
V. STEEP SLOPE CHANNEL DESIGN 

5.1 In t roduc t ion  

The design of s t e e p  conveyance channels  is a c r i t i c a l  s t e p  i n  developing 

a n  adequate  dra inage  network on a s u r f a c e  mine s i t e .  S teep  s lope  cond i t i ons  

a r e  t y p i c a l  of t h e  n a t u r a l  watersheds i n  t h e  mining reg ions  of Appalachia. 

Addi t iona l ly ,  man-made s p o i l  f i l l  s l opes  involve  t h e  conveyance of water on 

s l o p e s  of s t e e p  angle.  The succes s  o r  f a i l u r e  of  t h e s e  conveyances, t y p i c a l l y  

i n t e r m i t t e n t  o r  ephemeral s t reams,  determines t h e  sediment l oad  de l ive red  t o  

t h e  downstream environment. Therefore,  s t e e p  s l o p e  conveyances must be ade- 

qua te ly  designed t o  i n s u r e  t h e  long-term success  of t h e  drainage network. 

Achieving channel s t a b i l i t y  on s t e e p  s l o p e s  usua l ly  r e q u i r e s  some type  of 

channel  l i n i n g .  The only except ion  is a channel  cons t ruc ted  i n  durable  

bedrock. In t h i s  case,  t h e  pe rmis s ib l e  v e l o c i t y  design approach given i n  

Chapter V I  can  be u t i l i z e d .  Ibck r i p r a p  i s  t h e  most commonly used channel 

l i n i n g  on s u r f a c e  mine s i t e s ,  b u t  adequate procedures  f o r  i ts  des ign  a r e  n o t  

r e a d i l y  ava i l ab l e .  Most a l l  r i p r a p  design procedures  were developed f o r  mild 

s l o p e  channels  ( t y p i c a l l y  l e s s  than  t e n  pe rcen t )  and t h e i r  use  i n  t h e  s t e e p  

s l o p e  cond i t i ons  of Appalachia does no t  produce a r e l i a b l e  design. 

Therefore,  i n  t h i s  chapter  a r i p r a p  des ign  procedure developed exclu- 

s i v e l y  f o r  s t e e p  s lope  cond i t i ons  is  presented.  The graphica l  design proce- 

dure  i s  simple t o  apply and provides  an  accu ra t e  design based on t h e  

cond i t i ons  t h a t  e x i s t .  The success  of any r ip rap - l ined  channel depends on 

f a c t o r s  o t h e r  than  simply s i z i n g  t h e  rock requi red .  Of p a r t i c u l a r  importance 

t o  a succes s fu l  r i p r a p l i n e d  channel  is t h e  g rada t ion  and placement of  t h e  

r i p r a p  ( s e c t i o n  5 . 2 . 6 ) .  These two c r i t e r i a  a r e  probably t h e  most d i f f i c u l t  t o  

fo l low f o r  s u r f a c e  mine o p e r a t o r s  i n  t h e  Appalachia region. The b l a s t  rock 

t y p i c a l l y  used f o r  r i p r a p  i n  s t e e p  channels  i s  l a r g e  enough, b u t  u sua l ly  no t  

adequately graded t o  t h e  sma l l e r  s i z e s .  Placement of t h e  l a r g e  rock on t h e  

s t e e p  s l o p e s  i s  d i f f i c u l t  t o  acco~npl i sh ,  p a r t i c u l a r l y  when cons t ruc t ing  r e l a -  

t i v e l y  smal l  channel c r o s s  s e c t i o n s  wi th  t h e  l a r g e  rock. The s t e e p  s lope  

r i p r a p  des ign  procedure p re sen ted  he re in  provides  an  adequate design,  however, 

t h e s e  o t h e r  two c r i t e r i a  may determine t h e  success  o r  f a i l u r e  of a channel,  

and perhaps even t h e  f e a s i b i l i t y  of des igning  and cons t ruc t ing  such channels .  

The West V i r g i n i a  a l t e r n a t i v e  of  chimney d r a i n s ,  even with t h e  p o t e n t i a l  

problems of plugging by sediment depos i t ion ,  provides  a v i a b l e  a l t e r n a t i v e .  



However, it i s  f e l t  tha t  additional research i s  needed t o  establish the i r  

long-term functioning. 

Prior t o  presenting the steep slope design procedure, consideration is 

given t o  the other important concepts of riprap design. These concepts are  

applicable t o  both mild and steep slopes and are an integral  par t  of any 

r iprap design. 

5.2 General Riprap Considerations 

5.2.1 Definition of Riprap 

Riprap consists of a layer of discrete fragments of durable rock 

possessing suff icient  s ize  t o  withstand the dynamic, erosive forces generated 

by the flow of water. The protective qual i t ies  of a riprap-lined channel l i e  

somewhere between those of a grassed waterway and a concrete-lined channel. 

Dumped riprap i s  extensively used on surface mine s i t e s  due t o  the availabi- 

l i t y  of rock, and the conduciveness of t h i s  method t o  placement by readily 

available mechanized equipment. 

Proper design of a riprap channel l ining requires consideration of many 

factors. !he desired level of protection may not be provided by the riprap i f  

design c r i t e r i a  concerning rock gradation, riprap thickness, and f i l t e r  design 

are  not considered. This section discusses general riprap design con- 

siderations applicable t o  riprap protection on both mild and steep slopes. 

5.2.2 Types of Riprap 

There are  many means and methods by which riprap protection can be 

constructed and placed. Hydraulic Engineering Circular No. 11 (Searcy, 1967) 

en t i t led  "Use of Riprap for  Bank Protection" provided the following categori- 

zation of riprap materials and methods of placement: 

- Dumped riprap 

- Hand-placed riprap 

- Wire-enclosed riprap 

- Grouted riprap 

- Concrete riprap in  bags 

- Concrete slab riprap 



5.2.3 General Considerat ions 

The important  f a c t o r s  t o  be considered i n  designing rock r i p r a p  protec-  

t i o n  a r e :  

Durab i l i t y  of t h e  rock (Chapter  VIII) 

Density of t h e  rock 

Veloc i ty  (both  magnitude and d i r e c t i o n )  of t h e  flow i n  t h e  v i c i n i t y  of 
t h e  rock 

Slope of t h e  bed o r  bankl ine  being p ro t ec t ed  

Angle of repose f o r  t h e  rock 

S i z e  and weight of t h e  rock 

Shape and a n g u l a r i t y  of t h e  rock 

F i l t e r  cons ide ra t ions  

Rock r i p r a p  should ( S o i l  Conservation Serv ice ,  1977): 

1. Assure s t a b i l i t y  of t h e  p ro t ec t ed  bank a s  an  i n t e g r a l  p a r t  of t h e  channel 
a s  a  whole. For t h i s  major ob jec t ive ,  t h e  i d e a l  condi t ion  f o r  s t a b i l i t y  
i s  a  s t r a i g h t  channel o r  a  gent ly  curved channel wi th  i t s  o u t e r  bank 
rougher and more e ros ion  r e s i s t a n t  than  t h e  inne r  bank. 

2. T i e  t o  s t a b l e  n a t u r a l  bank o r  o t h e r  f i x e d  improvements wi th  t r a n s i t i o n s  
designed t o  ea se  d i f f e r e n t i a l s  i n  alignment,  grade, s l o p e  and roughness 
o f  banks. 

