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ABSTRACT 

F1 ume s t u d i e s  were conducted i n whi ch r i p r a p  embankments were sub jec ted  

t o  over topp ing  f lows.  Embankment slopes o f  1, 2, 8, 10 and 20% were 

p r o t e c t e d  w i t h  r i p r a p  l a y e r s  w i t h  median s tone s i zes  o f  1, 2, 4, 5 and/or 6 

inches. Riprap des ign c r i t e r i a  f o r  over topp ing  f l ows  were developed i n  

terms o f  u n i t  d ischarge 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 t h e  r i p r a p  l a y e r ,  res i s tance  t o  f low over  t h e  r i p r a p  sur face,  

p o t e n t i a l  impacts  o f  t h e  f i l t e r  b lanke t  on t h e  r i p r a p  l a y e r  s t a b i l i t y ,  and 

t h e  e f f e c t s  o f  f l o w  concen t ra t i ons  on the  r i p r a p  s t a b i l i t y .  The r e s u l t i n g  

r i p r a p  des ign c r i t e r i a  were compared t o  t h e  Stephenson, t h e  U.S. Army Corps 

o f  Engineers, t h e  U.S. Bureau o f  Reclamation, and t h e  Safety  Factors  methods 

f o r  r i p r a p  s tone design; t h e  Leps r e l a t i o n  f o r  i n t e r s t i t i a l  v e l o c i t i e s  

through r i p r a p ;  and t h e  Anderson e t  a l .  and Corps o f  Engineers r e l a t i o n s h i p s  

f o r  e s t i m a t i n g  Manning's n va lues f o r  r e s i s t a n c e  t o  f low.  
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1. I NTRODU CT I ON 

1.1 GENERAL 

The p r o t e c t i o n  o f  t h e  p u b l i c  h e a l t h  and environment from t h e  p o t e n t i a l  

hazards o f  waste m a t e r i a l s  has s t i m u l a t e d  t h e  assessment o f  waste s t a b i  1 i za- 

t i o n  des ign procedures and methods. Cur ren t  s t a b i l i z a t i o n  methods cap t h e  

waste m a t e r i a l s  w i t h  an ear then cover. Reclamation standards r e q u i r e  t h a t  

waste impoundments be designed and c o n s t r u c t e d  t o  i n s u r e  t h e  long- term 

s t a b i l i z a t i o n  f o r  per iods  o f  200 t o  1000 years.  

One means o f  p r o v i d i n g  long- term s t a b i l i z a t i o n  o f  a waste impoundment 

i s  t o  p lace  a p r o t e c t i v e  f i l t e r  b lanket  and r i p r a p  l a y e r  over the' cover.  

Nelson e t  a l .  (1986) i n d i c a t e d  t h a t  when r i p r a p  p r o t e c t i o n  i s  considered, 

a l t e r n a t i v e  des ign procedures should be used f o r  d i f f e r e n t  zones o f  t h e  

impoundment. The r i p r a p  des ign should p r o t e c t  t h e  impoundment f rom r e g i o n a l  

and l o c a l i z e d  f l o o d i n g  c o n d i t i o n s  which a f f e c t  t h e  embankment t o e  and s i d e  

s lopes i n  t h e  f l o o d  p l a i n .  

Furthermore, r i p r a p  design procedures should a1 so p r o t e c t  t h e  impound- 

ment cap and s i d e  s lopes from over topp ing  f lows t h a t  may occur. The r i p r a p  

des ign procedures must be conserva t ive  enough t o  i n s u r e  cover s t a b i l i z a t i o n  

y e t  be economical ly  advantageous t o  warrant  t h e  use o f  r i p r a p .  E s t a b l i s h e d  

and f i e l d  t e s t e d  des ign procedures e x i s t  t h a t  s t a b i l i z e  embankment toes  and 

bank slopes f o r  t r a d i t i o n a l  channel f l o w  c o n d i t i o n s .  Unfor tunate ly ,  an 

es tab l i shed,  f i e l d  t e s t e d  des ign procedure f o r  a p p l i c a t i o n  i n  over topp ing  

s i t u a t i o n s  i s  n o t  a v a i l a b l e .  

1 
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1.2 OBJECTIVES 

The o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  was t o  p r o v i d e  r i p r a p  des ign 

c r i t e r i a  f o r  over topp ing  f lows.  A s e r i e s  o f  l a b o r a t o r y  exper iments were 

conducted t o :  

( a )  

( b )  Determine 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  w i t h i n  t h e  r i p r a p  l a y e r ;  

Determi ne t h e  u n i t  d i  scharge, s lope, and stone s i  ze re1 a t i  onshi  ps 
o f  a r i p r a p  system a t  i n c i p i e n t  f a i l u r e ;  

( c )  Determine t h e  r e s i s t a n c e  t o  sur face  f lows over  the  r i p r a p ;  and, 

( d )  I d e n t i f y  t h e  e f f e c t s  o f  t h e  f i l t e r  b l a n k e t ,  f low c h a n n e l i z a t i o n ,  
and t i m e  on t h e  r i p r a p  s t a b i l i t y .  

The r e s u l t s  of t h e  exper imenta l  program are  compared t o  e x i s t i n g  des ign  

procedures where appl  i cab1 e. 



2. DESCRIPTION OF FACILITIES AND ARMORING MATERIALS 

2.1 INTRODUCTION 

The exper imental  program was conducted i n  two f lume f a c i l i t i e s  l o c a t e d  

a t  t h e  Engineer ing Research Center o f  Colorado S t a t e  U n i v e r s i t y .  

flume was u t i l i z e d  f o r  s i m u l a t i n g  steep, embankment s i d e  s lopes ( >  - 10%) 

w h i l e  an indoor  l a b o r a t o r y  f lume was used f o r  s i m u l a t i n g  f l a t  s lopes 

( <  10%). Each f lume was m o d i f i e d  t o  enable p r o t o t y p e  t e s t i n g  o f  r i p r a p  

covered slopes t o  eva lua te  t h e  f l o w  c o n d i t i o n s  and t h e  s t a b i l i t y  o f  t h e  

An outdoor  

r i p r a p  l a y e r .  

2.2 OUTDOOR FACILTY 

The outdoor f a c i l i t y  ( f l u m e  l a )  i s  a concrete f ume t h a t  i s  180- fee t  

(54.9 m) long,  20- feet  (6.1 m) wide, and 8 - f e e t  (2.4 m) deep. The f lume i s  

shown i n  F ig .  2.1. The flume was m o d i f i e d  so t h a t  t h e  upper 20 f e e t  served 

as an i n l e t  bas in  f o r  energy d i s s i p a t i o n  and wave suppression. A head w a l l  

was cons t ruc ted  and served as t h e  i n l e t  t o  t h e  t e s t  sec t ion .  The t h r o a t  o f  

t h e  t e s t  s e c t i o n  was twe lve  f e e t  wide t o  a l l o w  a concent ra t ion  o f  f l o w  onto 

t h e  embankment. The t e s t  embankment extended 40 f e e t  downstream o f  t h e  

headwal l .  The remainder o f  t h e  f lume was used f o r  t a i l w a t e r  c o n t r o l  and 

mater i  a1 recovery.  

Water was s u p p l i e d  t o  t h e  f a c i l i t y  f rom Horsetooth Reservoi r  through an 

e x i s t i n g  p i p e  network. A 36-inch b u t t e r f l y  v a l v e  l o c a t e d  j u s t  upstream o f  

3 
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t h e  flume served t o  c o n t r o l  i n f l o w  t o  t h e  i n l e t  basin.  A sonic  f l o w  meter 

was used t o  determi  ne i n l  e t  d ischarges. 

The t e s t  embankment was cons t ruc ted  o f  a moistened, compacted sand i n  

t h e  t e s t  sec t ion .  The i n i t i a l  15 f e e t  o f  t h e  embankment was h o r i z o n t a l l y  

p laced s i m u l a t i n g  t h e  t o p  o f  a t a i l i n g s  p i l e .  

t o  a 20% s lope s i m u l a t i n g  t h e  steep s i d e  s lope o f  a reclaimed t a i l i n g s  p i l e .  

Geofabr ic  was used t o  cover and s t a b i l i z e  t h e  sand embankment. The 

geofabr ic  a l lowed t h e  embankment t o  be s a t u r a t e d  and t o  move under a v a r i e t y  

o f  l o a d i n g  c o n d i t i o n s .  However, t h e  g e o f a b r i c  prevented t h e  sand embankment 

f rom massive f a i l u r e  thereby  m i n i m i z i n g  turn-around t i m e  between 

experiments. 

The embankment t r a n s i t i o n e d  

A 6- inch  t h i c k  sand/gravel  f i l t e r  l a y e r  was p laced on t o p  o f  t h e  

g e o f a b r i c  as s p e c i f i e d  by t h e  a p p r o p r i a t e  f i l t e r  design c r i t e r i a  f o r  most of 

t h e  t e s t s .  Riprap was p laced on t o p  o f  t h e  f i l t e r  m a t e r i a l  t o  t h e  

p r e s c r i b e d  l a y e r  th ickness .  

A catwalk  and observa t ion  p l a t f o r m  were cons t ruc ted  and p laced on t o p  

o f  t h e  f lume. The catwalk  served t o  a l l o w  access t o  any p o r t i o n  o f  t h e  t e s t  

s e c t i o n  f o r  da ta  a c q u i s i t i o n .  The observa t ion  p l a t f o r m  was used f o r  v ideo 

t a p i n g  each record  t e s t .  

2.3 INDOOR FACILITY 

The indoor  f a c i l i t y  ( f l u m e  l b ) ,  l o c a t e d  i n  t h e  H y d r a u l i c  Laboratory ,  i s  

a s t e e l  f lume t h a t  i s  200-feet ( 6 1  m) long ,  8 - f e e t  (2.4 m )  wide, and 4- feet  

(1.2 m )  deep as shown i n  F ig .  2.2. The f lume i s  mounted on t o p  o f  j a c k s  
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t h a t  a l l o w  t h e  s lope t o  vary f rom 0 t o  3%. The pumping system i s  capable o f  

c i r c u l a t i n g  up t o  100 c f s .  Discharges were measured w i t h  o r i f i c e s  l o c a t e d  

i n  t h e  water supply  p i p e l i n e s  

The flume i n l e t  was m o d i f i e d  so f lows entered t h e  head box, d ischarged 

through a d i f f u s e r ,  and t r a n s i t i o n e d  i n t o  t h e  f l o w  development sect ion.  

Rock was f i x e d  i n  t h e  upstream 80 f e e t  o f  t h e  f lume t o  e s t a b l i s h  u n i f o r m  

t u r b u l e n t  approach f l o w  c o n d i t i o n s  i n  t h e  channel. A 20-foot t r a n s i t i o n  

s e c t i o n  was cons t ruc ted  l i n k i n g  t h e  approach t o  t h e  50- foot  r i p r a p  t e s t  

sec t ion .  The remainder o f  t h e  f lume served as t h e  t a i l w a t e r  c o n t r o l  and 

m a t e r i a l  recovery basin.  The t e s t  embankment c o n s i s t e d  o f  a moistened, 

compacted 4- inch sand l a y e r .  

sand bed. An a p p r o p r i a t e l y  s i z e d  sand/gravel  f i l t e r  was placed on t h e  

Geofabr ic  was used t o  cover and s t a b i l i z e  t h e  

geofabr ic  t o  a t h i c k n e s s  o f  approx imate ly  6 inches. Riprap was p laced on 

t o p  o f  t h e  f i l t e r  m a t e r i a l  t o  t h e  p r e s c r i b e d  l a y e r  th ickness.  

The embankment was cons t ruc ted  t o  s imu la te  t h e  t o p  o f  a t a i l i n g s  p i l e .  

Therefore,  t h e  m a j o r i t y  o f  t h e  t e s t s  were conducted a t  s lopes o f  2% o r  less .  

However, t h e  t e s t  s e c t i o n  was m o d i f i e d  t o  accommodate 8% and 10% slopes. 

The m o d i f i e d  s lopes were cons t ruc ted  s i m i l a r  t o  s lopes i n  t h e  outdoor 

f a c i  1 i ty.  

A m o t o r i z e d  c a r r i a g e  spanned t h e  f lume and was used t o  support  da ta  

acqui s i t  i on and v i  deotapi  ng equi  pment . 
l o c a t i o n  i n  t h e  flume. 

The c a r r i  age a1 1 owed access t o  any 
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2.4 INSTRUMENTATION 

The i n s t r u m e n t a t i o n  c o n s i s t s  o f  t h e  equipment t o  m o n i t o r  t h e  water 

sur face  e l e v a t i o n  and f l o w  v e l o c i t y  through and over the  r i p r a p  l a y e r .  

P o r t a b l e  t e l e v i s i o n  equipment was u t i  1 i zed t o  v ideotape and photograph t h e  

r ip rapped embankments p r i o r  t o ,  dur ing,  and a f t e r  t e s t i n g .  

A t r a c e r  s o l u t i o n  i n j e c t i o n  and r e c o r d i n g  system was developed t o  

document t h e  f l o w  v e l o c i t i e s  through t h e  r i p r a p  l a y e r .  The system was 

composed o f  a pressure-operated t r a c e r  i n j e c t o r ,  t r a c e r - s e n s i t i v e  probes, 

mul t i -channel  s e l e c t o r ,  and mul t i -channe l  s t r i p  c h a r t  recorder  as shown i n  

F ig .  2.3. Each t r a c e r - s e n s i t i v e  probe was f a b r i c a t e d  w i t h  t h r e e  

t r a c e r - s e n s i t i v e  elements p laced i n  t h e  l o w e r  8 inches of t h e  probe. 

was used as t h e  t r a c e r .  

S a l t  

The t r a c e r - s e n s i t i v e  system was p laced i n  t h e  r i p r a p  l a y e r  such t h a t  

t h e  i n j e c t o r  p o r t s  were approx imate ly  a l i g n e d  w i t h  t h e  t r a c e r - s e n s i t i v e  

elements. The i n j e c t o r  and probes were 10-12 inches  and 20-24 inches  apar t .  

The f l o w  was e s t a b l i s h e d  such t h a t  t h e  water  surface was a t  an e l e v a t i o n  

hal fway th rough t h e  r i p r a p  l a y e r ,  a t  t h e  t o p  o f  t h e  r i p r a p  l a y e r ,  and j u s t  

above t h e  r i p r a p  s u r f a c e  i n  sequent ia l  t e s t s .  

c h a r t  recorder  i n d i c a t e d  when t h e  i n j e c t o r  was t r i g g e r e d .  

t r a c e r - s e n s i t i v e  elements were a l s o  recorded on t h e  s t r i p  c h a r t  enab l ing  t h e  

t r a c e r  d i l u t i o n  curve  t o  be observed. Flow v e l o c i t i e s  were d e r i v e d  f rom t h e  

t r a c e r - d i l u t i o n  curves recorded on t h e  s t r i p  c h a r t  f o r  each f l o w  c o n d i t i o n  

and r i p r a p  1 ayer  t h i  ckness . 

An event marker on a s t r i p  

Output f rom t h e  
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Fig.  2.3. Tracer  i n j e c t i o n  and reco rd ing  system. 
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Sur face v e l o c i t i e s  i n  t h e  outdoor f lume were measured us ing  a 

Marsh-McBi rney @ magneti c f l o w  meter. 

c a l i b r a t e d  throughout  t h e  exper imenta l  program. A p i t o t  tube was used t o  

determine t h e  v e l o c i t y  p r o f i l e s  i n  t h e  indoor  flume. 

The meter was p e r i o d i c a l  l y  

Water sur face  e l e v a t i o n s  were moni tored us ing  piezometers i n s t a l  l e d  i n  

t h e  embankments of bo th  flumes. Piezometers were p laced a t  sec t ions  near 

t h e  c r e s t  o f  t h e  embankment, a t  the  mid-po in t  o f  t h e  slope, and a t  t h e  t o e  

o f  t h e  s lope o f  each embankment. 

each s e c t i o n  t o  m o n i t o r  p o t e n t i a l  d i f f e r e n c e s  i n  t h e  f l o w  d i s t r i b u t i o n .  

Each piezometer was connected t o  a manometer board t o  enable t h e  r e c o r d i n g  

o f  t h e  water  sur face  e l e v a t i o n .  

The piezometers were e q u a l l y  spaced across 

A Panasonic v ideotape camera and VCR r e c o r d i n g  system were used t o  

v i  sua1 l y  document each f a 1  l u r e  t e s t  . 
documented p r e - t e s t ,  t e s t ,  and p o s t - t e s t  embankment c o n d i t i o n s .  

A1 so, photographic  equipment 

2.5 RIPRAP PROPERTIES 

The r i p r a p  was ob ta ined from a quar ry  l o c a t e d  near Denver, Colorado. 

Nominal median stone s i z e s  (D50) t e s t e d  were 1, 2, 4 ,  5 and 6 inches. 

Rock p r o p e r t i e s  o f  g radat ion ,  u n i t  weight,  s p e c i f i c  g r a v i t y ,  p o r o s i t y ,  v o i d  

r a t i o  and f r i c t i o n  angle were determined i n  t h e  Colorado S t a t e  U n i v e r s i t y  

Geotechni c a l  Eng ineer ing  Laboratory  us ing  procedures o u t 1  i ned by t h e  

American S o c i e t y  f o r  T e s t i n g  M a t e r i a l s  (ASTM). 

p r o p e r t i e s  a re  presented i n  Table 2.1. The g r a i n  s i z e  d i s t r i b u t i o n  f o r  each 

r i p r a p  and t h e  assoc ia ted  f i l t e r  m a t e r i a l  a re  presented i n  Appendix 1. 

A s u m a r y  o f  the  r i p r a p  
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Table 2.1. Riprap pr0per t ies .a  

050 ( i n . )  050 ( i n . )  
Nominal Actual  CU C, Y ( l b / f t 3 )  Gs nP e 0 Shape 

1 .o 1.02 1.75 1.28 94 2.72 0.44 0.79 40 Sub-Angular 
2 .o 2.2 2.09 1.26 92 2.72 0.45 0.84 41 Angular 
4.0 4.1 2.15 1.12 92 2.65 0.44 0.78 42 Angular 
5.0 5.1 1.62 1.02 90 2.65 0.46 0.85 42 Angular 
6 .O 6.2 1.69 1.08 90 2.65 0.46 0.85 42 Angular 

a A l l  p r o p e r t i e s  were determined i n  t h e  Colorado S t a t e  U n i v e r s i t y  Geotechnical  
Laboratory i n  accordance w i t h  ASTM g u i d e l i n e s  w i t h  t h e  f o l l o w i n g  d e f i n i t i o n s .  

D50 = median stone s i z e  

C, = C o e f f i c i e n t  o f  u n i f o r m i t y  [c, = %I 
D10 

Cz = C o e f f i c i e n t  of g radua t ion  [C, = 3 
(D10) (D60) 

Y = U n i t  weight 

Gs = S p e c i f i c  g r a v i t y  

np = P o r o s i t y  

e = Void r a t i o  

@ = F r i c t i o n  angle 
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A f i l t e r  b l a n k e t  u n d e r l a i d  t h e  r i p r a p  l a y e r  i n  most o f  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  t h e  b lanket  was d e r i v e d  f r o m  Sherad e t  a1 . 
(1963) and i s  expressed as 



3. EXPERIMENTAL PROGRAM 

3.1 TEST VARIABLES 

A s e r i e s  o f  52 exper iments were conducted i n c l u d i n g  shakedown, rock 

movement, i n t e r s t i t i a l  f low,  and rock f a i l u r e .  A summary o f  t h e  

exper imenta l  program i s  presented i n  Tab1 e 3.1. The exper imental  v a r i  ab1 es 

encompassed t h e  median stone s i z e ,  050, embankment s lope, S, presence 

o f  a f i l t e r  b lanket ,  and t h e  d ischarge r a t e ,  Q. The data c o l l e c t e d  d u r i n g  

each experiment i n c l u d e d  t h e  sur face  and/or i n t e r s t i t i a l  f l o w  v e l o c i t i e s ,  V ,  

water  sur face  e l e v a t i o n s ,  and t ime. Test r e s u l t s  f o r  t h e  two f lumes were 

reduced by c o n v e r t i n g  t h e  d ischarge r a t e ,  Q, t o  u n i t  d ischarge, q; which i s  

t h e  d ischarge per  u n i t  width.  

General observa t ions  were recorded, when appropr ia te ,  t o  document f l o w  

and r i p r a p  phenomena which cou ld  no t  be p h y s i c a l l y  measured. 

i n c i p i e n t  f l o w  concent ra t ions ,  f i l t e r  b l a n k e t  e x t r a c t i o n  and f a i l u r e ,  r i p r a p  

1 ayer f a i l u r e  i n d i c a t o r s ,  and stone movement (beyond bed adjustment)  c o u l d  

n o t  e x p l i c i t l y  be measured. Therefore,  q u a l i t a t i v e  observat ions d u r i n g  each 

t e s t ,  and l a t e r  v e r i f i e d  d u r i n g  v ideotape playback, were recorded and 

i n c o r p o r a t e d  i n t o  t h e  ana lys is .  

