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I. INTRODUCTION 

1 . 1 The Problem 

The design and implementation of an adequate drainage system before, 

during and after surfac~ mining operations is essential to minimize adverse 

environmental impacts. Surface mining operations are often a source of water 

pollution. Water pollution from a surface mine generally occurs in two forms: 

chemical and physical. Chemical pollution is the result of minerals exposed 

to leaching or oxidation, produci~g undesirable concentrations ?f dissolved 

materials. Physical pollution is the increased sediment loading from 

excessive erosion. Since sediment is also a major carrier of many chemical 

pollutants, the two forms of pollution often occur simultaneously. 

Compared to industrial pollution, which is usually a result of by­

products created while the industrial process is actively pursued, water 

pollution from surface disturbances can be a continuous source of pollution 

for years after the mine becomes inactive. Runoff from abandoned mine sites 

can continue to carry large volumes of sediment and concentrations of chemi­

cals to downstream bodies of water. Sediment in a stream or reservoir, above 

certain "natural" levels, constitutes pollution and reduces the usefulness of 

the water. The deposition of sediments reduces storage volumes, complicates 

flood control and power generation, destroys aquatic life habitat, decreases 

the value of floodplain areas for recreational and agricultural purposes, and 

leads to obstructions to navigation in larger rivers. Additionally, the dyna-

mic nature of drainage systems can result in dramatic responses in downstream 

channel alignment, shape and type to increased sediment loading. 

Drainage pollution of any type affects nearly every type of water use. 

It increases costs to industrial, municipal and navigation water users, for 

instance, by corroding equipment or by requiring special water treatment. 

Additionally, relatively small amounts of pollution can prevent the use of 

surface waters for some recreational uses, as well as for fish and aquatic 

life production. According to the Appalachian Regional Commission (1969) in 

House Document 91-160, 

"Over the last 100 years, coal mining in the Appalachian Region has 
caused increased amounts of acid, sediment, sulfates, iron, manga­
nese, and hardness in the Region's streams, thus substantially 
altering water quality. This alteration has occurred in 
approximately 10,500 miles of streams, primarily in the northern 
half of the Region." 



1.2 

The actual pattern of the streams affected by mining operations in the 

Appalachian Region generally corresponds to the historical and present pat­

terns of mining. The distribution of streams affected by all types of mine is 

uneven among the eight states in the Region that are affected. Throughout the 

Region, the incidence of affected streams decreases from northeast to south­

west. This decreasing trend of affected streams toward the southwestern parts 

of the Region is primarily the result of compositional changes in the coal and 

adjacent strata, the mining techniques used, and smaller amounts of mining. 

1.2 Control of Drainage On a Mine Site 

Due to the magnitude and extent of the pollution problems that have 

arisen as a result of previous mining activities, and the desire to minimize 

further proliferation of such pollution, drainage abatement and control tech­

niques have been developed. In general, abatement and control techniques can 

be grouped into the categories of source control to prevent the formation of 

polluted water, treatment processes to handle water that has become polluted, 

dispersion and dilution of polluted water by its controlled addition to 

unpolluted flows, and permanent containment or isolation of contaminated 

waters by injection into deep disposal wells. 

The two major categories which encompass the majority of the preferred 

abatement and control techniques are treatment and source control. Use of 

water treatment during mining has no effect on the levels of water pollution 

after treatment ceases and the mine is abandoned. Thus, preplanning and 

implementation of source controls to reduce water pollution, both present and 

future, is considered preferable. 

Compared to other categories of pollution control, source control 

measures such as revegetation and properly engineered drainage structures are 

relatively inexpensive. Source control measures are further desirable in that 

they help minimize the formation of polluted water by preventing contact of 

unpolluted water with areas disturbed by mining operations, thus limiting ero­

sion and sediment loads carried by runoff, contact of runoff with acid- or 

toxic material-producing materials, and decreasing quantities of water needing 

treatment. 

Diversion practices are particularly suitable in that they provide for a 

measure of control over the watershed. Using sound engineering design, diver-



s i o n  s t r u c t u r e s ,  channel modi f ica t ion  and r e l o c a t i o n s  can be cons t ruc ted  i n  a 

manner t h a t  provides  p o l l u t i o n  and e ros ion  c o n t r o l  through runoff managemen: 

over  a wide range of seasonal  and c l i m a t i c  condi t ions .  Such s t r u c t u r e s  can 

prevent  runoff i n t o  a c t i v e  mine s i t e s ,  t h u s  he lp ing  t o  reduce ponding along 

t h e  bench o r  i n  t h e  p i t  and t h e  r e s u l t a n t  downtime. Properly engineered 

d ive r s ions  reduce e ros ion  by prevent ing  flow over  u n s t a b i l i z e d  s o i l  i n  water- 

ways above highwalls ,  and over  d i s tu rbed  a r e a s  where vegeta t ion  has  not  been 

e s t ab l i shed .  

Diversion i s  by no means a complete p o l l u t i o n  c o n t r o l  measure, but simply 

a n  i n t e g r a l  p a r t  of an  o v e r a l l  p lan .  The need f o r  a complete drainage design 

p l a n  f o r  t h e  permit  a r e a  based on sound engineer ing  knowledge i s  necessary t o  

minimize p o t e n t i a l  environmental damage from s u r f a c e  mining a c t i v i t i e s .  

Fu r the r ,  it is e s s e n t i a l  t h a t  t h e  des igner  r e a l i z e  t h a t  t h e  drainage bas in  i n  

t h e  permit  a r e a  i s  only one p a r t  of a l a r g e r ,  more complex drainage system. 

The drainage network i n  t h e  permit  a r e a  i n t e r a c t s  with o t h e r  p a r t s  of t h e  

l a r g e r  drainage system i n  a complex fashion.  Over t ime t h i s  complicated 

system has  e s t a b l i s h e d  a s t a t e  of balance o r  quasi-equi l ibr ium. The mining 

opera t ion ,  o r  any o t h e r  l a rge - sca l e  d is turbance ,  w i l l  a f f e c t  t h i s  balance o r  

equi l ibr ium and can r e s u l t  i n  dynamic responses throughout t h e  system. The 

des igner  must recognize t h i s  phenomenon i n  o rde r  t o  r e s t o r e  t h e  d i s tu rbed  

topography and drainage t o  a condi t ion  where it w i l l  aga in  proper ly  func t ion  

a s  p a r t  of t h e  l a r g e r  system. 

1.3 OSM Regulations Concerning Water Diversions 

General p rov i s ions  of OSM s tandards  p e r t a i n i n g  t o  s u r f a c e  mine drainage 

s p e c i f y  t h e  b e s t  technology c u r r e n t l y  a v a i l a b l e  should be used t o  minimize 

d i s tu rbances  of t h e  p r e v a i l i n g  hydrologic  balance, water  q u a n t i t y ,  and water 

q u a l i t y .  This  s tandard  i s  app l i cab le  t o  t h e  mine s i t e  a s  we l l  a s  o u t l y i n g  

a r e a s  t h a t  would be a f f e c t e d  by runoff from t h e  mined region.  

Of p a r t i c u l a r  importance i n  t h e  aforementioned s p e c i f i c a t i o n  i s  t h e  

phrase  "bes t  technology c u r r e n t l y  a v a i l a b l e , "  de f ined  by t h e  OSM a s  ( 3 0  CFR 

701.5) : 

"equipment, s e r v i c e s ,  systems, methods, o r  techniques which w i l l  ( a )  
p revent ,  t o  t h e  e x t e n t  poss ib l e ,  a d d i t i o n a l  con t r ibu t ions  of 
suspended s o l i d s  t o  s t ream flow o r  runoff ou t s ide  t h e  permit  a r e a ,  
b u t  i n  no event  r e s u l t  i n  con t r ibu t ions  of suspended s o l i d s  i n  
excess  of  requirements s e t  by app l i cab le  s t a t e  o r  f e d e r a l  laws; and 



( b )  minimize, t o  t h e  e x t e n t  poss ib l e ,  d i s turbances  and adverse 
impacts on f i s h ,  w i l d l i f e  and r e l a t e d  environmental va lues  and 
achieve enhancement of t hese  resources  where p rac t i cab le .  The term 
inc ludes  equipment, devices ,  systems, methods o r  techniques which 
a r e  c u r r e n t l y  a v a i l a b l e  anywhere a s  determined by t h e  Direc tors ,  
even i f  they a r e  not  i n  rou t ine  use." 