3. Eliminate  o r  ea se  l o c a l  i r r e g u l a r i t i e s  s o  a s  t o  s t r eaml ine  t h e  p r o t e c t e d  
bank. 

When a v a i l a b l e  i n  s u f f i c i e n t  s i z e ,  dumped rock r i p r a p  i s  usua l ly  t h e  most 

economical m a t e r i a l  f o r  bank p ro t ec t ion .  Dumped r i p r a p  has  many advantages 

over  o t h e r  t ypes  of p ro t ec t ion ,  inc luding  i t s  f l e x i b i l i t y  and t h e  e a s e  of 

l o c a l  damage r e p a i r .  Construct ion must be accomplished i n  a  p re sc r ibed  manner 

b u t  i s  not  complicated. When proper  cons ide ra t ion  is  given t o  f i l t e r  requi re -  

ments and grading  of  t h e  bed foundat ion problems w i l l  be minimal. Appearance 

o f  dumped r i p r a p  is  n a t u r a l ,  and a f t e r  a  t ime vege ta t ion  w i l l  grow between t h e  

rocks.  Wave runup on rock s l o p e s  i s  usua l ly  l e s s  than  on o t h e r  types .  

F i n a l l y ,  i n  temporary channels when t h e  use fu lnes s  of t h e  p r o t e c t i o n  i s  

f i n i s h e d ,  t h e  rock i s  salvageable.  Addi t iona l ly ,  most r i p r a p  used on s u r f a c e  

mining ope ra t ions  i s  dumped r i p r a p .  Therefore t h e  fol lowing d i scuss ion  con- 

c e n t r a t e s  on t h i s  type  of  r i p r a p .  



5.2.4 P r o p e r t i e s  of Rock Used as Riprap 

Riprap should be hard, dense and durable  t o  withstand long exposure t o  

weathering. Visua l  i n spec t ion  by a knowledgeable i n spec to r  is  most o f t e n  ade- 

q u a t e  t o  judge q u a l i t y ,  b u t  l abo ra to ry  t e s t s  may be made t o  a i d  t h e  judgment 

o f  t h e  f i e l d  i n spec to r  ( s e e  s e c t i o n  on rock d u r a b i l i t y ) .  

Rocks used f o r  r i p r a p  should be blocky i n  shape, a s  they  w i l l  t end  t o  

"nest"  t oge the r ,  p rovid ing  g r e a t e r  r e s i s t a n c e  t o  movement. Riprap c o n s i s t i n g  

o f  angular  s t o n e s  is more s u i t a b l e  t han  t h a t  c o n s i s t i n g  of rounded s t o n e s  due 

t o  t h e i r  g r e a t e r  ang le  of repose ( s e e  F igure  4 .3) .  These c r i t e r i a  a r e  

r e f l e c t e d  i n  s tone  shape l i m i t a t i o n s  given by t h e  U.S. Army Corps of Engineers 

(1970) which spec i fy :  

1. The s t o n e  s h a l l  be predominantly angular  i n  shape. 

2. Not more than  2 5  pe rcen t  of t h e  s t o n e s  reasonably we l l  d i s t r i b u t e d  
throughout  t h e  grada t ion  s h a l l  have a l eng th  more than  2.5 t imes t h e  
b read th  o r  t h i ckness .  

3. No s t o n e  s h a l l  have a l eng th  exceeding 3.0 t imes  i t s  breadth  o r  
th ickness .  

These l i m i t a t i o n s  apply only  t o  t h e  s t o n e  wi th in  t h e  r i p r a p  g rada t ion  and no t  

t o  any durable  s p a l l s  and waste t h a t  may be  allowed. When a h igh  percentage 

of  durable  wastes  o r  s p a l l s  is  allowed o r  quar ry  run s tone  i s  used t h a t  does 

n o t  meet t h e  above- l i s ted  l i m i t a t i o n s ,  an inc rease  i n  r i p r a p  th i ckness  should 

b e  provided. 

5.2.5 Riprap Gradat ion and Placement 

Lack of a proper  r i p r a p  g rada t ion  is  one of t h e  most common causes  of 

r i p r a p  f a i l u r e .  Riprap g rada t ion  simply imp l i e s  t h a t  t h e  r i p r a p  should be 

composed of  a d i s t r i b u t e d  s i z e  range of rock. With d i s t r i b u t e d  s i z e  range, 

t h e  i n t e r s t i c e s  formed by t h e  l a r g e r  s t o n e s  a r e  f i l l e d  wi th  t h e  smal le r  s i z e s  

i n  an i n t e r l o c k i n g  f a sh ion  t h a t  p reven t s  formation of open pockets .  Open 

pockets  i n  a r i p r a p  l a y e r  allow j e t s  of water t o  c o n t a c t  t h e  underlying s o i l ,  

r e s u l t i n g  u l t i m a t e l y  i n  t h e  e ros ion  of m a t e r i a l  suppor t ing  t h e  r i p r a p  l aye r .  

Riprap grada t ion  gu ide l ines  a r e  commonly given by d e f i n i n g  t h e  Dmax and 

t h e  D o r  D s i z e  a s  some percentage of t h e  
D5 0 

s i z e .  These t h r e e  
10 2 0 

p o i n t s  (D 
max D 5 ~  

and D o r  D ) a r e  then  p l o t t e d  on semilog graph paper  and 
10 2 0 

a smooth S-shaped curve drawn through them t o  d e f i n e  t h e  e n t i r e  g rada t ion  



range. Recommended va lues  f o r  t h e  
Dmax 

s i z e  range from 1.3 t o  2.0 t i m e s  t h e  

D50 
s i z e ,  wi th  2.0 be ing  t h e  most commonly used. The va lue  f o r  t h e  

D1O to 
D 

2 0 
s i z e  ranges  from 0.20 t o  0.30 t imes  t h e  

D5 0 
s i z e .  

These g u i d e l i n e s  were developed f o r  use w i th  mi ld  s lope  r i p r a p  des ign  

procedures  where t h e  D s i z e  i s  usua l ly  r e l a t i v e l y  small .  Consequently, 
5 0 

t h e y  produce adequate  des igns  w i t h  a w e l l  d i s t r i b u t e d  s i z e  range and D 
max 

s i z e s  t h a t  a r e  reasonable .  However apply ing  t h i s  
Dmax 

c r i t e r i a  t o  a s t e e p  

s l o p e  r i p r a p  design does n o t  produce reasonable  r e s u l t s .  Due t o  t h e  l a r g e  

D50 
s i z e s  t y p i c a l  of  t h e  s t e e p  s lope  r i p r a p  des ign  procedure (see Sec t ion  

5.31, t h e  r e s u l t a n t  D s i z e s  a r e  u n r e a l i s t i c  and i m p r a c t i c a l  p a r t i c u l a r l y  
max 

cons ide r ing  placement and channel excava t ion  requirements  ( s e e  Sec t ion  5.2.6).  

Add i t i ona l ly ,  t h e  recommended s t e e p  s lope  r i p r a p  des ign  procedure produces a 

conse rva t ive  e s t i m a t e  of  t h e  D 
5 0 

s i z e .  Therefore ,  t h e  s t a b i l i t y  of t h e  

r i p r a p  should n o t  r e q u i r e  a l a r g e  g rada t ion  above t h i s  s i z e .  In t h i s  

s i t u a t i o n  it i s  more important  t o  e s t a b l i s h  a smooth g rada t ion  t o  t h e  sma l l e r  

s i z e s  t o  avoid l a r g e  voids.  