For example, 

R ip rap  was dump-placed i n  a l l  t h e  t e s t s  conducted i n  t h i s  phase o f  t h e  

study. However, t h e  s tone sur face  was l e v e l e d  t o  min imize t h e  occurrence of 

man-made f l o w  concent ra t ions .  The r i p r a p  l a y e r  t h i c k n e s s  was determined 

u s i  ng a s e l  f -1 eve l  i ng 1 eve l  . Predetermi ned 1 ocat  i ons on t h e  f i 1 t e r  served 

as a re ference.  Once t h e  rock l a y e r  was graded, a square p l a t e  was placed 

13 
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T a b l e  3.1. Summary o f  e x p e r i m e n t a l  program. 

No. R i p r a p  S i z e  
T e s t s  Nominal  D50 ( i n c h e s )  

S1 ope 
% 

1 2 4 5  6 1 2 a 10 20 

F i  1 t e r  
B1 a n k e t  F1 ume 

6 
11 

4 
7 
1 
3 
3 
3 
5 

4 
5 

52 
- 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

8'  

8 '  
8 '  
8 '  
8 '  
8 '  

1 2 '  

1 2 '  

1 2 '  

1 2 '  

1 2 '  
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on t o p  of t h e  rock and t h e  e l e v a t i o n  was c a l c u l a t e d .  The d i f fe rence between 

t h e  t o p  o f  t h e  f i l t e r  b l a n k e t  and t o p  of t h e  rock l a y e r  was t h e  l a y e r  

th ickness.  

3.2 TEST PROCEDURE 

The rock movement and r i p r a p  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  52 experiments conducted i n  both indoor  and outdoor f a c i l i t i e s .  Once 

t h e  t e s t  embankment and r i p r a p  were p laced and t h e  i n s t r u m e n t a t i o n  s e t  and 

checked, t h e  f lume i n l e t  va lve  was opened. The r i p r a p  was inundated and t h e  

bed was a l lowed t o  a d j u s t  and/or s e t t l e .  The f l o w  was increased u n t i l  

s u r f a c e  f l o w  was observed. 

determined and l o c a l i z e d  v e l o c i t i e s  and water sur face  e l e v a t i o n s  were 

ob ta ined a long f o u r  cross sec t ions  when and where poss ib le .  A f t e r  r e c o r d i n g  

t h e  data and documenting observat ions,  t h e  f l o w  was increased. Genera l ly ,  

12-20 minutes were r e q u i r e d  t o  inc rease and s t a b i l i z e  t h e  f low, a c q u i r e  

data,  and record  r e s u l t s .  The procedure was repeated u n t i l  s tone movement 

and/or f a i l u r e  occurred. I n  severa l  instances t h e  stone movement t e s t s  were 

extended t o  f a i l u r e .  A v ideotape r e c o r d i n g  was made o f  p o r t i o n s  o f  each 

t e s t .  

Once t h e  f l o w  s t a b i l i z e d ,  t h e  d ischarge was 

3.3 PARAMETERS OF ANALYSIS 

The Manning's roughness c o e f f i c i e n t ,  n, bed c r i t i c a l  S h i e l d s '  

c o e f f i c i e n t ,  Cc, and Darcy-Weisbach f r i c t i o n  f a c t o r ,  f, were computed f o r  

each d ischarge tes ted .  
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3.3.1 Manning's Roughness C o e f f i c i e n t  

The Manning's roughness c o e f f i c i e n t  (Chow, 1959) can be es t imated as 

1.486 213 s1/2 
n = - A R  

Q 
(3.1) 

where 

n = Manning's roughness c o e f f i c i e n t  f o r  t h e  bed 

S = Channel s lope ( f t l f t )  

A = Cross-sec t iona l  area o f  f l o w  ( f t z )  

Q = Channel d ischarge ( c f s )  o f  sur face  f l o w  

R = H y d r a u l i c  rad ius  o f  channel ( f t )  

The r a t i o  o f  depth o f  f l o w  t o  t ransve rse  w i d t h  o f  the  embankment was on 

t h e  o rde r  o f  0.05 o r  l e s s  and considered r e l a t i v e l y  smal l .  

channel was assumed t o  be a wide channel. 

approx imate ly  equal t o  t h e  h y d r a u l i c  rad ius  f o r  a wide channel , Eq. 3.1 can 

be mod i f i ed  t o  

Therefore,  t h e  

Since the  depth o f  f low,  D, i s  

1.486 213 112 
n = - A D  S 

Q 

3.3.2 Sh ie lds '  C o e f f i c i e n t  

(3.2) 

The bed c r i t i c a l  Sh ie lds '  c o e f f i c i e n t  (Simons and Senturk,  1977) i s  an 

i n d i c a t o r  o f  i n c i p i e n t  stone movement on t h e  rock bed. 

c o e f f i c i e n t  (Cc) i s  de f i ned  as 

The S h i e l d s '  
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where 

D = Depth o f  f l o w  ( f t )  

S = Channel s lope ( f t / f t )  

GS = S p e c i f i e d  g r a v i t y  o f  t h e  rock 

D50 = Median stone s i z e  o f  t h e  r i p r a p  ( f t )  

3.3.3 Darcy-Weisbach F r i c t i o n  Fac tors  

The Darcy-Weisbach f r i c t i o n  f a c t o r  ( R u f f  e t  a1 ., 1985) was computed f o r  

each t e s t  d ischarge. The Darcy-Weisbach f r i c t i o n  f a c t o r  ( f )  i s  de f ined as 

8 g D S  
f =  

V2 

where 

g = A c c e l e r a t i o n  o f  g r a v i t y  ( f t / s 2 )  

V = Average v e l o c i t y  o f  f l o w  ( f t / s )  

D = Depth o f  f l o w  ( f t )  

S = Channel s lope ( f t / f t )  

3.4 ESTABLISHED DESIGN PROCEDURES 

(3.4) 

Present ly ,  severa l  r i p r a p  des ign procedures are r o u t i n e l y  used t o  

determi  ne t h e  a p p r o p r i a t e  stone s i z e  f o r  p r o t e c t i o n  o f  impoundment covers, 
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embankments, channel and unprotected slopes f rom t h e  impact o f  f l o w i n g  

waters .  Four r i p r a p  design procedures which w i l l  be re ferenced are:  

1. Safe ty  Factors  Method (SF) 

2. The Stephenson Method (STEPH) 

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

4. The U.S. Bureau o f  Reclamation Method (USBR) 

A summary o f  each method w i l l  be presented. 

3.4.1 Safety  Fac tors  Method 

The Safe ty  Fac tors  Method (Richardson e t  a1 . , 1975) f o r  s i z i n g  r i p r a p  

a l l o w s  t h e  des igner  t o  eva lua te  rock s t a b i l i t y  from f l o w  p a r a l l e l  t o  t h e  

cover  and ad jacent  t o  t h e  cover. The Safe ty  Factors  Method can be used by 

assuming a s tone s i z e  and then c a l c u l a t i n g  t h e  s a f e t y  f a c t o r  (SF) or 

a l l o w i n g  t h e  des igner  t o  determine a SF and then computing t h e  corresponding 

stone s i z e .  I f  t h e  SF i s  g r e a t e r  than u n i t y ,  t h e  r i p r a p  i s  cons idered safe 

f rom f a i l u r e ;  i f  t h e  SF i s  u n i t y ,  the  rock i s  a t  t h e  c o n d i t i o n  o f  i n c i p i e n t  

mot ion;  and i f  SF i s  l e s s  than u n i t y ,  t h e  r i p r a p  w i l l  f a i l .  

The f o l l o w i n g  equat ions are prov ided f o r  r i p r a p  p laced on a s i d e  s lope 

o r  embankment where t h e  f 1 ow has a non-hor i  zon ta l  (downs1 ope) v e l o c i t y  

vec tor .  The s a f e t y  f a c t o r ,  Sk, i s :  

cos e t a n  4 

7r' t a n  6 + s i n  e cos P 
SF = (3.5) 

where 
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(3.6) 
2 

T~ = r DS 

and 

1 cos X p = t a n  "[ 
( 2  s ine) / (v tan+)  + s i n X  

(3.9) 

The angle, X , i s  shown i n  F i g u r e  3.1 and i s  t h e  angle between a 

h o r i z o n t a l  l i n e  and t h e  v e l o c i t y  vec tor  component measured i n  t h e  p lane of 

t h e  s i d e  s lope. The angle, 8 , i s  t h e  s i d e  s lope angle shown i n  F i g u r e  3.1 

and P i s  t h e  angle between t h e  v e c t o r  component o f  t h e  weight,  W,, 

d i r e c t e d  down t h e  s i d e  s lope and the  d i r e c t i o n  o f  p a r t i c l e  movement. 

angle,  +, i s  t h e  angle o f  repose o f  t h e  r i p r a p ,  70 i s  the  bed shear s t r e s s  

(Simons and Senturk,  1977) ,  D50 i s  t h e  r e p r e s e n t a t i v e  stone s i z e ,  

Gs i s  t h e  s p e c i f i c  g r a v i t y  o f  t h e  rock,  D i s  t h e  depth o f  f low,  Y i s  t h e  

s p e c i f i c  weight o f  t h e  l i q u i d ,  S i s  t h e  s lope o f  t h e  channel, and TI' and 1) 

a r e  s t a b i l i t y  numbers. 

and drag fo rces ,  and t h e  moment arms o f  t h e  var ious  fo rces  are i n d i c a t e d  by 

t h e  va lue  e i  as i = 1 through 4. 

repose f o r  r i p r a p  m a t e r i a l  s izes.  

The 

I n  F i g u r e  3.1, t h e  f o r c e s  F 1  and Fd a r e  t h e  l i f t  

F i g u r e  3.2 i l l u s t r a t e s  t h e  angle o f  

R ip rap  i s  o f t e n  p laced a long s i d e  slopes where t h e  f l o w  d i r e c t i o n  i s  

c l o s e  t o  h o r i z o n t a l  o r  t h e  a n g u l a r i t y  of the  v e l o c i t y  component w i t h  t h e  
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H o r i z o n t a l  L i n e  
D i r e c t i o n  of V e l o c i t y ,  vr 

/ 
/ 

0 

( 0 )  G e n e r a l  V i e w  

Hor izon to  I 

W sin 

I?, Direc t ion  o f  
Pa r t i c I e Move m e n t 

C O S 8  

i n O c o s p  

W, cos8 

( b )  View Normal to the S i d e s l o p e  ( c )  Section A -  A 

Fig.  3.1. Riprap s t a b i l i t y  c o n d i t i o n s  as descr ibed i n  t h e  Safety  Fac tors  
Method. 
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Fig .  3.2. Angle o f  repose as a f u n c t i o n  of median stone diameter and shape. 
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h o r i z o n t a l  i s  smal l  (i.e., X = 0). For t h i s  case, t h e  above equat ions 

reduce t o :  

n t a n  4 

2 s i n  8 
t a n  P = 

and 

? =  

where 

- 
2 Sm - (SF)2 

t a n  + 
t a n  e Sm = - 

] cos e 

(3.10) 

(3.11) 

(3.12) 

The te rm Sm i s  t h e  s a f e t y  f a c t o r  o f  t h e  rock  p a r t i c l e s  aga ins t  r o l l i n g  

down t h e  s lope w i t h  no f low.  The s a f e t y  f a c t o r ,  SF, f o r  h o r i z o n t a l  f l o w  may 

be expressed as: 

SF = + [sm * 11 sec 2 e + 4 )  " e 5  -sm sec e l  (3.13) 

Riprap may a l s o  be p laced on t h e  cover o r  s i d e  s lope. For a cover 

s l o p i n g  i n  t h e  downstream d i r e c t i o n  a t  an angle, a ,  w i t h  t h e  h o r i z o n t a l ,  t h e  

equat ions  reduce t o :  

cos a t a n  4 
rl t a n @  s i n a  

SF = (3.14) 



23 

H i s t o r i c  use o f  the  Safe ty  Fac tors  Method has i n d i c a t e d  t h a t  a minimum 

SF o f  1.5 f o r  non-PMF a p p l i c a t i o n s  ( i .e.  100-year events )  p rov ides  a s i d e  

s lope w i t h  r e l i a b l e  s t a b i l i t y  and p r o t e c t i o n  (Simons and Senturk, 1977). 

However, a SF o f  s l i g h t l y  g r e a t e r  t h a n  1.0 i s  recommended f o r  PMF o r  maximum 

c r e d i b l e  f l o o d  c i  rcumstances. 

b e  a minimum o f  1.5 t imes t h e  D50. 

should under lay t h e  rock r i p r a p .  The f i l t e r  l a y e r  should m i n i m a l l y  range 

from 6 inches t o  12 inches i n  th ickness .  

Method i s  used t o  design r i p r a p  a long embankments o r  s lopes steeper than 

4H:lV, it i s  recommended t h a t  t h e  t o e  be f i rm ly  s t a b i l i z e d .  

It i s  recommended t h a t  t h e  r i p r a p  t h i c k n e s s  

Also, a bedding o r  f i l t e r  l a y e r  

I n  cases where t h e  Safe ty  Fac tors  

3.4.2 Stephenson Method 

The Stephenson Method f o r  s i z i n g  r o c k f i l l  t o  s t a b i l i z e  s lopes and 

embankments i s  an empi r i  c a l  l y  der ived  procedure devel  oped f o r  emergi ng f 1 ows 

(Stephenson, 1979). 

o f  r o c k f i l l  a c t i n g  as a r e s i s t a n c e  t o  through and sur face  f low.  It i s  

i d e a l l y  s u i t e d  f o r  t h e  des ign and/or e v a l u a t i o n  o f  embankment g r a d i e n t s  and 

r o c k f i l l  p r o t e c t i o n  f o r  f lows p a r a l l e l  t o  t h e  embankments, cover o r  slope.  

The procedure i s  a p p l i c a b l e  t o  a r e l a t i v e l y  even l a y e r  

The s i z i n g  o f  t h e  s t a b l e  stone o r  rock  r e q u i r e s  t h e  des igner  t o  

determine t h e  maximum f l o w  r a t e  per u n i t  w i d t h  (q) ,  the  r o c k f i l l  p o r o s i t y  

(np) ,  t h e  a c c e l e r a t i o n  o f  g r a v i t y  ( g ) ,  t h e  r e l a t i v e  d e n s i t y  o f  t h e  rock 

( G s ) ,  t h e  angle o f  t h e  s lope measured from t h e  h o r i z o n t a l  (e ) ,  t h e  angle 

o f  f r i c t i o n  (+), and t h e  e m p i r i c a l  f a c t o r  ( C ) .  
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The s tone o r  rock  s ize ,  D50, i s  expressed by Stephenson as 

where t h e  f a c t o r  C v a r i e s  f rom 0.22 f o r  g rave l  and pebbles t o  0.27 f o r  

crushed g r a n i t e .  

r e p r e s e n t a t i v e  diameter,  D50, a t  which rock  movement i s  expected f o r  

u n i t  d ischarge,  q. The r e p r e s e n t a t i v e  median stone d iameter  ( D ~ o ) ,  i s  

then m u l t i p l i e d  by O l i v i e r s '  constant ,  K, t o  i n s u r e  s t a b i l i t y .  

constants  a r e  1.2 f o r  g rave l  and 1.8 f o r  crushed rock.  The r o c k f i l l  l a y e r  

should be w e l l  graded and a t  l e a s t  two t imes t h e  D50 i n  th ickness .  A 

bedding l a y e r  or f i l t e r  should be p laced under t h e  r o c k f i l l .  

The stone s i z e  c a l c u l a t e d  i n  Equat ion 3.15 i s  t h e  

O l i v i e r s '  

The Stephenson Method does n o t  account f o r  u p l i f t  o f  t h e  stones due t o  

emerging f low.  

r o c k f i l l  on steep slopes. Therefore,  it i s  recommended t h a t  t h e  Stephenson 

Method be a p p l i e d  as an embankment s t a b i l i z a t i o n  f o r  o v e r f l o w  o r  s h e e t f l o w  

c o n d i t i o n s .  A l t e r n a t i v e  r i p r a p  r o c k f i l l  design procedures should be 

considered f o r  t o e  and stream bank s t a b i l i z a t i o n .  

This  procedure was developed f o r  f l o w  over and th rough 

3.4.3 U.S. Army Corps o f  Engineers Method 

The U.S. Army Corps o f  Engineers has developed perhaps t h e  most 

comprehensive methods and procedures f o r  s i  z i n g  r i p r a p  revetment. Thei r 

c r i t e r i a  a r e  based on ex tens ive  f i e l d  exper ience and p r a c t i c e  ( C O E ,  1970 and 
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1971). 

embankment t o e  and bank p r o t e c t i o n  and has been developed t o  p r o t e c t  t h e  

embankment from l o c a l  shear fo rces  and l o c a l i z e d  v e l o c i t i e s .  

The t o e  o f  a s lope o r  embankment i s  g e n e r a l l y  subjected t o  t h e  g r e a t e s t  

The U.S. Army Corps o f  Engineers Method i s  p r i m a r i l y  a p p l i c a b l e  t o  

c o n c e n t r a t i o n  o f  e r o s i v e  f o r c e s  and t h e r e f o r e  must be pro tec ted .  

e f f e c t i v e  stone s ize ,  D50, can be es t imated  a f t e r  t h e  depth o f  f low,  D, 

The 

i s  determined. The l o c a l  boundary shear, To can be computed as 

(3.16) 

where Yw i s  t h e  u n i t  weight o f  water i n  pounds per  cub ic  f o o t  , V - is  t h e  

average c r o s s - s e c t i o n a l  v e l o c i t y  i n  f t / s ,  k i s  t h e  e q u i v a l e n t  channel 

boundary s u r f a c e  roughness i n  f e e t  , and D i s  t h e  depth o f  f l o w  i n  ft. 

s u b s t i t u t i n g  D50 f o r  k, t h e  l o c a l  boundary shear a t  any p o i n t  on t h e  

w e t t e d  per imeter  can be determined. The des ign shear s t ress ,  T ~ ,  should 

be based on c r i t i c a l  l o c a l  v e l o c i t i e s  and s h a l l  serve as t h e  design shear 

f o r  t h e  t o e  and channel bottom. A g raph ic  s o l u t i o n  t o  Equat ion 3.16 i s  

presented i n  F i g u r e  3.3. 

By 

The des ign shear f o r  r i p r a p  p laced on t h e  channel s lope o r  bank can be 

deterrni  ned as 

(3.17) 

as 
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Basic Equation ' 
r0 = K,V2 

2 
where Y, - 

[ 32.6 I 0g ,~ (122  D/D50)] 

u, = Spec i f ic  Weight of W a t e r  

D = F l o w  D e p t h  

K2 - 

= Theoret ica l  S p h e r i c a l  D i a m e t e r  of Average 
Stone  S i z e  

D50 

F ig .  3.3. Graphica l  s o l u t i o n  t o  Eq. 3.16. Source: COE, 1970. 
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(3.18) 

where 8 i s  t h e  angle of t h e  s i d e  s lope w i t h  t h e  h o r i z o n t a l ,  4 i s  t h e  angle 

of  repose o f  t h e  r i p r a p  ( n o r m a l l y  about 40°), Ys i s  t h e  u n i t  weight o f  

sur face  d r y  b u t  s a t u r a t e d  stone, and t h e  va lue o f  a i s  0.04. The s i d e  s lope 

shear, 70, i s  t h e  des ign shear f o r  s i z i n g  t h e  r i p r a p  revetment. 

The average s tone s i z e  can then be determined as 

T D =  
50 0.04 (Ys - 7,) 

f o r  t h e  t o e  and channel bottom and 

o =  
50 0.04 (7s - Yw) 

(3.19) 

(3.20) 

f o r  t h e  channel s i d e  s lopes where YS and Yw a r e  t h e  s p e c i f i c  weights  o f  

t h e  stone and water, r e s p e c t i v e l y .  The same procedure can be used f o r  bank 

p r o t e c t i o n .  A g r a p h i c  r e p r e s e n t a t i o n  o f  Equat ion 3.19 i s  prov ided i n  

F i g u r e  3.4. 

The Corps o f  Engineers Method was developed f o r  channel ized f lows.  