Other f e d e r a l  laws c o n t r o l l i n g  d ischarges  a r e  t h e  Federa l  Water Po l lu t ion  

Control  Act and t h e  Clean Water Act administered by t h e  EPA. 

S p e c i f i c a l l y ,  OSM r egu la t ions  r e q u i r e  t h a t  d ivers ions  of overland flow o r  

f l w  i n  ephemeral streams a r e  t o  be undertaken i n  a manner which prevents  ero- 

s ion ,  avoids con tac t  wi th  acid-forming and t o x i c  material-forming ma te r i a l s ,  

and reduces t h e  amount of suspended s o l i d s  e n t e r i n g  r ece iv ing  streams o r  o t h e r  

o f f - s i t e  bodies  of water. 

Standard p r a c t i c e s  and c r i t e r i a  r e l a t e d  t o  t h e  

d ive r s ion  of overland flow, and flow i n  ephemeral, perennia l ,  o r  i n t e r m i t t e n t  

s t reams,  a r e  summarized i n  Table 1.1. It is important t o  note  t h a t  t h e  diver-  

s i o n  channel i t s e l f  does no t  neces sa r i l y  have t o  be l a r g e  enough t o  pas s  t h e  

design flow (Table 1.1, p a r t  a ) .  Regulations al low t h a t  t h e  combination of 

channel,  bank and f loodp la in  con f igu ra t ions  be adequate t o  pas s  t h e  requi red  

flows. However, t h e  capac i ty  of t h e  channel i t s e l f  should a t  l e a s t  be equal  

t o  t h e  capac i ty  of t h e  unmodified s t ream channel immediately upstream and 

downstream of t h e  d ivers ion .  

1.4 Applicat ions of Water Diversion S t r u c t u r e s  

Water d ive r s ion  s t r u c t u r e s  a r e  temporary o r  permanent water handl ing 

s t r u c t u r e s  used t o  c o n t r o l  and manage t h e  drainage above and through t h e  

d i s tu rbed  a r e a  of a mine s i t e  inc luding  t h e  channels d i v e r t i n g  and conveying 

t h e  runoff ,  grade c o n t r o l  s t r u c t u r e s ,  e ros ion  c o n t r o l  s t r u c t u r e s ,  e t c .  I n  

t h i s  manual, d ive r s ions  a r e  def ined  a s  t hose  channels used t o  i n t e r c e p t  and 

d i v e r t  s u r f a c e  runof f ,  and those  used t o  r e l o c a t e  o r  r e e s t a b l i s h  ephemeral, 

i n t e r m i t t e n t  o r  pe renn ia l  streams. Perennia l  streams normally c a r r y  water 

throughout t h e  year  because they  e i t h e r  d r a i n  a r e a s  of heavy r a i n f a l l  o r  

i n t e r s e c t  t h e  ground water  t a b l e  a t  some po in t .  I n t e r m i t t e n t  streams flow 



Table 1.1. Design Requirements by Technologies. 

Over land Flows, Shal low Groundwater 
Considerat ions* F l ow s, Ephemeral Streams Perennial and In termi t tent  Streams 

Hydrology 
(a) Recurrence I nterva I-- 

Design Event 

Permanent 

Temporary 

Hydrau l i cs  
(b) Channel Capacity 

(c) Channel Llning 

( d l  Slope o r  Gradlent 

(e) Veioc l t ies  

Geotechnical 
( f  ) Backslopes 

-rat ion 

Permanent 

Temporary 

(h) Enhancement , 

( i )  Shape 

( j )  Longitudinal Prof1 le  
and Cross Section 

(k) Aquatic Habitats 

Peak runof f  f ran design event, 0.3 f t  
freeboard minimum. Protect ion o f  
c r i t i c a l  areas can be more stringent. 

Suitable t o  control  and minimize water 
pol  lutlon. 

Appropr l a t e  fo r  sediment control. 

Regulated t o  control  and mlnlmlze 
water pol lut ion. 

Stable 

None 

Remove regrade topsol I & revegetate. 

None 

None 

(see slopes and capacity) 

None 

Must equal adjacent unmodified stream channel ( f loodpla in  
capacity can be used fo r  passing design event), but not less than 
(a). 

To control  erosion, must be stable and only require Infrequent 
maintenance. 

Longitudinal prof i l e  of  the stream t o  remaln stable and t o  pre- 
vent erosion. 

Regulated t o  control  and minimize water pollution. 

Stable 

Restore o r  maintain natural r i pa r i an  vegetation, including 
aquatic habi ta ts  ( r l  f f les, pools, drops, etc.) tha t  approximate 
premi n i ng character i s t  i cs. 

Same as ephemeral stream 

"Where pract icab let* enhance natural r ipar  Ian vegetation. 

Establ ish or  restore natural meandering shape of an environ- 
mentally acceptable gradient. 

Establish or  restore t o  approximate premining streqm channel 
characteristics ( including aquatic conslderations below). 

I1Establ i sh or  restore...usual l y  a pat tern of pools, r i f f l e s  and 
drops.. .that approximate premi n l  ng character1 sties.** 

'Where not  spec i f i ca l l y  indicated, temporary and permanent requirements would be the same. 



s t e a d i l y  f o r  only a p a r t  of t h e  year  and a r e  seasonal ly  dry. Ephemeral 

streams a r e  normally dry and flow only i n  response t o  p r e c i p i t a t i o n  o r  

s nowme lt . 
Diversion of su r f ace  runoff (over land  f low) ,  shallow ground water flow 

and e p h e m r a l  streams he lps  t o  c o n t r o l  e ros ion ,  reduces con tac t  t ime with 

acid-and t o x i c  material-forming ma te r i a l s ,  and reduces t h e  suspended sediments 

e n t e r i n g  downstream bodies  of water.  Diversion of i n t e r m i t t e n t  and pe renn ia l  

s t reams i n t o  new channels is  p e r f ~ r m e d  t o  reduce seepage i n t o  c r  f l ood ing  of 

t h e  work a r e a ,  and t o  allow t h e  mining opera t ion  i n  t h e  reg ion  of t h e  o r i g i n a l  

stream channel. Diversion of i n t e r m i t t e n t  o r  pe renn ia l  s t reams is allowed 

only wi th  s p e c i f i c  approval  from t h e  regula tory  a u t h o r i t y  due t o  t h e  p o t e n t i a l  

adverse  environmental impacts. 

Diversion d i t c h e s  above t h e  highwall o r  open c u t  a r e  o f t e n  por t rayed  i n  

s u r f a c e  mining pub l i ca t ions  a s  a common method o f  d ivers ion;  however, t h i s  

a p p l i c a t i o n  is not  always p rac t i ced .  Water d ive r s ion  channels  can a l s o  occur  

w i th in  and through t h e  d i s tu rbed  a r e a  t o  r e e s t a b l i s h  drainage p a t t e r n s .  

Applicat ion of d ive r s ion  channels and r e l o c a t i o n s  t o  contour ,  a r e a  and moun- 

t a i n t o p  removal methods a r e  i l l u s t r a t e d  i n  Figures  1.1, 1.2 and 1.3, respec- 

t i v e l y .  Diversions a r e  a l s o  used below s p o i l  s lopes  t o  d i r e c t  runoff t o  

sediment ponds and a s  conveyances of n a t u r a l  drainage around excess  s p o i l  s lo -  

p e s  and on roadways t o  p r o t e c t  t h e  lower p o r t i o n s  of t h e  h i l l s i d e  o r  roadway 

from h igh ly  e ros ive  flows. Figure 1.4 i l l u s t r a t e s  t h e  t y p i c a l  s u r f a c e  

drainage c o n t r o l  techniques used f o r  a n  excess  spoil f i l l .  

Usually t h e  channel is  loca t ed  i n  t h e  g ro in  a r e a  a s  sham. I3ue t o  

t h e  s t e e p  s l o p e  topography t y p i c a l  of t h e  Eas te rn  Coal Province, t h e s e  chan- 

n e l s  m u s t  be c a r e f u l l y  designed and cons t ruc ted  i n  o r d e r  t o  remain s t a b l e .  