Therefore ,  t h e  recommended r i p r a p  gradqt ion  f o r  p r o t e c t i o n  on s t e e p  

s l o p e s  i s  t h a t  t h e  maximum rock s i z e  D be no l a r g e r  than  1.25 t i m e s  t h e  
max 

median s i z e  D 
50' 

On mi ld  s l o p e s  t h e  upper l i m i t  f o r  
Dmax 

should be 

i nc reased  t o  two times D 
50'  

To mainta in  a l a r g e  s a f e t y  f a c t o r  and a conser- 

v a t i v e  design t h e  r a t i o  between t h e  median diameter  and t h e  10 t o  20 pe rcen t  

s i z e  should be  i n  a range of  two t o  t h r e e  f o r  both s t e e p  and mild.  Table 5.1 

g ives  t h e  suggested r i p r a p  g rada t ion  l i m i t s .  F igure  5.1 q u a l i t a t i v e l y  pre- 

s e n t s  t h e  g rada t ion  curves  t h a t  r e s u l t  by u s ing  t h e s e  g u i d e l i n e s  and i n d i c a t e  

t h e i r  reasonableness .  Control  o f  t h e  g rada t ion  o f  r i p r a p  i s  almost  always 

made by v i s u a l  inspec t ion .  

Improper placement o f  a p rope r ly  designed r i p r a p  i s  another  cause  of 

f a i l u r e .  Riprap placement i s  usua l ly  by dumping d i r e c t l y  from t rucks .  I f  

r i p r a p  i s  p l aced  dur ing  c o n s t r u c t i o n  of t h e  embankment, rocks  can be  dumped 

d i r e c t l y  from t r u c k s  from t h e  t op  of t h e  embankment. To p reven t  segrega t ion  

o f  s i z e s ,  rock should never be  p laced  by dropping down t h e  s lope  i n  a chute  o r  

pushed downhil l  wi th  a bu l ldozer .  With proper  equipment dumped r i p r a p  can be 

p laced  wi th  a minimum of expensive hand work. Poorly graded r i p r a p  wi th  s lab-  

l i k e  rocks  r e q u i r e s  more work t o  form a compact p r o t e c t i v e  b l anke t  wi thout  

l a r g e  h o l e s  o r  pockets .  Dragl ines  with orange p e e l  buckets ,  backhoes and 

o t h e r  power equipment can a l s o  be used advantageously t o  p l a c e  t h e  r i p r a p .  



Table 5.1.  Recommended Riprap Gradation Limits*. 

Steep Mild 
Slope Slope 

* i * e . ,  i f  DS0 i s  12 inches for a steep slope riprap, then 

= 1.25 (12 )  = 15 inches. 



PARTICLE SIZE 
(inches) 

Figure 5.1. Definition sketch illustrating steep and mild slope riprap gradation based 
on recommended guidelines. 



5.2.6 Ftiprap Thickness  

The t h i c k n e s s  o f  t h e  r i p r a p  l a y e r  s h o u l d  be  s u f f i c i e n t  t o  accommodate t h e  

l a r g e s t  rock  i n  t h e  r i p r a p  m a t e r i a l .  Maximum r e s i s t a n c e  t o  t h e  e r o s i v e  f o r c e s  

o f  f l o w i n g  water is  o b t a i n e d  when i n d i v i d u a l  s t o n e s  are c o n t a i n e d  w i t h i n  t h e  

r i p r a p  l a y e r  t h i c k n e s s .  Overs ize  s t o n e s  t h a t  p r o t r u d e  above t h e  r i p r a p  l a y e r  

s h o u l d  b e  avoided s i n c e  t h e y  reduce  c a p a c i t y  and i n f l u e n c e  r i p r a p  s t a b i l i t y .  

According t o  t h e  Corps o f  Engineers  (1970) ,  "Overs ize  s t o n e s ,  even i n  i s o l a t e d  

s p o t s ,  may cause  r i p r a p  f a i l u r e  by p r e c l u d i n g  mutual s u p p o r t  between i n d i v i -  

d u a l  s t o n e s ,  p r o v i d i n g  l a r g e  v o i d s  t h a t  expose f i l t e r  and bedding m a t e r i a l s ,  

and  c r e a t i n g  e x c e s s i v e  l o c a l  t u r b u l e n c e  t h a t  removes s m a l l e r  s tones . "  Where 

few o v e r s i z e  s t o n e s  e x i s t ,  t h e s e  s h o u l d  b e  removed i n d i v i d u a l l y  and  r e p l a c e d  

by a p p r o p r i a t e l y  s i z e d  rock .  I n  i n s t a n c e s  where many o v e r s i z e d  r o c k s  e x i s t ,  

c o n s i d e r a t i o n  s h o u l d  b e  g i v e n  t o  r e m e d i a l  measures.  C o r r e c t i v e  a c t i o n s  c o u l d  

i n c l u d e  u s i n g  methods t o  remove t h e  o v e r s i z e  s t o n e ,  o b t a i n i n g  t h e  s t o n e  from 

a n o t h e r  s o u r c e ,  o r  i n c r e a s i n g  t h e  r i p r a p  l a y e r  t h i c k n e s s  t o  c o n t a i n  t h e  l a r g e r  

s t o n e  (Corps  o f  Engineers ,  1970) .  

The a c t u a l  t h i c k n e s s  o f  a r i p r a p  channe l  l i n i n g  depends t o  a  l a r g e  e x t e n t  

upon e x p e r i e n c e  and  e n g i n e e r i n g  judgment. S i m i l a r  t o  g r a d a t i o n  s p e c i f i c a -  

t i o n s ,  recommendations of l a y e r  t h i c k n e s s  v a r y  from a b o u t  1.3 t o  2.0 t i m e s  t h e  

median rock  d i a m e t e r  D50 o f  t h e  r i p r a p  i n  o r d e r  t o  accommodate t h e  
Dmax 

s i z e .  There fore ,  f o r  r i p r a p  l i n i n g s  on  s t e e p  s l o p e s  a  d e s i g n  v a l u e  o f  1.25 i s  

recommended. A c o n s e r v a t i v e  r i p r a p  l a y e r  t h i c k n e s s  o f  2.0 t i m e s  D 
50 

i s  

recommended f o r  r i p r a p  a p p l i c a t i o n s  on  m i l d  s l o p e s .  

I n  c o n s t r u c t i n g  t h e  channe l  t h e  d e p t h  o f  e x c a v a t i o n  must be  adequa te  t o  

accommodate t h e  t h i c k n e s s  of t h e  r i p r a p  and  f i l t e r  l a y e r s .  There fore ,  any 

unnecessa ry  i n c r e a s e  i n  r i p r a p  t h i c k n e s s  can  s i g n i f i c a n t l y  i n c r e a s e  e x c a v a t i o n  

and  o v e r a l l  c o n s t r u c t i o n  c o s t s .  I f  t h e  d e s i g n  h a s  been c a r e f u l l y  and p r o p e r l y  

completed,  t h e r e  s h o u l d  b e  no  need f o r  t h e  d e s i g n e r  t o  recommend, n o r  t h e  

c o n s t r u c t i o n  crew t o  b u i l d ,  a  t h i c k e r  l i n i n g .  

