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ABSTRACT 

Flume s t u d i e s  were conducted i n  which r i p r a p  embankments were 
subjec ted  t o  overtopping flows. Embankment s lopes  of 1 ,  2 ,  8 ,  10 ,  and 
20% were p ro t ec t ed  wi th  r i p r a p  conta in ing  median s tone  s i z e s  of 1 ,  2 ,  
4 ,  5 ,  and/or 6 i n .  Riprap l aye r  thickness  ranged from 1 . 5  D50 t o  4 

D50. Riprap design c r i t e r i a  f o r  overtopping flows were developed i n  
terms of  u n i t  d i scharge  a t  f a i l u r e ,  i n t e r s t i t i a l  v e l o c i t i e s  and 
d ischarges  through the  r i p r a p  l a y e r ,  r e s i s t a n c e  t o  flow over  the 
r i p r a p  s u r f a c e ,  e f f e c t s  of  r i p r a p  l aye r  th ickness  and grada t ion  on 
r l p r a p  s t a b i l i t y ,  and p o t e n t i a l  impacts of  i n t e g r a t i n g  s o i l  i n t o  t h e  
r i p r a p  l a y e r  f o r  r i p r a p  s t a b i l i z a t i o n .  A r i p r a p  design procedure i s  
presented  f o r  overtopping flow condi t ions .  

iii. 
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1. INTRODVCTION 

The protection of the public health and environment from the 
potential hazards of waste materials has stimulated the assessment of 
waste stabilization design procedures and methods. Current 
stabilization methods cap the waste materials with an earthen cover. 
In many cases, stabilizing materials are placed atop of the cover. 
Reclamation standards require that waste impoundments be designed and 
constructed to ensure the long-term stabilization for periods of 200 
to 1000 years. 

One means of providing long-term stabilization of a waste 
impoundment is to place a protective filter blanket and riprap layer 
over the cover. Nelson et al. (1986) indicated that when riprap 
protection is considered, alternative design procedures should be used 
for different zones of the impoundment. The riprap design should 
protect the impoundment from regional and localized flooding 
conditions that affect the embankment toe, side slopes, and cap. 

Riprap design procedures should be conservative enough to ensure 
long-term cover stabilization, yet be economically advantageous to 
warrant the use of riprap. Established and field-tested design 
procedures exist that stabilize embankment toes and bank slopes for 
traditional channel flow conditions. However, many of the existing 
riprap procedures provide a conservative design that is not 
necessarily cost-effective. Also, many of the existing riprap design 
procedures were not developed specifically for overtopping flow 
conditions and, therefore, are not applicable to optimizing site 
protection and construction economics for reclamation. 

I. 1 OBJECTIVES 

The objective of this investigation was to provide supplemental 
design criteria to the Phase I (Abt et al. 1987) study on long-term 
stabilization of uranium tailings impoundments subject to overtopping 
flows. A series of laboratory flume experiments were conducted to: 

1. expand the applicability of the unit discharge, slope, and 
stone size relationships of a riprap system at failure; 

2. verify interstitial velocity relationships; 
3. verify resistance to surface flow relationships; 
4. determine the effect that riprap layer thickness, stone 

shape, and stone layer gradation have on system stability; 
and 

5. determine the stabilizing effects that soil cover and soil 
matrix have on the impoundment cover. 

The results of the experimental program were combined with the results 
of Phase I when and where applicable. 

1.2 PHASE I SUMMARY 

Phase I (Abt et al. 1987) of the long-term stabilization analysis 
of riprap protection developed a series of overtopping flow 
relationships, without conservatism or "built-in" factors of safety, 
to evaluate existing design procedures for sizing riprap, for 



determining the res i s t ance  t o  flow over r i p r ap ,  and. f o r  est imating 
i n t e r s t i t i a l  ve loc i t i e s  within t he  r iprap l aye r .  From these 
re la t ionsh ips ,  a  r iprap design c r i t e r i a  was developed. A summary of 
t he  Phase I study and the  spec i f i c  findings follows. 

A s e r i e s  of 52 flume experiments was conducted i n  which r iprap 
was placed on an embankment(s) and subjected t o  cvertopping flows. 
Embankment slopes of 1, 2 ,  8 ,  10, and 20% were protected with median 
stone s i z e s  of 1 ,  2, 4 ,  5 ,  and/or 6 In. i n  diameter. Data co l l ec ted  
during these  t e s t s  i x l u d e d  un i t  discharge a t  f a i l u r e ;  i n t e r s t i t i a l  
ve loc i t i e s  i n  the stone l ayer ;  flow depth over the r iprap surface;  
local ized surface ve loc i t i e s  over t he  r iprap surface;  and the  s tone,  
f i l t e r ,  and s o i l  proper t ies .  

1 . 2 . 1  Fa i lu re  Relationships 

It  was determined t h a t  the u n i t  discharge a t  which the  r iprap 
layer  f a i l e d  was dependent upon t he  median stone s i z e ,  D50, of the 
r iprap l aye r  and upon the  embankment or channel slope,  S.  A family of 
f a i l u r e  re la t ionsh ips  resul ted  a s  shown i n  Fig. 1.1. Fa i lu re  t e s t s  
were conducted without ta i lwater .  Therefore, by est imating the 
maximum u n i t  discharge overtopping a r iprap layer ,  the  median stone 
s i z e  necessary t o  r e s i s t  f a i l u r e  can be determined. The f a i l u r e  
re la t ionships  portrayed i n  Fig. 1.1 do not r e f l e c t  a s a f e ty  fac to r  i n  
the s i z i ng  process. 

1.2.2 I n t e r s t i t i a l  Veloci t ies  

The average i n t e r s t i t i a l  ve loc i ty  of flow through a  rock layer  
was determined by a t r a ce r - s ens i t i ve  in jec t ion  system. A s a l t  
solut ion was in jected i n t o  each rock layer system, and the  d i l u t i on  
curve was recorded. From the d i l u t i o n  curves, i n t e r s t i t i a l  v e l o c i t i e s  
i n  the rock layer  were derived. A unique re la t ionsh ip  resu l t ed  i n  
which the  i n t e r s t i t i a l  veloci ty ,  V i ,  and median s tone s i z e ,  Dc,~, were 
corre la ted t o  the embankment or  channel s lope,  S; the  stone proper t ies  
coef f i c ien t  of uniformity, CU; and porosity,  np; a s  presented i n  Fig.  
1 . 2 .  Af ter  a power regression on the r e s u l t s  was performed, the 
i n t e r s t i t i a l  veloci ty  was expressed a s  

where ve loc i t y  i s  i n  f e e t  per second. Equation 1.1 allows the 
designer t o  est imate both the rock layer flow capacity and the average 
i n t e r s t i t i a l  flow ve loc i ty  as a  function o f  the r ip rap  proper t ies  and 
the embankment slope. Equation 1.1 was derived from r i p r ap  layer  
thicknesses of 3 i n .  t o  12 in.  placed on s teep  embankmerit faces.  
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Figure 1.1. Uni t  discharge and median stone s i z e  re la t ionship  a t  f a i l u r e .  



Figure 1.2. Interstitial flow velocity relationships on steep 
embankments. 



1.2.3 Resistance to Flow 

The resistance to surface flow was determined for each test in 
which surface flows resulted in riprap system failure. Extensive 
analysis of the data indicated that the estimated Manning's n values 
did not agree with existing relationships derived from flat, natural 
channels. The data analysis indicated that the product of the median 
stone size and the embankment or channel slope correlated to the 
Manning's n value as presented in Fig. 1.3. The n value can be 
expressed as 

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

1.2.4 Incipient Stone Movement and Channelization 

The unit discharge in which stone movement was initially observed 
was recorded in four stone movement and failure tests. The unit 
discharge at stone movement was compared to the unit discharge at the 
riprap system failure. A graphical representation of the zone of rock 
movement is presented in Fig. 1.4, where the normalized unit discharge 
vs normalized time is portrayed. It was observed that stone movement 
occurred when the unit discharge approached 76% 2 3% of the unit 
discharge at failure. The stone movement appears to be independent of 
the shape of the rising limb of the normalized inflow hydrograph. 

During many of the failure tests, small channels formed in the 
riprap layer. Channels formed as flow was diverted around the larger 
stones. Flow concentrated into localized zones, thereby increasing 
localized velocities and flow depths. Incipient channelization in the 
'riprap layer was documented when possible. The zone of incipient 
channelization appeared to occur when the unit discharge approached 
90% + 5% of the unit discharge at failure, as indicated in Fig. 1.4. 
The channelization appeared to be independent of the shape of the 
normalized inflow hydrograph. Channelization of the total flow was 
expressed as the ratio of the unit discharge of the channelized flow 
to the unit discharge for the shaet flow. This flow channelization 
ratio was observed to exceed 3.0. 
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Figure 1.3. Hedian stone size/slope parameter vs Manning's n for cascading flow conditions. 
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2. DESCRIPTION OF FACILITIES AND Al2MORING MATERIALS 

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

2.1 OUTDOOR FACILITY 

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

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

The test embankment was constructed of a moistened, compacted 
sand in the test section. The initial 15 ft of the embankment was 
horizontally placed to simulate the cover on top of a tailings pile. 
The embankment transitioned to a 10% slope to simulate the steep side 
slope of a reclatmed tailings pile. Geofabric was used to cover and 
stabilize the sand embankment. The geofabric allowed the embankment 
to be saturated and to move under a variety of loading conditions. 
However, the geofabric prevented the sand embankment from massive 
failure, thereby minimizing turn-around time between experiments. 

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

A catwalk and an observation platform were constructed and placed 
on top of the flume. The catwalk served to allow access to any 
portion of the test section for data acquisition. The observation 
platform was used for videotaping and photographing each record test. 

2.2 INSTRUMENTATION 

The instrumentation consists of the equipment to monitor the 
water surface elevation and flow velocity through and over the riprap 
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layer .  Portable t e lev i s ion  equipment was used t o  videotape the  
riprapped embankments p r io r  t o ,  during, and a f t e r  each t e s t .  

A t r ace r  so lu t ion  in jec t ion  and recording system was developed t o  
document the flow ve loc i t i e s  through the  r iprap layer.  The system was 
composed of a pressure-operated t race r  in jec to r ,  t r a ce r - s ens i t i ve  
probes, multichannel s e l ec to r ,  and multichannel s t r i p  char t  recorder. 
Each t race r -  $.! ive probe was fabr ica ted with three t race r - sens i t ive  
elements p l  - - r the  lower 8 i n ,  of the probe. The t race r  in jec to r  
was fabric at,^ with three in jec t ion  por t s .  The i n j ec to r  por t  spacings 
were s imi lar  t o  the t racer-sensi t ive  elements i n  the probe. S a l t  was 
used a s  the t r a ce r .  

The t race r - sens i t ive  system was placed i n  the r ip rap  l ayer  such 
t h a t  the i n j ec to r  po r t s  were approximately aligned with the elements 
i n  t he  t race r - sens i t ive  probe. The in jec to r  and the t race r - sens i t ive  
probes were placed from 10 t o  1 2  and from 20 t o  24 i n .  apar t  i n  the 
rock layer .  The flow was es tabl ished i n  the flume such t ha t  t he  water 
surface  was a t  an elevation j u s t  above the r iprap surface.  The t race r  
was then in jec ted  i n t o  the rock layer.  An event marker on a  s t r i p  
cha r t  recorder Lndicated when the in jec to r  was t r iggered.  Output from 
the t r a ce r - s ens i t i ve  elements was a l so  recorded on the  s t r i p  cha r t ,  
enabling the t race r -d i lu t ion  curve t o  be observed and documented. 
Flow ve loc i t i e s  were derived from the t race r -d i lu t ion  curves recorded 
on t he  s t r i p  char t  f o r  each t e s t  condition. 

Localized surface ve loc i t i e s  Ln the  outdoor flume were measured 
by a Marsh-Mc~irne~' magnetic flow meter. The meter was per iod i -  
c a l l y  ca l ib ra ted  throughout the  experimental program. Water surface 
e levat ions  were monitored by piezometers i n s t a l l ed  i n  the embankments. 
Piezometers were placed a t  sections a t  the top of the embankment, near 
the  c r e s t  of  the  embankment, a t  the upper one-third of the embankment 
s lope ,  and a t  the lower one-third of the embankment slope. Piezo- 
meters were equally spaced a t  one-third in te rva l s  across each sect ion , 

t o  monitor po t en t i a l  d i f ferences  i n  the  flow d i s t r ibu t ion .  Each 
piezometer was connected t o  a  cen t ra l  manometer board t o  record the 
water surface e levat ion t o  the  nearest  0.02 f t .  During each t e s t ,  
flow depths were per iod ica l ly  estimated t o  the neares t  0.10 f t  with a  
gaging rod t o  provide a  check on the manometer system. 

A Panasonic videotape camera and video ca s se t t e  recorder system 
were used t o  v i sua l l y  document each f a i l u r e  t e s t .  Also, photographic 
equipment documented p r e - t e s t ,  t e s t ,  and pos t - t e s t  embankment 
condit ions.  

2.3 TEST MATERIAL PROPERTIES 

The r ip rap  was obtained from a quarry located near Denver, 
Colorado. Nominal median stone s i z e s ,  D50, t e s t ed  were 2 and 4 in. 
Rock proper t ies  of  coef f i c ien t  of uniformity, un i t  weight, spec i f i c  
g rav i ty ,  porosity,  shape, and f r i c t i o n  angle were determined i n  the 
Colorado S t a t e  University Geotechnical Engineering Laboratory by 



procedures outl ined by the American Society f o r  Testing Materials  
(ASTM). A summary of the r iprap proper t ies  is presented i n  Table 2.1. 
The grain s i z e  d i s t r ibu t ion  f o r  each r iprap s i z e  is presented i n  Appendix A. 