Another d ive r s ion  technique f o r  excess  s p o i l  f i l l s  found unique t o  t h e  

Eas te rn  Coal Province is t h e  use  of an i n t e r n a l  rock c o r e  drain.  This  tech- 

nique i s  employed i n  l i e u  of a s u r f a c e  d ive r s ion  t o  convey runoff from t h e  

s u r f a c e  of t h e  f i l l  and from a r e a s  above t h e  f i l l  where t h e  f i l l s  a r e  no t  

c a r r i e d  t o  t h e  r idge  l i ne .  The i n t e r n a l  d r a i n  is used f o r  handl ing both t h e  

s u r f a c e  and subsurface water. The s u r f a c e  water  p e r c o l a t e s  through t h e  rock 

c o r e  much l i k e  a french dra in .  



Figure 1.1. Drainage i n  contour mining. 
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Figure 1 . 2 .  Relocated channel i n  area  mining. 
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Figure 1.3. Drainage pa t t e rns  i n  the  mountain removal method. 
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Figure 1.4. Design requirements for val ley  f i l l s .  



Based on c u r r e n t  p r a c t i c e s  o f  s u r f a c e  conveyance c o n s t r u c t i o n  observed on 

s u r f a c e  mine o p e r a t i o n s ,  a t  l e a s t  f o r  t h e  s h o r t  t e r m ,  rock c o r e  d r a i n s  may be 

a more f e a s i b l e  method f o r  d i v e r t i n g  wate r  around s p i l l  f i l l s .  However, t h e r e  

w e r e  no s t a n d a r d i z e d  methods of d e s i g n  o r  a n a l y s i s  found i n  l i t e r a t u r e  

reviews.  The c o n s t r u c t i o n  t e c h n i q u e s  are a l s o  most ly  l e f t  up t o  t h e  o p e r a t o r .  

A d d i t i o n a l l y ,  many concerns  have been r a i s e d  a s  t o  t h e i r  long-term func- 

t i o n i n g .  No p u b l i s h e d  r e s e a r c h  was found t o  conf i rm o r  d i s p u t e  t h i s  concern.  

There fore ,  no d e s i g n  technology f c r  rock  c o r e  d r a i n s  i n  s p o i l  f i l l s  is  pre-  

s e n t e d  i n  t h i s  manual. 

I n  most c a s e s ,  d i v e r s i o n  is  a n  economical  form of e r o s i o n  c o n t r o l .  It i s  

n o t  meant a s  a complete  e r o s i o n  c o n t r o l ,  b u t  a s  a n  i n t e g r a l  p a r t  o f  a n  e r o s i o n  

c o n t r o l  p l a n .  The f o l l o w i n g  a r e  some of  t h e  f a c t o r s  t h a t  can s i g n i f i c a n t l y  

a f f e c t  t h e  c o s t  o f  d i v e r s i o n  systems: 

1 .  Topography - Unusually s t e e p  topography,  dense  f o r e s t  cover  o r  rock 
f o r m a t i o n s  m y  i n c r e a s e  t h e  c o s t  o f  s u r f a c e  t r e n c h i n g .  

2 .  Equipment - A v a i l a b i l i t y  o f  adequa te  equipment can s i g n i f i c a n t l y  
a f f e c t  t h e  c o s t  o f  d i v e r s i o n  d i t c h e s .  

3 .  Condi t ion  of S o i l  - Mck f i s s u r e s  and h i g h l y  permeable s o i l  may 
n e c e s s i t a t e  t h e  u s e  of a n  impermeable m a t e r i a l  f o r  t r e n c h  cons t ruc-  
t i o n .  

Smal l  temporary d i v e r s i o n  s t r u c t u r e s  may i n c l u d e  t h e  u s e  o f  s t r a w  b a l e s ,  

tires, downpipes, b r u s h  and o t h e r  temporary measures i n  a d d i t i o n  t o  some per-  

manent measures t o  a c h i e v e  g rade  and e r o s i o n  c o n t r o l .  However, a f t e r  a n  

o p e r a t i o n  i s  complete,  temporary d i v e r s i o n  channe l s  and s t r u c t u r e s  must be 

conver ted  t o  permanent s t a n d a r d s  o r  removed and t h e  a f f e c t e d  l a n d  regraded ,  

t o p s o i l e d  and  r e v e g e t a t e d  i n  t h e  same way a s  o t h e r  d i s t u r b e d  areas of  t h e  

s i te.  

Permanent d i v e r s i o n  s t r u c t u r e s  used f o r  t h e  r e e s t a b l i s h m e n t  of a d ra inage  

sys tem a f f e c t e d  by s u r f a c e  mining must pe r fo rm adequa te ly  w i t h o u t  t h e  a s s u r e d  

b e n e f i t  o f  p e r i o d i c  maintenance. S e r i o u s  env i ronmenta l  problems have r e s u l t e d  

i n  many p r e v i o u s l y  mined a r e a s ,  p a r t i c u l a r l y  i n  s t e e p  s l o p e  r e g i o n s ,  due t o  

i n a d e q u a t e  d e s i g n  of t h e  d r a i n a g e  network and a s s o c i a t e d  d i v e r s i o n  s t r u c t u r e s .  

P l a t e  1.1 i l l u s t r a t e s  t h e  r e s u l t  o f  improper d i v e r s i o n  channe l  d e s i g n  i n  f i l l  

m a t e r i a l .  Combined w i t h  s t e e p  s l o p e  c o n d i t i o n s  and r e l a t i v e l y  l a r g e  annua l  

p r e c i p i t a t i o n ,  channels  t h a t  a r e  n o t  p r o p e r l y  des igned  o r  p r o t e c t e d  become 

d e e p l y  i n c i s e d  i n  t h e  e r o d i b l e  f i l l  m a t e r i a l ,  t h u s  becoming a con- 





t i n u o u s  s o u r c e  of w a t e r  p o l l u t i o n .  However, even moderate ly  s l o p e d  channe l s  

( P l a t e  1 .2)  c a n  e rode  and become i n c i s e d ,  i l l u s t r a t i n g  t h e  need f o r  p r o p e r  

d r a i n a g e  i n  a l l  c a s e s .  The i n c i s i o n  shown i n  P l a t e  1.2 i s  n o t  s e r i o u s  i n  i ts 

c u r r e n t  c o n d i t i o n ;  however, i t  h a s  p robab ly  r e s u l t e d  from r e l a t i v e l y  s m a l l  

f lows .  I f  a  100-year e v e n t  d i d  occur ,  a much g r e a t e r  i n c i s i o n  c o u l d  be  

expected.  

T y p i c a l  d r a i n a g e  systems a r e  shown i n  F i g u r e s  1 .5  and 1 .6  i l l u s t r a t i n g  

t h e  r e l a t i o n s h i p  of ephemeral ,  i n t e r m i t t e n t  and p e r e n n i a l  s t r eams .  

Rees tab l i shment  of ephemeral  s t reams  is t h e  beg inn ing  and p e r h a p s  t h e  most 

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

I f  ephemeral  s t r e a m s  do n o t  pe r fo rm a d e q u a t e l y ,  s i g n i f i c a n t  e r o s i o n  can occur  

i n  t h e  ups lope  r e g i o n s ,  r e s u l t i n g  i n  l a r g e  volumes of sediment  be ing  d e l i v e r e d  

t o  downstream i n t e r m i t t e n t  and p e r e n n i a l  s t r eams .  The i n c r e a s e d  sediment  

l o a d i n g  c a n  c a u s e  a  dynamic response  and r e a d j u s t m e n t  of t h e s e  s t reams  as t h e  

e n t i r e  d r a i n a g e  network moves t o  r e e s t a b l i s h  a  b a l a n c e  o r  quas i -equ i l ib r ium.  