Therefore,  t h i s  procedure should be used t o  eva lua te  and/or design rock 

p r o t e c t i o n  f o r  t h e  p o r t i o n s  o f  t h e  cover o r  embankment t h a t  a re  i n  t h e  

f l o o d p l a i n .  Th is  method i s  i d e a l  f o r  s t a b i l i z i n g  cover and embankment 

toes.  
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D50 * f t  

Basic Equation 

where 
T 

YS 
7w 
D5, = Theoretical Spherical Diameter  of 

T = 0.040 ( 7,- 7,) D50 

= Design Shear Stress on Bottom of Channel 
= Specific Weight of  Stone 
= Specific Weight of Water (62.4 Ib / f t 3 )  

Average S i t e  Stone 

Fig .  3.4. S i z i n g  of riprap as a function of design shear stress.  
Source: COE, 1970. 
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3.4.4 U.S. Bureau o f  Reclamation Method 

The U.S. Bureau o f  Reclamation (USBR) Method (001, 1978) f o r  r i p r a p  

des ign was developed f o r  t h e  prevent ion  o f  damage i n  and near s t i l l i n g  

bas i  ns. 

t e s t i n g  and f i e l d  observat ions.  

because a1 t e r n a t i  ve des ign procedures underest imate t h e  r e q u i  red stone s i z e  

i n  h i g h l y  t u r b u l e n t  zones, and t h e r e  i s  a tendency f o r  i n p l a c e  r i p r a p  t o  be 

smal le r  and more s t r a t i f i e d  than s p e c i f i e d .  

based des ign procedure. 

The USBR procedure i s  empi r i c a l  l y  based upon e x t e n s i  ve 1 abora tory  

Riprap f a i l u r e  was determined t o  occur 

The USBR method i s  a v e l o c i t y  

Stone-Si ze Determi n a t i o n  

The USBR method est imates t h e  maximum stone s ize ,  D100, as a 

f u n c t i o n  o f  t h e  l o c a l i z e d  bottom v e l o c i t y  o f  f low,  vb, i n  f e e t  per  second. 

One means o f  p r e d i c t i n g  t h e  maximum stone s i z e  i s  us ing  the  Mavis and 

Laushey (1948) procedure where 

I' (3.21) 

as 0100 i s  t h e  maximum stone s i z e  i n  mn and Gs i s  t h e  p a r t i c l e  

s p e c i f i c  g r a v i t y .  

v e l o c i t y  may be s u b s t i t u t e d  t o  s i z e  t h e  rock. 

determined u s i n g  U.S. Army Corps o f  Engineers procedures (COE, 1970). 

I f  t h e  bottom v e l o c i t y  can not  be determined, l o c a l  

The l o c a l  v e l o c i t y  can be 
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The stone s i z e  and stone weight can be determined from F i g u r e  3.5 f o r  a 

g i v e n  bot tom v e l o c i t y ,  vb. 

r i p r a p  should be composed o f  a wel l -graded m i x t u r e  o f  stone. Riprap should 

be p laced on a f i l t e r  b l a n k e t  o r  bedding l a y e r .  The r i p r a p  l a y e r  should be 

1.5 t imes as t h i c k  as t h e  l a r g e s t  stone diameter.  The f i l t e r  b l a n k e t  should 

be a t  l e a s t  6 inches  t h i c k .  

The r e s u l t i n g  stone s i z e  i s  conserva t ive .  The 

It i s  recommended t h a t  t h e  USBR method be considered o n l y  f o r  des ign o f  

rock a long t h e  toe-o f - the-s lope o r  where f low c o n c e n t r a t i o n s  r e q u i  r e  

s u b s t a n t i a l  energy d i s s i p a t i o n .  T h i s  method would be w e l l  s u i t e d  i n  areas 

where a h y d r a u l i c  jump may occur. The USBR method i s  no t  n e c e s s a r i l y  

recommended f o r  bank and cover p r o t e c t i o n  due t o  i t s  conservat ism. 
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0 .- 
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a, 
C 
0 

u) 
t 

F i g  

the stones s h o u l d  be of the size 
indicated by the curve R iprap  
should be placed overa f i l te r  

Curve i s  tentat ive and 

a r e s u l t  f u r t h e r  
tests or operating 

F point are prototype 
riprap ins ta l la t ion  
which f a i l d  

0 5 IO 15 2 0  25 
B o t t o m  Velocity,  f e e t  per second 

Parametr ic  curve used t o  determine maximum stone s i z e  i n  r i p r a p  
m i x t u r e  as a funct ion of channel f l o w  v e l o c i t y .  

. 3.5. 





4. RESULTS AND ANALYSIS 

The study program concentrated on t h e  a c q u i s i t i o n  o f  i n f o r m a t i o n  

r e l a t e d  t o  i d e n t i f y i n g  i n t e r s t i t i a l  v e l o c i t i e s  i n  a rock l a y e r ,  i n c i p i e n t  

rock movement, and r i p r a p  l a y e r  f a i l u r e .  To enhance t h e  consis tency o f  da ta  

a c q u i s i t i o n ,  rock movement and r i p r a p  f a i  1 ure,  c r i t e r i a  were determined 

p r i o r  t o  t h e  beg inn ing  o f  exper imentat ion.  

Rock movement was observed d u r i n g  two d i s t i n c t  t imes o f  each t e s t .  

Rock movement occurred when f l o w  commenced and when t h e  d ischarge was 

i ncremental l y  increased. 

appeared t o  s e t t l e  and many o f  t h e  i n d i v i d u a l  stones moved t o  a more s t a b l e  

p o s i t i o n .  

r i p r a p  l a y e r  s t a b i l i z a t i o n  was no t  considered i n c i p i e n t  movement o f  t h e  

stones r e s u l t i n g  f rom t h e  shear s t resses and imp ing ing  f low. I n c i p i e n t  rock 

movement was4 determined a f t e r  1 ayer se t t lement  occurred and when t h e  fo rce  

e x e r t e d  by f l o w  j u s t  overcame t h e  r e s i s t a n c e  f o r c e  o f  a p a r t i c l e  t o  motion. 

I n d i  v i  dual stones would i n i  t i  a te  movement r o l l  i ng over t h e  rock 1 ayer. 

D u r i  ng t h e  change i n  d i  scharge, t h e  r i prap 1 ayer  

Rock movement and/or adjustment l a s t e d  o n l y  a few seconds. The 

The f a i l u r e  c r i t e r i o n  o f  t h e  r i p r a p  l a y e r  was when t h e  f i l t e r  b lanket ,  

o r  more o f t e n ,  t h e  g e o f a b r i c  was exposed. 

would scour a l o c a l i z e d  zone along t h e  embankment. However, rock movement 

f rom up s l o p e  would subsequent ly f i l l  and s t a b i l i z e  t h e  scour area. 

rock movement could no longer  adequately rep lace  t h e  scour o r  f a i l u r e  zone, 

c a t a s t r o p h i c  f a i l u r e  was observed. 

o c c a s i o n a l l y  occurred p r i o r  t o  f i l t e r  c l o t h  exposure due t o  t h e  dynamic rock 

movement a long t h e  bed and due t o  poor c o n d i t i o n s  f o r  observ ing the  f i l t e r  

I n  many cases, concentrated f l o w s  

When 

Therefore,  c a t a s t r o p h i c  f a i l u r e  

33 
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r e s u l  t i  ng f rom t h e  s i  gn i  f i cant  tu rbu lence , bubbl es , and a i  r ent  r a i  nment i n  

t h e  cascading f lows. 

4.1 FAILURE RELATIONSHIPS 

The r e s u l t s  are presented i n  Table 4.1 f o r  20 t e s t s  i n  t h e  outdoor  

f a c i l i t y  (12 f t )  and i n  Table 4.2 f o r  3 2  t e s t s  i n  t h e  indoor  f a c i l i t y  

( 8  f t ) .  

As shown i n  F ig .  4.1, a f a m i l y  o f  curves were generated f o r  s lopes o f  1 

t o  20% f o r  median s tone s i z e s  ranging f r o m  1 i n c h  t o  G inches. 

r e s u l t i n g  u n i t  d ischarges a t  f a i l u r e  ( q f )  were dependent upon t h e  stone 

s i z e ,  050, and t h e  slope. The r e s u l t s  p o r t r a y e d  i n  Fig.  4.1 s h a l l  be 

referenced as t h e  CSU r e l a t i o n s h i p .  

The 

Experiment repeatabi  1 i t y  was a concern i n  e s t a b l  i s h i  ng t h e  CSU 

r e l a t i o n s h i p s  presented i n  F ig .  4.1. Therefore,  f a i l u r e  t e s t s  w i t h  no 

t a i l w a t e r  were repeated t o  v e r i f y  t h e  t e s t i n g  procedure and u n i t  d ischarges 

a t  f a i l u r e .  The var iance o f  u n i t  d ischarges a t  f a i l u r e  were l e s s  t h a n  10%. 

It should be acknowledged t h a t  t h e  CSU r e l a t i o n s h i p s  presented i n  F ig .  

4.1 a r e  based on a r e l a t i v e l y  small  data base. V e r i f i c a t i o n  o f  these 

r e l a t i o n s h i p s  r e q u i r e s  a d d i t i o n a l  t e s t i n g .  

4.1.1 CSU-Stephenson Comparison 

The r e l a t i o n s h i p  o f  median stone s i z e  and u n i t  d ischarges a t  f a i l u r e  

( q f )  presented i n  F ig .  4.1 were compared t o  t h e  r e l a t i o n s h i p  der ived  by 



Table 4.1. Summary o f  t e s t s  run  i n  t h e  outdoor f lume (12 f t ) . a  

R iprap  Riprap Depth Depth S1 ope P1 acement 
Run D50 D50 o f  o f  o f  o f  

( in . )  ( in . )  ( in.) ( in.) ( c f s )  ( c f s / f t )  ( f t / s )  
No. Nominal Actual  Riprap F i l t e r  Embank. Q q Vmaxb Riprap Remarks 

01 

01A 

02 

03 

04 

05 

06 

07 

08 

09 

10 

1 OA 

2 

2 

2 

4 

4 

4 

4 

4 

5 

5 

5 

5 

2.2 

2.2 

2.2 

4.1 

4.1 

4.1 

4.1 

4.1 

5.1 

5.1 

5.1 

5.1 

6 

6 

6 

12 

12 

12 

12 

12 

12 

12 

12 

12 

- 

- 
- 
6 

6 

6 

6 

6 

6 

6 

6 

6 

0.20 

0.20 

0.20 

0.20 

0.20 

0.20 

0.20 

0.20 

0.20 

0.20 

0.20 

0.20 

3.39 

3.50 

3.90 

- 

- 

- 

18.10 

21.78 

- 

26.19 

34.46 

42.75 

0.28C 

0.29c 

0.32c 

- 

- 

- 

1.51 

1.8lC 

- 

2.18 

2.87 

3.56c 

3.70 

2.90 

- 
- 

- 

- 

3.20 

4.60 

- 

- 
7.80 

- 

Dumped 

Dumped 

Dumped 

Dumped 

Dumped 

Dumped 

Dumped 

Dumped 

Dumped 

Dumped 

Dumped 

Dumped 

Rock movement and f a i  l u r e  
observed a t  s t .  30 f t  

Complete s lope f a i l u r e  

Complete s lope f a i l u r e  

Test run  t o  measure 
v e l o c i t y  th rough rock 

Test run  t o  measure 
v e l o c i t y  through rock 

Test run  t o  measure 
w 

v e l o c i t y  through rock cn 

Rock movement observed a t  
s t .  40 f t  

Complete s lope f a i l u r e  

Test run  t o  measure 
v e l o c i t y  through rock 

No rock movement 

Rock movement observed 

Complete s lope f a i l u r e  



Table 4.1. Continued. 

Riprap Riprap Depth Depth S1 ope P1 acement 
Run 050 050 o f  of o f  o f  

( in.) ( in.) ( in.) ( in.) ( c f s )  ( c f s / f t )  ( f t / s )  
Vmaxb R iprap  No. Nominal Actual  Riprap F i l t e r  Embank. 9 9 Remarks 

11 6 6.2 12 6 0.20 - - - Dumped Test  r u n  t o  measure 

12 6 6.2 12 6 0.20 - Dumped Test run  t o  measure 

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

14 6 6.2 12 6 0.20 - - Dumped Test  r u n  t o  measure 

15 6 6.2 12 6 0.20 53.12 4.43c - Dumped Complete s lope f a i l u r e  m 

16 2 2.2 6 6 0.20 - Dumped Test r u n  t o  measure 

v e l o c i t y  through rocks 

v e l o c i t y  th rough rocks 
- - 

- 
v e l o c i t y  through rocks  

w 

- - 
v e l o c i t y  through rock 

17 2 2.2 6 6 0.20 5.58 0.46 3.30 Dumped Rock movement observed 

18 2 2.2 6 6 0.20 6.05 O.5Oc 3.50 Dumped Complete s lope f a i l u r e  
~ ~~ ~ 

a A l l  t e s t s  were r u n  w i t h o u t  t a i l w a t e r .  

b Maximum l o c a l i z e d  sur face  v e l o c i t y .  

C I n d i c a t e s  u n i t  d ischarge a t  fa i lu re .  



Table 4.2. Summary of t e s t s  runs i n  the indoor flume ( 8  f t ) .  

Riprap Riprap Depth Depth S1 ope P1 acement 
D5 0 o f  o f  o f  of 

Q 4 Vmaxa Riprap Remarks 
Run D50 No. Nominal Actual Riprap F i l t e r  Embank. 

( in.)  (in.) ( in.)  ( in.)  ( c f s )  ( c f s / f t )  ( f t / s )  

1 

2 

3 

4 

5 

6 

7b 

8 

9 

10 

1 l b  

12c 

13C 

2 2.2 

2 2.2 

2 2.2 

2 2.2 

2 2.2 

2 2.2 

2 2.2 

1 1.02 

1 1.02 

1 1.02 

1 1.02 

1 1.02 

1 1.02 

6 6 

6 6 

6 6 

6 6 

6 6 

6 6 

6 6 

3 6 

3 6 

3 6 

3 6 

3 6 

3 6 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

24.60 

48.60d 

43.60 

46.90 

52.70 

56.60d 

36 .OOd 

10.00 

15.20 

18.30 

8.85 

8.50 

12.00 

3.07 

6.08e 

5.45 

5.87 

6.59 

7.07e 

4.53e 

1.25 

1.90 

2.29e 

1.11e 

1.06 

1.50 

5.34 Dumped 

7.33 Dumped 

6.77 Dumped 

6.87 Dumped 

7.08 Dumped 

7.07 Dumped 

6.12 Dumped 

3.98 Dumped 

4.60 Dumped 

4.87 Dumped 

3.65 Dumped 

3.44 Dumped 

3.91 Dumped 

No f a i l u r e  

3 i n .  deep scour - fa i lu re  

No f a i l u r e  

No f a i l u r e  

No f a i l u r e  

Exposure t o  f i l t e r  
mater ia l  - f a i l u r e  

4 i n .  scour a t  the down- 
W stream end - f a i l u r e  4 

No f a i l u r e  

No f a i l u r e  

Exposure of f i l t e r  
mater ia l  - f a i l u r e  

1.9 i n .  scour a t  the  
downstream end - f a i l u r e  

No f a i l u r e  

No f a i l u r e  



Table 4.2. Continued. 

P1 acement Riprap Riprap Depth Depth S1 ope 
Run D50 D50 o f  o f  o f  o f  
No. Nominal Actual Riprap F i l t e r  Embank. 4 9 

( in.)  ( in . )  ( in.)  ( in.)  ( c f s )  ( c f s / f t )  ( f t / s )  
Vmaxa Riprap Remarks 

14C 

15C 

16C 

1 7 C  

18C 

19b 

20b 

21 

22 

23 

24 

2 5b 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1.02 

1.02 

1.02 

1.02 

1.02 

1.02 

1.02 

1.02 

1.02 

1.02 

1.02 

1.02 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

0.02 

0.02 

0.02 

0.02 

0.02 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.10 

15.00 

17.80 

12.00 

15.00 

17.90 

10 .oo 
12.00 

30 .OOd 

35 .OO 

40.00 

43.00 

2.90 

1.88 

2.23e 

1.50 

1.88 

2.24e 

1.25 

1.50e 

3.75e 

4.37 

5.00 

5.37e 

0.36e 

4.35 Dumped 

5.56 Dumped 

4.48 Dumped 

4.74 Dumped 

5.37 Dumped 

3.07 Dumped 

3.22 Dumped 

4.95 Dumped 

5.03 Dumped 

5.40 Dumped 

5.40 Dumped 

- Dumped 

No f a i l u r e  

Exposure o f  f i l t e r  
mater ia l  - f a i l u r e  

No f a i l u r e  

No f a i l u r e  

Exposure o f  f i l t e r  
mater ia l  - f a i l u r e  

Exposure o f  f i l t e r  
mater ia l  - f a i l u r e  

2.6 i n .  scour a t  STA 
150 - f a i l u r e  

Max scour depth = 2.0 i n .  
a t  STA 108 

Exposure o f  f i l t e r  
mater i  a1 

Exposure o f  f i l t e r  
mater i  a1 



Table 4.2. Continued. 

Run 
No. 

Riprap Riprap Depth Depth S1 ope P1 acement 

Nominal Actual Riprap F i l t e r  Embank. Q q Vmaxa Riprap 
D50 D5 0 o f  o f  o f  o f  

(in.) ( in.) (in.) (in.) ( c f s )  ( c f s / f t )  ( f t / s )  
Remarks 

26b 1 1.02 3 6 0.10 2.70 0.34e - Dumped Exposure o f  f i l t e r  

27b 1 1.02 3 6 0.10 2.48 0.31e - Dumped Exposure o f  f i l t e r  

2 8b 1 1.02 3 6 0.10 3.35 0.42e - Dumped Exposure o f  f i l t e r  

mater i  a1 

mater i  a1 

mater i  a1 

2 9b 2 2.20 6 6 0.10 9.00 1.12e 5.15 Dumped Exposure o f  f i l t e r  

30b 2 2.20 6. 6 0.10 10 .00 1.25e 5.14 Dumped Exposure o f  f i l t e r  

31b 2 2.20 6 6 0.10 10.00 1.25e 5.42 Dumped Exposure o f  f i l t e r  

3 Zb 2 2.20 6 6 0.08 14.50 1.81e 4.90 Dumped Exposure o f  f i l t e r  

mater ia l  

ma te r ia l  

mater i  a1 

mater i  a1 

a Maximum l o c a l i z e d  surface ve loc i ty .  
b Runs w i thou t  t a i lwa te r .  
C Runs w i thou t  t a i lwa te r ,  the  r i p rap  i n  t h e  l a s t  3 ft o f  the  downstream end of t he  t e s t  sect ion was replaced by r i p r a p  o f  

d Average discharge. 
e Ind i ca tes  u n i t  discharge a t  f a i l u re .  

D50 = 2.5 i n .  
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Stephenson (1979) f o r  over topp ing  f lows f o r  r o c k - f  i 1.1 ed dams as presented i n  

E q .  3.15. Stephenson's r e l a t i o n s h i p  can be rearranged t o  es t imate  t h e  

t h r e s h o l d  f l o w  a t  which stone movement commences as 

* 
9 =  m 

~ 3 5 ; ~  c g1I2 [ I - n  ) ( G ~ - I )  cos e ( t a n  4 - t a n  e ) ]  51 3 
(4.1) P 

716 116 
( t a n  e )  np 

where 

* 
= u n i t  d ischarge,  t h r e s h o l d  f l o w  qm 

D50 = median stone s i z e  

C = a cons tan t  equal t o  0.22 

g = g r a v i t a t i o n a l  a c c e l e r a t i o n  

np = r o c k f i l l  p o r o s i t y  

Gs = s p e c i f i c  g r a v i t y  

8 

4~ = angle o f  f r i c t i o n .  

- angle o f  s lope measured from h o r i z o n t a l  

** 
The u n i t  d ischarge a t  f a i l u r e ,  qf, can be es t imated  by m u l t i p l y i n g  t h e  

u n i t  d ischarge, ~ n * ,  computed i n  E q .  4.1 by O l i v i e r s '  (Stephenson, 1979) 

cons tan t .  

where O l i v i e r s '  cons tan t ,  K, i s  1.20 f o r  crushed grave l  and 1.80 f o r  crushed 

g r a n i t e .  Stephenson's u n i t  d ischarge a t  f a i l u r e  and median stone s i z e  

r e l a t i o n s h i p  i s  presented i n  Fig.  4.2 f o r  2%, 10% and 20% s lopes.  

To enhance a comparison o f  t h e  CSU r e l a t i o n s h i p  presented i n  F ig .  4.1 

w i t h  Stephenson's r e l a t i o n s h i p  presented i n  Fig.  4.2, t h e  u n i t  d ischarges a t  



I 

P 
N 

** ( c f s / f t  1 
'f STEPHENSONI~S 

Fig. 4.2. Unit discharge and median stone s ize  relationships a t  fa i lure  by 
Stephenson's Method (Stephenson, 1979). 
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f a i l u r e  were computed as presented i n  Table 4.3 and g r a p h i c a l l y  presented i n  

F i g .  4.3. It i s  observed i n  F ig .  4.3 t h a t  a t  a r e p r e s e n t a t i v e  u n i t  

d ischarge o f  1.0 c f s  a t  f a i l u r e ,  the  Stephenson r e l a t i o n s h i p  y i e l d s  a median 

stone s i z e  n e a r l y  25% l a r g e r  than does t h e  CSU r e l a t i o n s h i p  f o r  a 20% 

embankment slope. However, a t  a u n i t  d ischarge of 1 c f s  a t  f a i l u r e  f o r  a 2% 

slope, t h e  Stephenson r e l a t i o n s h i p  y i e l d s  a median stone s i z e  n e a r l y  42% 

s m a l l e r  than t h e  CSU r e l a t i o n s h i p  presented i n  F ig .  4.3. Th is  comparison 

i n d i c a t e s  t h a t  t h e  Stephenson method f o r  s i z i n g  r i p r a p  i s  an acceptable 

procedure f o r  s t a b i l i z i n g  rec la imed t a i l i n g s  embankments w i t h  slopes o f  10% 

o r  g rea ter .  However, Stephenson's method does n o t  y i e l d  a c o n s e r v a t i v e  

median stone s i z e  f o r  s lopes under 10% and i s  no t  recommended f o r  

appl  i c a t i  on t o  s t a b i  1 i z i n g  r e c l  aimed t a i  1 i ngs covers. 