A f i l t e r  blanket underlaid the r iprap l aye r  i n  most of the t e s t s .  
The f i l t e r  c r i t e r i a  used t o  s i z e  the blanket was derived from Sherard 
e t  a l .  (1963) and is expressed as 

A summary of  the f i l t e r  grain s izes  and coef f i c ien t s  of uniformity i s  
presented i n  Table 2.2. The grain s i z e  d i s t r i bu t i on  f o r  the f i l t e r  materials  
is a l so  provided i n  Appendix A.  



Table 2.1. Riprap properties a 

Test ~ i ~ r a $  Riprap Filter d re h 

number gradationc gradation Cu P 

(lb/fc3) 

19-22 

23-25 

26-34 

35-38 

39 -44 

45-46 

47-48  

SO- 5 1  

52-53 

GFl 

GF1 

GF2 

GFI 

GF3 

GF4 

GF3 

GF3 

GF3 

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

b~ - Angular Rock. 
R - Round Rock. 
D50 - Median stone size. 

C Gradation curves designated by symbols are given in Appendix A. 

d~ - Coefficient of uniformity. u 
e 
y -Unit weight. 

n - Porosity of rock layer. 
P 

gd - Friction angle. 
h~ - Specific gravity. 

S 
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Table 2 .2 .  F i l t e r  proper t ies  a 

Test  F i l t e r  ~ i l t e r '  F i l t e r  F i l t e r  ~ i l t e r '  ~ i l t e r '  
number gradation depth Cu D 

(i:53 ( in .  ( in!? 

a A l l  proper t ies  were determined i n  the  Colorado Sta te  University 
Geotechnical Laboratory i n  accordance with American Society f o r  
Testing Materials guidelines. 

b ~ r a d a t i o n  curves designated by symbols a r e  found i n  Appendix A. 

C DS0 - Median stone s ize .  

D10 - 10% of s tone is  f i ne r  than indicated s i z e  on specif ied 
gradation curve. 

DIo0 - A l l  stone is f i ne r  than indicated s i z e  on specif ied gradation 
curve. 

d~ - Coefficient of uniformity. 
U 



3 .  EXPERIMENTAL PROGRAM 

A s e r i e s  o f  38 experiments was conducted inc luding  shakedown, 
rock  movement, i n t e r s t i t i a l  flow, and rock f a i l u r e .  The i n t e n t  of 
t hese  t e s t s  was t o  c h a r a c t e r i z e  r i p r a p  s t a b i l i t y  a s  a f u n c t i o n  of 
embankment o r  channel s l o p e ,  median s tone  s i z e ,  r i p r a p  l a y e r  
t h i ckness ,  r i p r a p  g rada t ion ,  and r i p r a p  shape. A summary o f  the 
experimental  program i s  presented i n  Table 3.1.  The experimental 
v a r i a b l e s  encompassed t h e  embankment s lope ,  S ;  t he  d ischarge  r a t e ,  Q ;  
l o c a l i z e d  s u r f a c e  flow v e l o c i t i e s ,  V ;  i n t e r s t i t i a l  flow v e l o c i t i e s ,  
Vi ;  water s u r f a c e  depths above the  bed,  D ;  and t ime,  t .  Also ,  the 
r i p r a p ,  f i l t e r ,  and s o i l  p r o p e r t i e s ,  a s  repor ted  i n  Sec t .  2 . 3 ,  were used 
throughout t h e  ana lys i s .  

General observa t ions  were recorded,  when appropr i a t e ,  t o  document 
flow and r i p r q  phenomena t h a t  could not  be e x p l i c i t l y  measured [ e . g . ,  
i n c i p i e n t  flow concen t r a t ions ,  f i l t e r  b lanket  e x t r a c t i o n  and f a i l u r e ,  
r i p r a p  l a y e r  f a i l u r e  i n d i c a t o r s ,  and s tone movement (beyond bed 
ad jus tment ) ] .  Therefore,  q u a l i t a t i v e  observat ions during each t e s t ,  
and l a t e r  v e r i f i e d  dur ing  videotape playback, were recorded and 
incorpora ted  i n t o  the a n a l y s i s .  

Riprap was dump-placed i n  a l l  t h e  t e s t s  conducted i n  t h i s  phase 
of t h e  i n v e s t i g a t i o n .  However, t h e  s tone su r f ace  was l e v e l e d  t o  
minimize the  occurrence o f  man-made flow concent ra t ions .  The r i p r a p  
l a y e r  t h i ckness  was determ..;+d w i t h  a  s e l f - l e v e l i n g  l e v e l .  Prede ter -  
mined  location^ on the f i l t e r  se rved  a s  a  r e f e rence .  Once the  rock 
Payer was graded ,  a  square  p l a t e  was placed on t t p  of t he  rock and the  
e l e v a t i o n  was determined. The d i f f e r e n c e  between the  top  o f  the 
f i l t e r  b l anke t  and top o f  the  rock l a y e r  was r epo r t ed  a s  t h e  l aye r  
t h i ckness .  

3 .1  TEST PROCEDURE 

The rock movement and r ip rap  f a i l u r e  t e s t  procedures  were s i m i l a r  
f o r  a l l  38 experiments conducted. Once t h e  t e s t  embankment and r i p r a p  
were p laced  and t h e  ins t rumenta t ion  s e t  and checked, the  flume i n l e t  
va lve  was opened. The r i p r a p  was inundated, and t h e  bed was allowed 
t o  a d j u s t  and/or s e t t l e .  The flow was increased  u n t i l  overtopping 
flow was observed. Once t h e  flow s t a b i l i z e d ,  t h e  d ischarge  was 
determined, and l o c a l i z e d  v e l o c i t i e s  and water  su r f ace  e l e v a t i o n s  were 
obta ined  a long  four  c r o s s  s e c t i o n s  when and where poss ib l e .  Af te r  t h e  
d a t a  were recorded and observa t ions  were documented, t he  flow was 
increased .  General ly ,  12  t o  20 minutes were r equ i r ed  t o  increase  and 
s t a b i l i z e  t h e  f low,  acqu i r e  da t a ,  and record r e s u l t s .  The procedure 
was r epea t ed  u n t i l  s t o n e  movement and f a i l u r e  occurred.  A videotape 
record ing  was made of  po r t ions  o f  each t e s t .  

The t e s t  procedure was modified f o r  t h e  s o i l  cover and s o i l  
mat r ix  t e s t s .  The compacted s o i l s  r e s t r i c t e d  t h e  measurement of flow 
depth u n t i l  t h e  s o i l  cover  eroded. Therefore,  on ly  l i m i t e d  da t a  could  
be c o l l e c t e d  and recorded i n  the  r i p r a p  l a y e r .  



Table 3.1.  Summary of  experimental program 

Median 
stone 

Slope s ize  Riprap l age r  
($1 (in. > thickness Shape of r iprap Num e r  

O P  

'Eestsa 10 20 2 4 1.5 2 3 4 Angular Rounded 

a In  addi t ion,  1 t e s t  was conducted t o  measure i n t e r s t i t i a l  ve loc i t i e s  
through the  f i l t e r  material,  2 shakedown t e s t s  were conducted, 2 
witness t e s t s  were conducted, and 4 s o i l  cover and s o i l  matrix t e s t s  
were conducted. 

b ~ h e  layer thickness i s  expressed as a mult iple of the  median s tone 
s ize .  



3.2 PARAMETERS OF ANALYSIS 

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

3.2.1 Manning's Roughness Coefficient 

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

where 
n - Manning's roughness coefficient for the bed, 
S - Channel slope (ft/ft), 
A - Cross-sectional area of flow (ft ), 
Q - Channel discharge (cfs) of surface flow, 
R - Hydraulic radius of channel (it). 

The ratio of depth of flow to transverse width of the embankment 
was on the order of 0.05 or less and was considered relatively small. 
Therefore, the channel was assumed to be a wide channel. Because the 
depth of flow, D, is approximately equal to the hxdraulic radius for a 
wide channel, Eq. 3.1 can be modified to 

3.2.2 Shields' Coefficient 

The bed critical Shields' coefficient (Simons and Senturk 1977) 
is an indicator of incipient stone movement on the rock bed. The 
Shields' coefficient, Cc, is defined as 

where 
D - Depth of f low (ft) , 
S - Channel slope (ft/ft) , 
G - Specific gravity of the rock, 
D50 - Median stone size of the riprap (ft). 

3.2.3 Darcy-Weisbach Friction Factors 

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



where 
g - 
v - 
D - 
S - 

Acceleration of gravi ty  ( f t / s2)  , 
Average velocity of flow ( f t / s ) ,  
Depth of flow ( f  t )  , 
Channel slope ( f t / f t ) .  

3.3 ESTABLISHED D E S I G N  PROCEDURES 

Currently,  several  r iprap design procedures are routinely used t o  
determine t he  ,~ppropr ia te  stone s i z e  fo r  protection of impoundment 
covers, embankments, channel, and unprotected slopes from the impact 
of  flowing waters. Four r iprap design procedures t ha t  are  referenced 
a r e  : 

1. Safety Factor Method (SF), 
2 .  The Stephenson Method (STEPH) , 
3. The U.S. Army Corps of Engineers Method (COE) ,  and 
4. The U.S. Bureau of Reclamation Method (USBR). 

A summary of each method i s  presented. 

3.3.1 Safety  Factors Method 

The Safety Factors Method (Richardson et a l .  1975) fo r  s iz ing  
r iprap allows the designer t o  evaluate rock s t a b i l i t y  from flow 
pa ra l l e l  t o  the cover and adjacent t o  the cover. The Safety Factors 
Method can be used by assuming a stone s i ze  and then calcula t ing the  
safe ty  f a c t o r ,  SF, o r  allowing the designer t o  determine a SF and then 
computing the  corresponding stone s ize .  I f  the  SF is greater  thhn 
uni ty ,  t h e  r iprap i s  considered s a f e  from f a i l u r e ;  if the SF is uni ty ,  
t he  rock is  a t  the condition of incipient  motion; and i f  SF i s  l e s s  
than un i ty ,  the r i p r ap  w i l l  f a i l .  

The following equations a r e  provided f o r  riprap placed on a s ide  
slope o r  embankment where the  flow has a nonhorizontal (downslope) 
veloci ty  vector.  The safe ty  fac tor ,  SF, is: 

cos 19 t a  
SF - q v  tan 4 + s inndbos  * 

wherc- 

and 

X ' 
s i n  d)/(i":an 4) + s in  X 1 



The angle ,  A ,  as  shown i n  Fig. 3 .1 ,  i s  the angle between a 
hor izonta l  l i n e  and the ve loc i ty  vector component, Vr, measured i n  the 
plane of the  s i de  slope.  The angle, 8 ,  is  the s i de  slope angle shown 
i n  Fig. 3.1, and f l  i s  the  angle between the vec to r  component of the 
weight, Us, d i rected down the s i de  slope and t he  d i rec t ion  of p a r t i c l e  
movement. The a n g l e , # ,  i s  the angle of repose of the r i p r ap ,  T, i s  
the bed shear s t r e s s  (Simons and Senturk 1977), D50 is t he  
representa t ive  median stone s i z e ,  GS is the s p e c i f i c  weight o f  the 
rock, D is t he  depth of flow, Y is  the spec i f i c  weight o f  the l i qu id ,  
S is the s lope of the channel, and 9' and q a r e  s t a b i l i t y  numbers. In 
Fig. 3.1, the  forces F1 and Fd a r e  the  l i f t  and drag fo rces ,  and the 
moment arms of the various forces a r e  indicated by the value  e i  a s  
i - 1 through 4. Figure 3.2 i l l u s t r a t e s  the angle of repose fo r  
r ip rap  mater ia l  s i zes .  

Riprap i s  often placed along s i de  slopes where the flow direct ion 
i s  c lose  t o  hor izonta l  o r  the angular i ty  of t he  veloci ty  component 
with the hor izonta l  i s  small ( i . e . ,  - 0) .  For t h i s  case,  the above 
equations reduce to: 

n t an  d 
tan @ - 2 s i n  B 

- tan d 
'm tan B 

The term S, i s  the s a f e ty  fac to r  of the  rock p a r t i c l e s  agains t  r g l l i ng  
down the s lope  with no flow. The s a f e ty  f a c to r ,  SF, f o r  hor izonta l  
flow may be expressed as :  

SF - > [[s2 v2  sec2 B + 4I0e5 - s 7 rec 8 . 
m m I 

Riprap may a l so  be  placed on the  cover o r  s i de  s lope.  For a 
cover s loping i n  the downstream d i rec t ion  at an angle, a, with the  
hor izonta l ,  the  equations reduce to: 

cos a tan 
SF - 

g t an  4 si:a 

His to r ic  use of t he  Safety Factors Method has  indicated t h a t  a  
minimum SF of 1 .5  f o r  non-probable maximum f lood  appl ica t ions  ( i . e , ,  
100-year events)  provides a s i de  slope with r e l i a b l e  s t a b i l i t y  and 
p ro tec t ion  (Simons and Senturk 1977). However, an SF of  slightly 
grea te r  than 1.0 is recommended f o r  probable maximum f l ood  or  maximum 
cred ib le  f lood  circumstances. I t  is recommended t ha t  the r iprap 
thickness be  a minimum of 1.5 times the  DSO. Also, a  bedding o r  
f i l t e r  l aye r  should underlay the  rock r iprap.  The f i l t e r  layer  



Direction of Velocity, vr 

( a )  General View 

Par tide Movement 

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

Figure 3..1. Riprap s t a b i l i t y  conditions a s  described in the S a f e t y  
Factors Method. 
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thickness should minimally range from 6 to 12 in. In cases where the 
Safety Factors Method is used to design riprap along embankments or 
slopes steeper than 4H:lV, it is recommended that the toe be firmly 
stabilized. 