1.5 Problems Unique t o  OSM Regions I and I1 ( E a s t e r n  Coal Prov ince)  

1.5.1 Geographic C o n s i d e r a t i o n s  

The d i v e r s i t y  i n  t e r r a i n ,  c l i m a t e ,  b i o l o g i c ,  chemical  and  p h y s i c a l  con- 

d i t i o n s  th roughout  mining r e g i o n s  o f  t h e  c o u n t r y  was recognized  i n  t h e  S u r f a c e  

Mining C o n t r o l  and Reclamation Act of 1977. The most d ramat ic  d i f f e r e n c e s  a r e  

a p p a r e n t  between t h e  mining o p e r a t i o n s  of t h e  humid e a s t e r n  s t a t e s  and t h o s e  

o f  t h e  a r i d  and  s e m i a r i d  wes te rn  s t a t e s .  The d e f i n i t i o n s  o f  humid, a r i d  and 

s e m i a r i d  a r e  g e n e r a l l y  based  on p r e c i p i t a t i o n ,  a l t h o u g h  a  v a r i e t y  o f  

c l i m a t o l o g i c a l  and env i ronmenta l  f a c t o r s  i s  involved.  According t o  OSM regu- 

l a t i o n s ,  t h e  100th Meridian i s  d e f i n e d  a s  t h e  l e g a l  boundary of t h e  " a r i d  and 

semi-a r id  a r e a . "  T h i s  d e f i n i t i o n  i s  commonly a c c e p t e d ,  a l though  it i g n o r e s  t h e  

humid P a c i f i c  c o a s t  and t h e  s n o w f a l l  of h igh mountain r e g i o n s .  

Dryland l andscapes  a r e  q u i t e  d i f f e r e n t  from t h o s e  of more humid r e g i o n s .  

The topography and landforms a r e  more a b r u p t ,  t h e  s o i l s  a r e  t h i n n e r ,  t h e  

bedrock exposures  a r e  u s u a l l y  n o r e  pronounced and t h e  s t r e a m s  a r e  s m a l l e r  and 

a r e  l i k e l y  t o  be  d ry  f o r  a t  l e a s t  p a r t  o f  t h e  y e a r .  O v e r a l l ,  t h e  p h y s i c a l  

environment r e f l e c t s  t h e  l a c k  o f  wa te r  and t h e  predominance of mechanical  

wea ther ing  and e r o s i o n  o v e r  chemical  wea ther ing  and s o l c t i o n .  

I n  a  humid environment h i g h  p r e c i p i t a t i o n  produces  v e g e t a t i o n  and  s o i l s  

t h a t  a r e  w e l l  developed s n d  s t a b i l i z e d .  Under t h e s e  n a t u r a l  c o n d i t i o n s ,  
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Figure 1.5.  Plan view of contour mining drainage plan. 



Figure 1 .6 .  Plan view of a contour mine drainage plan. 



s t reams  g e n e r a l l y  c a r r y  low suspended sediment l o a d s ,  r e f l e c t i n g  t h i s  s t a b i l -  

i t y  i n  t h e  upland watersheds .  A d d i t i o n a l l y ,  h i g h  p r e c i p i t a t i o n  produces  a  

d i l u t i o n  e f f e c t  on t h e  sed iments  t h a t  a r e  eroded.  

I n  c o n t r a s t ,  d r y l a n d  s t reams  normally c a r r y  q u i t e  h igh  sediment  l o a d s  

from e r o s i o n  by b o t h  wind and water .  The p r e c i p i t a t i o n  g e n e r a t i n g  t h e  e r o s i o n  

i n  a d r y l a n d  environment u s u a l l y  r e s u l t s  from s m a l l  s t o r m  c e l l s  t h a t  may be 

l i m i t e d  i n  a r e a l  e x t e n t ,  b u t  can produce h igh  i n t e n s i t y  and r a i n f a l l  energy.  

T h i s  t y p e  o f  s to rm produces  "f1ask.y" runof f  w i t h  pronounced cay- ic i ty  f o r  s e d i -  

ment removal and t r a n s p o r t a t i o n .  Only r a r e l y  does  a  s i n g l e  s to rm produce 

runof f  i n  a l l  p a r t s  of a  d r y l a n d  s t r e a m  b a s i n ,  and extended p e r i o d s  may p a s s  

w i t h  no s t reamflow a t  a l l .  Many d r y l a n d  s t reams  f low o n l y  d u r i n g  t h e  s p r i n g  

runof f  and immediately a f t e r  major s torms.  There fore  i n  d r y l a n d s  even s t reams  

d r a i n i n g  l a r g e  b a s i n s  a r e  o f t e n  i n t e r m i t t e n t  o r  ephemeral ,  whi le  i n  a  humid 

r e g i o n  most l a r g e r  s t reams  would be  p e r e n n i a l .  

However, i n  any c l i m a t e  one o f  t h e  most impor tan t  f a c t o r s  a f f e c t i n g  s e d i -  

ment y i e l d  i s  l a n d  use .  Wilson (1972)  shows t h a t  t h e  impact of s u r f a c e  mining 

on t h e  humid e a s t e r n  s t a t e s  produces  sediment  y i e l d s  from t h e  a f f e c t e d  a r e a s  

t h a t  a r e  s i m i l a r  t o  t h o s e  of a r i d  r e g i o n s .  There fore ,  h i g h e r  sediment  y i e l d s  

from d i s t u r b e d  mining s i t e s  i n  OSM Regions I and  I1 r e l a t i v e  t o  t h e  n a t u r a l  

s t a b i l i t y  of t h e s e  wa te r sheds  must be  c o n s i d e r e d  i n  d i v e r s i o n  channe l  des ign .  

1 .5 .2  S p e c i f i c  Problems Observed i n  OSM Regions I and  I1 ( E a s t e r n  
Coal  Prov ince)  

Based on mine s i t e  v i s i t s  d u r i n g  Phase I ~f  t h i s  p r o j e c t ,  some g e n e r a l  

o b s e r v a t i o n s  w e r e  made and  s p e c i f i c  problems i d e n t i f i e d .  I n  most o f  t h e  

s t e e p e r  s l o p e d  a r e a s ,  s u r f a c e  mining i s  r e l a t i v e l y  h i g h  i n  t h e  watershed,  s o  

d i v e r s i o n s  above t h e  h ighwal l  c o n t r o l l i n g  upper  watershed d r a i n a g e  are n o t  

u t i l i z e d .  However, even i n  more moderate ly  s l o p e d  a r e a s  where l a r g e r  upper 

wa te r shed  d r a i n a g e s  e x i s t ,  such d i v e r s i o n s  a r e  n o t  u t i l i z e d  f o r  d ra inage  

c o n t r o l .  Water and sediment  c o n t r o l  i s  u s u a l l y  below t h e  s t r i p  i n  t h e  form of 

d i v e r s i o n  s t r u c t u r e s  l e a d i n g  t o  sediment  ponds. The u s e  o f  d i v e r s i o n  channe l s  

t o  r o u t e  f low through o r  around f i l l  a r e a s  (head-of-hollow o r  v a l l e y  f i l l s )  i s  

a  common a p p l i c a t i o n .  C u l v e r t s  and o t h e r  c l o s e d  c o n d u i t  s t r u c t u r e s  were n o t  

obse rved  f o r  d i v e r s i o n  a p p l i c a t i o n s .  

I n  genera l ,  a  common problem w i t h  d i v e r s i o n  channe l s  a p p e a r s  t o  be 

c o n s t r u c t i o n  t e c h n i q u e s  and t h e  l a c k  of p r o p e r  s u p e r v i s i o n  and i n s p e c t i o n  of 



cons t ruc t ion  work. For example, when r i p r a p  was used, it o f t e n  was not  pro- 

p e r l y  designed o r  placed. F i l t e r  b lankets  beneath t h e  r i p r a p  were not  

observed i n  any app l i ca t ion .  Addi t iona l ly ,  t h e  r i p r a p  l a y e r  was t y p i c a l l y  

mounded i n  channels r a t h e r  than  being p laced  i n  a  manner t h a t  maintained a  

b a s i c  channel shape ( P l a t e  1 . 3 ) .  Consequently, t h e  channel design capac i ty  

was g r e a t l y  reduced, fo rc ing  l a r g e r  flows o u t s i d e  t h e  channel boundary ( P l a t e  

1 . 4 ) .  The lack  of g rada t iona l  p a r t i c l e  s i z e s  i n  t h e  r i p r a p  l a y e r  was a l s o  a  

c o m n  problem. Typica l ly ,  only rock of l a r g e  diameter was used f o r  r i p rap .  