4.1.2 Compari son o f  Riprap Desi gn Methods 

The CSU r i p r a p  design r e l a t i o n s h i p  presented i n  F i g .  4.1, developed f o r  

over topp ing  f lows, was compared w i t h  t h e  r i p r a p  design procedures presented 

by t h e  U.S. Bureau o f  Reclamation ( D O I ,  1978), t h e  U.S. Army Corps o f  

Engineers (COE, 1970), t h e  Safety Factors  (SF) Method (Richardson e t  al., 

1975), and t h e  Stephenson (STEPH) Method (Stephenson , 1979) . 
discharge a t  f a i  1 u r e  and corresponding embankment s lopes were e x t r a c t e d  from 

Table 4.1 and Table 4.2 and used as i n p u t  values f o r  t h e  CSU, USBR, COE, SF 

and STEPH des ign  procedures and/or r e l a t i o n s h i p s .  The c a l c u l a t e d  median 

stone d iameters f rom each o f  these methods are presented i n  Table 4.4. 

The u n i t  
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Table 4.3. Comparison o f  ac tua l  and t h e o r e t i c a l  d ischarge a t  fai1ure.a 

Run Riprap Riprap * ** 
No. F1 ume D50 i n .  D50 i n .  Slope 9 f  qm qf 

(Nomi na l  ) (Actual  ) (Actual  (Theore t ica l  ( T h e o r e t i c a l  
F a i l u r e )  Movement) Movement ) 

10 
06 
02 
07 
1 OA 
15 
18 
25 
26 
27 

28 
29 
30 
31 
32 

Indoor  
Indoor  
Outdoor 
Outdoor 
Outdoor 
Outdoor 
Outdo0 r 
Indoor 
Indoor  
Indoor  
Indoor  
Indoor  
Indoor 
Indoor  
Indoor 

1 .oo 
2.00 
2 .oo 
4.00 
5 .OO 
6.00 
2 .oo 
1.00 
1 .oo 
1 .oo 
1 .oo 
2.00 
2 .oo 
2.00 
2.00 

1.02 
2.20 
2.20 
4.10 
5.10 
6.20 
2.20 
1.02 
1.02 
1.02 
1.02 
2.20 
2.20 
2.20 
2.20 

0.02 

0.02 
0.20 
0.20 
0.20 
0.20 
0.20 
0.10 

0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.08 

2.29 

7.07 
0.32 
1.81 
3.55 
4.43 
0.50 
0.36 
0.34 
0.31 
0.42 
1.12 
1.25 
1.25 
1.81 

2.30 

7.45 
0.33 
0.87 
1.20 
1.52 
0.33 
0.28 
0.28 
0.28 
0.28 
0.83 
0.83 
0.83 
1.30 

2.67 

8.94 
0.40 
1.57 
2.16 
2.74 
0.40 
0.34 
0.34 
0.34 
0.34 
1 .oo 
1 .oo 
1.00 
1.56 

qf  = a c t u a l  f l o w  ( u n i t  d ischarge)  a t  f a i l u r e  i n  CSU t e s t s  

* D;&' c [(l-np)(GS-l) cose( tan - t a n  e 11 5/ 3 
qm = 

( t a n  e )7/6 nP1I6 

= t h r e s h o l d  f l o w  ( c f s / f t )  a t  which movement o f  stone commences (Stephenson, 1979) 

** * 
qf = q m x K = U n i t  d ischarge a t  f a i l u r e  ( c f s / f t )  by O l i v i e r s '  method (Stephenson, 1979) 

K = O l i v i e r s '  constant ,  1.20 f o r  crushed grave l  

c = 0.22 

1.80 f o r  crushed g r a n i t e  
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Table 4.4. Comparison o f  r i p r a p  s i z i n g  procedures.asb 

Run Flume S1 ope qf D50 i n .  D50 i n .  050 i n .  050 i n .  D50 i n .  
No. S c f  s J f t  (CSU) (STEPH) (SF) (COE) (BOR) 

20 

11 

25 

07 

31 

0 2c 

18 

07 

1 OA 

15 

Indoor 

Indoor 

Indoor 

Indoor 

Indoor 

Outdoor 

Outdoor 

Outdoor 

Outdoor 

Outdoor 

0.01 

0.02 

0.10 

0.02 

0.10 

0.20 

0.20 

0.20 

0.20 

0.20 

1.50 

1.10 

0.36 

4.50 

1.25 

0.32 

0.50 

1.81 

3.55 

4.43 

1.02 

1.02 

1.02 

2.20 

2.20 

2.20 

2.20 

4.10 

5 -10 

6.20 

0.39 

0.69 

0.98 

1.39 

2.32 

1.90 

2.56 

4.51 

7.04 

8.76 

1.36 

1.77 

3.71 

3 .oo 
4.34 

2.36 

2.75 

6.40 

7.50 

8.45 

1.20 

1.20 

2.52 

2.16 

4.36 

4.36 

6 .OO 

6.60 

9.36 

11.75 

1.40 

1.75 

3.60 

5.25 

4.20 

-- 
-- 
5.00 

6 .OO 

6.75 

a A l l  t e s t s  are f o r  no t a i l w a t e r  cond i t i on .  

Def i n i  t i  ons 

050 (CSU): 

050 (STEPH) : Stephenson, 1979. 

D50 (SF) : 

Colorado S t a t e  U n i v e r s i t y  t e s t  data. 

Richardson et  a1 . , 1975. 
050 (COE): COE, 1970. 

D50 ( B O R ) :  BOR, 1978. 

Without  f i l t e r  bedding. 
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Wi th t h e  except ion  o f  t h e  Stephenson Method a t  s lopes o f  2% and below, 

t h e  var ious  procedures g e n e r a l l y  y i e l d  a l a r g e r  median stone d iameter  than 

does t h e  CSU r e l a t i o n s h i p  (Table 4 . 4 ) .  For stone s i z e s  o f  4 t o  6 inches,  

t h e  COE procedure produces median stone diameters o f  61% t o  90% l a r g e r  than 

t h e  CSU r e l a t i o n s h i p .  S i m i l a r l y ,  t h e  SF and USBR procedures y i e l d  median 

stone diameters rang ing  f r o m  36% t o  56% and f rom 8% t o  22%, r e s p e c t i v e l y ,  

l a r g e r  than t h e  CSU r e l a t i o n s h i p .  It i s  i n t e r e s t i n g  t o  note t h a t  the  

Stephenson method y i e l d s  a median stone s i z e  t h a t  i s  41% l a r g e r  than t h e  CSU 

r e l a t i o n s h i p  a t  a 20% s l o p e  f o r  a u n i t  d ischarge a t  f a i l u r e  o f  4.43 c f s .  

The comparison i n d i c a t e s  t h a t  f o r  s lopes o f  10% and grea ter ,  t h e  USBR, 

COE, SF and STEPH procedures y i e l d  c o n s e r v a t i v e l y  l a r g e r  stone s i z e s  when 

a p p l i e d  t o  over topp ing  f low.  It i s  acknowledged t h a t  t h e  USBR and COE 

procedures were no t  developed f o r  a p p l i c a t i o n  t o  over topp ing  f lows bu t  

r a t h e r  f o r  t h e  s t a b i l i z a t i o n  o f  r i v e r  banks and beds. The a p p l i c a t i o n  of 

t h e  COE, USBR, and SF r i p r a p  des ign procedures p r o v i d e  a conserva t ive  des ign 

f o r  s t a b i l i z i n g  t a i l i n g s  impoundments. 

Conservatisms are impor tan t  when engineers must p rov ide  designs t h a t  

have extended l i v e s  o f  200 t o  1000 years.  

many o f  t h e  unknowns such as f low concent ra t ion ,  rock d u r a b i l i t y ,  water 

borne and wind borne sediments, and weather ing.  However, an o v e r l y  

c o n s e r v a t i v e  des ign w i l l  r e s u l t  i n  an e s c a l a t i o n  o f  s t a b i l i z a t i o n  costs .  

Therefore,  t h e  conservat ism o f  t h e  des i  gn must be c a r e f u l l y  weighed agai  n s t  

t h e  a d d i t i o n a l  cos ts  o f  implementat ion.  

The conservat ism accounts f o r  
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4.2 INTERSTITIAL VELOCITIES 

V e l o c i t y  p r o f i l e s  of f l o w  through t h e  r i p r a p  l a y e r  were ob ta ined f o r  

each s tone s i z e  on each o f  the  embankment s lopes. 

v e l o c i t y  p r o f i l e s  f o r  i n t e r s t i t i a l  f l o w  w i t h  t h e  f l o w  depth approx imate ly  a t  

t h e  r i p r a p  sur face.  A d d i t i o n a l  v e l o c i t y  p r o f i l e s  a re  presented i n  Appendix 

B. 

Table 4.5 summarizes t h e  

4.2.1 Average I n t e r s t i t i a l  V e l o c i t y  

An average i n t e r s t  i t i a1 vel  o c i  t y  was c a l  c u l  a ted  f o r  each p r o f  i 1 e 

presented i n  Table 4.5 and p l o t t e d  i n  F i g .  4.4. 

observed f o r  each embankment s lope i n d i c a t i n g  v e l o c i t y  dependence on s lope 

and median stone diameter.  The CSU r e l a t i o n s h i p  was compared t o  t h e  

e m p i r i c a l l y  d e r i v e d  Leps (1973) procedure f o r  e s t i m a t i n g  i n t e r s t i t i a l  f l o w  

v e l o c i t i e s ,  The Leps r e l a t i o n  i s  

A un ique r e l a t i o n s h i p  i s  

v = - ( i  wrnoo5 0.54) 
1 2  

where 

V = v e l o c t y  i n  f e e t  per  second 

Wm = i s  an e m p i r i c a l  cons tan t  

i = s l o p e  o f  t h e  embankment. 

( 4 . 3 )  



Table 4.5. V e l o c i t y  p r o f i l e s  f o r  i n t e r s t i t i a l  f lows. 

Depth of 
F1 ow 

Depth R e l a t i v e  Ve loc i t y  ( f t / s )  o f  Flow a t  Y inches 
Runa Riprap o f  t o  Riprap Below Riprap Surface Average 

Surface V e l o c i t y  VLeps b 
No. F1 ume '5 0 Riprap Slope QT 

( in . )  ( in . )  ( c f s )  ( in . )  Y=1.5 Y=4.5 Y=7.5 Y=10.5 ( f t / s )  ( f t / s )  

61 
71 
9 IC 
41 
31 
lOId  
111e 
3f  
49 
gf  
89 
149 

Indoor 
Indoor  
Indoor  
Indoor 
Indoor 
Indoor  
Indoor 
Outdoor 
Outdoor 
Outdoor 
Outdoor 
Outdoor 

1.02 
1.02 
1.02 
2.20 
2.20 
2.20 
2.20 
4.10 
4.10 
5.10 
5.10 
6.20 

3 
3 
3 
6 
6 
6 
6 

12 
12 
12 
12 
12 

0.01 
0.02 
0.10 
0.01 
0.02 
0.10 
0.10 
0.20 
0.20 
0.20 
0.20 
0.20 

0.11 
0.11 
0.21 
0.23 
0.33 
0.56 
0.56 
4.34 
4.25 
5.70 
5.96 
6.22 

0.00 
0 .oo 
0.00 
0 .oo 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0 .00 

0.10 
0.13 

0.17 
0.24 
0.36 
0.42 
0.69 

-- 
-- 
-- 

0.24 
0.13 
0.23 
0.36 
0.33 
0.82 
1.18 
0.86 
0.84 -- 

0.81 
0.91 
1.11 
0.87 

-- 
-- 
-- 

0.56 
0.82 
1.15 
0.88 

0.10 
0.13 
0.24 
0.15 
0.23 
0.36 
0.37 
0.72 
0.97 
1.04 
0.86 

0.08 
0.12 
0.27 
0.12 
0.17 
0.40 

P 
0.40 
0.85 Lo 

0.85 
0.93 
0.93 
-- 

& T e s t  runs 5, 15, 16, 11, 21, and 51 were no t  inc luded due t o  ma l func t i on ing  equipment. 
b Leps, 1973. 
C Test run 9 a t  s t a t i o n  140-142. 
d Tes t  run  10 a t  s t a t i o n  140-142. 
e Tes t  run  11 a t  s t a t i o n  148-150. 
f Test run  a t  s t a t i o n  22-24. 
9 Test run  a t  s t a t i o n  35-37. 
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F i g .  4.4. I n t e r s t i t i a l  v e l o c i t y  r e l a t i o n s h i p s  f o r  CSU and Leps methods. 
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Median stone diameters and a p p r o p r i a t e  s lopes were e x t r a c t e d  from Table 

4.5 and were c a l c u l a t e d  f rom Eq. 4.3. The r e s u l t i n g  v e l o c i t y  r e l a t i o n s h i p s  

are  presented i n  Fig,  4,4. It i s  observed t h a t  t h e  CSU and Leps r e l a t i o n -  

sh ips  a r e  s i m i l a r  f o r  s lopes o f  10% o r  g rea ter .  

s h i p  y i e l d s  h i g h e r  i n t e r s t i t i a l  f l o w  v e l o c i t i e s  a t  s lopes o f  2% and l e s s .  

Therefore,  i t  i s  recommended t h a t  t h e  Leps r e l a t i o n s h i p  be a p p l i e d  o n l y  t o  

s lopes o f  10% o r  g rea ter .  

However, t h e  CSU r e l a t i o n -  

I n  an at tempt  t o  c o n s o l i d a t e  t h e  CSU i n t e r s t i t i a l  v e l o c i t y  r e l a t i o n -  

sh ips  presented i n  F ig .  4.4, an a n a l y s i s  was conducted t o  eva lua te  t h e  

e f f e c t  t h a t  r i p r a p  p o r o s i t y ,  np, r i p r a p  c o e f f i c i e n t  o f  u n i f o r m i t y ,  Cu, 

median stone s i z e ,  050, and embankment s lope, S ,  have on t h e  i n t e r s t i -  

t i a l  v e l o c i t y .  The dimensionless v a r i a b l e s  o f  stone p o r o s i t y ,  c o e f f i c i e n t  

o f  u n i f o r m i t y ,  and s lope are g r a p h i c a l l y  r e l a t e d  t o  a dimensionless para- 

meter compr is ing f l o w  v e l o c i t y ,  median stone diameter,  and t h e  a c c e l e r a t i o n  

o f  g r a v i t y  i n  F ig .  4.5. The r i p r a p  p r o p e r t i e s  and embankment s lope 

e f f e c t i v e l y  c o n s o l i d a t e d  t h e  da ta  i n t o  a s i n g l e  r e l a t i o n  expressed as 

b c d  
P 

_ _ _ \ L - = a c U s  n 
( 9  D50)0*5 

(4.4) 

A m u l t i p l e  l i n e a r  regress ion  a n a l y s i s  was performed f o r  Eq. 4.4 u s i n g  t h e  

d a t a  i n  Appendix B. The c o e f f i c i e n t s  r e s u l t i n g  f rom t h i s  regress ion  are:  

a = 17.60 

b = -0.074 



52 

I .oo 

10 

L 
5: 
cl 0.10- 
0, 
U 

0.0 I - 

> 

I I I I I I I I I  I I I I I I I I  - - 
- r 2  = 0.89 - - - - - - 
- - 
- - 
- - 

- - 
- - 
- - - - - 

Ds0 ( i n . )  
- - - 

- 0 1.0 2 - 
0 2.20 

5 . 1 0  
0 6.20 

- 0 4.10 - 

I I 1 I I I l l 1  I I I I 1 1 1 1  

Fig.  4.5. Consol idated i n t e r s t i t i a l  f l o w  v e l o c i t y  r e l a t i o n s h i p  w i t h  CSU 
data.  
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c = 0.46 

d = 4.14 

Express ing t h e  r e l a t i o n s h i p  o f  Fig.  4.5 i n  a power regress ion  and 

s o l v i n g  Eq. 4.4 f o r  v e l o c i t y  y i e l d s  

( 9 D50)Oo5 
-0.074 s0.46 ,4.14) 1.064 

P 
V = 19.29 (Cu (4.5) 

Equat ion 4.5 a l lows t h e  des igner  t o  es t imate  t h e  i n t e r s t i t i a l  f l o w  

v e l o c i t y  i n  t h e  r i p r a p  l a y e r  as a f u n c t i o n  o f  t h e  r i p r a p  p r o p e r t i e s  and t h e  

embankment s lope. The r e l a t i o n s h i p  i n  Eq. 4.5 was der ived  from r i p r a p  l a y e r  

th icknesses o f  3 inches t o  12 inches.  The c o r r e l a t i o n  c o e f f i c i e n t  o f  t h e  

r e l a t i o n s h i p  presented i n  F ig .  4.5 i s  r 2  = 0.89. 

4.2.2 Discharge Es t imat ion  f o r  U n i t  Thickness 

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 y  r e l a t i o n s h i p  presented i n  Fig. 4.5 can 

be extended t o  e s t i m a t e  t h e  u n i t  d ischarge i n  t h e  r i p r a p  l a y e r .  I n  o r d e r  t o  

i n c o r p o r a t e  a u n i t  t h i c k n e s s  term i n t o  t h e  absc issa parameter o f  Fig.  4.5, 

t h e  u n i t  d ischarge,  q, was m o d i f i e d  t o  a u n i t  d ischarge per  i n c h  o f  r i p r a p  

th ickness ,  q*. 

through t h e  r i p r a p  l a y e r  wi th r i p r a p  th icknesses o f  3 inches t o  1 2  inches. 

The u n i t  d ischarge was d e r i v e d  from t h e  average v e l o c i t y  

The parameter o f  u n i t  d ischarge per u n i t  th ickness  and median stone 

s i z e  was g r a p h i c a l l y  c o r r e l a t e d  t o  t h e  dimensionless v a r i a b l e s  of 

c o e f f i c i e n t  o f  u n i f o r m i t y ,  embankment slope, and p o r o s i t y  i n  Fig. 4.6. 
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F i g .  4.6. Consol idated u n i t  d ischarge per u n i t  t h i c k n e s s  w i t h  CSU data.  
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With t h e  c o n s o l i d a t e d  CSU data,  t h i s  r e s u l t e d  i n  a s i n g l e  r e l a t i o n s h i p  t h a t  

can be expressed as 

* 
bed 

P 
1 2 q  = a c u s  n 

( 9  050)0-5 
(4.6) 

A m u l t i p l e  l i n e a r  regress ion  a n a l y s i s  was performed f o r  E q .  4.6. 

c o e f f i c i e n t s  r e s u l t i n g  from t h i s  regress ion  are:  

The 

a = 0.949 

b = -0.94 

c = 0.46 

d = 1.07. 

Express 

E q .  4.6 

ng t h e  r e l a t i o n s h i p  o f  Fig. 4.6 i n  a power regress ion  and s o l v i n g  

f o r  q* y i e l d s  

-0.94 s0.46 n1.0710.999 ( 9  D ~ o ) " ~  q = 0.079 (Cu 
* 

P ( 4 . 7 )  

The c o r r e l a t i o n  c o e f f i c i e n t  o f  t h e  r e l a t i o n s h i p  presented i n  F ig .  4.6 i s  

r 2  = 0.95. 

