock
riprap on steep slopes.

2. TEST FACILITY

A physical model of an embankment was constructed in the Hydraulics Laboratory at the
Colorado State University Engineering Research Center. The testing flume consists of a wooden
head box, variable slope flume (25% variable), and tailbox. The testing flume is 1.22 m (4 ft)
wide, 1.17m (3.85 ft) deep, and 12.60 m (32.0 ft) long (see Figure 1). The test matrix consisted
of nine overtopping tests. Median rock sizes of 3.23 cm (1.27 in) to 9.91 c¢cm (3.9 in) were placed
on embankment slopes of 35, 40, and 45%.

3. BACKGROUND

Abt et al. (1987 and 1988,) conducted an extensive testing program to devise a waste stabilization
design procedure and method. The test consisted of 52 flume tests in which riprap-covered
embankments were subjected to overtopping flows. Embankment slopes of 1, 2, 8, 10, and 20%
were protected with riprap containing median stone sizes of 2.54, 5.08, 10.16, 12.7, and 15.24 cm
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(1,2,4,5, and 6 in). Riprap layer thickness ranged from 1.5 Ds to 4 Dsy. The empirical design
equation for angular rock riprap is expressed as follows:

DSO = 5'23SOA43qdesignO'56 (1)

qdesign = 135qf (2)

The rounded riprap required oversizing of about 40% to provide the same level of protection as
the angular riprap. Ullman (2000) developed a design criteria for rounded riprap in overtopping
flow by conducting a series of 12 flume tests in which rounded riprap of median stone diameter
ranging from 2.39 cm (0.94 in) to 9.91 cm (3.9 in) were placed on embankment slopes of 20, 25
and 30% and subjected to overtopping flow conditions. The design equation for rounded rock
riprap in overtopping flow is:

Dy = 6.485"%¢,"*

0.25 -
C,"?(1.12%R +0.39) 3)

4. ROUNDED/ANGULAR ROCK RIPRAP ANALYSIS

The test findings from this study, Ullman (2000) and Abt et al. (1988,) are presented in Table 1.

Table 1: Test Results
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Equation 1 developed by Abt et al. (1988,) was used as the basis for the analysis of the rounded
and angular rock riprap data. To adjust the data for rock riprap gradation, the median rock riprap
size was divided by C,”*. The adjustment collapsed the data set for the current, Ullman (2000)
and the Abt et al. (1988,) data into a single relationship. The riprap sizes used in this study and
the Ullman (2000) study indicate that the percent rounded rock increases with median stone size
(see Table 1). Equation 4 is used to adjust the difference observed in percent rounded as median
stone diameter increases:



DSO
C, " (1.0805- %R +0.4428)

— 5.23S0‘43q/-0'56 (4)

Equation 4 is plotted for all data presented in Table 1 to produce Figure 2. Safety factors were
included in Equation 4 to account for the scatter in Figure 2 and the maximum expected unit
discharge was multiplied by a factor of 1.35 to reduce movement of stones that would
compromise the riprap stability. The recommended design equation is:

DSO
C,"* (1.0805%R +0.4428)

=6.585"%¢,"* (5)

Equation 5 was developed from a database with the following constraints: (1) embankment slopes
of 10 to 45 percent, (2) median rock sizes of 2.39 cm (0.94 in) to 15.24 cm (6 in), (3) rounded
rock 55 to 95 percent rounded (4) riprap layer thickness of 1.5Ds, to 3Ds, and (5) coefficient of
uniformity from 1.21 to 4.

5. HYDRAULIC ROUGHNESS ANALYSIS FOR ANGULAR/ROUNDED ROCK
RIPRAP IN OVERTOPPING FLOW

To calculate the hydraulic resistance the Manning equation was used:

To determine Manning’s n, the surface flow was utilized. The interstitial velocity through the
riprap layer was estimated using Equation 7 developed by Abt et al (1988,):

V. =023,/gD,S (1)

The surface discharge is the difference between the total and the interstitial discharge. The
average surface flow velocity was obtained by dividing the surface flow discharge by the surface
flow area. The surface flow depth was inserted in the hydraulics radius term in Manning’s
equation. The Abt et al (1988,) data for Manning’s n using angular and rounded rock riprap and
the rounded rock riprap data for Manning’s n from the current and the Ullman (2000) study are
presented in Table 2.



Table 2: Manning’s n data

Ilarming s ndata fiora At etal (1988,)

Test # Danfin) | Demiom) | S(%) n D (im)
24 102 28 1 0.0z 0.010
10 1.02 28 2 0024 0.020
25 1.02 282 0 0o 0102

=] 22 5.80 2 0.5 0.044
32 202 412 2 0.6 0182
21 22 4.80 0 0.6 0.220
1g 22 4.80 o0 0.5 0.490

7 4.1 1041 i) 0.043 0.820
08, a1 1295 i) 0.044 1.020
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36 4 016 0 0.041 0.400
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A6 2 a02 0 0.042 0.200
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5 231 G827 o0 0.2 0452
=] 177 4.50 o 0.034 0.3%4
7 0.94 2.3 m 0.0z 0.133
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0 28 2991 i) 0.052 1.470

11 127 323 i) 0.0z 0.281

12 0.94 23| i) 0.012 0.282

12 127 223 25 0.0z 0212

14 177 480 25 0.024 0.4492

15 23 587 25 0.0 0.578

Ivbnnirg's ndata fror cwrent study
1 23 487 3 0.012 0509
2 127 323 3 0.121 0.4495
5] 348 .91 a0 0.015 1.560
2 23 a.87 Gl 0.047 1.0490
] 248 .91 a6 0.0495 1.786

Abt et al. (1988;,) found that combining the median stone size and the embankment slope in one
parameter reduces the data scatter observed when Manning’s n values are plotted against the
median stone size. The Manning’s n values are plotted against the product of the median stone
size and embankment slope in Figure 3. Figure 3 presents the best-fit lines for angular and
rounded stones. The power equations for angular and rounded riprap are:

y =0.0457x""”  (Angular) ®)

¥ =0.0328x""" (Rounded) 9)

Equation 9 provides smaller Manning’s n values for a specified median stone size and
embankment slope for rounded rock riprap. Manning’s n values for rounded rock riprap were 25
to 28 percent smaller compared to angular rock riprap.

6. CONCLUSIONS

The recommended design relationship for rounded/angular rock riprap in overtopping flow is:

DSO
C, " (1.0805%R +0.4428)

= 6.585"%¢ " (10)

It was found that Manning’s n values for rounded rock riprap were 25 to 28 percent smaller
compared to angular rock riprap.
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Figure 1: Testing Flume
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Figure 2: Rounded and angular rock
riprap data adjusted for C, and
percent rounded rock
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Figure 3: Manning’s n values for
angular and rounded riprap with
best-fit lines
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