P a r t  of t h e  problem appears  t o  be  t h e  d i f f i c u l t y  i n  p l a c i n g  r i p r a p  on 

s t e e p  s lopes .  C a t e p i l l a r  D-9 bul ldozers  wi th  14-foot b lades  a r e  used f o r  

earthmoving work, inc luding  d ive r s ion  channel cons t ruc t ion .  In  many 

in s t ances ,  t h i s  p i e c e  of machinery i s  t o o  l a r g e  f o r  e f f e c t i v e  o r  e f f i c i e n t  

channel cons t ruc t ion  based on permit  design. For example, t h e  t y p i c a l  tech- 

nique f o r  s teep-s lope  r i p r a p  placement i s  end-dumping a t  t h e  upslope end of 

t h e  channel and then  working a  D-9 downslope t o  p o s i t i o n  t h e  r ip rap .  However, 

t h e  r e s u l t  i s  usua l ly  a  channel t h a t  i s  l e v e l  o r  mounded and f u l l  of rock. 

More e f f e c t i v e  cons t ruc t ion  techniques w i l l  have t o  be implemented t o  i n s u r e  

adequate  drainage i n  t h e s e  s i t u a t i o n s .  For example, t h e  d ive r s ion  channels 

could be b u i l t  concurrent ly with t h e  f i l l  i n s t e a d  of a f t e r  completion of t h e  

f i l l .  A s  each l i f t  i s  completed, t h e  channel and r i p r a p  l i n i n g  could be 

cons t ruc ted ,  t hus  s imp l i fy ing  cons t ruc t ion .  

P l a t e s  1.5 and 1.6 show t h e  use  of l a r g e  boulders  p l aced  p a r a l l e l  t o  t h e  

channel t o  prevent  meandering. Under t h e  low flow cond i t i ons  e x i s t i n g  when 

t h e  p i c t u r e s  were taken,  t h e  design may appear reasonable.  However, under 

h ighe r  flow condi t ions ,  t h e s e  boulders  would probably not  con ta in  t h e  flow. 

Although t h e  boulders  themselves would n o t  move, t h e  s t ream would move o u t  of 

t h e  r iprapped  channel by c u t t i n g  a  new course between any given p a i r  of 

boulders .  

P l a t e  1 .7  i l l u s t r a t e s  another  case  where excess ive ly  l a r g e  rocks have 

been used. The p i c t u r e  shows t h e  en t rance  t o  a  f i l l  s l ope  d ivers ion .  Under 

high f lows most of t h e  water would probably be fo rced  around t h e s e  boulders ,  

thereby  missing t h e  r iprapped  channel e n t i r e l y .  

Given t h e  d i f f i c u l t i e s  i n  des igning  and p l a c i n g  r iprapped  d ivers ions ,  

s o m  a t tempts  have been made t o  avoid t h e  problem e n t i r e l y .  p i a t e  1.8 

i l l u s t r a t e s  a  c a s e  where t h e  n a t u r a l  d ra inages  were completely blocked. The 

reasoning  behind t h i s  design i s  t h a t  water caught behind t h e  blockage w i l l  
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slowly i n f i l t r a t e  and move through t h e  f i l l  a s  groundwater. Forcing overland 

f low from t h e  upper watershed t o  groundwater flow can r e s u l t  i n  s l o p e  s t a b i -  

l i t y  problems on t h e  f i l l .  This  design could a l s o  c r e a t e  s e r i o u s  problems i n  

t h e  f u t u r e .  I f ,  through time, t h e  ground s u r f a c e  i s  s e a l e d  by depos i t i on  of 

f i n e  silts and c l a y s ,  ponded water  could over top  t h e  b a r r i e r ,  causing 

excess ive  e ros ion  on t h e  f i l l  s l opes .  

Some examples of proper ly  designed and cons t ruc t ed  channels  were 

observed. P l a t e  1.9 shows a small channel l ead ing  t o  a sediment pond. The 

r i p r a p  appears  t o  have been hand-placed; however, t h e  important  concept is  

t h a t  t h e  b a s i c  shape of t h e  channel  has  been maintained. This  b a s i c  concept 

i s  c r i t i c a l  t o  a succes s fu l ,  l ong - l a s t ing  channel.  P l a t e  1.10 shows another  

example of  a l a r g e r  channel on a s t e e p e r  s lope .  Again, t h e  r i p r a p  was prob- 

ab ly  hand-placed, which is  not  economically f e a s i b l e  on a l a r g e r  s c a l e .  

Regardless of t h e  placement technique,  t h e  b a s i c  channel shape must be main- 

t a i n e d  i n  o r d e r  f o r  t h e  channel t o  ope ra t e  a s  designed. 

Some examples of l a rge r - sca l e  channels t h a t  have been proper ly  designed 

and cons t ruc t ed  were observed i n  t h e  mountains of Colorado. P l a t e  1.11 i s  a 

s t e e p  dra inage  channel  a long  I n t e r s t a t e  70 on Va i l  Pass.  Note how t h e  rocks 

a r e  p laced ,  probably by machinery ( i . e . ,  no t  hand-placed),  i n  a manner t h a t  

maintained t h e  b a s i c  channel shape. P l a t e  1.12 shows another  approach us ing  

wire  gabions t o  s t a b i l i z e  a s t e e p  s lope  drainage. 

1.6 Design Manual Organizat ion and Use 

1.6 .1  Design Manual Organizat ion 

The Design Manual i s  organized i n  two p a r t s .  Both p a r t s  a r e  contained i n  

t h i s  volume and t h e  chap te r s  a r e  consecut ive ly  numbered f o r  easy re ference .  

P a r t  I1 begins  wi th  Chapter X I .  P a r t  I cons iders  design methodologies t h a t  

a r e  p r i m a r i l y  a p p l i c a b l e  t o  t h e  Eas te rn  Coal Province. Addi t iona l ly ,  it pre- 

s e n t s  t h e  o t h e r  genera l  information and background knowledge r equ i r ed  t o  

complete a good design. P a r t  I1 con ta ins  supplemental des ign  information 

r equ i r ed  t o  des ign  channels  i n  sandy s o i l  reg ions .  

Due t o  t h e  predominantly s t e e p  s l o p e  cond i t i ons  t h a t  e x i s t  i n  t h e  Eastern 

Coal Province, P a r t  I g ives  s p e c i a l  cons ide ra t ion  t o  design procedures  f o r  

s t e e p  s l o p e  channels (Chapter V ) .  However, mild s l o p e  channels  a r e  a l s o  con- 

s i d e r e d  (Chapter  V I ) .  Rock r i p r a p  channels a r e  emphasized due t o  t h e i r  

c u r r e n t  widespread use. 
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Due t o  t h e  s i g n i f i c a n t  d i f f e r e n c e s  i n  s t ream morphology between t h e  humid 

e a s t e r n  s t a t e s  and t h e  dry land  environment of t h e  western s t a t e s ,  P a r t  I1 pre- 

s e n t s  t h e  a d d i t i o n a l  information r equ i r ed  t o  design channels  i n  sandy s o i l s .  

Bed form cond i t i ons  common i n  sand-bed channels and t h e i r  e f f e c t  on r e s i s t a n c e  

t o  flow a r e  d iscussed  i n  Chapter X I I .  Chapter X I 1 1  d i s c u s s e s  a l l u v i a l  channel 

concepts ,  p a r t i c u l a r l y  movable boundary hydraul ics .  The design of l a r g e  rock 

r i p r a p  drop s t r u c t u r e s  is d iscussed  i n  Chapter XVI and t h e  design of d ikes  i n  

Chapter X V I I .  

Assessment of t h e  b e s t  technology c u r r e n t l y  a v a i l a b l e  f o r  a p p l i c a t i o n  t o  

s u r f a c e  mine ope ra t ions  a s  presented  i n  t h i s  Design Manual was based on a 

comprehensive l i t e r a t u r e  review. For t h o s e  methodologies a p p l i c a b l e  t o  t h e  

Eas te rn  Coal Povince a w r i t t e n  l i t e r a t u r e  review was prepared  a s  t h e  Phase I 

r e p o r t  f o r  t h i s  p r o j e c t .  Se l ec t ion  c r i t e r i a  f o r  i n c l u s i o n  i n  t h e  Design 

Manual from t h e  broad range of design methodologies a v a i l a b l e  inc luded  con- 

s i d e r a t i o n  of t h e  phys i ca l  environment a t  s u r f a c e  mine ope ra t ions ,  c u r r e n t  

design procedures  employed, t h e  problems wi th  e x i s t i n g  d ive r s ion  s t r u c t u r e s ,  

and t h e  l e v e l  of e f f o r t  r equ i r ed  t o  produce a n  adequate  d ive r s ion  design.  