4.3 RESISTANCE TO FLOW 

The r e s i s t a n c e  t o  f l o w  was est imated f o r  each t e s t  c o n d i t i o n  us ing  t h e  

da ta  presented i n  Table 4.6 and 4.7 f o r  t h e  outdoor and indoor  f a c i l i t i e s ,  



Table 4.6. Resistance f a c t o r s  f o r  t e s t s  run  i n  t h e  outdoor f lume (12 ft).a 

Darcy- 
Wei sbach 

T o t a l  Surface o f  Froude Sh ie lds '  Reynol d ' s  F r i c t i o n  
F a c t o r  

Area 

Run Discharge Discharge Slope Depth V e l o c i t y  Flow Number Manning's C o e f f i c i e n t  Number 
No. 05 0 QT Qs S D=R V A F n CC Re f 

( i n . )  ( c f s )  (c fs )  ( f t )  ( fps )  ( f t 2 )  

6 4.10 17.50 13.20 0.20 0.20 5.59 2.36 2.22 0.040 0.070 27270 0.324 
7 4.10 21.78 17.48 0.20 0.22 6.62 2.64 2.49 0.037 0.078 28843 0.259 
a 5.10 11.41 5.58 0.20 0.16 2.91 1.92 1.28 0.067 0.046 30597 0.976 
9 5.10 26.19 20.36 0.20 0.26 6.53 3.12 2.26 0.041 0.074 39003 0.315 

11 6.20 19.47 13.25 0.20 0.26 4.25 3.12 1.47 0.064 0.061 47416 0.743 
12 6.20 19 .ao 13.58 0.20 0.23 4.92 2.76 1.81 0.051 0.054 44596 0.489 
13 6.20 31.10 24.88 0.20 0.35 5.92 4.20 1.76 0.056 0.082 55013 0.514 
1 7  2.20 5.58 4.14 0.20 0.10 3.45 1.20 1.92 0.041 0.066 10434 0.433 
18 2.20 6.05 4.61 0.20 0.11 3.49 1.32 1.86 0.044 0.073 10944 0.465 

~. 

a D e f i n i t i o n s  

4s 
V = -  ( i n  f t / s )  

A 
v = 1.41 x 10-5 f t 2 / s  a t  50°F 

Where, ' D '  i s  t h e  average of m u l t i p l e  readings shown i n  Appendix C . l .  



Table 4.7. Resistance f a c t o r s  f o r  t e s t s  run  i n  t h e  indoor  f lume ( 8  f t ) . a  

Darcy- 
Weisbach 

T o t a l  Surface o f  Froude Sh ie lds '  Reynold' s F r i c t i o n  
Run Discharge Discharge Slope Depth V e l o c i t y  Flow Number Manning's C o e f f i c i e n t  Number Fac tor  

Area 

S D=R V A F n C C  Re f No. O5 0 QT QS 
( in . )  ( c f s )  (c fs )  ( f t )  ( fps )  ( f t 2 )  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
26 
27 
28 
29 
30 

2.20 
2.20 
2.20 
2.20 
2.20 
2.20 
2.20 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1 eo2 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
2.20 
2.20 

24.60 
48.60 
43.60 
46.90 
52.70 
56.60 
36 .OO 
10.08 
15.20 
18.30 
8.90 
8.50 

12.00 
15.00 
17.80 
12.00 
15 .OO 
17.90 
10.00 
12.00 
31.70 
34.50 
40 .OO 
43.00 

2.70 
2.48 
3.35 
9.00 

10.00 

24.27 
48.27 
43.27 
46.57 
52.37 
56.27 
35.67 

9.89 
15.09 
18.19 
8.79 
8.39 

11.89 
14.89 
17.69 
11.89 
14.89 
17.79 
9.89 

11.89 
31.59 
34.39 
38.89 
42.89 

2.49 
2.27 
3.14 
8.44 
9.44 

0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.10 
0.10 
0.10 
0.10 
0.10 

0.57 

0.81 
0.85 
0.93 
1 .oo 
0.74 
0.32 
0.41 
0.47 
0.30 
0.31 
0.38 
0.43 
0.42 
0.34 
0.40 
0.42 
0.41 
0.47 
0.80 
0.86 
0.94 
1.00 
0.08 
0.11 
0.14 
0.23 
0.25 

0.84 
5.34 
7.32 
6.77 

7.08 
7.07 
6.12 
3.91 
4.60 
4.87 
3.65 
3.44 
3.91 
4.35 
5.30 
4.41 
4.74 
5.37 
3.07 
3.22 
4.95 
5.03 
5.40 
5.38 
4.10 
2.84 
2.98 
5.15 
5 .oo 

6 .8'1 

4.56 
6.64 
6.48 
6.80 
7.44 
8.00 
5.92 
2.56 
3.28 
3.76 
2.40 
2.48 
3.04 
3.44 
3.36 
2.72 
3.20 
3.36 
3.28 
3.76 
6.40 
6.88 
7.52 
8.00 
0.66 
0.87 
1.14 
1.84 
2 .oo 

1.26 
1.42 
1.33 
1.31 
1.29 
1.25 
1.25 
1.22 
1.26 
1.25 
1.17 
1.09 
1 .ll 
1.17 
1.44 
1.33 
1.33 
1.47 
0.85 
0.83 
0.98 
0.96 
0.98 
0.95 
2.49 
1.52 
1.37 
1.89 
1.76 

0.025 
0.022 
7.024 
0.025 
0.025 
0.026 
0 .026 
0.024 
0.024 
0.025 
0.025 
0.027 
0.027 
0.026 
0.021 
0.022 
0.023 
0.021 
0.025 
0.026 

0.023 
0.023 
0.024 
0.022 

0.043 
0.035 
0.036 

0 .023 

0.037 

0.038 
0.055 
0.055 
0.058 
0.063 
0.068 
0.050 
0.046 
0.060 
0.069 
0.045 
0.045 
0.056 
0.063 
0.060 
0.049 
0 .058 
0.061 
0.029 
0.033 
0.057 
0.061 
0.067 
0.071 
0.059 
0.078 
0.102 
0.076 
0.083 

11108 
13404 
13535 
13932 
14546 
15076 
12969 

3859 
4351 
4642 
37 33 
3764 
4196 
4445 
4421 
3977 
4261 
437 2 
3017 
3228 
4230 

4580 
4823 
4394 
5039 
57 68 

15777 
16449 

4378 

0.088 
0.066 
0.079 
0.081 
0.082 
0.086 
0.091 
0.100 
0.093 
0.094 
0.111 
0.128 
0.121 
0.109 
0.070 
0.083 
0.085 
0.069 
0.101 
0.104 
0.069 
0.070 
0.069 
0.071 
0.127 
0.339 
0.415 
0.234 
0.224 

cn 
4 



Table 4.7. Continued. 

Darcy- 
We i s bac h 

To ta l  Surface o f  Froude Shields '  Reynold's F r i c t i o n  
Run Discharge Discharge Slope Depth Veloc i ty  Flow Number Manning's Coe f f i c i en t  Number Factor 

Area 

No. O5 0 QT Qs S O=R v A F n CC Re f 
( in.)  ( c f s )  (cfs)  ( f t )  ( fps) ( f t 2 )  

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

a D e f i n i t i o n s  

Q T / ~  A = 12 x D ( i n  f t 2 )  
F =  

(gD3) 0.5 

QT 

Q 
V = - ( i n  f t / s )  

A 

DS 
cc = 

(Gs-1) D50 

D50 (gDS)Oo5 
Re = 

Y 

Y = 1.41 x 10-5 f t 2 / s  a t  50°F 

8gDS 
f = -  

V2 

Where, ' D '  i s  t h e  average o f  m u l t i p l e  readings shown i n  Appendix C.2. 
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r e s p e c t i v e l y .  The values presented i n  Table 4.6 and 4.7 a r e  averages o f  t h e  

i n d i v i d u a l  da ta  s e t s  c o l l e c t e d  f o r  each run. These average values b e t t e r  

i n d i c a t e  da ta  t r e n d s  than do t h e  i n d i v i d u a l  da ta  p o i n t s  f rom which these 

averages are der ived .  The i n d i v i d u a l  da ta  se ts  a re  presented i n  Table C . l  

(outdoor  f lume) and Table C.2 ( i n d o o r  f lume) o f  Appendix C. 

I n  t h e  ana lys is ,  t h e  Manning's roughness c o e f f i c i e n t ,  n, the  bed 

S h i e l d s '  c o e f f i c i e n t ,  Cc, and t h e  Darcy-Weisbach f r i c t i o n  f a c t o r ,  f, were 

computed u s i n g  t h e  equat ions presented i n  Chapter 3. 

S h i e l d s '  and Darcy-Weisbach c o e f f i c i e n t s  are i n t e r r e l a t e d ,  t h e  a n a l y s i s  

concentrates on t h e  Manning's roughness c o e f f i c i e n t .  

Since t h e  Manning's, 

One o f  t h e  most d i f f i c u l t  Manning's roughness values t o  determine i s  

f o r  r i p r a p  i n  cascading f l o w  s i t u a t i o n s .  The s e l e c t i o n  o f  an approximate n 

va lue  i s  impor tan t  t o  a c c u r a t e l y  d e p i c t  t h e  f l o w  c o n d i t i o n s  needed t o  des ign 

a r ip rapped channel o r  embankment. The equat ion f o r  c a l c u l a t i n g  t h e  

Manning's roughness c o e f f i c i e n t ,  n, i s  expressed as: 

n = -  1.486 ~ 2 / 3  s1/2 A 
QS 

(4.8) 

where Qs i s  t h e  sur face  discharge, 0 i s  the  depth o f  f low,  S i s  t h e  s lope,  

and A i s  t h e  c r o s s - s e c t i o n a l  area o f  f low.  Other f a c t o r s  t h a t  a f f e c t  

Manni ng I s roughness coef f i c i  e n t  i n c l  ude s u r f  ace roughness, channel 

i r r e g u l a r i t y ,  channel a l ignment,  f l o w  depth, s i l t i n g  and scour ing,  

o b s t r u c t i o n s ,  and channel shape. Chow (1959) and Barnes (1967) p r e s e n t  a 

comprehensive l i s t  o f  n values f o r  open channel f l o w  a p p l i c a t i o n s .  

Manning's n va lues commonly range from 0.017 f o r  smooth channels t o  0.07 f o r  

cobble bed streams. 
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4.3.1 E s t i m a t i n g  Manning's n f o r  Cascading Flow 

The average Manning's roughness value, n, was computed f o r  each f a i l u r e  

t e s t  based on f l o w  v e l o c i t i e s  and depths measured p r i o r  t o  f a i l u r e ,  and are  

p l o t t e d  versus t h e  median stone s ize ,  D50, i n  Fig.  4.7. 

i n  F ig .  4.7 t h a t  t h e  n values f o r  1% and 2% s lopes f a l l  c l o s e l y  t o  the  s o l i d  

l i n e  r e p r e s e n t i n g  a r e l a t i o n s h i p  developed by Anderson e t  a l .  (see Sect ion  

4.3.2). 

t h e  embankment increased, and t h e  n va lue  i s  over 40% h i g h e r  when 

Depth/D50 < 2 (cascading f l o w  c o n d i t i o n s )  than when Depth/D50 i s  

g r e a t e r  t h a n  2 (Tab le  4.8). 

It i s  observed 

However, t h e  n va lue  f o r  each stone s i z e  increased as t h e  s lope o f  

A median s tone s ize-s lope parameter (D50 x S )  was c o r r e l a t e d  t o  

t h e  Manning's n va lue  f o r  t h e  CSU da ta  as presented i n  F ig .  4.8. 

t h e  median stone s i z e  and s lope i n  one parameter appears t o  have reduced t h e  

d a t a  s c a t t e r .  The r e l a t i o n s h i p  can be expressed as: 

Combining 

n = 0.0456 (D50 s)0.159 (4.8) 

where D50 i s  i n  inches. 

Therefore,  a Manning's n va lue can be est imated f o r  a r ip rapped sur face  i n  

cascading f l o w  as a f u n c t i o n  o f  t h e  median stone s i z e  and slope. 

The c o r r e l a t i o n  c o e f f i c i e n t ,  r2 ,  i s  0.90. 

4.3.2 Comparison o f  Procedures 

A commonly used express ion f o r  de termin ing  Manning's n f o r  r i p r a p  was 

presented by Anderson e t  a l .  (1970) as 
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Table 4.8. Summary o f  average Manning’s n f o r  CSU data. 

No. o f  
D50 Data 

( i n . )  D l  D5 Oa S1 ope P o i n t s  “SU 

1.02 
1.02 
1.02 
2.20 
2.02 
2.20 
2.20 
4.10 
5.10 
6.20 

9.20 
2.07 
1.29 
4.47 
1.86 
1.35 
0.41 
0.57 
0.46 
0.47 

0.01 
0.02 
0.10 
0.02 
0.08 
0.10 
0.20 
0.20 
0.20 
0.20 

16 
31  

3 
21 
3 
9 

22 
26 
38 
35 

0.024 
0.024 
0.034 
0.025 
0.036 
0.036 
0.035 
0.043 
0.044 
0.055 

a Depth i D50 
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where D50 i s  t he  median stone s i z e  i n  f e e t .  

was developed from n a t u r a l  streams w i t h  s lopes l e s s  than  2% f o r  u n i f o r m  f l o w  

c o n d i t i o n s  over submerged r i p r a p  i s  shown as t h e  s o l i d  l i n e  i n  Fig.  4.7. 

However, t h e  Anderson e t  a l .  (1970) r e l a t i o n s h i p  i s  commonly used and 

e x t r a p o l a t e d  t o  es t ima te  roughness on steep slopes. Anderson e t  a l .  d i d  not  

cons ider  t h e  r e s i s t a n c e  t o  be a f u n c t i o n  o f  slope. 

The U.S. Army Corps o f  Engineers (COE, 1970) have a l s o  developed a 

Th is  r e l a t i o n s h i p ,  which 

procedure f o r  e s t i m a t i n g  Manning's n value. A l th rough t h e  COE procedure was 

fo rmu la ted  f o r  f l a t  slopes and deep f l o w  depths (1-60 f t ) ,  it i s  r o u t i r l e l y  

a p p l i e d  t o  es t ima te  f l o w  r e s i s t a n c e  o f  steep slopes. 

c a l  c u l  a ted  as 

The Manning's n i s  

R1/6 

23.85 + 21.95 l o g l o  (R/K) 
n =  (4.10) 

where R i s  t h e  h y d r a u l i c  rad ius  and K i s  t h e  e q u i v a l e n t  roughness he igh t  i n  

ft. The e q u i v a l e n t  roughness f o r  stone l i n e d  channels i s  t he  t h e o r e t i c a l  

spher i ca l  d iameter o f  t h e  median stone s i z e .  The h y d r a u l i c  rad ius  i s  

approximated w i t h  the depth o f  f l o w  i n  wide channels. 

The CSU and Anderson e t  a l .  (1970) equat ions were compared t o  

demonstrate the  e f f e c t  t h a t  s lope has on the  Manning's n. The Manning's n 

values were approximated by a p p l y i n g  Eq. 4.8 and Eq. 4.9 f o r  median stone 

s i z e s  o f  2.2 inches  and 5.1 inches  on slopes o f  1%, 2%, 5%, 10% and 20%. 
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Manning's n values a t  steep 

remains constant  a t  0.034 f 

However, t h e  CSU equat ion  y 

(D50) a t  20% s lope,  a va lue 

a l .  It i s  e v i d e n t  t h a t  t h e  

extended from 0.06 t o  0.08. 

t h e  l o c a l i z e d  n va lues resu 

The r e s u l t s  o f  t h e  a n a l y s i s  (Tab le  4.9) i n d i c a t e  t h a t  a t  s lopes below 22, 

t h e  Anderson e t  a l .  equat ion y i e l d s  s l i g h t l y  g r e a t e r  n values (approx imate ly  

10%) than does t h e  CSU equat ion.  The CSU and Anderson e t  a l .  r e l a t i o n s  

c o i n c i d e  a t  a s lope between 2% and 5%. 

The CSU and Anderson e t  a l .  r e l a t i o n s  y i e l d  s i g n i f i c a n t l y  d i f f e r e n t  

s lopes (> lo%) .  - The Anderson e t  a1 . n v a l u e  

r a 5.1-inch stone (D50) f o r  a l l  slopes. 

e l d s  an n va lue o f  0.046 f o r  a 5.1-inch s tone 

35% g r e a t e r  than p r e d i c t e d  by Anderson e t  

Anderson e t  a l .  f o r m u l a t i o n  can lead t o  

erroneous designs i f  a p p l i e d  t o  s lopes g r e a t e r  than 2%. 

An at tempt  was a l s o  made t o  compare the  Manning's n va lue f rom t h e  1J.S. 

Army Corps o f  Engineers procedure (COE, 1970) w i t h  t h e  CSU r e s u l t s  presented 

i n  F i g .  4.8. As observed i n  Table 4.9, t h e  COE n values are l e s s  than t h e  

Anderson e t  a1 . and CSU va lues a t  s lopes l e s s  than 10%. However, t h e  COE 

va lue meets o r  exceeds t h e  Anderson e t  a1 . and CSU n values f o r  s lopes o f  

10% o r  g rea ter .  

It should be noted t h a t  t h e  CSU equat ion  was based on computed average 

n values and does n o t  i n d i c a t e  t h e  upper range o f  l o c a l i z e d  n values which 

Appendix C, Summary o f  H y d r a u l i c  Data, presents  

t i n g  f rom each t e s t  o f  t h e  t e s t i n g  program. 

4.3.3 Bed C r i t i c a l  S h i e l d s  Coef f i c i  e n t  

The bed c r i t i c a l  S h i e l d s '  c o e f f i c i e n t ,  Cc, was computed f o r  each t e s t  

The S h i e l d s '  c o e f f i c i e n t  of each as presented i n  Table 4.6 and Table 4.7. 
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Table 4.9. Comparison o f  Manning's n. 

DS0 i n .  S1 ope a 
(ANDER) (COE) 

b 
(CSU) 

2.2 
2.2 
2.2 
2.2 
2.2 
5.1 
5.1 
5.1 
5.1 
5.1 

0.01 
0.02 
0.05 
0.10 
0.20 
0.01 
0.02 
0.05 
0.10 
0.20 

0.030 
0.030 
0.030 
0.030 
0.030 
0.034 
0.034 
0.034 
0.034 
0.034 

-- 
0.025 
-- 

0.029 
0.044 

-- 
0.047 

0.025 
0.028 
0.032 
0.036 
0.040 
0.028 
0.032 
0.037 
0.041 
0.046 

a n(ANDEK): Eq. 4.8. 

b n(csu) :  Eq. 4.9. 
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f a i l u r e  t e s t ,  o r  average c o e f f i c i e n t  i f  more than one f a i l u r e  t e s t  was run, 

was determined f o r  t h e  f low j u s t  p r i o r  t o  f a i l u r e  f o r  each stone s ize .  The 

r e s u l t i n g  c o e f f i c i e n t s  were p l o t t e d  on t h e  Sh ie lds '  Diagram (Simons and 

Senturk, 1977) as presented i n  F ig .  4.9. 

c o e f f i c i e n t s  f o r  t h e  l - i n c h ,  2- inch, 4- inch, 5- inch, and 6- inch  stone s izes  

f a i l e d  j u s t  above t h e  Sh ie lds '  curve and s i g n i f i c a n t l y  above Gess le r ' s  

m o d i f i c a t i o n  (Gessler,  1971). The r i p r a p  f a i l u r e  occurred w i t h  Sh ie lds '  

coef  f i  c i  en ts  s l  i g h t l y  g rea te r  than expected us ing  t h e  Sh ie lds '  diagram. 

Theref  o re  , t h e  Sh ie lds  ' c o e f f i c i e n t  as presented i n  t h e  Shi e l  ds '  d i  agram may 

be conserva t ive  f o r  s tone s izes  o f  l - i n c h  o r  g rea te r .  Also, i t  i s  p o s s i b l e  

t h a t  t h e  h igh  Sh ie lds '  c o e f f i c i e n t s  r e f l e c t  t h e  s lope i n f l u e n c e  o f  t h e  bed. 

It i s  observed t h a t  t h e  

4.4 TIME EFFECTS ON RIPRAP FAILURE 

Dur ing  t h e  t e s t i n g  program, i t  was observed t h a t  t h e  r i s i n g  l imb  o f  t h e  

i n f l o w  hydrograph v a r i e d  as a f u n c t i o n  of t h e  t ime requ i red  t o  acqu i re  data.  

There fore  i t  was necessary t o  analyze how t h e  shape of t he  r i s i n g  l imb  o f  

t h e  hydrograph a f f e c t e d  t h e  u n i t  d ischarge a t  t h e  f a i l u r e  o f  the r i p r a p  

1 ayer . 
Three t e s t s  were conducted w i t h  t h e  2- inch  r i p r a p  w i thou t  f i l t e r  on t h e  

20% embankment s lope. 

g r a p h i c a l l y  presented i n  Fig.  4.10. 

t i m e  t o  f a i l u r e  i n  t e s t  No. 1 represents  a steep r i s i n g  l imb  o f  the  i n f l o w  

hydrograph w h i l e  t h e  t ime  o f  f a i l u r e  i n  t e s t  No. 2 represents  a slower, 

g r a d u a l l y  r i s i n g  l imb.  

c f s  and 0.31 c f s  f o r  t e s t s  No. 1, No. l a  and No. 2, respec t i ve l y .  