3.3.2 Stephenson Method 

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

The sizing of the stable stone or rock requires the designer to 
determine the maximum flow rate per unit width, q; the rockfill 
porosity, np; the acceleration of gravity, g; the relative density of 
the rock, G,; the angle of the slope measured from the horizontal, 8 ;  
the angle of friction, $J; and the empirical factor, C. 

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

q(tan 8 )  7/6 ,1/6 

- [ D 

c g1/2 [(l-n )(Gs-1) eos 9 (tan 4 - tan 8)J 
-1213. (3.15) 

5/3 
P 

where the factor C varies from 0.22 for gravel and pebbles to 0.27 for 
crushed granite. The stone size calculated in Eq. 3.15 is the 
representative median diameter, D50, at which rock movement is 
expected for unit discharge, q, The maximum flow rate, q, is then 
multiplied by Olivierst constant, K, to ensure stability. Oliviers' 
constants are 1.2 for gravel and 1.8 for crushed rock. The rockfill 
layer should be well graded and at least two times the D50 in 
thickness. A bedding layer or filter should be placed under the 
rockf ill. 

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

3.3.3 U.S. Army Corps of Engineers Method 

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



The toe  of a s lope o r  embankment i s  generally subjected t o  the 
g rea tes t  concentration of erosive forces and therefore must be 
protected. The e f fec t ive  stone s ize ,  D50, can be estimated a f t e r  the 
depth of flow, D ,  i s  determined. The loca l  boundary shear, 3 can be 
computed as 

whereyw is the u n i t  weight of water i n  pounds per cubic foo t ,  V is 
the  average cross-sectional  velocity i n  f e e t  per second, k i s  the  
equivalent  channel boundary surface roughness i n  f e e t ,  and D is the 
depth of flow i n  f e e t .  By subs: i tu t ing D50 f o r  k ,  the  local  boundary 
shear a t  any point  on the wetted perimeter can be determined. The 
design shear s t r e s s ,  ro, should be based on c r i t i c a l  loca l  ve loc i t i e s  
and s h a l l  serve a s  the design shear f o r  the  toe and channel bottom. A 
graphic solut ion t o  Eq. 3.16 is presented i n  Fig. 3.3. 

The design shear  fo r  r ip rap  placed on the  channel slope o r  bank 
can be determined as 

7 810.5 
s in- . o -? [ I -  s i n  2 ) I  

where 

a s  8 i s  the  angle of the s i de  slope wlth the  hor izontal ,  d is the 
angle of  repose of  the r iprap (noanally about 40°),  Y, is the  spec i f i c  
weight of surface-dry but saturated stone, and the value of a i s  0.04. 
The s ide  slope shear ,  ro, is the design shear fo r  s i z ing  the  r ip rap  
revetment. 

The average stone s i z e  can then be determined a s  

f o r  the  tos  and channel bottom and 
C 

f o r  the  channel s i d e  slopes where 7, and Yw are  the  spec i f ic  weights 
of the stone and water, respectively.  The same procedure can be used 
f o r  bank protection.  A graphic representation of  Eq. 3.19 is  provided 
in Fig. 3 . 4 .  

The Corps of  Engineers Method was developed f o r  channelized 
flows. Therefore, t h i s  procedure should be used t o  evaluate and/or 
d ~ s i g n  rock protect ion fo r  the port ions of the cover o r  embankment 
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Basic Equation 01 Dso 

To = K 2 V 2  
where 9# 

yw = Specific Weight of Water 

D = Flow Depth 

b0 = Theoret ical  Spherical Diameter of Average 
Stone Size 

Figure 3 . 3 .  Graphical solution to Eq. 3.16. Source: Hydraulic 
pesign of Flood Control Channels, EM 1110-2-1601, U . S .  
Army Corps of Engineers, July 1970. 
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where 

r = Design Shear Stress on Bottom of Channel 

ys = Specific Weight of Stone 

yw = Specific Weight of Water (62.4 lb/ft 3, 
DbO = Theoretical Spherical Diameter of 

Average Size Stone 

Figure 3.4. Sizing of riprap as a function of design shear stress. 
Source: En~ineerinn - and Desi~n. Additional Guidance for 
R f v r a ~  Channel Protectioq, ETL-1110-2-120, Office of the 
Chief of Engineers, U.S. Army Corps of Engineers, May 
1971. 



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

3.3.4 U.S. Bureau of Reclamation Method 

The U.S. Bureau of Reclamation (USBR) Method (DO1 1978) for 
riprap design was developed for the prevention of damage in and near 
stilling basins. The USBR procedure is empirically based upon 
extensive laboratory testing and field observations. Riprap failure 
was determined to occur because alternative design procedures 
underestimate the required stone size in highly turbulent zones, and 
there is a tendency for inplace riprap to be smaller and more 
stratified than specified. The USBR method is a velocity-based design 
procedure. 

The USBR method estimates the maximum stone size, D as a 
function of the localized bottom velocity of flow, Vb, i!ioPeet per 
second. One means of predicting the maximum stone size is by the 
Mavis and Laushey 

where DIOO is the 
particle specific 
determined, local 

(1948) procedure: 

maximum stone size in millimeters and Gs is the 
gravity. If the bottom velocity cannot be 
velocity may be substituted to size the rock. The 

local velocity can be determir.ed by U.S. Army Corps of Engineers 
methods (COE 1970). 

The stone size and stone weight can be determined from Fig. 3.5 
for a given bottom velocity, Vb. The resulting stone size is 
conservative. The riprap should be composed of a well-graded mixture 
of stone. Riprap should be placed on a filter blanket or bedding 
layer. The riprap layer should be 1.5 times the thickness of the 
largest stone diameter. The filter blanket should be at least 6 in. 
thick. 

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

3.3.5 Summary 

It is apparent that design procedures exist that adequately size 
riprap layers for protecting low-gradient channel beds and banks, 
energy dissipation and impact: basins, and steep embankments. However, 
these procedures fail to address other components of the riprap design 
process (e .g . ,  layer thickness, effects of rounded rock, and effects 
of rock gradation). 
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Figure 3.5.  Parametric curve used to determine maximum stone size in 
riprap mixture as a function of channel bottom velocity. 



3.4 ESTABLISHED PROCEDURES TO ESTIMATE RESISTANCE TO FLOW 

The estimation of flow resistance in steep, armored channels has 
long been an art of the practicing hydraulic engineer. The Manning's 
roughness coefficient, n, is perhaps the most commonly used means of 
expressing flow resistance. The Manning's roughness coefficient has 
been shown to be a function of surface roughness, vegetation, channel 
irregularity, channel alignment, channel shape, and flow depth (Chow 
1959). Also, the resistance to flow is affected by the stone shape 
and size in gravel and cobble bed channels (Barnes 1967). 

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

1. Limerinos (1970), 
2. Strickler (1923), 
3. Anderson, Paintal and Davenport (1970), 
4. Jarrett (1984), 
5. Bathurst (1985). and 
6. U.S. Army Corps of Engineers (COE 1970). 

Each procedure is summarized below. 

3.4.1 Limerinos' Procedure 

Limerinos (1970) collected data in California gravel-bed rivers 
to develop an equation to estimate Manning's roughness coefficient. 
His analysis yielded the expression: 

where D is the mean flow depth in meters and DB4 is the character- 
istic bed material size for the reach in meters. Limerinos related 
flow resistance to the relative submergence, WDs4 

3.4.2 Strickler Procedure 

Strickler (1923) proposed a formula for determining the Manning 
coefficient as only a function of a characteristic bed material. His 
expression is 

where D is in feet. The coefficient, a, ranges from 0.0385 to 
0.041. ohthough the Strickler equation was derived for low-gradient, 
natural channels, it is commonly used indiscriminately. The Strickler 
expression should be used only where channel slopes are less than 2% 
and a high, in-bank flow condition exists. 



3 . 4 . 3  Anderson, Paintal, and Davenport Procedure 

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

where D50 is in feet. The channel slope in the Anderson et al. 
experiments was less than 2%. and the relative roughness was small; 
and the expression is independent of slope and depth of flow. 

3 . 4 . 4  Jarrett Procedure 

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

where S is the stream gradient (channel slope) and R is the hydraulic 
radius. He concluded that n varies directly with slope, n varies 
inversely with depth, and streams thought to be in the supercritical 
flow range were often in the subcritical flow range because of the 
high resistance to flow. 

3 . 4 . 5  Bathurst Procedure 

Bathurst (1985) studied the flow resistance of gravel and boulder-bed 
rivers with slopes ranging from 0 . 4  to 4.0%< On many sites, boulders 
protruded through the surface and inhibited flow. Bathurst performed an 
empirical analysis relating the flow resistance to the relative submergence, 
D/Dg4, resulting in the expression: 

where f is the Darcy-Weisbach friction factor. The relative 
submergence values ranged from 0.43 to 7.10. 

3.4.6 U.S. Army Corps of Engineers Procedure 

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



where n is the Manning's roughness coefficient, R is the hydraulic 
radius in feet, and k is the equivalent roughness height in feet. 

Equivalent roughness, k, for a stone-lined channel may be 
referenced to the theoretical spherical diameter of the median stone 
size, D50. The effective height of the irregularities forming the 
roughness elements is called the roughness height. Values of k for 
natural rivers range between 0.1 and 3.0 (COE 1970). 

3.4.7 Summary 

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



4. ROCK FAILURE AND ROCK MOVEMENT RELATIONSHIPS 

The r e s u l t s  of the  Phase I1 r iprap t e s t i ng  program were used t o  
ver i fy  the findings of the Phase I r iprap t e s t i ng  repor t  (Abt e t  a l .  
1987) and t o  extend the  current  design guidelines f o r  the  long-term 
protection of uranium t a i l i ngs  impoundments. The t e s t s  performed in  
Phase 11 extended t he  exis t ing data base r e l a t i ve  t o  r ip rap  f a i l u r e  
c r i t e r i a  and rock movement c r i t e r i a .  Data were a lso  obtained t a  
provide stone shape, riprap gradation and r iprap layer  thickness 
c r i t e r i a .  Data acquis i t ion and analysis  were s imilar  t o  and 
consistent  with procedures used i n  the  Phase I report .  

Rock movement and f a i l u r e  c r i t e r i a  determined i n  Phase I t e s t i ng  
were a l so  used throughout the  Phase I1 t e s t  program. Rock movement 
was observed during each t e s t  a t  two d i s t i n c t  times. F i r s t ,  rock 
movement occurred f o r  only a few sezands when flow commenced o r  when 
the flow was incrementally increased. This movement consisted of 
s e t t l i n g  of the  r i p r ap  layer o r  s l i g h t  movement of individual  stones 
t o  a more s t ab l e  posit ion.  Second, incipient  movement of the stones 
occurred when the forces  exerted by the channel flow j u s t  overcame the 
res is tance force of a stone t o  motion. Individual stones would 
i n i t i a t e  movement by ro l l ing  over the rock layer.  

The c r i t e r i o n  f o r  incipient  f a i l u r e  of the  r ip rap  layer was 
v i sua l  observation of exposed f i l t e r  blanket ,  o r  more often,  
geofabric. I n  many cases, concentrated flows would remove r ip rap  from 
a local ized zone along the embankment. However, rock movement from 
upslope would subsequently f i l l  and s t a b i l i z e  the scoured area .  When 
rock movement could no longer adequately replace t he  material  i n  the 
scoured a rea ,  f a i l u r e  was observed. Catastrophic f a i l u r e  occasionally 
occurred p r io r  t o  f i l t e r  c l o t h  exposure because of t h e  dynamic rock 
movement along the  bed and because of poor conditions fo r  observing 
the f i l t e r  blanket resu l t ing  from the  s ign i f ican t  turbulence, bubbles, 
and a i r  entrainment i n  the cascading flows. 

A s e r i e s  of 17 t e s t s  was conducted i n  which rock movement o r  rock 
f a i l u r e  were recorded. Riprap f a i l u r e  occurred during 15 of the  1 7  
t e s t s .  A summary of  the Phase I1 t e s t  parameters and remarks that: 
w i l l  be used fo r  the data analysis  i s  presented i n  Table 4.1. 
Complete test r e s u l t s  are presented i n  Appendix B and Appendix C. 
Because t he  r e s u l t s  of both Phase I and Phase I1 w i l l  be incorporated 
i n  the analysis  of f a i l u r e  re la t ionships ,  the  f a i l u r e  data of both 
t e s t  s e r i e s  w i l l  be  combined wherever possible. 

4.1 FAILURE RELATIONSHIPS OF ANGULAR ROCK 

Fai lure  re la t ionships  were determined f o r  angular and rounded 
stone shapes placed on 10 and 20% slopes. Tests were a lso  conducted 
t o  analyze the s t a b i l i t y  of an angular-shaped, r ip rap  layer with 
respect  t o  r iprap gradation, r iprap layer  thickness, and r ip rap  flow 
res is tance.  



a 
Table 4.1. Summary of failure tests 

Test Median Stone Riprap Slope Q qf 
Remarks 

number stone shape Thicb- 
size ness 

(in. 1 (cf S) (cf s/f t) 

ROUNDED 
ROUNDED 
ROUNDED 
ANGULAR 
ANGULAR 
ANGULAR 
ANGUIAR 
ANGULAR 
ANGULAR 
ROUNDED 
ROUNDED 
ANGULAR 
ANGULAR 
ANGUL'AR 
ROUNDED 
ANGULAR 
ANGUIAR 

Rock movement observed 
Complete slope failure 
Complete slope failure 
Test stopped on request 
Complete slope failure 
Complete slope failure 
Complete slope failure 
Complete slope failure 
Complete slope failure 
Complete slope failure 
Complete slope failure 
Complete slope failure 
Complete slope failure 
Complete slope failure 
Complete slope failure 
Complete slope failure 
Complete slope failure 

- 

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

b ~ l l  riprap was dump-placed. 