Many of t h e  s t a t e -o f - the -a r t  procedures  t h a t  provide  t h e  b e s t  p o s s i b l e  design 

a r e  t o o  complicated and l abo r ious  t o  be used and a r e  not  inc luded  i n  t h e  

manual. In  c o n t r a s t ,  many of t h e  s i m p l i f i e d  procedures ,  i nc lud ing  some 

methods i n  common use,  produce inadequate  des igns  t h a t  probably would no t  sur-  

v ive  t h e  h igh  f lows r equ i r ed  f o r  permanent s t r u c t u r e s  by OSM regu la t ions .  

Therefore,  t h e  o b j e c t i v e  was t o  produce a u sab le  document t h a t  provides  

r e l i a b l e ,  a c c u r a t e  design procedures  f o r  cond i t i ons  t h a t  e x i s t  on a s u r f a c e  

mine opera t ion .  

Information i n  both t h e  Phase I r e p o r t  and t h e  Phase I1 Design Manual, 

P a r t  1 and P a r t  2 ,  concen t r a t e s  on permanent water  d ive r s ion  s t r u c t u r e s  due t o  

t h e i r  g r e a t e r  long-term importance. Many p u b l i c a t i o n s  a r e  a v a i l a b l e  provid ing  

design gu ide l ines  f o r  temporary d ive r s ion  design. Culver t s  and o t h e r  c losed  

condui t  conveyance s t r u c t u r e s  were a l s o  no t  considered.  These s t r u c t u r e s  may 

r ep resen t  v i a b l e  a l t e r n a t i v e s  a s  a short- term,  temporary water  conveyance 

method; however, t h e i r  permanent, long-term use  cannot be considered r e l i a b l e  

due t o  maintenance requirements.  Addi t iona l ly ,  due t o  concre te  requirements ,  

t h e i r  cons t ruc t ion  can be very l abo r  i n t e n s i v e ,  making them r e l a t i v e l y  

i n f e a s i b l e  f o r  use  on s u r f a c e  mine s i t e s .  



1.6.2 Design Manual Use 

A t  f i r s t  glance t h e  Design Manual m y  appear d i f f i c u l t  t o  use wi th  

complex and e l a b o r a t e  design procedures;  however, upon c l o s e r  examination t h e  

u s e r  should r e a l i z e  t h a t  throughout  t h e  manual an  e f f o r t  has  been made t o  

s i m p l i f y  t h e  design procedures  a s  much a s  reasonably poss ib l e .  It may be t h a t  

t h e  Design Manual appears  complex only r e l a t i v e  t o  t h e  procedures  c u r r e n t l y  

used. To overcome t h i s  p o t e n t i a l  problem, a flow c h a r t  has  been prepared and 

numerous examples a r e  given. The flow c h a r t  (F igu re  1 .7)  i l l u s t r a t e s  t h e  

o v e r a l l  o rgan iza t ion  and decision-making p roces s  involved i n  t h e  design of 

d i v e r s i o n  channels  and r e l o c a t i o n s .  F a m i l i a r i t y  wi th  t h i s  flow c h a r t  w i l l  

g r e a t l y  a i d  t h e  des igner  i n  u t i l i z i n g  t h e  manual. For example, t h e  flow c h a r t  

i n d i c a t e s  t h e  f i r s t  and perhaps most important  dec i s ion  i n  t h e  design p roces s  

i s  whether o r  no t  t h e  s lope  cond i t i on  i s  h y d r a u l i c a l l y  s t e e p  o r  mild. Note 

t h a t  t h i s  d e f i n i t i o n  of s l o p e  i s  i n  t h e  hydrau l i c  and no t  t h e  topographic 

sense.  This  s l o p e  d e f i n i t i o n  i s  assumed throughout t h e  Design Manual. The 

hydrau l i c  s l o p e  is  based on t h e  Froude number (Sec t ion  4.2.5) which depends on 

v e l o c i t y  and depth of flow. However, both v e l o c i t y  and depth  of flow depend 

on t h e  channel s i z e  and roughness. Therefore,  t h e  des igner  must f i r s t  assume 

a s l o p e  cond i t i on  based on topographic cons ide ra t ions  and proceed with t h e  

design.  A t  a l a t e r  p o i n t  i n  t h e  design process  t h i s  i n i t i a l  assumption is  

checked t o  i n su re  t h e  c o r r e c t  procedures  have been followed. A good assump- 

t i o n  t o  make i s  i f  t h e  s lope  i s  g r e a t e r  t han  10 pe rcen t  t h e  s t e e p  s lope  proce- 

dures  should be followed; however, t h e  des igner  must r e a l i z e  t h a t  i n  some 

c a s e s  s l o p e s  a s  low a s  f o u r  t o  f i v e  pe rcen t  may be h y d r a u l i c a l l y  s t eep .  

The comprehensive-examples given i n  Chapters X and I X X  i l l u s t r a t e  t h e  

a p p l i c a t i o n  of t h e  design procedures  t o  cond i t i ons  t y p i c a l  of e a s t e r n  and 

western s t a t e  mining ope ra t ions ,  r e s p e c t i v e l y .  Users of t h e  Design Manual a r e  

encouraged t o  c a r e f u l l y  review t h e s e  examples and t h e  o t h e r  examples w i th in  

each chapter  t o  b e t t e r  understand t h e  design methodologies. With a l i t t l e  

p r a c t i c e  t h e  complete design p roces s  w i l l  become f a m i l i a r  and s t r a igh t fo rward .  
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Figure 1.7. Flow chart illustrating design manual organization. 



1.7 References  

Appalachian Regional  Commission, 1969, "Acid Mine Drainage i n  Appalachia ,"  
House Document 91-160. 

Wilson, Lee,  1972, "Seasonal  Sediment Y i e l d  P a t t e r n s  o f  Uni ted  S t a t e s  Rivers , "  
Water Resources Research,  Vol. 8, pp.  1470-1479. 



 
 
 
 
 
 
 

This page intentionally left blank. 



11. BASIC INFORMATION REQUIRED FOR DIVERSION DESIGN 

Many case  h i s t o r i e s  of poor ly  designed s u r f a c e  mine channels r e v e a l  t h e  

need f o r  more thorough p lanning  and des ign  methodologies. The f i r s t  s t e p  i n  

accomplishing t h i s  i s  t o  cons ider  d ive r s ions  i n  t h e  e a r l y  s t a g e  of mine p l an  

formulat ion and then  e f f e c t i v e l y  i n t e g r a t e  them i n t o  t h e  p lan .  S l i g h t  a l t e r a -  

t i o n s  i n  mine p l a n s  before  implementation can o f t e n  g r e a t l y  enhance t h e  use- 

f u l n e s s  of  d ive r s ions  and s imp l i fy  t h e i r  design;  however, i f  d ive r s ions  a r e  

viewed a s  devices  which can be added when t h e  need appears ,  t h e i r  e f f ec -  

t i v e n e s s  and e f f i c i e n c y  a r e  jeopardized. Even when d ive r s ions  a r e  p rope r ly  

l o c a t e d  from t h e  p o i n t  of view of e f f e c t i v e n e s s ,  many f a i l  o r  perform poor ly  

because a thorough understanding of a l l  f a c t o r s  r e l a t e d  t o  t h e i r  design is  

absent .  The fo l lowing  d i scuss ion  provides  i n s i g h t  t o  t h e  i n i t i a l  d a t a  

r equ i r ed  f o r  e f f i c i e n t  d ive r s ion  design. Applicat ion of t h i s  information t o  

t h e  design of d ive r s ion  s t r u c t u r e s  is  i l l u s t r a t e d  i n  t h e  fo l lowing  chapters .  

Proper  design of water d ive r s ion  s t r u c t u r e s  r e l i e s  on a well-developed 

d a t a  base. The d a t a  can r e s u l t  from a c t u a l  measurements o r  they  can be 

synthes ized  by va r ious  computational techniques.  Information r equ i r ed  f o r  

d ive r s ion  design can be c l a s s i f i e d  i n t o  t h e  c a t e g o r i e s  of topographic,  hydro- 

l o g i c ,  hydraul ic ,  geotechnica l  and eco log ica l .  