5.2.7 F i l t e r  Layers  

I t  i s  u s u a l l y  n e c e s s a r y  t o  p l a c e  a  f i l t e r  l a y e r  benea th  r i p r a p  m a t e r i a l  

t o  p r e v e n t  l e a c h i n g  o f  t h e  u n d e r l y i n g  s o i l  and p o s s i b l e  r e s u l t a n t  bank 

s t a b i l i t y  problems. Without a  f i l t e r  l a y e r  t h e  l o s s  o f  u n d e r l y i n g  s o i l  can 

o c c u r  i n  s e v e r a l  ways. During h i g h  f lows  t h e  l i f t  and d r a g  f o r c e s  c r e a t e d  by 

movement o f  wa te r  th rough  t h e  channe l  can  c r e a t e  a n  u p l i f t  p r e s s u r e .  T h i s  



pres su re  can genera te  enough s u c t i o n  t o  draw s o i l  p a r t i c l e s  v e r t i c a l l y  through 

t h e  voids  i n  t h e  r i p r a p .  Also dur ing  high f lows,  t u r b u l e n t  edd ie s  and j e t s  

can p e n e t r a t e  t h e  r i p r a p  l i n i n g  through t h e  voids i n  t h e  r i p r a p  caus ing  

detachment and e ros ion  of t h e  underlying s o i l .  F i n a l l y ,  dur ing  a l l  f lows,  b u t  

more v i s a b l e  dur ing  low flows, water can move a t  t h e  i n t e r f a c e  between t h e  

r i p r a p  l a y e r  and t h e  underlying s o i l .  If l a r g e  enough vo ids  are p r e s e n t ,  ero- 

s i o n  can be  s i g n i f i c a n t ,  p a r t i c u l a r l y  i f  t h e  underlying m a t e r i a l  is an ero- 

d i b l e  f i l l .  In  a l l  c a s e s  t h e  l o s s  of s o i l  can r e s u l t  i n  t h e  formation of 

c a v i t i e s  wi th  p o t e n t i a l  f a i l u r e  from t h e  l o s s  of support .  The use  of  a  pro- 

p e r l y  designed f i l t e r  l a y e r  w i l l  minimize t h i s  occurrence and g r e a t l y  i nc rease  

r i p r a p  s t a b i l i t y .  

The a c t u a l  need f o r  a  f i l t e r  l a y e r  i s  dependent upon t h e  g rada t ion  and 

cohesion of  t h e  bank m a t e r i a l  as we l l  a s  t h e  r e l a t i v e  s i z e  d i f f e r e n c e  between 

t h e  r i p r a p  p a r t i c l e s  and s o i l  p a r t i c l e s .  However, i n  most s u r f a c e  mine 

s i t u a t i o n s  a  f i l t e r  l a y e r  w i l l  b e  necessary.  S u i t a b l e  m a t e r i a l  f o r  t h e  f i l t e r  

can  usua l ly  be obta ined  from t h e  same s t r a t a  a s  t h e  rock r i p r a p  s i n c e  t h e  

b l a s t i n g  ope ra t ion  c r e a t e s  a v a r i a t i o n  i n  rock s i z e s  ( P l a t e  5 .1) .  F igure  5.2 

i l l u s t r a t e s  t y p i c a l  p a r t i c l e  s i z e  grada t ion  curves f o r  th ree- inch  diameter  

b l a s t h o l e s  i n  hard s h a l e  and sandstone (U.S. Army Engineer Waterways 

Experiment S t a t i o n ,  1975). The l a r g e r  rocks can be scalped o f f  f i r s t  and t h e  

remaining f i n e s  ma te r i a l  saved and used a s  t h e  f i l t e r  ma te r i a l .  In a d d i t i o n  

t o  n a t u r a l  graded f i l t e r s ,  p l a s t i c  f i l t e r  c l o t h  i s  a l s o  a v a i l a b l e .  Guide l ines  

f o r  f i l t e r  design a r e  given i n  t h e  fo l lowing  sec t ion .  

5.2.7.1 Granular F i l t e r s  

A l a y e r  o r  b l anke t  of well-graded g rave l  should be p l aced  over  t h e  chan- 

n e l  bed p r i o r  t o  r i p r a p  placement. S i zes  of durable  p a r t i c l e s  i n  t h e  f i l t e r  

blarlket should be from 3/16 inches  ( 5  mm) t o  an upper l i m i t  depending on t h e  

g rada t ion  of  t h e  r i p r a p .  Thickness of  t h e  f i l t e r  may vary  depending upon t h e  

r i p r a p  th i ckness ,  b u t  should n o t  be less than  6 t o  9 inches  (15-23 c m ) .  It is  

recommended t h a t  t h e  f i l t e r  t h i ckness  equal  t h e  of t h e  f i l t e r  wi th  a  

minimum of  n ine  inches.  

Suggested f i l t e r  g rada t ion  s p e c i f i c a t i o n s  have been developed on t h e  

b a s i s  of  t e s t s  by Terzaghi ' s  t h e  Bureau of  Reclamation, and t h e  Corps of 

Engineers.  Terzaghi ' s  c r i t e r i a  r e l a t i n g  g rada t ion  of f i l t e r  cover  t o  t h e  par- 

t i c l e  s i z e  d i s t r i b u t i o n  of  t h e  underlying base o r  bed material i s  a s  fol lows:  



P l a t e  5.1. Blasted durable  rock along highwall .  
Note t h e  grada t ion  of p a r t i c l e  s i z e s  
a v a i l a b l e  f o r  both r i p r a p  and f i l t e r  
ma te r i a l s .  



Figure 5.2. Gradation curves f o r  three- inch diameter b l a s t  ho le s  i n  
hard  s h a l e  and sandstone (U.S. Army Engineer Waterways 
Experiment S t a t i o n ,  1975) .  
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where t h e  s u b s c r i p t s  d e n o t e  p e r c e n t a g e  o f  p a r t i c l e s  f i n e r  by weight .  

The Corps of Engineers  and  Bureau o f  Reclamation f i l t e r  g r a d a t i o n  s p e c i -  

f i c a t i o n s  have d i f f e r e n t  l i m i t s ,  s p e c i f y i n g  (Anderson e t  a l . ,  1970):  
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Use o f  t h e s e  c r i t e r i a  t o  e v a l u a t e  t h e  need f o r  f i l t e r  l a y e r s  and t h e i r  

d e s i g n  i s  i l l u s t r a t e d  i n  t h e  examples. F i l t e r  l a y e r s  s h o u l d  n o t  c o n t a i n  t o o  

many f i n e s .  A g e n e r a l  g u i d e l i n e  i s  t h a t  no more t h a n  f i v e  p e r c e n t  by weight  

o f  t h e  p a r t i c l e s  i n  a  f i l t e r  sample s h o u l d  p a s s  th rough  a 200-mesh s i e v e .  1f 

more t h a n  one f i l t e r  l a y e r  i s  r e q u i r e d  t o  a d e q u a t e l y  p r o t e c t  t h e  b a s e  bed 

m a t e r i a l ,  t h e n  t h e  g r a d a t i o n  c r i t e r i a  must b e  m e t  by s u c c e s s i v e  f i l t e r  l a y e r s .  