The u n i t  d ischarge and t e s t  t ime  i n  Table 4.10 are  

It i s  observed i n  Fig. 4.10 t h a t  t h e  

The u n i t  d ischarges a t  f a i l u r e  a re  0.28 c f s ,  0.29 
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Table 4.10. Summary data f o r  computing normal ized t i m e  and discharge.a 

Run 

1 

1A 

2 

18 

7 

1 OA 

15 

q = u n i t  d ischarge a t  t i m e  It '. 

t = t i m e  elapsed a f t e r  s t a r t i n g  t h e  t e s t .  
q f  = f a i l u r e  discharge. 

tf = t o t a l  t i m e  o f  t e s t .  
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F i g .  4.10. U n i t  d ischarge versus t i m e  f o r  2 - inch  r i p r a p  a t  20% s lope.  



7 1  

It appears t h a t  t h e  shape of the r i s i n g  l i m b  o f  t he  i n f l o w  hydrograph 

has l i t t l e  e f f e c t  on the  u n i t  d ischarge a t  f a i l u r e  o f  t h e  r i p r a p  l a y e r  as 

l ong  as t h e  f l o w  does no t  e x h i b i t  dynamic wave l o a d i n g  c o n d i t i o n s .  

i f  a ponding c o n d i t i o n  upstream o f  t h e  r i p r a p  covered slope should suddenly 

b u r s t ,  t h e  r i p r a p  l a y e r  may f a i l  a t  a lower u n i t  d ischarge than repo r ted  i n  

Sec t i on  4.1 due t o  unsteady, nonuniform f l o w  cond i t i ons .  

However, 

4.5 I N C I P I E N T  STONE MOVEMENT AND CHANNELIZATION 

4.5.1 I n c i p i e n t  Stone Movement 

I n c i  p i  e n t  

was considered 

c r i t e r i a .  The 

movement was f 

stone movement r e s u l t i n g  from the  force o f  t he  imp ing ing  f l o w  

an impor tan t  f a c t o r  i n  de termin ing  t h e  r i p r a p  f a i l u r e  

u n i t  d ischarge was recorded d u r i n g  each t e s t  when stone 

r s t  observed. Stone movement was ndependent o f  bed 

se t t l emen t  o r  s h i f t i n g  due t o  changes i n  t h e  discharge. I n  each case, f i e l d  

observa t ions  were v e r i f i e d  w i t h  the  v ideotape r e c o r d i n g  o f  t he  t e s t .  

A g r a p h i c a l  p r e s e n t a t i o n  o f  t he  normal ized d ischarge versus t h e  

normal ized t i m e  i s  presented i n  F ig .  4.11 f o r  t h e  2- inch, 4- inch, 5- inch, 

and 6 - inch  stones w i t h  f i l t e r  on a 20% embankment slope. 

t h a t  t h e  stone movement occur red  when t h e  u n i t  d ischarge approached 

approx imate ly  76% - + 3% o f  t h e  u n i t  d ischarge a t  f a i l u r e .  

appears t o  be independent o f  t h e  shape o f  t he  r i s i n g  l i m b  o f  t he  i n f l o w  

hydrograph. 

It i s  observed 

The stone movement 

Therefore,  stone movement u n i t  d ischarge can be es t imated  as a f u n c t i o n  

o f  t h e  u n i t  d ischarge a t  f a i l u r e .  Furthermore, i n c i p i e n t  stone movement i s  



1 I I 

Zone of 
Cha nn e Ii zo t i o  n 

Zone  of Rock  O - * -  

Move m e  n t 

0.6 - 
/ / 

n 5. I 
* 6.2 

0 
t / t f  

F i  g. 4.11. Normal i zed u n i t  d i  scharge versus normal i zed t ime w i t h  f i  1 t e r .  
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independent o f  t h e  shape of the  hydrograph. These f i n d i n g s  are based on a 

s i n g l e  s lope and should be v e r i f i e d  w i t h  a d d i t i o n a l  t e s t s  on o t h e r  

s lope (s ) .  

4.5.2 Channel i z a t i o n  

Dur ing  severa l  t e s t s ,  sma 1 channe s formed i n  t h e  r i p r a p  l a y e r  

conveying u n i t  d ischarges g rea te r  than were expected under sheet f l o w  

c o n d i t i o n s  as p r e v i o u s l y  i n d i c a t e d  by Codel 1 (1986). The channel s appeared 

t o  form as f l ows  were d i v e r t e d  around t h e  l a r g e r  stones and d i r e c t e d  i n t o  

areas o r  zones o f  t he  smal le r  stones. The smal le r  stones would move 

c r e a t i n g  a gap o r  no tch  between t h e  l a r g e r  stones. The f l o w  would 

concent ra te  i n t o  these notches thereby i n c r e a s i n g  t h e  l o c a l i z e d  v e l o c i t i e s  

and subsequently t h e  l o c a l  d ischarge. The newly formed channel would 

u s u a l l y  m ig ra te  downstream. However, m i g r a t i o n  o f t e n  was across t h e  

embankment as w e l l  as d i r e c t l y  down t h e  embankment. 

A1 though f l  ow channel i zat  i on was not  we1 1 documented, evidence o f  

channe l i za t i on  was ob ta ined i n  f o u r  t e s t s  as summarized i n  Table 4.11. When 

channe l i za t i on  was observed, t h e  channel depth and w id th  were est imated and 

a l o c a l i z e d  v e l o c i t y  measurement was taken. The sheet f l o w  u n i t  d ischarge,  

q, was determined and compared t o  the  u n i t  d ischarge c a l c u l a t e d  from the  

l o c a l i z e d  channel, qc. The r a t i o  o f  qc/q presented i n  Table 4.11 

i n d i c a t e s  t h a t  t h e  channel may convey i n  excess o f  t h r e e  t imes t h e  d ischarge 

i n d i c a t e d  f o r  sheet f l o w  cond i t i ons .  

r a t i o  decreases as t h e  stone s i z e  increases. 

It should be noted t h a t  t he  qc/q 



Table 4.11. Channel izat ion o f  f l o w  i n  t h e  outdoor f lume (12 f t ) .  

Concent r a t  i o n  qc 
V e l o c i t y  Rate 

Width Depth X-section of Flow qc o f  Flow Fac tor  
o f  o f  Area o f  through Channel through 1 Q QT 

Run Riprap Tota l  Sheet 
No. OS0 Flow Flow Channel Channel Channel Channel Flow Channel qc/q Q,/Q 1-9clQ 

i n .  c f s  c f s / f t  f t  f t  f t 2  f t / S  c f s  c f s l f t  

2.50 0.25 0.63 3.70 2.33 0.93 3.33 0.69 3.23 

4.10 21.72 1.81 4.00 0.58 2.32 5.20 12.06 3.02 1.67 0.56 2.27 

5.10 33.48 2.79 3.00 0.50 1.50 7.80 11.70 3.90 1.40 0.35 1.54 

01 2.2 3.36 0.28 
02 2.2 3.36 0.28 

07 
10 

3.00 0.33 0.99 1.90 1.88 0.63 2.24 0.56 2.21 
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I n  an at tempt  t o  quan t i f y  the degree o f  f l o w  concent ra t ion  t h a t  e x i s t s  

when channe l i za t i on  occurs, a f l o w  concen t ra t i on  f a c t o r  was formulated as 

c =  1 
f 1 - (Qc/Q) 

(4.11) 

where 

C f  = Concent ra t ion  f a c t o r  

Qc = To ta l  channel d ischarge 

Q = To ta l  d ischarge, 

The r e s u l t i n g  concen t ra t i on  fac to r  can be i n t e r p r e t e d  i n  a t  l e a s t  two 

ways. The concen t ra t i on  f a c t o r  can serve as an i n d i c a t o r  o f  t h e  " b u i l t - i n "  

s a f e t y  f a c t o r  i n  the  s t a b i l i t y  o f  t h e  r i p r a p  design. 

f a c t o r  cou ld  a l s o  be used as a m u l t i p l i e r  or  c o e f f i c i e n t  t h a t  may be 

i n t e g r a t e d  i n t o  a des ign procedure t o  inc rease s t a b i l i t y  against  t h e  unknown 

poss i  b i  1 i t y  o f  unsteady, nonuni form f 1 ow and subsequent channel i z a t  i on. The 

r e s u l t s  are i n c o n c l u s i v e  because o f  t h e  l i m i t e d  data base. 

ev iden t  t h a t  channe l i za t i on  can occur and i s  stone s i z e  dependent. 

The concen t ra t i on  

However, i t  i s  

The v ideotape record ings  o f  t h e  f a i l u r e  t e s t s  were reviewed and t h e  

u n i t  d ischarge a t  i n c i p i e n t  channe l i za t i on  was documented. The i n c i p i e n t  

channel i z a t i  on u n i t  d ischarges were normal i zed t o  t h e  approp r ia te  u n i t  

d ischarges a t  f a i l u r e .  The zone o f  i n c i p i e n t  channe l i za t i on  i s  

cross-hatched i n  F ig .  4.11. 

occurs a t  approx imate ly  90% - + 5% o f  t h e  u n i t  d ischarge a t  f a i l u r e .  

Furthermore, t h e  channe l i za t i on  appears t o  be independent o f  the  shape o f  

t h e  i n f l o w  hydrograph. 

It i s  observed t h a t  i n c i p i e n t  channe l i za t i on  
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4.6 FILTER INFLUENCE ON STABILITY 

It i s  g e n e r a l l y  recommended t h a t  a f i l t e r  b lanke t  o f  we l l -g raded rock 

m a t e r i a l  be p laced over an embankment o r  cover p r i o r  t o  r i p r a p  placement. 

The f i l t e r  b lanke t  prevents m i g r a t i o n  o f  embankment o r  cover m a t e r i a l s ,  ac ts  

t o  d i s s i p a t e  dynamic water fo rces  between bedded laye rs ,  and s t a b i l i z e s  t h e  

r i p r a p  l a y e r .  

s ize,  r i p r a p  th ickness ,  and r i p r a p  design procedure. 

t h i ckness  o f  one-ha l f  t h e  r i p r a p  l a y e r  th ickness ,  b u t  not l e s s  than 6 

inches, i s  recommended. 

The f i l t e r  th ickness  v a r i e s  depending upon the  r i p r a p  stone 

General ly,  a f i l t e r  

The exper imental  program d i d  not  d i r e c t l y  address how t h e  f i l t e r  

b lanke t  a f f e c t e d  t h e  s t a b i l i t y  of t h e  r i p r a p  l a y e r s .  However, one set  o f  

t e s t s  was conducted which i n d i c a t e s  t h e  p o t e n t i a l  e f f e c t  o f  t h e  f i l t e r  

b lanke t .  

The 2- inch median stone diameter r i p r a p  was t e s t e d  i n  t h e  outdoor 

f a c i l i t y  on a 20% slope w i t h  and w i t h o u t  a 6 - inch  t h i c k  f i l t e r  b lanke t .  The 

average u n i t  d ischarge a t  f a i l u r e  of t h e  2- inch  r i p r a p  w i t h o u t  a f i l t e r  was 

0.30 c f s / f t  as presented i n  F ig .  4.1. However, when a 6- inch f i l t e r  b l a n k e t  

was p laced beneath t h e  6- inch  l a y e r  of 2 - inch  r i p r a p ,  t h e  u n i t  d ischarge a t  

f a i l u r e  inc reased t o  0.50 c f s / f t .  

inc reased t h e  res i s tance  t o  r i p r a p  movement by n e a r l y  67%. The same r i p r a p  

and method o f  r i p r a p  placement was used i n  a l l  t e s t s .  

Apparent ly,  t h e  presence o f  t h e  f i l t e r  

Several observa t ions  were made d u r i n g  and a f t e r  each t e s t .  Because o f  

t h e  tu rbu lence  o f  t h e  cascading f l ows  on steep slopes, it was not p o s s i b l e  

t o  observe s i t u a t i o n s  i n  which a "s low pumping" o r  e x t r a c t i o n  o f  t he  f i l t e r  

b l a n k e t  may have occurred d u r i n g  each t e s t .  However, i n  several  ins tances ,  
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a c loud o f  f i l t e r  m a t e r i a l  was observed i n  t h e  f l o w  j u s t  p r i o r  t o  t h e  

f a i l u r e  of t h e  r i p r a p  l a y e r .  Also, a q u a l i t a t i v e  i n s p e c t i o n  o f  t h e  u n f a i l e d  

p o r t i o n s  o f  t h e  embankment a f t e r  each t e s t  i n d i c a t e d  t h a t  t h e  f i l t e r  b l a n k e t  

o f t e n  moved or ad jus ted  wi th t h e  r i p r a p ,  b u t  was no t  e x t r a c t e d  from beneath 

t h e  r i p r a p  l a y e r .  

Al though t h e  r e s u l t s  do no t  p rov ide  s u f f i c i e n t  evidence t o  support  a 

f i n a l  conc lus ion,  t h e  r e s u l t s  i n d i c a t e  t h a t  t h e  f i l t e r  b l a n k e t  may be a key 

element i n  the  long- term s t a b i l i z a t i o n  o f  a r i p r a p  system. Furthermore, it 

i s  recommended t h a t  a d d i t i o n a l  e f f o r t s  be concentrated on the  c o n t r i b u t i o n s  

o f  t h e  f i l t e r  b l a n k e t  t o  t h e  s t a b i l i t y  o f  t h e  r i p r a p  system. 

4.7 TOE STABILITY ON FLAT SLOPES 

A s e r i e s  o f  t e s t s  were conducted w i t h  l - i n c h  r i p r a p  on 1% and 2% s lopes  

t o  eva lua te  t h e  t a i l w a t e r  e f f e c t s  on t h e  r i p r a p  t o e  o f  t h e  embankment. 

Also, t h e  s t a b i l i t y  e f f e c t  o f  o v e r s i z i n g  r i p r a p  l o c a t e d  a t  t h e  t o e  o f  f l a t  

s lopes was i n v e s t i  gated. 

The r i p r a p  s t a b i l i t y  on f l a t  s lopes was evaluated f o r  both t a i l w a t e r  

and no t a i l w a t e r  c o n d i t i o n s .  U n i t  d ischarges a t  f a i l u r e  were 1.50 c f s  and 

5.37 c f s  f o r  t h e  no t a i l w a t e r  and t a i l w a t e r  c o n d i t i o n s ,  r e s p e c t i v e l y ,  f o r  a 

1% slope as presented i n  Table 4.2. 

were 1.11 c f s  f o r  t h e  no t a i l w a t e r  c o n d i t i o n  and 2.29 c f s  f o r  t h e  t a i l w a t e r  

c o n d i t i o n  a t  2% slope. 

s t a b i l i t y  o f  the  l - i n c h  and 2- inch  r i p r a p  by 100% t o  250% f o r  these low 

s l  opes. 

S i m i l a r l y ,  u n i t  d ischarges a t  f a i l u r e  

Therefore,  t h e  presence of t a i l w a t e r  increased t h e  
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Since t h e  des ign o f  f l a t  s lopes does not  u s u a l l y  i n c l u d e  a means o f  

m a i n t a i n i n g  h i g h  t a i l w a t e r ,  t h e  e f f e c t  o f  i n c r e a s i n g  t h e  r i p r a p  stone s i z e  

near t h e  s lope t o e  was i n v e s t i g a t e d .  

doubled i n  an at tempt  t o  s t a b i l i z e  t h e  t o e  i n  a manner s i m i l a r  t o  a 

l o c a l i z e d  t a i l w a t e r  c o n d i t i o n .  

t h e  no t a i l w a t e r  c o n d i t i o n  u s i n g  l - i n c h  r i p r a p  a t  2% s lope was approx imate ly  

2.24 c f s .  

w i t h  t a i l w a t e r .  

t h e  t o e  of a f l a t  s lope ( S  - < 0.02), t h e  overs ized r i p r a p  compensates f o r  t h e  

low t a i l w a t e r  c o n d i t i o n  and serves t o  s t a b i l i z e  t h e  toe. 

The r i p r a p  median stone s i z e  was 

The r e s u l t i n g  u n i t  d ischarge a t  f a i l u r e  f o r  

The u n i t  f a i l u r e  d ischarge was 2.29 c f s  f o r  t h e  same c o n d i t i o n s  

Therefore,  by doub l ing  t h e  median stone s i z e  p laced near 



5. CONCLUSIONS 

A s e r i e s  o f  5 2  l a b o r a t o r y  exper iments were conducted i n  which r i p r a p p e d  

embankments were sub jec ted  t o  over topp ing  f lows.  Embankment s lopes o f  1, 2, 

8, 10 and 20% were p r o t e c t e d  w i t h  r i p r a p  l a y e r s  comprised o f  median s tone 

s i z e s  o f  1, 2, 4, 5 and/or 6 inches. Riprap des ign c r i t e r i a  f o r  over topp ing  

f lows were developed i n  terms o f  t h e  u n i t  d ischarge a t  f a i l u r e ,  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  i n  t h e  r i p r a p  l a y e r ,  t h e  r e s i s t a n c e  t o  f l o w  over t h e  

r i p r a p  sur face,  t h e  p o t e n t i a l  impacts o f  t h e  f i l t e r  b lanket  on r i p r a p  

s t a b i l i t y ,  and t h e  e f f e c t s  of f l o w  c o n c e n t r a t i o n  on r i p r a p  s t a b i l i t y .  

S p e c i f i c  f i n d i n g s  are  summarized as f o l l o w s :  

1. Rock S i z i n g  

o A f a m i l y  o f  r i p r a p  des gn curves was developed from t h e  CSU d a t a  

r e l a t i n g  u n i t  d i s c h a r g  , embankment s lope, and median stone s i z e  

f o r  over topp ing  f l o w  when embankment s lopes range from 1% t o  

20%. 

The Stephenson Method was determined t o  be an acceptable 

procedure f o r  de termin ing  median stone diameter f o r  over topp ing  

f l o w s  w i t h  embankment s lopes o f  10% o r  g rea ter .  

o 

o The COE, USBR, and SF design procedures f o r  s i z i n g  r i p r a p  y i e l d  

c o n s e r v a t i  ve median stone s i  zes f o r  r e s i s t i n g  over topp i  ng 

f lows.  

79 
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Recommendations: The CSU, Stephenson, COE, USBR, and SF methods are 

acceptable procedures f o r  s i z i n g  r i p r a p  t o  r e s i s t  over topp ing  f lows.  

However, i t  i s  no t  recommended t h a t  t h e  Stephenson method be used f o r  

s lopes l e s s  t h a n  10%. 

2. I n t e r s t i t i a l  Flows 

o A procedure was der ived  from t h e  CSU d a t a  t o  es t imate  

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 a r i p r a p  l a y e r  as 

a f u n c t i o n  o f  the  embankment s lope, median stone s i z e ,  

c o e f f i c i e n t  o f  u n i f o r m i t y ,  and p o r o s i t y .  

o The Leps r e l a t i o n s h i p  f o r  e s t i m a t i n g  i n t e r s t i t i a l  v e l o c i t i e s  i n  

a r i p r a p  l a y e r  should be a p p l i e d  o n l y  t o  s lopes o f  10% o r  

g r e a t e r .  

Recommendation: The CSU and Leps methods are acceptable procedures f o r  

e s t i m a t i n g  i n t e r s t i t i a l  v e l o c i t i e s  i n  r i p r a p .  However, t h e  Leps method 

i s  n o t  recomnended f o r  use on slopes under 10%. 

3. Resistance t o  Flow 

o The Manning's n was determined t o  be a f u n c t i o n  o f  t h e  median 

stone s i z e  and s lope i n  cascading f lows.  

o A r e l a t i o n s h i p  was presented t h a t  a l lows t h e  user t o  e s t i m a t e  

Manning's n f o r  1% t o  20% slopes w i t h  median stone s i z e s  f rom 1 

i n c h  t o  6 inches.  

o The CSU r e l a t i o n s h i p  y i e l d s  h i g h e r  n values than does t h e  

Anderson e t  a l .  o r  COE procedure f o r  s lopes l e s s  t h a n  10%. 
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o The Anderson e t  a1 . r e l a t i o n  f o r  de termin ing  n values should 

o n l y  be a p p l i e d  t o  channel o r  embankment s lopes o f  2% or  less.  

The bed c r i t i c a l  S h i e l d s '  c o e f f i c i e n t s ,  Cc, were determined t o  

be more conserva t ive  than those va lues p r e d i c t e d  by t h e  S h i e l d s '  

diagram. 

o 

Recommendation: 

procedures f o r  e s t i m a t i n g  Manning's n values f o r  s lopes o f  2% or l ess .  

The Anderson e t  a l .  

values on s lopes above 2%. 

The CSU and Anderson e t  a l .  methods are acceptable 

r e l a t i o n  should not be used f o r  determin ing n 

4. General F i n d i n g s  

o The f a i l u r e  of t h e  r i p r a p  l a y e r  was independent o f  t h e  shape o f  

t h e  r i s i n g  l i m b  of t h e  i n f l o w  hydrograph t r i b u t a r y  t o  t h e  

embankment. 