C NRC - Nuclear Regulatory Commission. 



4.1.1 Phase I1 Data 

Four of the Phase I1 failure tests were conducted to verify 
model-prototype similarities between Phase I and Phase I1 test 
results. Because many of the Phas.2 I tests were conducted in an 
indoor flume with 3 shortened model embankment, it was important to 
correlate the indoor model embsnkmenc results to the outdoor prototype 
embankment results. Therefore, some Phase I1 tests were used to check 
experiment repeatability. 

A11 four failure tests (Nos. 31, 32, 44, and 51) were conducted 
in the outdoor flume on an embankment with a 10% slope and riprap 
layer thickness of three times D5-, (2- and 4-in. median rock sizes). 

In Fig. 4.1, the Phase I and Phase I1 results are presented. It 
is seen that the results of the Phase I1 experiments closely agree 
with the results and predicted relation at failure presented in the 
Phase I report for the 10% embanhnent. Therefore, it was concluded 
that test repeatability and model-prototype similarity was achieved. 

4.1.2 Cornposit& Failure Relationship 

In the Phase I tests involving median rock sizes of 1 to 6 in., 
layer thicknesses of two to three tines D and embankment slopes 

50 ' 
ranging from 1 to 20%. a family of curves exists that relates unit 
discharge at failure to the median rock size (Fig. 4.1). Because the 
failure relationships are parallel and slope dependent, a regression 
analysis of the Phase I and Phase I1 data resulted in a composite 
relationship as presented in Fig. 4.2. A power regression was 
performed on the parametric expression relating the median stone size, 
D , to the embankment slope, S, and unlt discharge at failure, qf. 
T% results are expressed as: 

Based upon the test parameters previously described, Eq. 4.1 
should not be used for D greater than 6 in., for rounded rock, or 
foe slopes greater than 18%. Application of Eq. 4.1 beyond the limits 
prescribed would be strictly at the ustrs* risk. 

4.2 RESISTANCE TO FLOW 

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

4.2.1 Computation of Manning's n Value 

The riprap resistance to flow over the riprap surface was 
estimated for each of the ten failure test conditions swnmarized in 
Table 4.2. Each value presented in Table 4.2 is the average of the 





0 I 
Note: q f  for Runs without Tailwater 

Figure 4.2. Consolidated relationship for riprap failure. 



Table 2 .  Summary of average Manningt s n for Phase I1 dataa 

Median stone Numb e r 
size Riprap D of 

Test Ds o thickness data - 
D, 0 

n C run (in. (in.) points 

a All tests were conducted on a 10% channel slope. 

b~umber of data observations from which the n is derived. 

C 
Colorado State University value. 



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

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

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

The Manning's n value for the 2-in. rock ranged from 0.029 to 
0.059 for the test runs presented in Table 4.2. The average n value 
of the five 2-in. tests is 0.044. The Manning's n values for the 
4-in. rock ranged from 0.045 to 0.058, yielding an average n value of 
0.052. The average n value for the 2- and 4-in. median stone sizes 
varies about the mean by approximately 34 and 12%, respectively. The 
n values presented are derived for supercritical flow conditions. 

The flow depth/median stone size ratio (D/D ) is presented in 
Table 4.2 fo: each of the ten tests in which the58anning's n value was 
estimated. The D/D5* values ranged from 1.02 to 1.70. The high 
resistance to flow rn conjunction with the low-flow-depth/median- 
stone-size ratio indicates extensive separation and air entrainment 
over the riprap surface. 

4.2.2 Comparison of Phase I and Phase I1 Manning's n Values 

Four failure tests were conducted in Phase 11, (Nos. 31, 32, 44, 
and 48) in which the riprap layer thickness, rock gradation, and 
angular shape were similar to the Phase I tests. The computed 
Manning's n values for these four tests are plotted with the Phase I 
results in Fig. 4.3. It is evident that the Phase 11 
results are generally higher than the Phase I results by as much as 
40%. The Phase I1 data indicate that the Phase I relationship may not 
necessarily be conservative. 

The increase in Manning's n in Phase I1 may be attributed to 
differences between the Phase I and Phase I1 test conditions. During 





Phase I, the 10% slope failure tests were conducted in the indoor 
flume. Water surface measurements were obtained with a point gage in 
turbulent flow. Slight differences in recording the depth of flow 
were found to significantly affect the resulting n values. A series 
of piezometers was used in Phase I1 to collect water surface 
elevations. The variability of the piezometers was greater than the 
point gage in the indoor tests. The scatter of data is due, in part, 
to the inability of the instrumentation to record highly accurate 
readings in turbulent flow. 

The resistance to flow relationship presented in Fig. 4 . 3  may 
underestimate the actual resistance to flow in a riprap-lined channel 
or embankment face. However, Eq. 1.2 provides an improved means of 
estimating the resistance to flow over procedures presented in Chapter 
3 .  The n values resulting from the Phase 11 experiments are currently 
insufficient to modify the relationship presented in Fig. 4 . 3 .  
However, the Phase 11 results indicate that the n value estimation 
expression presented in the Phase I report may not be as conservative 
as originally anticipated. 

4.3 RIPRAP GRADATION EFFECT ON RIPRAP STABILITY 

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

Existing gradation criteria have been developed for stable 
channel and coastal protection conditions. Simons and Senturk (1977) 
recommended that the gradation of stone riprap follow a smooth size 
distribution, have a maximum size to median size ratio of about 2.0, 
and have a median size to 20% size ratio of about 2.0. They suggest 
that a gradation with a coefficient of uniformity, Cu, of 
approximately 2.d should be sufficient: to provide erosion protection. 

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

The Federal Highway Administration (Richardson et al. 1975) and 
the California Division of Highways (CDH 1970) also have general gradation 
guidelines. The recommended upper limit gradation curves for the Federal 
Highway Administration and the California Department of Transportation have 
coefficients of uniformity of approximately 2.7 and 1.1, respectively. 



Although standards f o r  r iprap gradation ex i s t ,  the d i f ferences  i n  
these standards a r e  substant ia l .  For example, the coef f i c ien t s  of 
uniformity f o r  the  procedures c i t e d  range from approximately 1.1 t o  
2 .7 .  The e f f ec t s  of gradation upon riprap s t a b i l i t y  remains unknown. 

4.3.1 Fa i lu re  Relationship 

I n  an attempt t o  evaluate gradation e f f e c t s  on r iprap layer s t a b i l i t y ,  
three Phase I1 f a i l u r e  t e s t s  were conducted, (Nos. 44, 48, and 51) i n  which 
the median stone s i z e ,  DS0 - 4.0 i n . ;  embankment slope,  S - 10%; r ip rap  layer  
thickness,  tr - 12 i n . ;  and stone shape, angular; were held  constant .  Rock 
gradation,  expressed a s  the  coef f i c ien t  of uniformity, was the only variable 
modified i n  a l l  three t e s t s .  The gradation curves of the r iprap l ayers  
tes ted  a r e  presented i n  Fig. 4.4. The coef f i c ien t s  of uniformity tes ted  
ranged from 1.72 t o  4.0. 

The u n i t  discharges a t  f a i l u r e  for  t h e  coeff ic ients  of uniformity of 
1.72, 2.30, and 4.0 a r e  4.12, 3.79, and 2.41 c f s ,  respectively.  The un i t  
discharges a t  f a i l u r e  were corre la ted t o  t he  coef f i c ien t s  of uniformity as  
presented i n  Fig. 4.5. The resu l t ing  re la t ionship  indicates  t h a t  gradation 
s ign i f i can t ly  impacts t he  r iprap s t a b i l i t y  f o r  tha rock s i z e ,  l aye r  
thickness,  and slope tes ted .  The increase i n  coef f i c ien t  of uniformity from 
1.72 t o  4.0 reduced the  u n i t  discharge a t  f a i l u r e  by about 40%. 

The s iz ing  of r ip rap  fo r  overtopping conditions should account fo r  the 
v a r i a b i l i t y  i n  rock gradation t o  maintain a s tab le  r iprap layer.  Therefore, 
a gradation coef f i c ien t ,  C , was derived from the data i n  Fig. 4.5 by 
r e l a t i ng  the coef f i c ien t  oERuniformity t o  the var ia t ion  of s t a b i l i t y  as 
indicated by the  u n i t  discharge at fa i lu re .  A coef f ic ien t  of uniformity of 
2.3 was re la ted  t o  the  gradation coef f i c ien t  of 1 .0 ,  as shown i n  Fig.  4 . 6 ,  t o  
maintain consistency with the gradation standards presented by t h e  U.S. Army 
corps of  Engineers (COE 1970). Multiplying the r iprap median s tone  s ize  by 
the gradation coef f i c ien t  y ie lds  an adjusted D50 t h a t  w i l l  maintain the 
desired l eve l  of r ip rap  layer s t a b i l i t y .  

I n  general ,  the  more uniform the gradation, the more r e s i s t a n t  the rock 
layer t o  overtopping flow. Although the r e su l t s  portrayed i n  Fig. 4.5 a r e  
l imi ted,  the re la t ionship  i n  Fig. 4.6 provides a means f o r  adjus t ing the 
median stone s i z e  t o  maintain a s table  r ip rap  layer .  

4.4 RIPRAP LAYER THICKNESS 

The r iprap layer  thickness has t r ad i t i ona l l y  been expressed i n  
terms of the median stone s i z e ,  DS0. For example, the U . S .  Army Corps 
of Engineers (COE 1970) channel protection guidelines indicate  t h a t  
the r i p r ap  l ayer  should not be  l e s s  than the spherical  diameter of the 
upper l i m i t  s i z e  stone o r  l e s s  than 1.5 times the spher ical  diameter 
of t he  median stone s i z e ,  whichever is g rea te r .  Because the procedure 
was developed f o r  protecting channel beds and banks, the  r iprap l ayer  
should not be l e s s  than 1 2  in .  thick. When riprap is placed 
underwater. the l ayer  thickness should be  increased by 50% t o  account 
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Figure 4.4. Gradation curve. 
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Figure 4 . 5 .  Unlt discharge at failure vs riprap layer coefficient of 
uniformity. 
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Figure 4 . 6 .  Relating the coefficient of  rock gradation to the 
coefficient of uniformity. 



for  uncer ta in t i es  associated with placement, Further, should r i p r ap  be 
subjected to  large  f loa t ing  debr i s  or  t o  wave ac t ion ,  it i s  advised 
that  the  stone s i z e  be increased and t h a t  the r ip rap  thickness be 
increased by 6 t o  12 i n .  

The California Department of Transportation (CDH 1970) has 
developed a procedure f o r  determining r i p r ap  layer thickness f o r  t he  
protect ion of embankments along streams and r ive rs .  The r iprap 
thickness c r i t e r i o n  is based on the o r ien ta t ion ,  s ide  s lope,  s tone 
shape, and c l a s s  of stone.  The general expression f o r  est imating the  
r iprap layer thickness is- 

where tr i s  the  r ip rap  thickness normal t o  the face s lope,  K i s  t h e  shape 
factor  of stone (commonly 0 . 4 0 ) ,  8 i s  the s ide  slope angle,  Wc i s  the  c lass  
weight of stone,  and Cp is a coef f i c ien t  representing machine placement o r  
dump placement, and ranges from 1.5 t o  1.875, respectively.  I t  i s  
recommended t h a t  the thickness, tr, be 1.5 times the long axis o f  the 
c r i t i c a l  stones. 

Simons and Senturk (1977) indicated t ha t  the thickness of r i p r ap  
should be su f f i c i en t  t o  accommodate the l a rge s t  stones i n  the r ip rap .  
Further, f o r  a well-graded r i p r ap  without voids, a l ayer  "hickness 
equal t o  the l a rge s t  stone should be adequate. When s t rong wave 
act ion i s  of concern, the thickness should be increased by 50%. 

The American Society of C iv i l  Engineers Task Committee (Vanoni 
1975) recommended t h a t  a blanket  revetment on r i v e r  banks should be  
characterized by a graded mater ia l  placed such t h a t  a l l  voids a r e  
f i l l e d  and a l l  rocks a r e  keyed i n to  the  mass. The maximum rock s i z e  
is  l imi ted  t o  about 1-1 /2  times the median rock s ize .  Minimum r ip r ap  
thickness should be 1-1/2 times the median rock s i z e .  

Stephenson (1979) developed a procedure f o r  est imating the  
thickness of the  r i p r ap  layer  su f f i c i en t  t o  r e s i s t  po t en t i a l  h igh  
ve loc i t i e s  from overtopping flows on rock protected embankments. It 
was reasoned t h a t  the  stone thickness must be g r ea t  enough t o  r e s i s t  
the s l i d i n g  between adjacent stone layers .  Stephenson equated t h e  
f r i c t i o n  drag per u n i t  area t o  the  shear res is tance  and solved f o r  the 
minimum l i n ing  o r  l aye r  thickness. The minimum layer  thickness,  tr, 
was expressed a s  

where d is the  angle of f r i c t i o n ,  8 is the  angle of bank slope from 
hor izonta l ,  R i s  the hydraulic radius,  i is  the head l o s s  gradient .  G, 
i s  t he  spec i f i c  gravi ty  of t he  material ,  and np is  the porosi ty  of  the 
rock f i l l .  



On the  b a s i s  of Stephenson's experimental d a t a ,  the l a y e r  
t h i ckness  c r i t e r i o n  was expressed a s  

t r - -1 .5  D,, ( 4 . 4 )  

where Ds i s  t h e  s t a b l e  s t o n e  s i z e .  I t  was noted t h a t  the  r e l a t i o n s h i p  
expressed i n  Eq. 4 .4  r a r e l y  c o n t r o l s  t h e  l aye r  th ickness .  