When m u l t i p l e  g r a n u l a r  f i l t e r  l a y e r s  are r e q u i r e d ,  f o r  example when t h e  bed 

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

c l o t h s  s h o u l d  be i n v e s t i g a t e d .  It may be p o s s i b l e  t o  ach-ieve t h e  d e s i r e d  

l e v e l  o f  p r o t e c t i o n  w i t h  one l a y e r  of f i l t e r  f a b r i c  i n  p l a c e  o f  s e v e r a l  l a y e r s  

o f  g r a n u l a r  f i l t e r  m a t e r i a l .  A d d i t i o n a l l y ,  channe l  e x c a v a t i o n  c o s t s  would be 

d e c r e a s e d  s i n c e  t h e  channe l  s e c t i o n  would n o t  have t o  be  e n l a r g e d  t o  c o n t a i n  

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

d e s i g n  c r i t e r i a  f o r  p l a s t i c  f i l t e r  c l o t h s .  



5.2.7.2 P l a s t i c  F i l t e r  Clo ths  

P l a s t i c  f i l t e r  c l o t h s  a r e  being used beneath r i p r a p  and o t h e r  revetment 

ma te r i a l s ,  such a s  a r t i c u l a t e d  concre te  blocks,  wi th  cons iderable  success .  

However, f i l t e r  f a b r i c  i s  by no means a  t o t a l  s u b s t i t u t e  f o r  granular  f i l t e r s .  

F i l t e r  f a b r i c  has  t h e  l i m i t a t i o n s  of  ( 1 )  f i l t e r i n g  a c t i o n  is  provided i n  only 

one d i r e c t i o n ,  ( 2 )  only one Equivalent  Opening Size  (EOS) i s  maintained 

between t h e  bed m a t e r i a l  and r i p r a p ,  ( 3 )  f a b r i c  is l e s s  r e s i s t a n t  t o  s t o n e  

movement because of i t s  r e l a t i v e l y  smooth sur face ,  ( 4 )  a d d i t i o n a l  of c a r e  must 

b e  exe rc i sed  i n  p l ac ing  r i p r a p  over  p l a s t i c  c l o t h  f i l t e r s  t o  prevent  damage, 

and ( 5 )  long term d u r a b i l i t y  h a s  no t  been proven. 

The Denver Urban Flood Cont ro l  D i s t r i c t  Drainage Design C r i t e r i a  Manual 

( i n  p r i n t )  s p e c i f i e s  t h a t  p l a s t i c  f i l t e r  c l o t h s  should no t  be  used when s lopes  

a r e  g r e a t e r  t han  2.5 t o  1. This  is due t o  t h e  reduced r e s i s t a n c e  t o  movement 

a f fo rded  by t h e  smooth f a b r i c .  A s ix-  t o  nine-inch l a y e r  of granular  m a t e r i a l  

i s  a l s o  recommended t o  be p l aced  over  f a b r i c  c l o t h s  t o  prevent  t e a r i n g  during 

placement of t h e  r i p r a p .  

Care must be exe rc i sed  i n  f i l t e r  f a b r i c  i n s t a l l a t i o n s  where t h e  seepage 

f o r c e s  could be o r i e n t e d  p a r a l l e l  t o  t h e  f a b r i c .  This  could r e s u l t  i n  p ip ing  

a long  t h e  underside of  t h e  f a b r i c  and p o s s i b l e  s t a b i l i t y  problems. Durab i l i t y  

of  f i l t e r  c l o t h s  has  n o t  y e t  been e s t a b l i s h e d  because they have been i n  use  

only  s i n c e  around 1967. However, i n spec t ions  a t  va r ious  i n s t a l l a t i o n s  ind i -  

c a t e  l i t t l e  o r  no d e t e r i o r a t i o n  had occurred i n  t h e  few (one  t o  f o u r )  yea r s  

t h a t  have e lapsed  s i n c e  t e s t  i n s t a l l a t i o n s .  

Appl ica t ions  f o r  f i l t e r  f a b r i c  should be eva lua ted  i n  terms of t h e  speci-  

f i c  advantages and/or disadvantages a s  compared t o  g ranu la r  bedding. The eco- 

nomics a s s o c i a t e d  wi th  g ranu la r  ma te r i a l  a v a i l a b i l i t y ,  excavat ion,  and 

placement of  g ranu la r  f i l t e r s  should be weighed a g a i n s t  t h e  economics of 

f i l t e r  f a b r i c .  Obviously numerous s i t e - s p e c i f i c  f a c t o r s  determine t h e  r e l a -  

t i v e  m e r i t s  of each method; however, f o r  long term design on a  su r f ace  mine 

g ranu la r  f i l t e r  l a y e r s  a r e  genera l ly  p re fe r r ed .  

The fo l lowing  design c r i t e r i a  f o r  p l a s t i c  f i l t e r  c l o t h s  were given by 

Normann ( 1975) i n  Federa l  Highway Administrat ion Hydraulic Engineering 

C i r c u l a r  No. 15. 

For f i l t e r  c l o t h s  ad j acen t  t o  granular  m a t e r i a l s  conta in ing  50 percent  o r  

l e s s  by weight f i n e s  (minus N o .  200 m a t e r i a l ) :  



85 pe rcen t  s i z e  of  m a t e r i a l  (mm)  
1. > 1 

EOS (m) 

2 .  Open a r e a  no t  t o  exceed 36 pe rcen t .  

For  f i l t e r  c l o t h s  a d j a c e n t  t o  a l l  o t h e r  s o i l s :  

1. EOS no l a r g e r  than  t h e  opening i n  t he  U.S.  S tandard Sieve No. 70 .  

2 .  Open a r e a  n o t  t o  exceed t e n  pe rcen t .  

Note: No c l o t h  s p e c i f i e d  should have an open a r e a  l e s s  than  four  pe rcen t  

o r  an EOS wi th  openings sma l l e r  t han  t h e  opening i n  a U.S. Standard Sieve S ize  

NO. 100. When poss ib l e ,  it i s  p r e f e r a b l e  t o  s p e c i f y  a c l o t h  wi th  openings a s  

l a r g e  a s  a l lowable  by t h e  c r i t e r i a .  It may no t  be p o s s i b l e  t o  o b t a i n  a 

s u i t a b l e  c l o t h  wi th  t h e  maximum a l lowable  openings which a l s o  meets t h e  

s t r e n g t h  requirements  i nc lud ing  t e a r  r e s i s t a n c e ,  however, due t o  t he  l i m i t e d  

number of c l o t h s  a v a i l a b l e .  Hydraulic Engineering C i r c u l a r  No. 15 desc r ibes  

t h e  procedures  f o r  de te rmina t ion  of Equivalent  Opening S i z e  (EOS) and open 

area .  

5.3 S teep  Channel Riprap Design 

5.3.1 In t roduc t ion  

The design of r i p r a p  f o r  s t a b i l i z i n g  s t e e p  conveyance channels  wi th  

s i g n i f i c a n t  flow p r e s e n t s  unique problems gene ra l ly  n o t  encountered i n  r i p r a p  

design s tudy.  Considering normal r i p r a p  design,  t h e  accepted  methods a r e  

u sua l ly  l i m i t e d  t o  s l o p e s  l e s s  t han  t e n  pe rcen t ,  where t h e  v e l o c i t i e s  a r e  slow 

enough and t h e  depth of flow l a r g e  enough ( r e l a t i v e  t o  t h e  r i p r a p  s i z e )  t h a t  a 

reasonable  e s t i m a t e  f o r  t h e  r e s i s t a n c e  t o  flow can be  made. This  r e s i s t a n c e  

i s  gene ra l ly  cha rac t e r i zed  by Manning's n. However, on s t e e p  s lopes  t h e  

r i p r a p  s i z e  r equ i r ed  t o  s t a b i l i z e  t h e  channel i s  on t h e  same o rde r  of magni- 

t ude  o r  g r e a t e r  than  t h e  depth of flow. This  c r e a t e s  d i f f i c u l t i e s  i n  e s t i -  

mating roughness s i n c e  Manning's r e l a t i o n  is  no longer  v a l i d .  Without 

knowledge of t h e  r e s i s t a n c e  t o  flow, a n  e s t i m a t e  of t h e  v e l o c i t y ,  needed f o r  

t h e  design of t h e  r i p r a p ,  cannot  be a c c u r a t e l y  determined. 