I n c i p i e n t  stone movement i n  t h e  r i p r a p  l a y e r  occurred when t h e  

u n i t  d ischarge approached 76% + 3% of t h e  u n i t  d ischarge a t  

f a i  1 ure  . 
F1 ow channel i z a t i o n  occurred when t h e  u n i t  d ischarge approached 

90% + 5% o f  t h e  u n i t  d ischarge a t  f a i l u r e .  

o 

- 

o 

- 
o The f i l t e r  b l a n k e t  s t a b i l i z e s  the  r i p r a p  layer .  

o T a i l w a t e r  s t a b i l i z e s  t h e  r i p r a p  l a y e r  on slopes l e s s  than o r  

equal  t o  2%. 

Recommendation: A d d i t i o n a l  t e s t s  must be conducted t o  p rov ide  in forma- 

t i o n  i n d i c a t i n g  how t h e  f i l t e r  b l a n k e t  s t a b i l i z e s  the  r i p r a p  l a y e r .  
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Fig.  A.5. G r a i n - s i z e  d i s t r i b u t i o n  curve of 6.2 i n c h  r i p r a p .  
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Tab le  B.l. I n t e r s t i t i a l  v e l o c i t y  and i n t e r s t i t i a l  d i scha rge  f o r  t h e  ou tdoor  f lume (12 f t )  
and t h e  i n d o o r  f lume ( 8  f t ) .  

Runa R ip rap  Oepth o f  Slope Flume 

CU nP No. F1 ume D5 0 R ip rap  S Width Q q*b VC 

( i n . )  ( i n . )  (ft) (c fs)  ( c f  s /  f t / i  n .) ( f t / s )  

61 

71 

9 1  

31 

41 

101 

111 

3d 

4e 

8d 

8e 

1 4e 

Indoor  

Indoor  

Indoor  

Indoor  

Indoor  

I n d o o r  

I n d o o r  

Outdoor  

Outdoor  

Outdoor  

Outdoor  

Outdoor  

1.02 

1.02 

1.02 

2.20 

2.20 

2.20 

2.20 

4.10 

4.10 

5.10 

5.10 

6.20 

3 

3 

3 

6 

6 

6 

6 

12 

12  

12 

12 

12 

0.01 

0.02 

0.10 

0.02 

0.01 

0.10 

0.10 

0.20 

0.20 

0.20 

0.20 

0.20 

8 

8 

8 

8 

8 

8 

8 

12 

12 

12 

12 

12  

0.11 

0.11 

0.21 

0.33 

0.23 

0.56 

0.56 

4.34 

4.25 

5.70 

5.96 

6.22 

0.0047 

0.0047 

0,0087 

0.0067 

0.0050 

0.0120 

0.0120 

0.0300 

0.0290 

0.0396 

0.0414 

0.0432 

0.10 

0.13 

0.24 

0.23 

0.15 

0.36 

0.37 

0.72 

0.97 

1.04 

0.86 

1.51 

1.75 

1.75 

1.75 

2.09 

2.09 

2.09 

2.09 

2.15 

2.15 

1.62 

1.62 

1.69 

0.44 

0.44 

0.44 

0.45 

0.45 

0.45 
W 
Cn 

0.45 

0.44 

0.44 

0.46 

0.46 

0.46 

a Run 5, 15, and 16 ou tdoor  and runs  11, 21, and 51 i n d o o r  were n o t  i n c l u d e d  due t o  m a l f u n c t i o n i n g  equipment. 
b q* = u n i t  d i scha rge  per  i n c h  depth  o f  r i p r a p .  
C V = i n t e r s t i t i a l  v e l o c i t y .  
d T e s t  r u n  a t  S t a t i o n  22-24. 
e T e s t  run  a t  S t a t i o n  35-37. 
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LE-SE 
LE-5E 
LE-SE 
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92-22 
tz-22 
b2-22 
LE-SE 
LE-SE 
LE-SE 
LE-SE 
t2-22 
PZ-12 
BZ-22 
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Z1 
21 
21 
21 
21 
21 
21 
21 
21 
I1 
11 
21 
ZT 
21 
21 
21 
21 
21 
21 
21 
21 
21 

02'0 
02'0 
OZ'O 
OZ'O 
02'0 
02'0 
02' 0 
02'0 
02'0 
02'0 
02'0 
02'0 
02'0 
OZ'O 
02'0 
02'0 
OZ'O 
02'0 
02'0 
02'0 
02'0 
02'0 

t1 
tJ1 
t1 
t1 
91 
8 
8 
8 
8 
8 
8 
8 
8 
8 
t 
B 
t 
t 
E 
E 
E 
E 



T a b l e  8.3. V e l o c i t y  p r o f i l e s  f o r  i n t e r s t i t i a l  f lows i n  t h e  indoor f lume ( 8  f t ) .  

V e l o c i t y  o f  Flow through Rocks a t  
Depth L o c a t i o n  Depth o f  Flow ' Y '  inches below Riprap  S u r f a c e  

Runa R iprap  o f  o f  R e l a t i v e  t o  ( f t / s )  
No. D50 Slope R iprap  T e s t  Q R iprap  Surface 

( i n . )  ( i n . )  ( S t a t i o n )  ( c f s )  ( i n . )  Y=l.5 Y=4.5 Y=7.5 

31 
31 
3 1  
31 
31 
41 
41 
41 
41 
41 
6 1  
61 
6 1  
61 
7 1  
7 1  
7 1  
71 
8 1  
81 
8 1  
81 
8 1  

2.20 
2.20 
2.20 
2.20 
2.20 
2.20 
2.20 
2.20 
2.20 
2.20 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 

0.02 
0.02 
0.02 
0.02 
0.02 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 

6 .O 120 
6 .O 120 
6 .O 120 
6 .O 120 
6 .O 120 
6 .O 120 
6.0 120 
6 .O 120 
6.0 120 
6 .O 1 20 
3.0 120 
3 .O 120 
3.0 120 
3 .0 120 
3.0 120 
3 .O 120 
3.0 120 
3.0 120 
3.0 120 
3 .O 120 
3.0 120 
3 .o 120 
3.0 120 

0.33 
0.63 
4.73 

15.70 
0.12 
0.23 
0.63 
3.74 

12.40 
0.07 
0.11 
0.66 
4.73 
0.05 
0.11 
6.26 

13.60 
0.04 
0.08 
0.66 
4.73 
9.46 
0.01 

0.00 
+O .85 
+3.00 
+5.90 
-3.00 
0 .oo 

+1.00 
+3 .OO 
+6.00 
- 2.80 
0 .oo 

+ 1  .oo 
+3.00 
-0.80 

0 .oo 
+3 .OO 
+4.80 
-1.40 
0.00 

+1 .oo 
+2.80 
t4.00 
-1.40 

0.23 
0.24 
0.23 
0.26 
0.19 
0.13 
0.16 
0.13 
0.15 
0.09 
0.10 
0.09 

0.10 
0.13 

-- 

-- 
-- 

0.11 
0.11 
0.09 
-- 
-- 

0.09 

0.24 
0.26 
0.28 
0.66 

0.17 
0.16 
0.36 
0.68 

-- 

-- 
-- 
-- 

1.89 
-- 
-- 

3.80 
3.60 
-- 
-- 
-- 

1.60 
2.24 -- 



Tab le  8.3. Cont inued. 

V e l o c i t y  o f  Flow t h r o u g h  Rocks a t  
Depth L o c a t i o n  Depth o f  Flow ' Y '  i nches  below R ip rap  S u r f a c e  

Runa R i p r a p  o f  o f  Re1 a t i  ve t o  ( f t / s )  
No. D50 Slope R ip rap  Tes t  Q R ip rap  S u r f a c e  

( i n . )  ( i n . )  ( S t a t i o n )  ( c f s )  ( in . )  Y=1.5 Y=4.5 Y=7.5 

91 
91 
91 
91 
91 

101 
101 
101 
10 I 
101 
111 
111 
111 
111 
111 

1.02 0.10 
1.02 0.10 
1.02 0.10 
1.02 0.10 
1.02 0.10 
2.20 0.10 
2.20 0.10 
2.20 0.10 
2.20 0.10 
2.20 0.10 
2.20 0.10 
2.20 0.10 
2.20 0.10 
2.20 0.10 
2.20 0.10 

3.0 
3 .O 
3.0 
3 .O 
3.0 
6 .O 
6.0 
6 .o 
6.0 
6 .O 
6 .0 
6 .O 
6 .0 
6 .O 
6.0 

140-142 
140-142 
140- 142 
140-142 
140-142 
140-142 
140-142 
140-142 
140-142 
140-142 
148- 150 
148- 150 
148-150 
148-150 
148-150 

0.21 
0.40 
0.67 
1.67 
0.10 
0.56 
0.68 
2.12 
5.02 
0.29 
0.56 
0.67 
2.12 
5.02 
0.29 

0 .oo 
t 0  .95 
t1.28 
t1.67 
-1 -73 
0 .oo 

t0.17 
t1.25 
t2 .11  
-2.93 

0.00 
t0.40 
t1.05 
t2.15 
-2.40 

0.24 
0.24 
0.31 

0.17 
0.36 
0.37 
0.36 
0.36 
0.33 
0.33 
0.36 
0.34 
0.35 
0.32 

0.17 

0.36 
0.37 
0.38 
0.35 

-- 
0.39 
0.41 
0.36 

a Run 11, 21, and 51 were n o t  i n c l u d e d  due t o  m a l f u n c t i o n i n g  equipment. 
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Table C. l .  Summary o f  hydrau l ic  data f o r  the  outdoor flume (12 f t ) . a  

Darcy- 

Runb Discharge Discharge Slope Depth V e l o c i t y  Flow Number Manning's C o e f f i c i e n t  Number Factor 

Area Wei sbach 
Tota l  Surface o f  Froude Shields'  Reynold's F r i c t i o n  

No. D50 QT Qs S D=R V A F n CC Re f 
( i n . )  ( c f s )  (c fs )  (ft) ( fps )  ( f t 2 )  

6 4.10 
6 4.10 
6 4.10 
6 4.10 
6 4.10 
6 4.10 
6 4.10 
6 4.10 
6 4.10 
6 4.10 
6 4.10 

7 4.10 
7 4.10 
7 4.10 
7 4.10 
7 4.10 
7 4.10 
7 4.10 
7 4.10 
7 4.10 
7 4.10 
7 4.10 
7 4.10 
7 4.10 
7 4.10 
7 4.10 

7.54 
10.29 
13.00 
13.00 
13 .OO 
16.10 
16.10 
16.10 
17.50 
17.50 
17.50 

14.10 
14.10 
16.75 
16.75 
18.17 
18.77 
18.77 
20.66 
20.66 
20.66 
20.66 
20.66 
21.78 
21.78 
21.78 

3.24 
5.99 
8.70 
8.70 
8.70 

11.80 
11.80 
11.80 
13.20 
13.20 
13.20 

9.80 
9.80 

12.45 
12.45 
14.47 
14.47 
14.47 
16.36 
16.36 
16.36 
16.36 
16.36 
17.48 
17.48 
17.38 

0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 

0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 

0.10 
0.15 
0.12 
0.13 
0.17 
0.17 
0.19 
0.21 
0.17 
0.21 
0.21 

0.23 
0.20 
0.25 
0.17 
0.17 
0.25 
0.18 
0.18 
0.18 
0.28 
0.22 
0.29 
0.18 
0.19 
0.28 

2.75 
3.27 
6.08 
5.51 
4.18 
5.96 
5.18 
4.66 
6.35 
5.22 
5.22 

3.63 
4.17 
4.15 
5.93 
7.24 
4.82 
6.58 
7.61 
7.79 
4.88 
6.06 
4.67 
8.13 
7.77 
5.22 

1.18 
1.83 
1.43 
1.58 
2.08 
1.98 
2.28 
2.53 
2.08 
2.53 
2.53 

2.70 
2.35 
3.00 
2.10 
2.00 
3 .OO 
2.20 
2.15 
2.10 
3.35 
2.70 
3.50 
2.15 
2.25 
3.35 

1.54 
1.48 
3.11 
2.67 
1.77 
2.59 
2.09 
1.79 
2.69 
2.00 
2.00 

1.35 
1.66 
1.46 
2.50 
3.12 
1.70 
2.71 
3.17 
3.28 
1.63 
2.25 
1.53 
3.38 
3.16 
1.74 

0.052 
0.058 
0.026 
0.031 
0.049 
0.034 
0.042 
0.050 
0.033 
0.045 
0.045 

0.068 
0.054 
0.064 
0.035 
0.028 
0.055 
0.033 
0.028 
0.027 
0.058 
0.041 
0.063 
0.026 
0.028 
0.054 

0.035 
0.054 
0.042 
0.047 
0.061 
0.059 
0.067 
0.075 
0.061 
0.075 
0.075 

0.080 
0.069 
0.089 
0.062 
0.059 
0.089 
0.065 
0.064 
0.062 
0.099 
0.080 
0.103 
0.064 
0.067 
0.099 

19283 
24014 
21 228 
22313 
25602 
24979 
26804 
28236 
25602 
28236 
28236 

29169 
27213 
30747 
25724 
25104 
30747 
26330 
26 0 29 
25724 
32491 
29169 
33210 
26029 
26627 
32491 

0.612 
0.733 
0.166 
0.224 
0.510 
0.239 
0.365 
0.499 
0.222 
0.399 
0.399 w 

0 
0.880 
0.580 
0.748 
0.257 
0.164 
0.554 
0.218 
0.159 
0.149 
0.603 
0.316 
0.688 
0.140 
0.160 
0.528 



Table C.l .  Continued. 
~ ~~ ~ ~ 

Oarcy- 
Weisbach 

T o t a l  Sur f  ace o f  Froude Sh ie lds '  Reynold's F r i  c t i o n  
Runb Discharge Discharge Slope Depth V e l o c i t y  Flow Number Manning's C o e f f i c i e n t  Number Factor  

Area 

No. D5 0 QT Qs S O=R V A F n CC Re f 
(in.) (c fs )  (c fs)  (ft) ( fps)  ( f t 2 )  

8 5.10 
8 5.10 
8 5.10 
8 5.10 

9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 

8.75 2.92 
8.75 2.92 

11.41 5.58 
11.41 5.58 

10.26 4.43 
10.26 4.43 
12.54 6.71 
12.54 6.71 
12.54 6.71 
14.53 8.70 
14.53 8.70 
14.53 8.70 
17.56 11.73 
17.56 11.73 
17.56 11.73 
17.56 11.73 
19.32 13.49 
19.32 13.49 
19.32 13.49 
19.32 13.49 
19.32 13.49 
20.61 14.78 
20.61 14.78 
20.61 14.78 
20.61 14.78 

0.20 
0.20 
0.20 
0.20 

0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 

0.07 
0.12 
0.13 
0.18 

0.10 
0.13 
0.14 
0.09 
0.17 
0.17 
0.12 
0.21 
0.22 
0.19 
0.14 
0.24 
0.24 
0.21 
0.17 
0.26 
0.16 
0.25 
0.21 
0.17 
0.26 

3.70 
2.06 
3'.62 
2.63 

3.72 
2.91 
4.09 
6.05 
3.24 
4.37 
6.17 
3.52 
4.44 
5.19 
7.07 
4.02 
4.75 
5.48 
6.71 
4.39 
7.10 
4.86 
5.77 
7.17 
4.66 

0.79 
1.42 
1.54 
2.12 

1.19 
1.52 
1.64 
1.11 
2.07 
1.99 
1.41 
2.47 
2.64 
2.26 
1.66 
2.92 
2.84 
2.46 
2.01 
3.07 
1.90 
3.04 
2.56 
2.06 
3.17 

2.54 0.029 
1.05 0.078 
1.78 0.047 
1.10 0.079 

2.08 0.038 
1.44 0.058 

3.50 0.022 
1.38 0.064 
1.89 0.046 
3.17 0.026 
1.37 0.066 
1.67 0.055 
2.11 0.042 
3.35 0.025 
1.44 0.064 
1.72 0.054 
2.13 0.042 
2.89 0.030 
1.53 0.061 

1.70 0.055 
2.20 0.041 
3.05 0.029 
1.60 0.059 

1.95 0 .043 

3.14 0.027 

0.019 
0.034 
0.037 
0.050 

0.028 
0.036 
0.039 
0.026 
0.049 
0.047 
0.034 
0.059 
0.063 
0.054 
0.039 
0.069 
0.067 
0.058 
0.048 
0.073 
0.045 
0.072 
0.061 
0.049 
0.075 

19626 
26313 
27402 
32151 

24088 
27223 
28278 
23264 
31769 
31 149 
26220 
34703 
35878 
33195 
28450 
37732 
37212 
34633 
31305 
38689 
30437 
38500 
35330 
31692 
393 14 

0.248 
1.422 
0.504 
1.314 

0.369 
0.768 
0.421 

w 0.130 0 0.846 N 

0.447 
0 -159 
01855 
0.574 
0.360 
0.143 
0.777 
0.540 
0.351 
0'.192 
0.683 
0.162 
0.552 
0.330 
0.172 
0.626 



Table C.l. Continued. 

Darcy- 
Weisbach 

T o t a l  Surface o f  Froude Sh ie lds '  Reynold's F r i c t i o n  
Runb Discharge Discharge Slope Depth V e l o c i t y  Flow Number Manning's C o e f f i c i e n t  Number Fac tor  

Area 

No. 05 0 QT Qs S O=R V A F n CC Re f 
( in . )  ( c f s )  (c fs )  ( f t)  (fP5) ( f t 2 )  

9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 
9 5.10 

11 6.20 
11 6.20 
11 6.20 
11 6.20 

11 6.20 
11 6.20 
11 6.20 
11 6.20 
11 6.20 
11 6.20 
11 6.20 

11 fj .20 

20.61 14.78 
20.61 14.78 
23.93 18.10 
23.93 18.10 
23.93 18.10 
23.93 18.10 
23.93 18.10 
23.93 18.10 
26.19 20.36 
26.19 20.36 
26.19 20.36 
26.19 20.36 
26.19 20.36 

7.87 1.65 
7 $7 1.65 
7.87 1.65 
13.60 7.38 
13.60 7.38 
13.60 7.38 
13.60 7.38 
19.47 13.25 
19.47 13.25 
19.47 13.25 
19.47 13.25 
19.47 13.25 

0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 

0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 

0.17 
0.16 
0.29 
0.25 
0.20 
0.30 
0.18 
0.20 
0.29 
0.27 
0.21 
0.31 
0.21 

0.04 
0.05 
0.04 
0.20 
0.18 
0.15 
0.14 
0.30 
0.28 
0.26 
0.24 
0.23 

7.21 
7.74 
5.19 
5.92 
7.51 
5.07 
8.23 
7.67 
5.92 
6.25 
8.11 
5.47 
7.95 

3.30 
3.00 
3.06 
3.01 
3.40 
4.12 
4.39 
3.73 
3.91 
4.25 
4.67 
4.85 

2.05 
1.91 
3.49 
3.06 
2.41 
3.57 
2.20 
2.36 
3.44 
3.26 
2.51 
3.72 
2.56 

0.50 
0.55 
0.54 
2.45 
2.17 
1.79 
1.68 
3.55 
3.39 
3.12 
2.84 
2.73 

3.07 0.028 
3.42 0.025 
1.69 0.056 
2.06 0.045 
2.95 0.030 

3.39 0.026 
3.05 0.029 
1.95 0.049 
2.11 0.045 
3.13 0.029 
1.73 0.056 
3.03 0.030 

2.85 0.024 
2.47 0.028 
2.54 0.028 
1.17 0.076 
1.41 0.062 
1.88 0.045 
2.07 0.041 
1.21 0.079 
1.30 0.073 
1.47 0.064 
1.69 0.054 
1.79 0.051 

1.64 0.058 

0.049 
0.045 
0 .O83 
0.073 
0.057 
0.085 
0.052 
0.056 
0.082 
0.077 
0.060 
0.088 
0.061 

0.010 
0.011 
0.011 
0.048 
0.042 
0.035 
0.033 
0.069 
0.066 
0.061 
0.056 
0.053 

31615 
30517 
41251 
38626 
34279 
41721 
32752 
33922 
40954 
39869 
34983 
42589 
35330 

18981 
19908 
19726 
42017 
39543 
35915 
34794 
50578 
49425 
47416 
45238 
44353 

0.169 
0.137 
0.557 
0.375 
0.183 
0.596 
0.140 
0.172 
0.422 

+ 
0 w 

0.359 
0.164 
0.533 
0.174 

0.197 
0.262 
0.248 
1.159 
0.805 
0.452 
0.374 
1.094 
0.953 
0.743 
0.560 
0.498 



Table C.l .  Continued. 