4 .4 .1  Fa i lu re  Trends 

Eight  f a i l u r e  t e s t s  were designed and conducted i n  Phase II t o  
eva lua t e  the rock  l aye r  s t a b i l i t y  a s  a  func t ion  o f  the r i p r a p  l a y e r  
th ickness .  The 2- and 4 - i n .  median s t o n e  s i z e s  were t e s t e d  on a  10% 
s lope .  The r i p r a p  l a y e r s  had c o e f f i c i e n t s  of un i formi ty  ranging from 
2.14 t o  2.30. Each r i p r a p  l aye r  was subjec ted  t o  an  overtopping flow 
u n t i l  t h e  r i p r a p  f a i l e d .  The r i p r a p  l a y e r  th icknesses  were c o r r e l a t e d  
t o  t h e  u n i t  d i scharge  a t  f a i l u r e  f o r  each median s tone  s i z e ,  a s  
presented  i n  F ig .  4.7.  

I t  was observed t h a t  the  u n i t  d i scharge  r equ i r ed  t o  f a i l  the  rock 
l a y e r  increased  a s  t he  rock l a y e r  th ickness  increased .  For  2 - i n .  rock,  an  
inc rease  i n  r i p r a p  thickneds from 1 .5  t o  4.0 D increased  the  l a y e r  
s t a b i l i t y  by approximately 601. For 4 - i n .  rocaI) a n  11% inc rease  i n  s t a b i l i t y  
i s  observed by inc reas ing  the r i p r a p  l a y e r  t h i ckness  from 1 . 5  t o  3 D50. The 
r i p r a p  l a y e r  was enhanced a s  t h e  weight of  the a d d i t i o n a l  s tone  l a y e r  
compressed and wedged t h e  lower s tone  l a y e r ( s ) .  The s tone  weight ,  i n  
conjunct ion  w i t h  the v i b r a t i o n  o f  t he  flow, transformed t h e  lower r i p r a p  
l a y e r  i n t o  a n  armored condi t ion .  

The i n c r e a s e  i n  r i p r a p - l a y e r  s t a b i l i t y  wi th  increase  i n  rock- 
l a y e r  t h i ckness  appears t o  be dependent upon t h e  median s t o n e  s i z e .  
A s  t h e  median s tone  s i z e  increases ,  t h e  need f o r  a thickened r i p r a p  
l a y e r  decreases .  With median s tone  s i z e s  of < 6 i n . ,  a  r i p r a p  l a y e r  
th ickness  beyond the t r a d i t i o n a l  1 .5  t imes the median s t o n e  s i z e  is 
warranted. However, when the  median s tone  s i z e  is > 6 i n . ,  the 
t r a d i t i o n a l  gu ide l ine  o f  1 .5  t imes the  median s t o n e  s i z e  is prudent .  

4 .4 .2  Layer Thickness Adjustment 

The th ickening  of  t he  r i p r a p  l a y e r  f o r  median s tone  s i z e s  < 6 in .  
was shown ( i n  Sec t ion  4.4.1)  t o  i nc rease  the l a y e r  s t a b i l i t y .  I n  
i n s t ances  where small r i p r a p  s i z e s  a r e  warranted (< 6 i n . ) ,  the design 
r i p r a p  l a y e r  th ickness  should be ad jus t ed  t o  maintain t h e  r i p r a p  
s t a b i l t y .  A c o e f f i c i e n t  of l a y e r  th ickness ,  Ct, i s  needed t o  a d j u s t  
t h e  median s t o n e  s i z e  and compensate f o r  the r i p r a p  l a y e r  th ickness .  
Figure 4.8 p r e s e n t s  t h e  c o e f f i c i e n t  of  l aye r  th ickness  as a func t ion  
of t h e  des ign  r ip rap  l a y e r  th ickness .  The r e l a t i o n  i n  F ig .  4 .8  was 
de r ived  from t h e  Phase I1 f a i l u r e  t e s t s  f o r  2 - i n .  r i p r a p  on a 10% 
s l o p e .  A r i p r a p  l a y e r  th ickness  of 3.0 D corresponds t o  a  
c o e f f i c i e n t  o f  layer  th ickness  equal t o  1!8. 

The c o e f f i c i e n t  o f  l aye r  th ickness  is used a s  fo l lows .  The 
des ign  r i p r a p  l aye r  th ickness  i s  determined by one of t h e  procedures 



RIPRAP THICKNESS, DS0 

Figure 4.7. Riprap layer s t a b i l i t y  as a function of median stone 
size. 





presented i n  Sect ion 4.4 .  Then, e n t e r  Fig.  4.8, using t h e  design 
r iprap  l a y e r  thickness (expressed i n  median stone s i z e )  and determine 
the c o e f f i c i e n t  of l aye r  th ickness .  The c o e f f i c i e n t  of l a y e r  
thickness is mul t ip l i ed  by the design median stone s i z e ,  r e s u l t i n g  i n  
an adjus ted  median s tone  s i z e .  

4 .5  SHAPE INFLUENCE ON RIPRAP STABILITY 

Riprap spec i f i ca t ions  have t r a d i t i o n a l l y  s t i p u l a t e d  t h a t  a h igh-  
q u a l i t y ,  angular-shaped stone (preferably  crushed) be used f o r  
placement i n  t h e  f i e l d .  Angular stone tends t o  i n t e r l o c k  o r  wedge and 
subsequently r e s i s t  s l i d i n g  and r o l l i n g .  I n  add i t ion ,  fewer f i n e s  a r e  
required t o  f i l l  the voids  of crushed ma te r i a l  compared with a 
s imi la r ly  graded rounded stone.  

Unfortunately,  h igh-qua l i ty  rock sources ( i . e . ,  g r a n i t e ,  l ime- 
stone, e t c . )  f o r  quarrying operat ions e i t h e r  do n o t  e x i s t  near many 
uranium disposa l  s i t e s ,  o r  the c o s t  t o  hau l  h igh-qual i ty  rock t o  t h e  
d isposa l  s i t e  i s  prohib i t ive .  Some disposa l  s i t e s  have rounded, 
a l l u v i a l  rock ava i l ab le  t h a t  may be considered f o r  sur face  and e ros ion  
p r o t e c t i ~ n  of reclaimed uranium m i l l  t a i l i n g s .  Therefore,  it is 
important t o  determine the  influence the rounded shape has  on 
s t a b i l i t y .  

A s e r i e s  of  f i v e  f a i l u r e  t e s t s  was conducted i n  Phase 11, (Nos. 
21, 22, 36, 38, and 46) with rounded-shaped stones of 2 and 4 - i n .  i n  
diameter on 10 and 20% slopes. The r i p r a p  proper t ies  a r e  presented i n  
Table 2.1. 

Round rock was defined a s  rock with no i n t e r s e c t i n g  surfaces  b u t  
r a the r  a s i n g l e ,  continuous, smooth-curved surface.  During mining, 
t r anspor t ,  and handling, a p o r t i o n  of t h e  rock f r a c t u r e d  and became 
faced. The faced rock comprised approximately 5% of the  rounded rock 
t e s t ed  i n  Phase 11. 

4.5.1 S t a b i l i t y  Comparison 

To compare the  s t a b i l i t y  o f  rounded wi th  angular rock ,  the u n i t  
discharges a t  f a i l u r e  f o r  2- and 4-in.  rounded and 2 -  and 4- in .  
angular-shaped rocks were p l o t t e d ,  a s  ahown i n  Fig.  4 .9,  f o r  a 10% 
slope wi th  3 D l aye r  thickness.  It was observed i n  Fig.  4.9 
t h a t  t h e  roundla s tones f a i l e d  a t  a u n i t  discharge 32 and 45% lower 
than t h e  angular rock f o r  the 2- and 4 - in .  rock s i z e s ,  r e spec t ive ly .  
Although these r e s u l t s  represent  only one s e t  of t e s t  condi t ions ,  the;t 
are i n d i c a t i v e  of the  s t a b i l i t y  r e l a t ionsh ip  between angular  and 
rounded stones.  

The numerical r e s u l t s  support  the t e s t  observat ions.  Usually,  
when t h e  angular s tones  moved, they t r ave led  a s h o r t  d i s t ance  and 
wedged i n t o  o t h e r  s tones.  When the rounded s tones  moved, they o f t e n  
r o l l e d  down the  e n t i r e  embankment without intermediate lodging. 

To genera l ize  t h e  r e s u l t s  from the rounded-rock t e s t s ,  the  f i v e  
rounded-rock f a i l u r e  poin ts  were p lo t t ed  on Fig. 4 .2 ,  a s  presented i n  



Figure 4 . 9 .  Comparison of angular- and rounded-rock stability. 



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

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

4.6 STONE MOVEMENT AND CHANNELIZATION 

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

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

An attempt was made to quantify the degree of channelization 
through the riprap layer. A channel concentration factor, Cf, was 
formulated as the ratio of the flow through the channelized riprap to 
the flow expected under sheet-flow conditions. The channel 
concentration factor ranged from 1.0 to 3.0. 

The unit discharge at channelization was recorded and compared to 
the unit discharge at failure for 2-, 4-, 5-, and 6-511. stones. It 
was reported that channelization occurred at about 90% + 5% of the unit 
discharge at failure. 

4.6.1 Stone Movement to Failure Relationship 

During each of the Phase I1 failure tests, the unit discharge at 
wMch stone movement occurred was recorded. In a manner similar to 
thht in Phase I, stone movement observations were verified with 
videotape recordings. A summary of the unit discharge at stone 
movement, at channelization, and at failure are presented in Table 
4.3. The stone movement can be normalized by dividing the unit 
discharge at movement by the unit discharge at failure. The average 
ratio of the unit discharge at movement to unit discharge at failure 
is 0.73. A graphical presentation of the normalized discharge to the 
normalized time is presented in Fig. 4.11. The Phase I and Phase I1 
unit discharge at movement to unit discharge at failure ratios of 0.76 
and 0.73, respectively, indicate a small change in the incipient stone 
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Figure 4.10. Riprap failure relationships from overtopping f low for 
angular and rounded rock. 



a 
Table 4 . 3 .  Summary of channel and movement discharges 

(All values are in cfs/ft.) 

Average 0.73 

a 
q(move) 

- unit discharge at incipient motion of the rock 
bq ( chan) - unit discharge at channelization of the rock 
q(fai1) - unit discharge at rock failure 

b~ - rounded rock. 
A - angular rock. 
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Figure 4.11. Normalized unit discharge vs  normalized time for stone 
movement and channelization. 



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

4.6.2 Rock Sizing to Resist Movement 

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

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

E q .  4 . 6  is applicable to only angular-shaped riprap. 

4.6.3 Channelization to Failure Relationship 

Flow channelization was observed and documented in 15 failure 
tests during Phase 11. The unit discharge at which flow channeliza- 
tion was observed in the riprap layer is presented in Table 4 . 3 .  
Although an attempt to identify initial channelization was made during 
each test, documentation of initial channelization was verified from 
the videotape recordings. The unit discharges at channelization were 
normalized to the appropriate unit discharges at' failure. A 
representation of the normalized unit discharge to time, normalized at 
failure, is shown in Fig. 4.11. 

The average ratio of the unit discharge at channelization to the 
unit discharge at failure was 0.88 for angular-shaped riprap. The 
Phase I report indicated that the average ratio of unit discharge at 
channelization to unit discharge at failure was 0.90. The average 
Phase I and Phase I1 ratio of 0.89 shall be considered the critical 
channelization ratio. On the basis of these results, it is possible 
to predict the unit discharge at which channelization will occur on a 
riprap embankment. 

The Phase I and Phase I1 failure test data resulted in a 
composite relationship for angular shaped rock as presented in Fig. 
4.2 and expressed in Eq. 4.1. The composite failure relationship 
related the median stone size to the embankment slope and unit 
discharge at failure for overtopping flow conditions. 



The effect of riprap gradation on riprap stability was also 
studied. The results indicate that the more uniform the gradation, 
the more resistant the rock layer to overtopping flow. It is 
recommended that riprap gradations, expressed as a coefficient of 
uniformity, should be 2.5 or less. 

The thickness of the riprap layer was investigated to determine 
its effect on riprap stability. It was concluded that a layer 
thickness of 1.5 times the median stone size, or 1.0 times the D 
is adequate for median stone sizes of 6 in. or larger.   ow ever, '?f(; 
layer thickness or the median stone size should be increased for 
median stone sizes less than 6 in. 

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

Since riprap should be sized to resist movement rather than 
failure, a means was presented to adjust the unit discharge at 
failure. Therefore, Eq. 4.1 used to calculate the median stone size, 
was modified to incorporate the adjusted unit discharge at failure as 
presented in Eq. 4.6. 



5. INTERSTITIAL VELOCITIES THROUGH RIPRAP 

The measurement of interstitial velocities through the riprap 
layers was performed in Phase 11 to verify the velocity relationships 
presented in Phase I. Because riprap gradation and riprap shape were 
constants in Phase I, both parameters varied in Phase I1 to provide a 
basis for indicating how riprap gradation and riprap shape affect 
interstitial velocities. 

Interstitial velocity profiles were measured and recorded for 
each riprap test configuration (D50 and layer thickness) to estimate 
the average interstitial velocity of flow. Profiles were measured as 
described in Chapter 2 in the upper third of the embankment (station 
20-22) and in the lower third of the embankment (station 5 0 - 5 2 ) .  In 
each case, the water surface was at or near the rock surface. A 
summary of the interstitial velocity profiles in the riprap are 
presented in Table 5.1. 

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

The average interstitial velocities presented in Table 5.1 
indicate that the interstitial velocity of flow through 2-in. rounded 
riprap (-0.39 fps) is lower than interstitial velocities through 
2-in. angular riprap ('0.52 fps) by nearly 25%. The 4-in. rounded 
riprap yielded interstitial velocities of -0.55 fps, while the 4-in. 
angular riprap interstital velocities were -0.64 fps. The stone shape 
appears to influence the interstitial flow of the riprap layer. 