Ba thu r s t  (1979)  s t u d i e d  t h e  hydrau l i c s  of mountain r i v e r s  where l a r g e  

roughness elements  o f t e n  e x i s t  i n  t h e  flow. Based on flume s t u d i e s ,  he was 

a b l e  t o  d e r i v e  r e l a t i o n s h i p s  f o r  t h e  r e s i s t a n c e  i n  channels  where roughness 

elements  a r e  on t h e  same o rde r  of  magnitude a s  t h e  depth of  flow, o f t e n  



breaking through t h e  water su r f ace .  Using t h e  genera l  r e s i s t a n c e  equat ion 

developed by Bathurs t ,  t h e  v e l o c i t y  i n  a channel wi th  a given s i z e  r i p r a p  can 

b e  determined. This  v e l o c i t y  can then  be used t o  eva lua t e  t h e  s t a b i l i t y  of 

t h e  r i p r a p .  This  approach i s  phys i ca l ly  r e a l i s t i c  s i n c e  t h e  hydrau l i c s  of a 

mountain r i v e r  a r e  s i m i l a r  t o  t hose  of a s t e e p  s l o p e  d ive r s ion  channel.  In  

both  s i t u a t i o n s  t h e  s t e e p  s l o p e s  r e q u i r e  l a r g e  diameter  rock f o r  s t a b i l i t y  

s i n c e  t h e  flow t ends  t o  cascade around t h e  rocks  r a t h e r  than  flow over  them. 

Consequently, t h e  des ign  procedure recommended i n  t h e  fo l lwoing  s e c t i o n  pro- 

duces rock s i z e s  and t h e r e f o r e ,  channel excavat ion requirements  t h a t  may 

appear  u n r e a l i s t i c  f o r  t h e  des ign  d ischarge  and flow depth.  However, t h e  

des igner  need only remember t h e  hydrau l i c s  of t h e  s i t u a t i o n  and t h e  s i m i l a r i t y  

t o  a s t e e p  mountain r i v e r  t o  b r i n g  pe r spec t ive  t o  t h e  design.  

5.3.2 S impl i f i ed  Design Procedures 

F ive  s e t s  of  des ign  curves  (F igu res  5.3-5.7) have been developed from 

Ba thu r s t ' s  r e l a t i o n s h i p  t o  s i m p l i f y  r i p r a p  des ign  f o r  s t e e p  conveyance chan- 

ne l s .  The design curves  were developed f o r  t r a p e z o i d a l  channels  with 2 t o  1  

s i d e  s l o p e s  and bottom widths of  0 ,  6,  10, 14 and 20  f e e t .  The 2 t o  1  s i d e  

s l o p e  was s e l e c t e d  by cons ide r ing  ang le  of repose (Sec t ion  4 . 6 )  and channel 

excavat ion requirements.  The 2 t o  1 s i d e  s l o p e  i s  s u f f i c i e n t l y  l e s s  than  t h e  

a n g l e  of  repose f o r  any p a r t i c l e  s i z e  o r  shape. Side s l o p e s  l e s s  t han  2 t o  1  

( i . e . ,  3 t o  1)  g r e a t l y  i n c r e a s e  excavat ion amounts without  s i g n i f i c a n t l y  

i n c r e a s i n g  flow capac i ty  f o r  a given bottom width. Therefore,  t h e  2 t o  1 s i d e  

s l o p e  was s e l e c t e d  and i s  recommended f o r  a l l  s t e e p  s l o p e  channels.  For a 

given channel  bottom width, each curve r e p r e s e n t s  t h e  design f o r  a given chan- 

n e l  s lope .  The des ign  curves  were te rmina ted  a t  t h e  p o i n t  where flow ve loc i -  

t i e s  f o r  a s p e c i f i c  channel  con f igu ra t ion  and s l o p e  exceeded 15 f t / s e c .  A 

median rock diameter  could  be determined t h a t  would be s t a b l e  a t  h igher  flows; 

however, rock d u r a b i l i t y  a t  h igh  flow v e l o c i t y  becomes of g r e a t e r  concern. 

The procedure f o r  e n t e r i n g  t h e  design curves w i th  a known Q is 

i l l u s t r a t e d  on Figures  5 .3  and 5.4. For p r a c t i c a l  engineer ing  purposes,  t h e  

D50 
s i z e  s p e c i f i e d  f o r  t h e  des ign  should be given i n  0.25-foot increments.  

Therefore,  t h e  f i n a l  des ign  s i z e  i s  determined us ing  Table 5.2. For t h e  case  

where t h e  bed s lope  ( S )  i s  n o t  given on one of t h e  design curves ,  l i n e a r  

i n t e r p o l a t i o n  i s  used t o  determine t h e  r i p r a p  design.  This  can be done 

g raph ica l ly  by ex tending  t h e  h o r i z o n t a l  l i n e  from t h e  known d ischarge  through 
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Figure  5.3. S teep  s l o p e  r i p r a p  des ign ,  t r i a n g u l a r  channels ,  2:l s ides lopes .  



Dw(f ee t) d (feet) 

Figure  5.4. Steep  s l o p e  riprap des ign ,  t r a p e z o i d a l  channe l s ,  2:l s ides lopes ,  6 f t  base width. 
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Figure 5.5. Steep s lope  r i p r a p  des ign ,  t r a p e z o i d a l  channel ,  2 : l  s i d e s l o p e s ,  10 it base  width.  
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Figure 5.6. Steep slope riprap design, trapezoidal channels, 2:l sideslopes, 14 ft base width. 
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Figure 5 . 7 .  Steep slope riprap design, trapezoidal channels, 2:l sideslopes, 20 ft base width. 



T a b l e  5.2.  Design D50 Values.  

D50 Determined 

From Design Curve 
( f t )  

Design D 
5 0 



t h e  c u r v e s  w i t h  s l o p e s  b r a c k e t i n g  t h e  d e s i g n  s l o p e .  A p o i n t  i s  t h e n  d e t e r -  

mined between t h e  d e s i g n  c u r v e s  by v i s u a l  i n t e r p o l a t i o n ,  and  t h e  D 
5 0 

s i z e  i s  

de te rmined  by a  v e r t i c a l  l i n e  ex tended  from t h i s  p o i n t .  S i m i l a r l y ,  f o r  bottom 

w i d t h s  o t h e r  t h a n  t h e  ones  t h e  g raphs  were p r e p a r e d  f o r ,  it is adequate  t o  

l i n e a r l y  i n t e r p o l a t e  u s i n g  v a l u e s  from t h e  g raphs  t h a t  b r a c k e t  t h e  d e s i r e d  

bottom width .  