Topographic d a t a  on s lopes ,  contours ,  d i s t a n c e s ,  a r e a s ,  e t c .  a r e  con- 

s i d e r e d  a s  pre l iminary  d a t a  and a r e  e s s e n t i a l  t o  any d ive r s ion  design. Topo- 

graphic  d a t a  a r e  used throughout  t h e  e n t i r e  des ign  p roces s  and must be 

a c c u r a t e  and r e a d i l y  ava i l ab l e .  The U.S. Geological  Survey has mapped nea r ly  

t h e  e n t i r e  United S t a t e s ,  and topographic maps of a given reg ion  a r e  u sua l ly  

a v a i l a b l e .  County maps and a e r i a l  photographs can a l s o  be of value. 

Hydrologic d a t a  a r e  r equ i r ed  f o r  t h e  a n a l y s i s  and e s t ima t ion  of t h e  

des ign  discharge.  For minor s t r u c t u r e s ,  such a s  d ive r s ion  channels ,  an  

e s t i m a t e  of t h e  peak d ischarge  f o r  a given frequency is s u f f i c i e n t  f o r  design. 

Hydraulic d a t a  a r e  used t o  s i z e  t h e  s t r u c t u r e  r equ i r ed  t o  c a r r y  t h e  

des ign  discharge.  The b a s i c  p r i n c i p l e s  of open-channel flow a r e  used t o  

determine s p e c i f i c  hydrau l i c  d a t a  such a s  flow depth, v e l o c i t y ,  energy d i s s i -  

p a t i o n  requirements,  e t c .  

Geotechnical  cons ide ra t ions  govern t h e  design of rock and s o i l  s ide-  

s lopes .  Of p a r t i c u l a r  importance is  t h e  s t a b i l i t y  of t h e  s o i l s  where t h e  

d ive r s ion  w i l l  be loca ted .  I n  s t e e p  s lope  a r e a s ,  coord ina t ion  between 

geotechnica l  and hydrau l i c  engineers  is e s s e n t i a l  t o  produce a s t a b l e  channel 



t h a t  minimizes t h e  long-term l and  d is turbance  and t h e  p o t e n t i a l  f o r  l a n d s l i -  

des .  Ult imately,  geotechnica l  cons ide ra t ions  may govern t h e  channel s lope ,  

shape and l i n i n g .  

Ecologica l  d a t a  a r e  necessary t o  a s s e s s  any p o t e n t i a l  adverse  environmen- 

t a l  impacts r e s u l t i n g  from a given design. Whenever t h e  waters  of any s t ream 

a r e  proposed t o  be impounded, d ive r t ed ,  channel ized o r  o therwise  con t ro l l ed ,  

cons ide ra t ion  must be given t o  a p p l i c a b l e  s t a t e  and f e d e r a l  laws regard ing  

f i s h  and w i l d l i f e  h a b i t a t s .  Most s t a t e  game and f i s h  agencies  have gu ide l ines  

concerning s t ream improvement o r  r e s t o r a t i o n  r e l a t e d  t o  minimum flow s tan-  

dards ,  s t ream bottom ma te r i a l s  and s t ream type  ( r i f f l e s  and poo l s ,  e t c . ) .  

Table  2.1 provides  genera l  gu ide l ines  concerning t h e  informat ion  r equ i r ed  

f o r  design. Much of t h e  d a t a  base f o r  des ign  is o f t e n  a v a i l a b l e  a s  a r e s u l t  

o f  f i l i n g  f o r  mining permi ts  and meeting o t h e r  r egu la t ions .  



Table 2.1.  Possible Data Required f o r  Channel Design. 

Topographic Data 

Drainage a rea  
Stream s lope  
Watershed slope 
Watershed shape 
Longitude 
Lat i tude  
Topographic maps 
Aer ia l  photographs 
Land c h a r a c t e r i s t i c s  

Hydrologic Data 

P rec ip i t a t ion :  

2-year, 24-hour r a i n f a l l  amount 
10-year, 24-hour r a i n f a l l  amount 

100-year, 24-hour r a i n f a l l  amount 

Hydraulic 

Average ve loc i ty  
Boundary roughness 
Flow depth 
Top width 
Hydraulic r ad ius  
Wetted perimeter  
Backwater p r o f i l e  
Bedform configurat ion 

Geotechnical 

So i l s :  

Type 
S t ruc tu re  
P a r t i c l e  s i z e  
Permeabil i ty 
I n f i l t r a t i o n  
Percent  organic matter  
Chemical composition 
Aggregate index 
S o i l  maps 



2.4 

Table 2.1 (continued) 

Geology: 

Geographical region 
Rock formations 

Ecological 

Fish and wildl i fe  species present 
Water quality 
Water temperature 
Minimum flow requirements 
S i l ta t ion  
Streambed composition 
Vegetation 
Feeding areas 
Limitation of mobility 
General habi tat  requirements 



111. HYDROLOGIC ANALYSIS 

3.1 In t roduc t ion  

A hydrologic  a n a l y s i s  is  used t o  e s t a b l i s h  t h e  design flow of a  hydraul ic  

s t r u c t u r e .  For d ive r s ion  s t r u c t u r e s  it i s  adequate t o  e s t ima te  t h e  magnitude 

o f  t h e  peak flow o r  f l ood  a t  t h e  requi red  frequency f o r  a  p a r t i c u l a r  dra inage  

a rea .  The frequency o r  r e t u r n  pe r iods  f o r  ephemeral, i n t e r m i t t e n t  and persn- 

n i a l  s t reams were given i n  Table 1 .1  and a r e  summarized i n  Table 3.1. 

I f  an adequate f l oodp la in  e x i s t s ,  r e g u l a t i o n s  al low des igning  t h e  channel 

and f loodp la in  t o  c a r r y  t h e  r equ i r ed  flow, provided t h e  channel capac i ty  is a t  

l e a s t  equal  t o  t h e  capac i ty  of t h e  unmodified s t ream channel immediately 

upstream and downstream of t h e  d ivers ion .  Therefore,  a  reasonable approach i n  

some c a s e s  i s  t o  compute t h e  design d ischarge  f o r  a  l e s s e r  event  than  s t a t e d  

i n  Table 3.1 and compare i t  t o  t h e  es t imated  unmodified channel capac i ty .  I f  

t h e  va lues  a r e  reasonably c lose ,  t hen  it i s  r e a l i s t i c  t o  des ign  based on t h i s  

value.  I f  no t ,  a  l a r g e r  event  must be used. 

Development of t h e  e n t i r e  runoff hydrograph r equ i r ed  f o r  some hydraul ic  

s t r u c t u r e s  i s  somewhat involved. However, e s t ima t ion  of peak d ischarge  

r equ i r ed  f o r  d ive r s ion  channel  des ign  is  genera l ly  e a s i e r  and t h e r e  a r e  a  

number of r e l a t i v e l y  s imple methods a v a i l a b l e  f o r  use.  Determining t h e  method 

t o  u se  depends on t h e  a v a i l a b l e  d a t a  and t h e  a p p l i c a b i l i t y  of  a  given r e l a -  

t i o n s h i p  t o  t h e  design condi t ions .  For a  gaged watershed, t h e  e s t ima te  i s  

made by a  hydrologic  a n a l y s i s  of  t h e  dra inage  a r e a  c h a r a c t e r i s t i c s ,  c l i m a t i c  

c h a r a c t e r i s t i c s  and t h e  accumulated streamflow da ta ;  however, most smal le r  

dra inages  a s s o c i a t e d  wi th  d ive r s ion  design a r e  ungaged and an  e s t ima te  of t h e  

des ign  flow must be made from l i m i t e d  topographic and c l i m a t i c  da ta .  