The affect of stone gradation on interstitial velocity through 
the riprap layer was also investigated. Phase I1 tests (Nos. 43, 47, 
and 50) were conducted in which the riprap coefficients of uniformity 
of 2.3, 4.0, and 1.72 yielded interstitial velocities of -0.84, -0.42 
and -0.79 fps, respectively. The median stone size, layer thickness, 
and slope were constant. The results indicate that the large 
coefficient of uniformity (4) reduces the interstitial velocity 
through the riprap layer by 50% compared with the uniformly graded 
riprap layers. The riprap layers with coefficients of uniformity of 
1.72 and 2.30 produced similar interstitial velocities. 

5.1 COMPARISON OF PHASE I AND PHASE I1 INTERSTITIAL VELOCITIES 

Nine of the fourteen interstitial velocity tests conducted in 
Phase I1 used angular-shaped riprap, as reported in Phase I. With 



Table 5.1. Veloc i ty  p r o f i l e s  f o r  interstitial f l o w  through r i p r a p  in the outdoor flume ( 1 2  f t )  at 10% 
s lope .  

Test Hedian Rlprap Distance Q Depth 
number sronp Thick- from of flow 

s ize  nesa headwall 

Velocity of flow through riprap 
a t  Y in. below rlprap surface 

I f u s )  

Average 
interstitla1 
vrloci ty 

050 
- -  - 

( i n . )  ( i n . i  ( f t )  ( c f s )  ( i n . )  
(1) Y-10 Y-8 Y-6.5 Y-6 Y-5 Y-4.5 Y-3.5 Y-3 Y-2 Y-1.5 Y-0.5 Y-C.0 ( f p s )  

'R Round Rock 

b~omlnal distances of the tracer injector and tracer sensor, respectively. 



s p e c i f i c  t e s t  parameters from Appendix B ,  the  average upstream and 
downstream i n t e r s t i t i a l  v e l o c i t i e s  (Nos. 26, 28,  30, 33,  39, 41, 43,  
47,  and 50) a r e  p l o t t e d  i n  Fig. 5 . 1  along with Phase I da ta  from equivalent  
t e s t s  us ing  the  dimensionless r e l a t ionsh ip  i n  Eq. 1.1. 

Figure 5 . 1  ind ica tes  t h a t  the  i n t e r s t i t i a l  ve loc i ty  da ta  obtained 
a t  10% slope i n  Phase I1 compare favorably to  the  da ta  recorded i n  
Phase I f o r  s lopes  ranging from 1 t o  20%. Therefore, i t  appears 
appropriate t o  use Eq. 1.1 t o  estimate i n t e r s t i t i a l  v e l o c i t i e s  through 
r ip rap  l aye r s  on slopes < 20%. I t  is, however, recommended t h a t  the  
da ta  base  be expanded t o  median r iprap s i z e s  > 6 in .  and r iprap  l aye r  
thicknesses > 12 i n .  before Eq .  1.1 is applied t o  engineering 
problems. 

5.2 CALCULATED VS MEASURED INTERSTITIAL VELOCITIES 

I n  an attempt t o  ve r i fy  t h e  i n t e r s t i t i a l  ve loc i ty  measurements 
obtained with the  in jec t ion  system, the average i n t e r s t i t i a l  v e l o c i t y  
was a l s o  calculated.  Because the  t o t a l  discharge (Q) supplied t o  the 
flume, the  average c ross - sec t iona l  area of flow, and t h e  poros i ty  of 
the rock layer  were measured parameters, the average ca lcu la ted  
i n t e r s t i t i a l  v e l o c i t y ,  Vc ,  i s  

where discharge i s  i n  cubic f e e t  per second and area  i s  i n  square 
f e e t .  The average measured i n t e r s t i t i a l  ve loci ty  da ta  from both  Phase 
I and Phase I1 t e s t s ,  a s  presented i n  Fig. 5.1, were compared wi th  the 
average ca lcula ted  i n t e r s t i t i a l  ve loci ty .  A comparison of the  
measured v s  ca lcu la ted  i n t e r s t i t i a l  v e l o c i t i e s  is  presented i n  Fig. 
5.2. The diagonal l i n e  p l o t t e d  i n  Fig. 5.2 indica tes  pe r fec t  
agreement between measured and ca lcula ted  average i n t e r s t i t i a l  
v e l o c i t i e s .  The d a t a  ind ica te  tha t  the re  i s  general ly a  good f i t  
between the measured and ca lcula ted  v e l o c i t i e s  considering the wide 
range of  s lopes ,  rock s i z e s ,  and rock-layer thicknesses tes ted .  
However, the  v e l o c i t y  may n o t  be s t r i c t l y  proport ional  t o  the inverse 
of poros i ty ,  and o the r  f a c t o r s  may be important. 

The ve loc i ty  of  flow through the voids of the r i p r a p  l a y e r  i s  a 
funct ion  of the  rock s i z e  and the  gradation. I n  p a r t ,  the more well 
graded the  r i p r a p ,  the  more small  p a r t i c l e s  ava i l ab le  t o  f i l i  t he  
voids between the  rocks, r e s u l t i n g  i n  a  lower poros i ty .  Because the 
i n t e r s t i t i a l  v e l o c i t y  was r e l a t e d  t o  median stone s i z e ,  a s  evident  i n  
Eq. 1 . 1 ,  it is poss ib le  t h a t  the  gradation, expressed a s  the 
c o e f f i c i e n t  of  uniformity, C, , is r e l a t e d  t o  the  i n t e r s t i t i a l  
ve loc i ty .  

5.3 INTERSTITIAL VELOCITY RELATED TO D10 

I t  was determined i n  t h e  Phase I study t h a t  the i n t e r s t i t i a l  
v e l o c i t y ,  V i ,  through the r i p r a p  and/or filter layer(s) i s  a functiorl 
of t h e  mater ia l  proper t ies  and the gradient  expressed a s  



Figure 5 . 1  cornpari=on of the Phase I and Phase I1 in t er s t i t i a l  
veloci ty  data. 
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Figure 5 . 2 .  Comparison of measured vs calculated interst i t ial  
velocit ies .  



During the pre l iminary  design process ,  the  median s tone  s i z e ,  D50,  i s  o f t e n  
es t imated .  However, t h e  ma te r i a l  p r o p e r t i e s  o f  c o e f f i c i e n t  of un i fo rmi ty ,  
Cu, and the  rock  l a y e r  p o r o s i t y ,  np, a r e  unknown. Therefore,  an a n a l y s i s  was 
conducted t o  c o r r e l a t e  the  interstitial v e l o c i t y  through t h e  rock l a y e r  t o  
t h e  rock s i z e  and s l o p e .  The v a r i a b l e s  C,, and np were e l imina ted  from t h e  
a n a l y s i s .  

A s e n s i t i v i t y  a n a l y s i s  was performed r e l a t i n g  the  rock s i z e  and 
g rad ien t  t o  t h e  i n t e r s t i t i a l  v e l o c i t y .  Representat ive s t o n e  s i z e s  of 

D50, D D O ,  D20, D15 and Dho,  i n  conjunct ion  with t h e  s lope ,  were 
correl%?;d 20 the  measured i n  e r s t i t i a l  v e l o c i t y .  The a n a l y s i s  
i nd ica t ed  t h a t  the D s tone  diameter ( a t  which 10% of t h e  weight i s  
f i n e r )  provided the &fghes t  c o e f f i c i e n t  of c o r r e l a t i o n  of the s tone  
s i z e s  t e s t e d .  The i n t e r s t i t i a l  v e l o c i t i e s  dep ic t ed  i n  F ig .  5 .1  and 
t h e  i n t e r s t i t i a l  v e l o c i t i e s  measured f o r  the  rounded-rock r i p r a p  
l a y e r s  (Phase I1 t e s t s  35, 37,  and 45) were p l o t t e d  a s  shorn  i n  F ig .  
5 .3 .  A l i n e a r  regress ion  a n a l y s i s  y ie lded  t h e  express ion  

where V i  is t h e  i n t e r s t i t i a l  v e l o c i t y  i n  f e e t  p e r  second, g  is t h e  
a c c e l e r a t i o n  of  g r a v i t y  i n  f e e t  per  second squared ,  D10 i s  i n  inches ,  
and S is  t h e  g rad ien t  expressed i n  decimal form. The c o r r e l a t i o n  
c o e f f i c i e n t  of the r e l a t i o n s h i p  presented i n  Eq. 5.2 is r2 - 0.92. 

5 .4 INTERSTITIAL VELOCITY THROUGH FILTER MATERIAL 

I n t e r s t i t i a l  v e l o c i t y  p r o f i l e s  were measured f o r  f i l t e r  m a t e r i a l  
CF5, median g r a i n  s i z e  of 0.44 in .  (Table 2 . 2 ) ,  which was considered 
r e p r e s e n t a t i v e  o f  t h e  f i l t e r  m a t e r i a l s  used throughout t h e  Phase I1 
program (Appendix A ) .  The average i n t e r s t i t i a l  v e l o c i t i e s  of flow 
through f i l t e r  GF5 a r e  presented i n  Table 5.2. The average 
i n t e r s t i t i a l  v e l o c i t y  through the  GF5 f i l t e r  ma te r i a l  is 0.08 i p s .  

The f i l t e r  m a t e r i a l  i n t e r s t i t i a l  v e l o c i t i e s  were n e a r l y  two 
o r d e r s  of magnitude smal le r  than  the  sur face  v e l o c i t i e s  and one order  
of  magnitude smaller  than  the  r i p r a p  i n t e r s t i t i a l  v e l o c i t i e s .  Thus, 
t h e  volume o f  flow through t h e  f i l t e r  i s  s i g n f i c a n t l y  l e s s  than the  
volume of f low through the r i p r a p  l a y e r .  

5 . 5  APPLICATION TO RIPRAP LAYER DESIGN 

The des ign  of t h e  median s tone  diameter ,  r i p r a p  g rada t ion ,  and 
r i p r a p  l a y e r  th ickness  i s  dependent upon the  u n i t  d i scharge  over the  
r i p r a p  l a y e r  sur face .  Because a  p o r t i o n  of t h e  design d ischarge  
t r i b u t a r y  t o  the  r i p r a p  l a y e r  w i l l  flow through the l a y e r ,  the 
s u r f a c e  d ischarge  can  be reduced by a n  amount equal  t o  t h e  through- 
f l o w  discharge. 
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Figure 5.3. Interstitial velocity expressed as a function of D and 
gradient. 10 



Table 5.2. Interstitial velocities through filter GF5 

Velocity of flow through 
Depth of riprap at 4 in. below Average 

Q filter filter surface (ft /s)  velocity 
(cf s) (in.> Y - 1.5 Y - 4.5 (ft/s) 

Average 0.08 



To calculate the adjustment of the design surface discharge, 

qdesign' 

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

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

5 . 6  SUMMARY 

Interstitial velocities through the riprap layers were recorded 
and compared to the interstitial velocity data in Phase I. A 
comparison of the Phase I and Phase I1 results substantiated the use 
of Eq. 1.1 derived in Phase I. 

The interstitial velocities measured in Phase T and Phase I1 were 
compared with the calculated interstitial velocities. The data 
indicate a favorable comparison although other factors not identified in this 
study appear to influence the velocity estimate. 

An analysis conducted to simplify Eq. 5.2 indicated that the 
interstitial velocity can be e !+ function of the rock size DlO, 
the acceleration of gravity slope. The simplified 
interstitial velocity relationship is presented in Eq. 5.3. 

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



6 .  RIPRAP COVER 

Although r i p r a p  i s  one of the most e f f e c t i v e  means of e ros ion  
p r o t e c t i o n  and s lope s t a b i l i z a t i o n ,  i t  is o f t e n  considered v i s u a l l y  
ob t rus ive .  Therefore ,  a  s e r i e s  of t h r e e  t e s t s  i n  Phase I1 (Nos. 23, 
2 5 ,  and 53) was conducted i n  which r i p r a p  was placed on the  embankment 
and then covered wi th  compacted s o i l .  The i n t e g r a t i o n  of s o i l  

I m a t e r i a l  a s  p a r t  of the  e ros ion  p ro t ec t ion  p l a n  provides a  base t o  
suppor t  vege ta t ion  while reducing the  v i sua l  ob t rus iveness  of  t h e  
reclaimed s i t e .  The fol lowing s e c t i o n s  d iscuss  s o i l  cover placement 
and t e s t i n g .  

6 . 1  MATERIAL CLASSIFICATION AND PLACEMENT 

The t h r e e  s o i l  m a t e r i a l s  used were labora tory  t e s t e d  and 
c l a s s i f i e d .  The s o i l  p r o p e r t i e s  of each ma te r i a l  a r e  summarized i n  
Table  6.1.  The s o i l s  were c l a s s i f i e d  i n  accordance wi th  the  Universal  
S o i l  C l a s s i f i c a t i o n  System a s  a  s a n d y - s i l t  mix ture ,  a  c layey  loam, and 
a c layey  sand  f o r  t e s t s  23, 25, and 53, r e spec t ive ly .  

S o i l  cover  placement was a s  fo l lows .  A f t e r  the  embankment and 
r i p r a p  l a y e r  were prepared i n  a manner s imi l a r  t o  o the r  t e s t s  without  
a  s o i l  cover ,  a  t h i n  l a y e r  of  s o i l  ( 2  t o  3  i n . )  was placed on top  of 
t h e  r ip rap .  The s o i l  was v i b r a t e d  i n t o  the rock .  Another t h i n  l aye r  
o f  s o i l  was placed and v i b r a t e d .  Th i s  process was repea ted  u n t i l  the 
s o i l  depth was 12 i n .  over t h e  r i p r a p  sur face .  S o i l  d e n s i t i e s  were 
maintained a t  92% + 2% of  t h e  modified proc tor .  