5.4 Channel En t rances  and E x i t s  

When t h e r e  i s  a  t r a n s i t i o n  from a  s t e e p  t o  a  mi ld  s l o p e ,  t h e  f low changes 

from a  s u p e r c r i t i c a l  ( r a p i d )  t o  a  s u b c r i t i c a l  ( t r a n q u i l )  c o n d i t i o n  ( s e e  

S e c t i o n  4 . 2 . 5 ) .  Due t o  t h i s  change i n  t h e  s t a t e  o f  f low t h e r e  i s  t h e  p o s s i b i -  

l i t y  of fo rmat ion  o f  a  h y d r a u l i c  jump i n  t h e  t r a n s i t i o n  reach .  The o c c u r r e n c e  

o f  a  h y d r a u l i c  jump i s  r e l a t e d  t o  t h e  Froude number ( s e e  Equat ion 4 . 7 ) .  

F o r  t h e  r a n g e  o f  v e l o c i t i e s  and  f low d e p t h s  e s t a b l i s h e d  i n  a channe l  by 

t h e  s t e e p  s l o p e  r i p r a p  d e s i g n  p rocedure ,  Froude numbers on t h e  s t e e p  s l o p e  

w i l l  be  less t h a n  f o u r .  I n  t h i s  Froude number range,  v i o l e n t  h y d r a u l i c  jumps 

d o  n o t  form. For Froude numbers i n  t h e  range of 2.5 t o  4.5, s u r f a c e  waves a r e  

u s u a l l y  g e n e r a t e d  and a  s l i g h t  i n c r e a s e  i n  wa te r - sur face  e l e v a t i o n  o c c u r s ;  

however, t h e  v i o l e n t  h y d r a u l i c  jump e x p e r i e n c e d  a t  t h e  b a s e  o f  a  smooth sur -  

f a c e d  s p i l l w a y  does  n o t  occur .  P r o t e c t i o n  i s  s t i l l  r e q u i r e d  i n  t h e  t r a n s i t i o n  

l e n g t h  between a  s t e e p  s l o p e  r i p r a p p e d  channe l  and a m i l d  s l o p e d  channe l  t o  

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

t h e  drawdown and  i n c r e a s e d  v e l o c i t y  t h a t  r e s u l t s  as f low t r a n s i t i o n s  from a  

m i l d  t o  s t e e p  s l o p e .  For s i m p l i c i t y ,  t h e  l e n g t h  o f  p r o t e c t i o n  e s t i m a t e d  f o r  

t h e  more c r i t i c a l  e x i t  s e c t i o n  i s  a l s o  s p e c i f i e d  f o r  e n t r a n c e  p r o t e c t i o n .  A 

g e n e r a l  r u l e  f o r  t h e  l e n g t h  o f  p r o t e c t i o n  r e q u i r e d  when Froude numbers a r e  

less t h a n  f o u r  i s  t h a t  t r a n s i t i o n  l e n g t h  s h o u l d  be  f i v e  t i m e s  t h e  uniform 

d e p t h  o f  f low computed f o r  t h e  downstream channe l  s e c t i o n ;  however, i n  no 

c a s e  s h o u l d  t h i s  l e n g t h  b e  l e s s  t h a n  15 f e e t .  

5.5 Design Procedures  Summary 

5 . 5 . 1  C r i t e r i a  f o r  Riprap  Design 

The d e s i g n  o f  r i p r a p - l i n e d  c h a n n e l s  w i t h  s t e e p  conveyance u s i n g  t h e  

d e s i g n  c u r v e s  r e q u i r e s  t h e  f o l l o w i n g  s t e p s :  

1 .  E s t i m a t e  t h e  des ign  flow based  on h y d r o l o g i c  computat ions  (Chap te r  111). 



Determine t h e  channel design s lope  based on topographic cons idera t ions .  

The channel design s lope  should be t h e  uniform s lope  r equ i r ed  t o  al low 

t h e  channel t o  be cons t ruc t ed  through s l i g h t  changes i n  grade. I f  exca- 

v a t i o n  amounts a r e  t o o  g r e a t  t o o  al low a uniform channel s lope  through 

changes i n  t e r r a i n  s lope ,  t h e  channel  can be  designed t o  fo l low t h e  

changes i n  grade. For e a s e  i n  cons t ruc t ion ,  a s i n g l e  channel c r o s s  sec- 

t i o n  adequate  f o r  each s l o p e  can be designed us ing  t h e  maximum s l o p e  t o  

s i z e  t he  r i p r a p  r equ i r ed  and t h e  minimum s lope  t o  e s t a b l i s h  flow depth 

and f reeboard  requirements  ( t r a n s i t i o n  requirements  must be considered i f  

t h i s  procedure is  followed) . 
Determine a channel bottom width based on engineer ing  judgment and 

a v a i l a b l e  equipment. 

Using t h e  app ropr i a t e  des ign  curve, determine t h e  r equ i r ed  
D50 

s i z e  and 

flow depth. 

Determine grada t ion  and r i p r a p  th i ckness  (Sec t ions  5.2.5 and 5.2.6) .  

Evaluate  f i l t e r  requirements  (Sec t ion  5.2.7) .  

Granular F i l t e r  Design 

a. Determine grada t ion  of channel bed and banks and g rada t ion  of  

g ranu la r  ma te r i a l  a v a i l a b l e .  

b. Evaluate  adequacy o f  f i l t e r  m a t e r i a l  by c r i t e r i a  i n  Sec t ion  5.2.7. 

c .  Determine acceptab le  g rada t ion  f o r  f i l t e r  ma te r i a l .  

d. Determine th i ckness  of f i l t e r  l aye r .  

P l a s t i c  F i l t e r  Clo ths  

a.  Determine grada t ion  of bed and bank ma te r i a l .  

b. Evaluate  pe rcen t  by weight of f i n e s  i n  bed ma te r i a l .  

c .  Ca lcu la t e  al lowable Equivalent  Opening S i z e  (EOS) of p l a s t i c  f i l t e r  

c l o t h  us ing  c r i t e r i a  i n  Sec t ion  5.2.7.2. 

d. S e l e c t  from a v a i l a b l e  f i l t e r  f a b r i c  meeting c r i t e r i a .  

Est imate f reeboard  r equ i r ed  from Equation 4.20 and f i n a l i z e  c r o s s  s e c t i o n  

dimensions. 

Evaluate  en t rance  and e x i t  p r o t e c t i o n  required.  

Design Examples - Using Step-By-Step Procedures Outl ined Above 

5.6.1 Design Example f o r  S teep  Slope P ro tec t ion  

Design d ischarge  Q = 75 c f s  

Assume a uniform s lope  of 0.25 



Channel base width ( b )  s e l e c t e d  a s  6  f e e t  

From Figure  5 . 4  

D50 = 1.70 f t  Use D = 1.75 f t  (Table 5 . 2 )  
50 

d = 0 . 4 5  it 

Dmax 
= 1 .25  D = 2 . 2  it 

5  0  
Riprap Thickness = 

Dmax 
= 2 . 2  f t  

Evaluate  f i l t e r  requirements  a s  d i scussed  below. 

Evaluate  f reeboard  requirements .  For s t e e p  s l o p e s  wi th  r i p r a p  l i n i n g ,  

Table 4 .4  gives  c = 1 . 0 .  
f b  

Therefore u se  1.0 f t  

F igure  5 . 8  shows t h e  channel  s e c t i o n  designed, i nc lud ing  t h e  g ranu la r  

f i l t e r  ( s e e  nex t  s e c t i o n ) .  