Oarcy- 

Runb Discharge Discharge Slope Depth Ve loc i ty  Flow Number Manning's C o e f f i c i e n t  Number Factor 

Area Wei sbach 
Tota l  Surface o f  Froude Shields'  Reynold's F r i c t i o n  

No. D5 0 QT Qs S D=R V A F n CC Re f 
( i n . )  (CfS) (cfsf ( f t )  (fps) ( f t 2 )  

12 6.20 
12 6.20 
12 6.20 
12 6.20 
12 6.20 
12 6.20 
12 6.20 
12 6.20 
12 6.20 
12 6.20 

13 6.20 
13 6.20 
13 6.20 
13 6.20 
13 6.20 
13 6.20 
13 6 .20 
13 6.20 
13 6.20 
13 6.20 
13 6.20 
13 6.20 
13 6.20 

12.50 
12.50 
12.50 
12.50 
12.50 
19.80 
19.80 
19.80 
19.80 
19.80 

26.50 
26.50 
26.50 
26.50 
28.10 
28.10 
28.10 
28.10 
31.10 
31.10 
31.10 
31.10 
31.10 

6.28 
6.28 
6.28 
6.28 
6.28 

13.58 
13.58 
13.58 
13.58 
13.58 

20.28 
20.28 

20.28 
21.88 
21.88 
21.88 
21.88 
24.88 
24.88 
24.88 
24.88 
24.88 

2n .28 

0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 

0.20 

0.20 
o.2n 

n .zo 
11.20 

0.20 

0.20 
0.20 

0.20 

0.20 
0.20 
0.20 
n .zo 

0.14 
0.17 
0.13 
0.13 
0.12 
0.25 
0.25 
0.24 
0.21 
0.21 

0.31 
0.36 
0.29 
0.35 
0.40 
0.36 
0.37 
0.31 
0.41 
0.37 
0.37 
0.32 
0.30 

3.81 
3.06 
4.13 

4.55 
4.60 
4.45 
4.82 
5.35 
5.26 

5.41 
4.66 
5.93 
4.90 
4.61 
5.03 
4.98 
5.85 
5 -03 
5.59 
5.54 
6.40 
6.95 

4.08 

1.65 
2.05 
1.52 
1.54 
1.38 
2.95 
3.05 
2.82 
2.54 
2.58 

3.75 
4.35 
3.42 
4.14 
4.75 
4.35 
4;39 
3.74 
4.95 
4.45 
4.49 
3.89 
3.58 

1.81 0.047 
1.31 0.067 
2.05 0.041 

2.36 0.035 
1.64 0.057 

1.75 0.053 
2.05 0.044 
2.00 0.045 

1.70 0.057 
1.36 0.072 
1.96 0.049 
1.47 0.067 
1.29 0.078 
1.47 0.067 
1.45 0.068 
1.85 0.052 
1.38 0.073 
1.62 0.061 
1.60 0.062 
1.98 0.049 
2.24 0.043 

2.01 0.041 

1.56 n .o60 

n ,032 
0 A40  
0.030 
0.030 
0.027 
0.058 
0.060 
0.055 
0.050 
0.050 

0.073 
0.085 

0.081 

0.085 
0.086 
0.073 

0.087 
0.088 
0.076 
0.070 

n .067 

0.093 

0 .097 

34481 
38434 
33095 
33312 
31534 
46 106 
46881 
45078 
42782 
43117 

51983 
55987 
49643 
54619 
58505 
55987 
56244 
51913 
597 24 
56627 
56881 
52944 
50791 

0.489 
0.938 
0.382 
0.398 
0.286 
0.598 
0.661 
0.522 
0.382 
0.400 w 

0.550 
0.859 
0.418 
0.741 
0.961 
0.738 
0.579 
0.469 
0.841 
0.611 
0.628 
0.408 
0.318 

0 
P 



Table C. l .  Continued. 

Oarcy- 

Runb Discharge Discharge Slope Depth V e l o c i t y  Flow Number Manning's C o e f f i c i e n t  Number Factor 

Area Wei sbach 
Tota l  Surf ace of Froude Shields'  Reynold' s F r i c t i o n  

No. O50 QT Qs S D= R V A F n CC Re f 
( i n . )  (c fs )  ( C f S )  ( f t )  (fps)  ( f t 2 )  

17 
17 
17 
17  
17 
1 7  
17 
17 
17 
1 7  
17 
17 

18 
18 
18 
18 
18 
18 
18 
18 
18 
18 

2.20 
2.20 
2.20 
2.20 
2.20 
2.20 
2.20 
2.20 
2.20 
2.20 
2.20 
2.20 

2.20 
2.20 
2.20 
2.20 
2.20 
2.20 
2.20 
2.20 
2.20 
2.20 

4.04 
4.04 
4.04 
4.71 
4.71 
4.71 
5.33 
5.33 
5.33 
5.58 
5.58 
5.58 

2.67 
2.67 
2.67 
3.82 
3.82 
3.82 
4.45 
4.45 
6.05 
6.05 

2.60 
2.60 
2.60 
3.27 
3.27 
3.27 
3.89 
3.89 
3.89 
4.14 
4.14 
4.14 

1.23 
1.23 
1.23 
2.38 
2.38 
2.38 
3.01 
3.01 
4.61 
4.61 

0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 

0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 

0.05 
0.06 
0.06 
0.07 
0.08 
0.07 
0.08 
0.11 
0.09 
0.09 
0.11 
0.10 

0.04 
0.04 
0.04 
0.06 
0.06 
0.07 
0.08 
0.08 
0.11 
0.11 

4.41 
3.42 
3.82 
3.67 
3.24 
3.72 
4.14 
3.09 
3.44 
3.98 
3.29 
3.51 

2.28 
2.67 
2.56 
3.22 
3.13 
2.87 
3.20 
3.20 
3.57 
3.52 

0.59 
0.76 
0.68 
0.89 
1.01 
0.88 
0.94 
1.26 
1.13 
1.04 
1.26 
1.18 

0.54 
0.46 
0.48 
0.74 
0.76 
0.83 
0.94 
0.94 
1.29 
1.31 

3.50 
2.40 
2.83 
2.38 
1.97 
2.42 
2.61 
1.68 
1.98 
2.38 
1.79 
1.97 

1.89 
2.41 
2.26 
2.28 
2.19 
1.92 
2.02 

1.92 
1.88 

2.172 

0.020 
0.031 
0.026 

0.039 
0.031 
0.029 
0.048 
0.040 
0.033 

0.032 

17.045 
0.040 

0.037 
0.028 
0.030 
0.032 
0.034 
0.039 
0.038 
0.038 
0.042 
0.043 

0.033 

0.037 
0.049 
0.056 
0.048 
0.052 
0.069 
0.062 
0.057 
0.069 
0.065 

0.030 
0.025 
0.026 
0.041 
0.042 
0.046 
0.052 
0.052 
0.071 
0.072 

0.042 
7316 
8304 
7855 
8986 
9573 
8935 
9235 

10692 
10125 

9714 
10692 
10347 

7000 
6460 
6599 
8194 
8304 
8678 
9235 
9235 

10819 
10902 

0.130 
0.279 
0.200 
0.283 
0.414 
0.274 
0.236 
0.568 
0.409 
0.282 
0.501 
0.412 cn 

0.447 
0.276 
0.314 
0.307 
0.333 
0.433 
0.394 
0.394 
0.434 
0.454 

c.' 
0 
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Table C.2. Summary of h y d r a u l i c  data f o r  t h e  indoor  f lume (8 f t ) . a  

Oarcy- 
Weisbach 

T o t a l  Surface o f  Froude Sh ie lds '  Reynold's F r i c t i o n  
Run Discharge Discharge Slope Depth V e l o c i t y  Flow Number Manning's C o e f f i c i e n t  Number Fac tor  

Area 

No. D5 0 QT Qs S O= R V A F n C C  Re f 
( in . )  (c fs )  (c fs )  ( f t)  ( fps)  ( f t 2 )  

1 2.20 
1 2.20 
1 2.20 

2 2.20 
2 2.20 
2 2.20 

3 2.20 
3 2.20 
3 2.20 

4 2.20 
4 2.20 
4 2.20 

5 2.20 
5 2.20 
5 2.20 

6 2.20 
6 2.20 
6 2.20 

7 2.20 
7 2.20 
7 2.20 

24.60 
24.60 
24.60 

48.30 
47.20 
50.40 

43.60 
43.60 
43.60 

46.90 
46.90 
46.90 

52.70 
52.70 
52.70 

55.10 
55.80 
58.80 

34.70 
37.50 
35.70 

24.27 
24.27 
24.27 

47.97 
46.87 
50.07 

43.27 
43.27 
43.27 

46.57 
46.57 
46.57 

52.37 
52.37 
52.37 

54.17 
55.47 
58.47 

34.37 
37.17 
35.37 

0.02 
0.02 
0.02 

0.02 
0.02 
0.02 

0.02 
0.02 
0.02 

0.02 
0.02 
0.02 

0.02 
0.02 
0.02 

0.02 
0.02 
0.02 

0.02 
0.02 
0.02 

0.58 
0.57 
0.57 

0.88 
0.74 
0.89 

0.80 
0.75 
0.87 

0.84 
0.75 
0.97 

0.84 
1.01 
0.94 

0.94 
1.01 
1.05 

0.68 
0.80 
0.73 

5.28 
5.35 
5.37 

6.88 
8.10 
7.09 

6.84 
7.25 
6.28 

6.96 
7.79 
6.06 

7.81 
6.53 
7 .OO 

7.33 
6.90 
6.97 

6.41 
5.84 
6.10 

4.66 
4.59 
4.58 

7.02 
5.90 
7 .ll 

6.38 
6.02 
6.94 

6.74 
6.02 
7.74 

6.74 
8.06 
7.53 

7.52 
8.09 
8.43 

5.42 
6.42 
5.86 

1.22 
1.25 
1.25 

1.29 
1.64 
1.32 

1.35 
1.47 
1.19 

1.34 
1.58 
1.09 

1.50 
1.15 
1.27 

1.33 
1.21 
1.20 

1.37 
1.15 
1.26 

0.026 

0.025 

0.025 
0.020 
0.025 

0.024 
0.022 
0.027 

0.024 
0.020 
0.030 

0.022 
0.029 
0.026 

0.025 
0.027 
0.027 

0.023 
0.028 
0.025 

11.025 
0.040 
0.040 
0.040 

0.061 
0.051 
0.062 

0.055 
0.052 
0.060 

0.059 
0.052 
0.067 

0.059 
0.070 
0.065 

0.065 
0.070 
0.073 

0.047 
0.056 
(1.051 

11501 
11422 
11402 

14126 
12942 
14214 

13451 
13073 
14046 

13834 
13082 
14825 

13842 
15136 
14624 

14616 
15158 
15477 

12404 
13501 
12898 

0.098 
0.095 
0.094 

0.082 
0.053 
0.078 

0.077 
0.065 
0.098 + 

0 
4 

0.078 
0.057 
0.115 

0.062 
0.102 
0.084 

0.077 
0.092 
0.093 

0,076 
0.106 
0.090 



Table C.2. Continued. 

Darcy- 

Run Discharge Discharge Slope Depth Ve loc i ty  Flow Number Manning's C o e f f i c i e n t  Number Factor  

Area Weisbach 
Tota l  Surface o f  Froude Shields'  Reynold' s F r i c t i o n  

No. D5 0 QT Qs S D=R V A F n CC Re f 
( i n . )  (c fs )  ( c f s )  ( f t )  ( fps)  ( f t 2 )  

8 
8 
8 

9 
9 
9 

10 
10 
10 

11 
11 
11 

12 
12 
12 

13 
13 
13 

14 
14 
14 

1.02 10.00 
1.02 10.00 
1.02 10.00 

1.02 15.20 
1.02 15.20 
1.02 15.20 

1.02 18.30 
1.02 18.30 
1.02 18.30 

1.02 8.85 
1.02 8.85 
1.02 8.85 

1.02 8.50 
1.02 8.50 
1.02 8.50 

1.02 12.00 
1.02 12.00 
1.02 12.00 

1.02 15.00 
1.02 15.00 
1.02 15.00 

9.89 
9.89 
9.89 

15.09 
15.09 
15.09 

18.19 
18.19 
18.19 

8.74 
8.74 
8.74 

8.39 
8.39 
8.39 

11.89 
11.89 
11.89 

14.89 
14.89 
14.89 

0.02 0.31 4.02 2.49 1.27 
0.02 0.33 3.85 2.60 1.19 
0.02 0.31 4.10 2.44 1.31 

0.02 0.42 4.52 3.36 1.23 
0.02 0.45 4.23 3.59 1.11 
0.02 0.37 5.15 2.95 1.49 

0.02 0.46 4.95 3.70 1.28 
0.02 0.50 4.58 3.99 1.14 
0.02 0.44 5.20 3.52 1.38 

0.02 0.29 3.88 2.28 1.28 
0.02 0.32 3.43 2.58 1.06 
0.02 0.30 3.65 2.42 1.17 

0.02 0.32 3.32 2.56 1.03 
0.02 0.31 3.47 2;45 1.11 
0.02 0.30 3.54 2.40 1.14 

0.02 0.39 3.83 3.14 1.08 
0.02 0.37 4.05 2.96 1.18 
0.02 0.39 3.84 3.13 1.08 

0.02 0.44 4.31 3.48 1.15 
0.02 0.44 4.26 3.52 1.13 
0.02 0.42 4.49 3.34 1.22 

0.023 
0.025 
0.022 

0.025 
0.027 
0.020 

0.024 
0.027 
0.022 

0.023 
0.028 
0.025 

0.028 
0.026 
0.026 

0.028 
0.025 
0.028 

0.026 
0.027 
0.025 

0.046 
0.048 
0.045 

0.063 

0.055 

0.069 
0.074 
0.066 

0.042 
0.048 
0.045 

n .067 

0.048 
0.046 
0.045 

0.058 
0.055 
0.058 

0.065 
0.066 
0.062 

3776 
3860 
3739 

4388 
4537 
4113 

4602 
4783 
4491 

3614 
3848 
3727 

3830 
3745 
37 08 

4239 
4188 
4234 

4465 
4491 
4317 

0.094 
0.107 
0.089 

0.098 
0.119 
0.067 

0.089 

0.07 7 

0.093 
0.135 
0.112 

0.111 w 
0 
03 

0.142 
0.125 
0.117 

0.129 
0.109 
0.128 

0.112 
0.115 
0.099 



Table C.2. Continued. 

Darcy- 
Area Weisbach 

Tota l  Surface o f  Froude Shields'  Reynold's F r i c t i o n  Factor 
Run Discharge Discharge Slope Depth Ve loc i ty  Flow Number Manning's C o e f f i c i e n t  Number 
No. D5 0 QT Qs S D=R V A F n CC Re f 

( i n . )  ( c f s )  (cfs)  ( f t )  ( fps)  ( f t 2 )  

15 1.02 
15 1.02 

16 1.02 
16 1.02 
16 1.02 

17 1.02 
17 1.02 
17 1.02 

18 1.02 
18 1.02 

19 1.02 
19 1.02 

20 1.02 
20 1.02 

21 1.02 
21 1.02 
21 1.02 

22 1.02 
22 1.02 
22 1.02 

17.80 17.69 
17.80 17.69 

12 .oo 11.89 
12.00 11.89 
12.00 11.89 

15.00 14.89 
15 .OO 14.89 
15.00 14.89 

17.90 17.79 
17.90 17.79 

10 .oo 9.89 
10.00 9.89 

12.00 11.89 
12.00 11.89 

31.70 31.59 
31.70 31.59 
31.70 31.59 

34.50 34.39 
34.50 34.39 
34.50 34.39 

0.02 
0.02 

0.02 
0.02 
0.02 

0.02 
0.02 
0.02 

0.02 
0.02 

0.01 
0.01 

0.01 
0.01 

0.01 
0.01 
0.01 

0.01 
0.01 
0.01 

0.42 
0.41 

0.33 
0.32 
0.36 

0.40 
0.39 
0.40 

0.43 
0.42 

0.41 
0.40 

0.43 
0.50 

0.77 
0.84 
0.79 

0.80 
0.93 
0.84 

5.25 
5.44 

4.55 
4.70 
4.21 

4.71 
4.81 
4.69 

5.19 
5.34 

3.04 
3.16 

3.48 
2.98 

5.17 
4.71 
5.01 

5.37 
4.66 
5.13 

3.39 
3.27 

2.64 
2.55 
2.85 

3.18 
3.12 
3.20 

3.45 
3.35 

3.29 
3.17 

3.45 
4.02 

6.13 
6.74 
6.33 

6.42 
7.41 
6.73 

1.42 
1.50 

1.39 
1.47 
1.24 

1.32 
1.36 
1.31 

1.39 
1.45 

0.84 
0.88 

0.93 
0.74 

1.04 
0.90 
0.99 

1.06 
0.85 
0.99 

0.021 
0.020 

n ,021 

0 .n24 
0.020 

0.023 
0.022 
0.023 

0.022 
0.021 

0.025 
0.024 

0,023 
0.029 

0.021 
0.025 
n .n22 

0.021 
0 . O X  
0.023 

0.063 
0.061 

0 .n49 
0.048 
0.053 

0.059 

0.060 

0.064 
0.062 

0.030 

n .058 

0.029 

o .n31 
0.037 

0.056 
0.061 
0.058 

0.058 
0.067 
0.061 

4409 
4330 

3889 
3824 
4040 

4271 
4228 
4282 

4445 
4383 

3032 
2976 

3104 
3354 

4139 
4339 
4206 

4237 
4550 
4337 

0.074 
0.066 

0.078 
0.071 
0.097 

0.086 
0.081 
0.087 

0.070 

n.104 

+ 
rD 

0.076 0 

0.093 

0.083 
0.129 

0.062 
0.081 
0.068 

0.060 
0.089 
0.068 



Table C.2. Continued. 
~ ~ ~~ ~- ~~ 

Darcy- 
Weisbach 

T o t a l  Surface o f  Froude Sh ie lds '  Reynold's F r i c t i o n  
Run Discharge Discharge Slope Depth V e l o c i t y  Flow Number Manning's C o e f f i c i e n t  Number Fac to r  

Area 

No. D5 0 QT Qs S D=R V A F n CC Re f 
( in . )  ( c f s )  (c fs )  ( ft) ( fps)  ( f t 2 )  

23 1.02 
23 1.02 
23 1.02 

24 1.02 
24 1.02 
24 1.02 

26 1.02 

27 1.02 

28 1.02 

29 2.20 
29 2.20 
29 2.20 

30 2.20 
30 2.20 
30 2.20 

31 2.20 
31 2.20 
31 2.20 

32 2.20 
32 2.20 
32 2.20 

40 .OO 
40 .OO 
40.00 

43.00 
43.00 
43.00 

2 .70 

2.48 

3.35 

9.00 
9 .oo 
9.00 

10.00 
10.00 
10.00 

10.00 
10 .oo 
10.00 

14.50 
14.50 
14.50 

38.89 
38.89 
38.89 

42.89 
42.89 
42.89 

2.49 

2.27 

3.14 

8.44 
8.44 
8.44 

9.44 
9.44 
9.44 

9.44 
9.44 
9.44 

13.94 
13.94 
13.94 

0.01 
0.01 
0.01 

0.01 
0.01 
0.01 

0.10 

0.10 

0.10 

0.10 
0.10 
0.10 

0.10 
0.10 
0.10 

0.10 
0.10 
0.10 

0.08 
0.08 
0.08 

0.95 
0.93 
0.93 

1.06 
0.99 
0.94 

0.08 

0.11 

0.14 

0.21 
0.26 
0.23 

0.20 
0.27 
0.27 

0.23 
0.29 
0.26 

0.37 
0.34 
0.31 

5.26 
5.38 
5.36 

5.10. 
5.42 
5.72 

4.07 

2.84 

2.93 

5.49 
4.38 
4.91 

6.35 
4.68 
4.68 

5.46 
4.34 
4.83 

4.91 
5.39 
5.87 

7.61 
7.43 
7.46 

8.44 
1.93 
7.52 

0.66 

0.87 

1.14 

1.64 
2.06 
1.83 

1.58 
2.14 
2.14 

1.83 
2.30 
2.01 

2.95 
2.69 
2.47 

0.95 0.024 
0.98 0.023 
0.98 0.023 

0.87 0.026 
0.96 0.023 
1.04 0.022 

2.49 0.022 

1.52 0.037 

1.37 0.043 

2.14 0.029 

1.81 0.034 

2.52 0.024 
1.60 0.040 

1.52 n .042 

1.60 0.040 

2.01 0.031 
1.43 0.045 
1.67 0.038 

1.43 0 .n42 
1.64 0,036 
1.86 0.031 

0.069 
0.068 
0.068 

0.077 
0.072 
0.068 

0.059 

0.078 

0.102 

0.085 
0.076 

0.068 

0.065 
0.088 
0.088 

0.016 
0.095 
0.086 

0.098 
0.089 
0.082 

4611 
4558 
4568 

4857 
4707 
4585 

4394 

5039 

5168 

1489 5 
16678 
15743 

14602 
16999 
16999 

15473 
17655 
16742 

11814 
17056 
16357 

0.072 
0.067 
n. 068 

0.083 
0.070 
0.060 

0.127 

0.339 
w 
w 
0 0,.415 

0.167 
0.325 
0.231 

0.120 
0.294 
0.294 

0.187 
0.367 
0.269 

0.289 
0.220 
0.172 
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