The embankments with s o i l  cover were t e s t e d  i n  a  manner s l i g h t l y  
d i f f e r e n t  from t h a t  of t he  r iprap-covered  embankments. I n s t e a d  of 
wa te r  flowing d i r e c t l y  i n t o  the  s o i l  a t  the headwall-embankment 
i n t e r f a c e ,  t h e  flume was modified t o  enable water  t o  flow over  the  
s o i l  cover su r f ace  and down the  embankment. The s o i l  cover was allowed 
t o  erode away, exposing the  r i p r a p  p r o t e c t i v e  l a y e r .  Flow was 
gradual ly  increased  u n t i l  t h e  r i p r a p  l aye r  f a i l e d .  

Test No. 23 was an except ion t o  t h e  prescr ibed  procedure i n  t h a t  
f low was allowed t o  e n t e r  t h e  s o i l  a t  the  headwall-embankment 
i n t e r f a c e .  A l l  o t h e r  t e s t i n g  procedures were a s  o u t l i n e d  i n  Sec t ion  
3 .2 .  The s o i l  cover i n  t e s t  No. 23 was a s a n d y - s i l t  composition 
wi thout  c l a y  content .  The cover was placed such t h a t  flow ponded a t  
t h e  headwal l - so i l  cover  i n t e r f a c e ,  and s o i l  was placed over  t h e  e n t i r e  
t o e  of t h e  s lope .  The depression n e a r  the headwa l l - so i l  i n t e r f a c e  
f i l l e d ,  a l lowing  water  t o  s imultaneously e n t e r  the r i p r a p  and overflow 
o n t o  the s o i l  su r f ace .  

6 . 2  RESULTS OF TEST NO. 23 

i When flow overtopped t h e  so l1  su r f ace  a long  the  embankment c r e s t ,  
t h e  flow c u t  i n t o  t h e  sandy s o i l f  cove r ,  l eav ing  numerous r i l l s  down 
t h e  embankment f ace .  PAp.  t h e  t he  middle of  the  
embankment, a po r t ion  of t h e  t h e  toe was "blownn out  
by the  h y d r o s t a t i c  p re s su re  i n  the r i p r a p  l a y e r  under 
t h e  s o i l  cover .  The c a v i t y  served a s  a base  f o r  a 



Table 6.1.  S o i l  p rope r t i e s  ( a , b )  

Test Riprap Slope Soil  So i l  7 Soi l  C,, Sand 
number 

D50 
thickness type (!yx ( % I  

( i n . )  ( in .  ) 

(a l l i l l  p rope r t i e s  were determined i n  the  Colorado S t a t e  Univers i ty  
Geotechnical Laboratory i n  accordance with American Society f o r  
Test ing and Mater ia ls  guidel ines.  

( b ) ~ r a d a t i o n  curves found i n  Appendix C.  

( C ) ~ ~ :  Poorly graded s a n d - s i l t  mixture. 

( d ) ~ ~ :  Inorganic c lays  of l o w  t o  medium p l a s t i c i t y .  

( e ) ~ ~ :  Clayey sands, poorly graded c lay  mixtures. 

DS0 = Median stone o r  s o i l  s i z e .  

Ymax - Theoret ical  s o i l  dens i ty .  

C - Coeff ic ient  of  uniformity. 
I? 



headcut a s  the  su r f ace  flow reached the s lope  t o e .  Within a 10-minute 
pe r iod ,  the flow reached a u n i t  discharge of 0 .11  c f s  and had c u t  
s e v e r a l  g u l l i e s  completely through the s o i l  cover t o  the r i p r a p  
s u r f a c e .  Throughout t he  t e s t ,  t he  pond a top  the cover  served  a s  a 
water  source and d r i v i n g  fo rce  f o r  flow through t h e  r i p r a p  l a y e r .  
Flow through t h e  r i p r a p  t ranspor ted  s o i l  i n  the r i p r a p  void  spaces  t o  
the embankment t oe .  

The t e s t  was stopped a f t e r  about 25 minutes. The r i p r a p  had no t  
f a i l e d ,  although the major i ty  of  the s o i l  cover had eroded. The 
f i n d i n g s  based upon t h i s  t e s t  a r e  a s  fol lows:  

The s o i l  cover  should have some type o f  ma te r i a l  t o  ensure  a 
minimum l e v e l  of  bonding between s o i l  p a r t i c l e s .  The sandy- 
s i l t  ma te r i a l  i s  n o t  acceptab le  f o r  a s o i l  cover  because of  
its h igh  p o t e n t i a l  f o r  e ros ion .  
Ponding upstream of t h e  s lope  c r e s t  o r  anywhere on t h e  
reclaimed p i l e  should be avoided. Seepage from the  pond 
tends t o  remove the  s o i l  i n  t h e  r i p r a p ,  se rves  a s  a moisture 
source t o  t h e  radon b a r r i e r ,  and gene ra l ly  weakens t h e  
e r o s i o n  p ro t ec t ion  l a y e r  on t h e  embankment. 
The t o e  of  t h e  embankment s l o p e  should n o t  be covered,  b u t  
r a t h e r  allowed t o  d r a i n .  Water tends t o  accumulate i n  t he  
r i p r a p  and f i l t e r  l a y e r s  i f  covered, r e s u l t i n g  i n  t he  
p o t e n t i a l  f o r  h y d r o s t a t i c  p re s su re  under the  cover ,  which 
could  r e s u l t  i n  t h e  c a t a s t r o p h i c  l o s s  o f  s o i l  and t h e  
i n i t i a t i n g  o f  a headcut through the cover .  

6 . 3  RESULTS O F  TEST NO. 25 

The second s o i l  cover  t e s t e d  (No. 25)  comprised a clayey-loam 
m a t e r i a l  wi th  over  40% c l ay  compacted t o  90% modified p roc to r .  The 
s o i l  covered a n  angular  r i p r a p  l a y e r  w i t h  median s tone  s i z e  of  
4 i n .  placed a t  a l a y e r  th ickness  of 3 times D on a 20% s lope .  50 

The s o i l  cover  was overtopped and determined t o  be h igh ly  
r e s i s t a n t  t o  e ros ion .  I n  t he  e a r l y  s t a g e s  of t e s t i n g  (q 5 1.0  c f s ) ,  
s o i l  l o s s  was due t o  i nd iv idua l  s o i i  p a r t i c l e s  be ing  l i f t e d  from the  
s u r f a c e  and t r a n s p o r t e d  i n  t h e  shee t  flow. When the  u n i t  d i scharge  
exceeded 1.0 c f s ,  s o i l  was removed i n  c l m p s ,  thereby p i t t i n g  t h e  s o i l  
cover  su r f ace .  A s  t h e  u n i t  discharge apprvached 1.40 c f s ,  f low began 
t o  channel ize ,  causing headcut t ing  a long  the  flume wal l .  The headcut  
i n c i s e d  very  quick ly  t o  the  r i p r a p  l a y e r .  More than  80% of  t h e  flow 
was " ' 7 . : .  '.~d i n t o  the  g u l l y ,  causing t h e  gu l ly  t o  widen because it 
c?-I.  nu t 1  nger i n c i s e .  The channel iza t ion  of  flow soon f a i l e d  the  
t. , - i r e  rl- rap  l a y e r  i n  the  bottom of  t h e  gu l ly  a t  a u n i t  d i scharge  of 
1. : ?  :LP a s  shown i n  Table 6 . 2 .  The pred ic t ed  u n i t  d i scharge  a t  
f a i l ,  .e of t h e  r i p r a p  l a y e r  (from E q .  4.1) was 2.45 c f s .  

6 . 4  RESULTS OF TEST NO. 53 

Test  N o .  53 was conducted i n  t h e  same manner a s  t e s t  No. 25. 
However, t h e  s o i l  cover  was graded toward the c e n t e r  o f  the embankment 



Table 6.2. Summary of s o i l  cover t e s t s a  

Test  Slope Q qf q:b Remarks 
number ( c f s )  (c f s )  (cfs) 

2 3 0.20 0.12 0.01 0.13 Riprap covered wich 12-in.  sandy 
s i l t  

25 0.20 18.33 1.53 0.13 Riprap coveredwi th12- in .  clayey 
loam 

52 0.10 48.05 4.00 4.6 'Riprap f i l l e d  with clayey sand, 
f lush with surface 

5 3 0.10 27.36 2.28 4.6 Riprap covered u t t h  12-in.  of 
clayey sand 

a A l l  t e s t s  were conducted with dump-placed angular-shaped riprap of 
4-in.  median stone s i z e ,  12-in. r iprap layer  thickness, 6 - in .  f i l t e r  
thickness. 

b ~ d j u r t e d  un i t  discharge t o  r e s i s t  movement. 



t o  ensure flow concentrated away from the flume walls ,  a s  shown i n  
Fig. 6.1. Once the  embankment was prepared, flow overtopped the embankment. 
A s  the u n i t  discharge approached 1.0 c i s ,  a gully developed along the flume 
center l ine .  The gul ly  penetrated through t he  s o i l  cover to  the r iprap 
ba r r i e r .  Flow began t o  channelize, thereby widening the  gul ly ,  a s  shown in 
Fig. 6.2.  The r ip rap  layer  f a i l ed  a t  a u n i t  discharge of 2 . 2 8  c i s  (Table 
6 . 2 ) .  The predicted un i t  discharge of the r ip rap  layer  a t  f a i l u r e  ( E q .  4 . 1 )  
due to  overtopping was 4.10 c f s .  

The findings from these s o i l  cover t e s t s  are summarized a s  
follows : 

1. The clay content of the s o i l  used f o r  the cover is an 
important indicator  of the  cover s t a b i l i t y .  The higher the 
c lay  content ,  the  more s tab le  the slope when subjected t o  
sheet-flow conditions. 

2.  The greater  the c lay  content of t h e  s o i l  cover, the more 
energy of the flow is required t o  erode the  gully sidewalls  
a s  flow is channelized. The slower the sidewall degrada- 
t ion ,  the  greater  the po ten t ia l  f o r  premature r iprap layer  
f a i l u r e  . 

3. The s o i l  cover thickness d i r ec t l y  influences the extent  of 
gullying. The thicker the  cover, the  greater  the chance 
t ha t  concentrated flow through t he  gully may cause premature 
f a i l u r e  of the r iprap ba r r i e r .  

On t h e  basis  of the findings, it i s  recommended t h a t  a s o i l  cover 
thickness above a r iprap b a r r i e r  no t  exceed 3 t o  4 i n .  Thin s o i l  
layers can be e a s i l y  eroded without excessive gullying. A s  the  s o i l  
thickness increases,  s t a b i l i t y  of the  erosion ba r r i e r  decreases. 

6 . 5  RIPRAP SOIL MATRIX 

One t e s t  (No. 52) was conducted to  determine the  f e a s i b i l i t y  of 
protect ing an embankment with a soi l - rock matrix. The matrix should be 
comprised of rock t o  r e s i s t  the  design u n i t  discharge and s o i l  t o  f i l l  
the  rock voids and reduce i n f i l t r a t i o n  as  wel l  as provide a s o i l  base 
f o r  vegetation. 

Two methods were considered f o r  mixing and placement of the matrix 
bar r ie r .  The f i r s t  method en ta i l ed  the mixing of t he  rock and s o i l  i n  a 
stock p i l e .  The rock-soi l  material  would be  dumped on the embankment, 
vibrated,  and tes ted.  Problems resu l t ing  from implementation of t h i s  method 
included: how much s o i l  t o  mix with the rock; how t o  avoid segregation and 
local ized areas without rock protection;  how much compaction is  needed; and 
how t o  ensure adequate rock protection and maintain qua l i ty  control .  

The second method of so i l - rock  matrix placement was t o  place t he  
r iprap t o  the prescribed thickness over the  en t i r e  embankment. Then, 
place a t h i n  s o i l  l ayer ,  3 t o  4 in.  thick,  over the r iprap layer  and 
v ibra te  t he  s o i l  i n t o  the rock. Repeat the  s o i l  placement and 
v ibra t ion  u n t i l  t he  s o i l  i s  adjacent t o  t he  rock surface ,  a s  shown i n  
Fig. 6.3. The rock layer remains i n t ac t ,  ensuring the  qua l i ty  of the  
erosion ba r r i e r .  The s o i l  f i l l s  the  voids and reduces the v i sua l  
obtrusion of the reclaimed p i l e .  



igure 6 . 1 .  Soi l  cover w i t h  14% 
clay prior to testings. 

Figure 6 . 2 .  Soil cover with 14% clay 
during channelized flow 
conditions. 



The second method of s o i l  matrix mixing and placement was 
se lected f o r  t h i s  t e s t  t o  ensure the  qua l i ty  and i n t e g r i t y  of the 
ba r r i e r .  I t  was a l s o  anticipated t ha t  the  vibrat ion used during s o i l  
placement would densify the rock, thereby increasing matrix s t a b i l i t y .  

6.6 RESULTS OF TEST NO. 52 

The overtopping flow eroded the  s o i l  away from the  r iprap as  the  
flow over the embankment c r e s t  increased. L i t t l e  rock movement was 
observed when the u n i t  discharge was below 1.5 c f s .  The . s o i l  
pa r t i c l e s  tended t o  s t ab i l i z e  the  rock, reducing rock layer  
adjustment. When the u n i t  discharge exceeded 3.0 c f s ,  the s o i l  had 
eroded from the void  spaces i n  the  top rock layer,  r e su l t i ng  i n  rock 
movement i n  many i so la t sd  locations.  The second l aye r  of rock i n  the  
r iprap began t o  move when the  u n i t  discharge approached 3.5 c f s .  The 
s o i l  matrix layer had a local ized f a i l u r e  when the u n i t  discharge 
reached 4.0 c f s  (Table 6.2). Figure 6.4 shows the matrix a t  f a i l u r e .  
The design un i t  discharge a t  f a i l u r e  for  the  r iprap layer  (from Eq. 
4.1) is 3.65 c i s .  Therefore, the  rock-soi l  matrix was nearly 10% more 
s tab le  than the r ip rap . layer  without s o i l .  Because of the manner i n  
which t h e  t e s t  w a s  conducted, the  strengthened erosion b a r r i e r  a t  
f a i l u r e  is a t t r ibu ted  to  the compactive process. 