5 . 6 . 2  Design Example f o r  Granular  F i l t e r  Layer 

Th i s  example d e t a i l s  procedures  f o r  de te rmina t ion  and s e l e c t i o n  of an  

a p p r o p r i a t e  f i l t e r  layer .  The U.S. Army Corps of Engineers f i l t e r  c r i t e r i a  

a r e  used because t h e  l i m i t s  a r e  somewhat l e s s  r e s t r i c t i v e  than  t h e  Terzaghi 

f i l t e r  c r i t e r i a .  The c h a r a c t e r i s t i c s  of  t h e  channel  bed m a t e r i a l  and r i p r a p  

p r o t e c t i o n  a r e  assumed t o  be: 

D = 0 .27  i n  
8 5  

D = 0 . 1  i n  
50 

D I 5  = 0.036 i n  

Riprap p r o p e r t i e s  (determined from p l o t t i n g  g rada t ion  given i n  step 5 on semi- 

l o g  paper; s e e  F igure  5 . 9 )  

DB5 = 26 i n  

D50 = 21 i n  

D = 9 . 5  i n  
15 



Figure 5.8. Final channel dimensions. 





S o l u t i o n  

1 .  Eva lua te  t h e  need f o r  a f i l t e r  l a y e r  

Equat ion 5 .2  

S i n c e  f i l t e r  cr i teria are exceeded, a f i l t e r  l a y e r  i s  r e q u i r e d .  

2. The p r o p e r t i e s  o f  t h e  f i l t e r  can  be  determined a s  f o l l o w s  

D~~ (FILTER) 

D (BASE) < 4 0 ,  s o  D50 (FILTER) < 4 0  X 0 .1  = 4 i n  
5 0  

D15 (FILTER) 
< 4 0 ,  s o  D (FILTER) < 4 0  X 0 . 0 3 6  = 1.4 i n  

D15 (BASE) 1 5  

D~~ (FILTER) 

D85 (BASE) 
< 5, s o  D 1 5 ( ~ I L T E R )  < 5 X 0 .27  = 1 .35  i n  

D15 (FILTER) 

D15 (BASE) 
> 5, s o  D15(FILTER) > 5 X 0 . 0 3 6  = 0 . 1 8  i n  

There fore ,  w i t h  r e s p e c t  t o  t h e  b a s e  material, t h e  f i l t e r  must s a t i s f y  

0 . 1 8  i n  < D (FILTER) < 1 . 3 5  i n  
1 5  

3.  Cons ider ing  t h e  r i p r a p  and a f i l t e r ,  t h e  p r o p e r t i e s  o f  t h e  f i l t e r  

must s a t i s f y  

D50 (RIPRAP) 
< 4 0 ,  s o  D~~ 

2 1  
D~~ (FILTER) (FILTER) > - 4 o = 0 . 5  i n  

D I 5  (RIPRAP) 
< 40 ,  s o  DI5 

9 . 5  
D15 (FILTER) 

(FILTER) > - 4 0 - - 0 .2  i n  

D~~ (RIPRAP) 
< 5, s o  D (FILTER) > - - 

8 5 
9 '5  - 1 . 9  i n  

D85  (FILTER) 5 

D15 
(RIPRAP) 

9 . 5  
~ 1 5  (FILTER) > 5, S O  D15(FILTER) < - 5 = 1 .9  i n  



Therefore,  wi th  r e spec t  t o  t h e  r i p r a p ,  t h e  f i l t e r  must s a t i s f y  

0.2 i n  < D (FILTER) < 1.9 i n  
15 

D50 
(FILTER) > 0.5 i n  

DB5 (FILTER) > 1.9 i n  

4. F igure  5.9 shows t h e  limits of t h e  f i l t e r  m a t e r i a l  with r e s p e c t  t o  both 

t h e  base and r i p r a p  ma te r i a l .  The g rada t ion  curves  f o r  t h e  f i l t e r  l a y e r  

have been ex t r apo la t ed  somewhat a r b i t r a r i l y  beyond t h e  computed po in t s .  

The ranges of s u i t a b l e  f i l t e r  f o r  both t h e  r i p r a p  and t h e  base have been 

crosshatched;  any f i l t e r  m a t e r i a l  t h a t  f a l l s  w i th in  t h e  reg ion  where t h e  

cross-hatching over laps  w i l l  meet t h e  c r i t e r i a  of both t h e  r i p r a p  and t h e  

base  ma te r i a l  and w i l l  t h u s  be s u i t a b l e  f o r  t h e  f i l t e r  b lanket .  

5. The th i ckness  of t h e  f i l t e r  l a y e r  can be determined f o r  an assumed value 

o f  of t h e  f i l t e r .  I f  f i l t e r  m a t e r i a l  was a v a i l a b l e  t h a t  had a 

g rada t ion  shown by t h e  d o t t e d  l i n e  i n  Figure 5.9 then  

Assuming = 10 i n  

and f i l t e r  l a y e r  t h i ckness  = D = 10 i n  
max 

The channel s e c t i o n  inc luding  t h e  f i l t e r  l aye r ,  was shown i n  F igure  

5.8. 

5.6.3 P l a s t i c  F i l t e r  Cloth Design Example 

I t  i s  d e s i r e d  t o  design a p l a s t i c  f i l t e r  c l o t h  s u i t a b l e  f o r  a p p l i c a t i o n  

t o  base m a t e r i a l  having t h e  grada t ion  shown i n  F igure  5.8. Since no f i n e s  a r e  

p r e s e n t  i n  t h e  base m a t e r i a l  t h e  design c r i t e r i a  a re :  

85 percent  s i z e  of ma te r i a l  (mm) 
EOS (mm) 

> 1 

Open a r e a  no t  t o  exceed 36 percent .  

Solu t ion  

From Figure 5.8 D85 = 0.27 i n  = 6.8 mm 

A f i l t e r  c l o t h  should be chosen t h a t  has: 

Equivalent  Opening Size (EOS) < 6.8 mm of P l a s t i c  F i l t e r  Cloth 

A l a y e r  of g rave l  should be p laced  over  t h e  f i l t e r  c l o t h  t o  provide pro- 

t e c t i o n  during r i p r a p  placement. 



5 .6 .4  Entrance and E x i t  Design Example 

Determine t h e  l eng th  of p r o t e c t i o n  r equ i r ed  above and below t h e  channel 

s e c t i o n  o f  t h e  previous  example. The downstream channel p r o p e r t i e s  are: 

1. b = 6 f t  

2. S = 0.002 

3.  D = 2 i n  = 0.17 f t  
50 

Solu t ion  

Compute normal depth  downstream 

n = 0.0395 D 
50  

= 0.0395(0 .17)  'I6 = 0.03 

From Figure  C-1 i n  Appendix C f o r  Qn = 2.25 and 

"n 
Vn = 0.089; V = - -  n - 3.0 f p s  

Compute p r o t e c t i o n  r equ i r ed  

l e n g t h  of  p r o t e c t i o n  

L = 5d = 12 f t  < 15 f t  

Therefore,  l eng th  o f  p r o t e c t i o n  = 15 f t  

F igure  5.10 shows t h e  en t r ance  and e x i t  p r o t e c t i o n  

Equation 4.18  



Figure 5.10. Entrance and e x i t  p r o t e c t i o n  on s t e e p  conveyance channel.  
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