It  i s  recognized t h a t  these r e su l t s  do not r e f l e c t  the  erosive 
e f fec t s  of l esse r  r a i n f a l l  and runoff events on the  s o i l  matrix t h a t  
occur p r i o r  to  t h e  major runoff event simulated i n  t e s t  No. 52. Also, 
the  antecedent moisture conditions i n  the  matrix p r i o r  t o  the  major 
runoff event were ignored. Therefore, t he  amount of  erosion on t he  
matrix cover p r i o r  t o  a major runoff event and the  antecendent 
moisture conditions of the  matrix could po ten t ia l ly  r.educe the  
effectiveness of the  matrix s t a b i l i t y .  

The r iprap s o i l  matrix appears to  lend a unique soluCion t o  
erosion protection.  The r iprap provides t h e  long-term aspect  of 
erosion control .  The v ibra t ion  of the r ip rap  dens i f i es  the rock layer  
by t i g h t l y  wedging stones together. The s o i l  f i l l s  the  void spaces, 
s t ab i l i z i ng  the rock from movement, reducing moisture i n f i l t r a t i o n ,  
and providing a vegetative base. Because s o i l  is no t  placed above the 
r iprap surface,  t he  opportunity f o r  gullying and channelized flow 
through the  s o i l  is s ign i f ican t ly  reduced. Although the r ip rap  
surface is not completely hidden, v i sua l  degradation is reduced. 

6.7 SUMMARY 

Three t e s t s  were conducted i n  which s o i l  covers and rock-soi l  
matrices were evaluated. The t e s t  r e s u l t s  indicated t h a t  cover 
mater ia ls  should 'be cohesive i n  nature. Covers should be contoured t o  
el iminate po ten t ia l  ponding. When r iprap underl ies a s o i l  cover, t he  
toe of the r ip rap  should be exposed t o  allow drainage. On the  ba s i s  
of the  f indings,  the s o i l  cover thickness over a r ip rap  b a r r i e r  should 
not exceed 3 t o  4 in.  o r  the  cover has an increased chance of 
gullying. 



Figure 6.3. Riprap soil matrix prior to testing. 

Figure 6 . 4 .  Riprap soil matrix at failure. 



The rock-soil  matrix appeared to  provide the most stable 
condition of the s o i l  cover experiments. The vibrated rock increased 
the rock layer density while the s o i l  reduced rock movement. The 
rock-soi l  matrix increased the cover s t a b i l i t y  by 10% over the riprap 
only condition. 



7. RECOMMENDED DESIGN PROCEDURE 

The Phase I and Phase I1 studies report the findings of 90 
laboratory tests that address the application of riprap for protecting 
embankment slopes from overtopping flows. Although the data base is 
limited, it is possible to provide the user with a design procedure 
for sizing riprap. This chapter will outline the assumptions, 
equations, and/or graphics necessary to apply the findings of the 
Phase I and Phase I1 studies. 

7.1 DESIGN PROCEDURE 

S t e ~  1. Determine the design unit discharee 

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

where Cf - 1.0 for overland sheet flow, 
2.0 for a high probability of concentrated flow, and 
3.0 for a high probability of channelized flow, 

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

Stev 2. Estimate the median stone size (D50J of the ri~rav laper 

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

Then, estimate the median stone size as 

An~ular stone 

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

where D50 is expressed in inches. 

Pounded rock 

Compute a conditional value of the rock size, Dc, where 

Then, from Fig. 4.10, obtain the median stone s ize  for rounded-shape 



riprap, as  DSO, expressed i n  inches. 

Stev 3 .  Estimate the r i ~ r a v  laver thickness 

Estimate the minimum riprap layer thickness, tr, using the median 
stone size, D computed i n  Step 2 by 

SO ' 

whichever thickness is greater. A riprap layer thickness greater than 
that  prescribed i n  Eq. 7.5 or  Eq. 7 .6  can be specified. 

Stev 4. Estimate i n t e r s t i t i a l  discharne 

The average velocity of flow through the r iprap layer can be 
determined by one of two means developed i n  the Phase I and Phase I1 
reports. Method I requires tha t  extensive test ing of the rock source 
be conducted. Method I1 allows the user the opportunity t o  estimate 
i n t e r s t i t i a l  veloci t ies  without s ignif icant  tes t ing of the rock 
source. 

The average velocity of flow through the stone layer, V i ,  can be 
estimated by determining the embankment slope, S; the coeff ic ient  of 
uniformity, Cu - DSO/Dl0; the porosity, np; and the median stone s ize ,  
DS0, o f  the source riprap. The average velocity through the r iprap 
layer is computed by Eq. 1. I as  - 

where velocity is i n  feeti per second. 

The average velocity of flow through the stone layer,  Vi, can be 
estimated by determining the embankment slope, S ,  and the s o i l  
pa r t i c l e  s ize a t  which 10% of the s o i l  weight is f iner ,  DlO. The 
average velocity is computed by Eq. 5.2 as 

where velocity is i n  fee t  per second and g ' i s  the acceleration of 
gravity,  32.2 f t / s2 .  

I n t e r s t i t i a l  Dischawe 

The i n t e r s t i t i a l  un i t  discharge, qi, is  estimated by multiplying 
the i n t e r s t i t i a l  velocity, V i ,  (using e i the r  Eq.  7.7 or Eq. 7.8)  by 
the thickness of the rock layer,  tr expressed i n  f e e t ,  and multiplying by 
1.0 foo t ,  yielding 



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

S t e ~  5 .  Adiustment of the desivn surface discharge 

The design surface unit discharge, ' should be adjusted to 
reflect that a portion of the discharge, qqd~:ig~' through the riprap layer. 
Therefore, 

where qdesign is in cubic feet per second. 

Stev 6. Adjustment of the median stone size 

The median stone size should be adjusted to reflect a reduced 
surface discharge. Repeat Step 2, substituting the adjusted unit 
discharge, qdeS gn. for q' in Eq. 7.2. Then, compute the median * stone size baseA upon a r%:&~ed value of qdesign. 

S t e ~  7, Adjustment of the x i ~ r a ~  laver thickness 

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

Stev 8. Median stone size adjustment for vradation 

The median stone size, D5* , of the riprap layer should be 
modified on the basis of the riprap gr~dation. Determine the 
coefficient of uniformity, Cu, of the riptap source material. Then, 
enter Fig. 4.6 with the coefficient of uniformity, and obtain the 
coefficient of rock gradation, C . Multiply the median stone size 
resultfng from Step 6 by the coaf!ieient of gradation as 

where DiO is in inches. 

S t e ~  9. Median stone size adlustment for laver thickness 

For D50 2 6 in. : 

Adjustment is not required. 

< 6 in.: 

In the case(s) where the adjusted design unit discharge for stone 
movement results in s median stone size, DiO of < 6 in., it was 
recommended that a riprap layer thicker than 1.5 DS0 may be warranted. 
However, the median stone size can be adjusted to compensate for the 
reduced layer thickness. To modify the median stone size, DiO, front 



Step 8 ,  obta in  the design r ip rap  layer  thfckness resu l t ing  from S t e p  
3. From Fig. 4.8, determine the coef f i c ien t  of layer  thickness,  C,. 
Multiply the median stone s i z e ,  D' , from Step 8 by the coef f i c ien t  of 
l aye r  thickness as  

where ~f~ is i n  inches. 

7 . 2  COMMENTS 

The research presented strongly supported the  use of a f i l t e r  
l aye r  beneath the  r ip rap  layer .  The f i l t e r  tends t o  bed and s t a b i l i z e  
the  stones, prevents migration of p a r t i c l e s  beneath the f i l t e r ,  and 
reduces any pressure gradient  t ha t  may ex i s t  from seepage. However, 
information indicat ing the optimal f i l t e r  thickness is not  available.  
Therefore, t he  use of a f i l t e r  layer > 6 in. t h i ck  is highly 
recommended. 



8. CONCLUSIONS 

A series of 90 laboratory experiments was conducted in the Phase 
I and Phase I1 studies in which riprapped embankments were subjected 
to overtopping flows. Embankment slopes of 1, 2, 8, 10, and 20% were 
protected with riprap layers, 1.5 to 4 D in thickness, comprising 
median stone sizes of 1. 2, 4, 5, and/or5g in. Design criteria were 
developed for overtopping flows addressing stone size, stone shape, 
layer thickness, stone gradation, interstitial velocity, resistance to 
surface flow, and the effects of flow concentration on riprap 
stability. Specific findings are as follows: 

A unique riprap design relationship was developed to 
determine median stone size on the basis of the unit 
discharge and embaakment slope for overtopping flows. 

A design criterion was developed to size rounded riprap for 
potential erosion-control applications. The rounded riprap 
required oversizing of about 40% to provide the same level of 
protection as the angular riprap. 

The median stone size should be increased by increasing the 
design unit discharge by 35% to prevent rock movement. 

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

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

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

A procedure was developed to adjust the median stone size on 
the basis of the proposed riprap layer thickness for stone 
sizes < 6 in. The stone layer should not be < 1.5 I)50. 

Riprap gradation was determined to significantly influence 
riprap stability. It was recommended that the coefficient 
of uniformity be < 2.3. A procedure was developed to adjust 
the median stone size on the basis of the riprap gradation. 

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

The application of a riprap-soil matrix without soil cover 
was determined to stabilize the riprap barrier. In many 
cases, the matrix may increase stability beyond riprap 
alone. 



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

o A riprap design procedure was developed for sizing the 
median stone size for rock protection subjected to 
overtopping flow. 
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DIAMETER (in.) 

Figure A.1. Grain size distribution of grade 
1 (CR1) riprap. DS0 - median 
stone size, R - rounded shape, 
cu - coefficient of uniformity. 

DIAMETER ( in) 

Figure A.2 .  Grain size distribution of grade 2 (GR2) 
riprap. D5* - median stone size, 
A - angular shape, CU - coefficient of 
uniformity. 
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Figure A.3. Grain s ize  distribution of  grade Figure A . 4 .  Grain s i ze  distribution of grade 4 ( C R 4 )  
3 (a) riprap. D5* - median - median stone s ize ,  
stone size, A - angular shape, shape, C U -  coefficient of - coefficient of uniformity. Cu * 

unif onnlty . 
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DS0: 2.0 in. R 
C, : 2.14 

Figure A.5. Grain size distribution of grade Figure A.6. Grain size distribution of grade 6 (GR6) 
5 (GR5) riprap. DS0 - median riprap. DS0 - median stone size, R - 
stone size, A - angular shape, rounded shape. CU - coefficient of 
Cu 

- coefficient of uniformity. unif ornity . 
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Figure A.7. Grain s i ze  distribution of grade 
7 (GR7) riprap. D5* - median 
stone s i ze ,  A - angular shape, 

Cu - coefficient of uniformity. 

D5,: 4.0 in. A 
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Figure A.8. Grain s i ze  distribution of 
grade 8 (GR8) xiprap. DS0 - median stone s ize ,  A - angular 
shape, C - coefficient of 
uniformity. 
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Figure A.9. Grain size distribution of filter Figure A.lO. Grain size distribution of 
filter grabtion 1 (GF1) material. filter gradation 2 material. - median stone size, CU - D - median stone size, 
coefficient of uniformity. c:'- coefficient of 

uniformity. 
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Figure A . l l .  Grain s ize  distribution of 
f i l t e r  gradation 3 (GF3) 
material. D5* - median stone 
s i ze ,  C - coefficient of 
unifomYty. 
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cient o f  unif : rm i ty .  

Figure A.12. Grain s i ze  distribution of 
f i l t e r  gradation 4 (GF4) 
material. - median 
stone s i ze ,  D8° - coeff i -  
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Figure A.14. Grain size distribution of silty-clay soil mixture. DS0 = median stone size. - coefficient of uniformity. =u 



DS0: 0.0157 in. 

C, : 7.9 
SC : CLAYEY SAND, POORLY GRADED 

CLAY MIXTURE 

DIAMETER ( mm ) 

Figure A.15. Grain size distribution of the clayey-sand soil mixture. DS0 - median stone size. - coefficient of uniformity. 
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Table C .1. (continued) 

Hodiur Area ~arcy-~alsbach 
Stom Surface Total of Froudo shieldse Reynold's Friction 

Run Pier0 Sir. Discharge Discharge Slop. h p t h  velocity F ~ O W  N ~ b o r  b~.~ning's Coefficient Number  actor 
No. No. DSO Qa QT s D-R v A F n Cc 

f 



Table C. 1. (continued) 

Hedim Area Darcy -We iabach 
Stotm Surface Total of Froub Shielda' Reynold's Friction 

Run Phzo Size Dischuge Discharge Slope Depth Valocity Flow NruPber H.nningVs Coefficient Number factor 
80. No. D50 

Q, QT s D-R v A F n cc S f 

(in.) (cfa) (cf.1 ( f t )  (fps) (ft2) 
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Table C.1. (continued) 





Table C. 1. (continued) 

b d i m  Are a Darcy -We t rbach 
Stone Surfacm To-1 of Frouda Shields' Reynold's Friction 

RWJ Pi.20 Sf20 Discharge Dircbrg. slop. h p a  v e l o c f v  ~ 1 0 ~  N&* h m i n g @ s  Coefficient Number a c t o r  
'90. No. D50 

Q, QT s P.B v A P n Cc Re 
f 

%ta coaputod by 1M PC; thereform, roundiw effects  aay ba neglected. 