The primary phys i ca l  c h a r a c t e r i s t i c s  t h a t  must be considered i n  s e l e c t i n g  

an a p p l i c a b l e  method f o r  su r f ace  mine opera t ions  i n  t h e  Eas te rn  coa l  province 
a r e  s t e e p  s lopes  and r e l a t i v e l y  small  watershed a r e a .  Many of t h e  a v a i l a b l e  

methods f o r  peak flow es t ima t ion  have been developed f o r  moderately s loped,  

la rge-area  watersheds. No s i n g l e  method examined was exac t ly  t a i l o r e d  t o  meet 

t h e  r e q u i r e m n t s  f o r  s u r f a c e  mine opera t ions .  However, s i n c e  most d ive r s ion  

s t r u c t u r e s  a r e  small  engineer ing  s t r u c t u r e s  dea l ing  wi th  acreages  t y p i c a l l y  

less than  200, and loca t ed  i n  r u r a l  a r e a s ,  t h e  a p p l i c a t i o n  of  any one of t h e s e  

methods i s  probably acceptable .  

The recommended methods a r e  t h e  Rat iona l  Method and t h e  method descr ibed  

i n  SCS TP-149. The Rat iona l  Method is probably t h e  most commonly used method 



Table 3 . 1 .  Hydrologic Recurrence Interval and Design Event. 

Overland Flows, 
Shallow Groundwater F l o w s  Perennial and 

Ephemeral Streams Intermittent St reams 

Permanent 10-year, 24-hour 100-year, 24-hour 

Temporary 2-year, 24-hour 10-year, 24-hour 



i n  t h e  Eastern Coal Province. The SCS TP-149 i s  considered t o  he a more accu ra t e  

method, and y e t  a r e l a t i v e l y  simple a l t e r n a t i v e  t o  t h e  Rat iona l  Method. While 

only t h e s e  two methods a r e  descr ibed  i n  t h i s  manual, it i s  expected t h a t  

des igners  w i l l  apply sound judgement and where warranted, apply more complex 

methods. Designers f r equen t ly  determine peak r a t e s  by more than  method and 

use  judgment f o r  s e l e c t i o n  of t h e  design value. In some s t a t e s  t h e  r egu la to ry  

agencies  may even d i c t a t e  t h e  p r e f e r r e d  method. 

3.2 Rat iona l  Method 

The Rat iona l  Method i s  a common method f o r  peak flow es t imat ion;  however, 

it has  many l i m i t a t i o n s  t h a t  must be considered. These l i m i t a t i o n s  a r e  

d iscussed  by McPherson (1969) and o the r s .  The b a s i c  problem is t h e  g r e a t  

ove r s imp l i f i ca t ion  by t h e  equat ion of a complicated runoff process;  however, 

because of  t h e  s i m p l i c i t y  of t h e  Rat iona l  Method, it cont inues  t o  be a widely 

used technique. 

The Rat iona l  formula i s  

where Q is  t h e  peak flow r a t e  i n  cubic  f e e t  p e r  second ( c f s ) ,  C is  a 

dimensionless  c o e f f i c i e n t ,  i is t h e  r a i n f a l l  i n t e n s i t y  i n  inches  p e r  hour 

( i p h )  f o r  t h e  design r e t u r n  per iod ,  and A is t h e  dra inage  a r e a  i n  ac re s .  

Values f o r  i can be determined from U.S. Weather Bureau Technical  Paper 40 

(1961).  Appendix A p rovides  t h e s e  f i g u r e s  f o r  t h e  geographical  a r e a  of OSM 

Regions I and I1 and f o r  t h e  design r e t u r n  pe r iods  r equ i r ed  i n  d ive r s ion  

design. To be dimensional ly c o r r e c t ,  a conversion f a c t o r  of 1.008 should be 

inc luded  i n  Equation 3.1 t o  conver t  acre- inches p e r  hour t o  c f s ;  however, t h i s  

f a c t o r  is gene ra l ly  neglected.  

The assumptions used i n  developing t h e  Rat iona l  Method a re :  

1. The r a i n f a l l  occurs  a t  a uniform i n t e n s i t y  over  t h e  e n t i r e  
watershed. 

2.  The r a i n f a l l  occurs  a t  a uniform i n t e n s i t y  f o r  a du ra t ion  equal  t o  
t h e  t ime of  concent ra t ion ,  (tc). 

3 .  The frequency of t h e  runoff equals  t h a t  of t h e  r a i n f a l l  used i n  t h e  
equat ion.  

The time of  concent ra t ion  (tc) is  def ined  a s  t h e  t ime r equ i r ed  f o r  water t o  

flow from t h e  most remote ( i n  t ime of f low) p o i n t  i n  t h e  watershed t o  t h e  



p o i n t  i n  cons ide ra t ion  once t h e  s o i l  has  become s a t u r a t e d  and minor 

depress ions  a r e  f i l l e d .  To s a t i s f y  assumption 2, t h e  t ime of concent ra t ion  

must be  known t o  e s t a b l i s h  t h e  proper  va lue  of i n t e n s i t y  i n  formula 3.1. 

Accurately e v a l u a t i n g  t h e  t ime of concent ra t ion  i s  one of t h e  major problems 

i n  u s ing  t h e  Rat iona l  formula. Table 3.2 p r e s e n t s  t va lues  f o r  smal l  
C 

watersheds based on a commonly used formula (Kirp ich ,  1940).  F igures  3.1 and 

3.2 provide  nornographs f o r  computing t t h a t  i nco rpora t e  t h e  c h a r a c t e r  of t h e  
C 

ground su r f ace .  

A f t e r  e s t ima t ing  t h e  t ime of  concent ra t ion ,  t h e  r a i n f a l l  i n t e n s i t y  f o r  a 

du ra t ion  equal  t o  t h a t  t ime must be  e s t ab l i shed .  The U.S. Weather Bureau TP 

40 c h a r t s  i n  Appendix A a r e  only  f o r  d u r a t i o n s  of 1 and 24 hours.  The r a in -  

f a l l  amount f o r  a d i f f e r e n t  du ra t ion  can be e s t a b l i s h e d  from t h e s e  c h a r t s .  I f  

t h e  du ra t ion  e s t a b l i s h e d  by t h e  t ime of concen t r a t ion  is  longer  t han  one hour,  

t h e  procedure i s  t o  p l o t  t h e  one- and 24-hour amounts f o r  t h e  given r e t u r n  

p e r i o d  on semilog paper  and i n t e r p o l a t e  by a s t r a i g h t  l i n e  t h e  r equ i r ed  value.  

I f  t h e  du ra t ion  i s  l e s s  than one hour, t h e  r a i n f a l l  amount from t h e  one-hour 

c h a r t  i s  mul t ip l i ed  by t h e  conversion f a c t o r  i n  F igure  3.3. The i n t e n s i t y  i n  

i p h  can then  be e s t ab l i shed .  

The c o e f f i c i e n t  C, c a l l e d  t h e  runoff  c o e f f i c i e n t  and def ined  a s  t h e  

r a t i o  of t h e  peak runoff r a t e  t o  t h e  r a i n f a l l  i n t e n s i t y ,  i s  a l s o  d i f f i c u l t  t o  

determine. S tud ie s  have shown t h a t  C depends on t h e  i n f i l t r a t i o n  r a t e ,  sur- 

f a c e  cover,  channel and s u r f a c e  s to rage ,  an tecedent  cond i t i ons ,  and r a i n f a l l  

i n t e n s i t y .  The d i f f i c u l t y  i n  lumping a l l  t h e s e  f a c t o r s  i n t o  one c o e f f i c i e n t  

i s  apparent .  I f  one C value  i s  n o t  a p p l i c a b l e  t o  t h e  e n t i r e  dra inage  a rea ,  

a n  a r e a  weighted average can be e s t a b l i s h e d  from 

where C i s  t h e  symbol f o r  a summation and 
i 

i s  t h e  c o e f f i c i e n t  app l i cab le  

t o  t h e  incremental  a r e a  Ai. Numerous t a b l e s  of C va lues  f o r  urban a r e a s  

e x i s t .  Table 3.3 p r e s e n t s  a t a b l e  of C va lues  developed f o r  r u r a l  a r e a s  

(Schwab e t  a l . ,  1971).  This  t a b l e  i s  t h e  one found most a p p l i c a b l e  t o  su r f ace  

mine condi t ions .  In  reviewing some of t h e  mine p l ans  submit ted i n  OSM Regions 

I and 11, it was observed t h a t  C va lues  of 0.15 and 0.50 were commonly used 

f o r  undis turbed  and d i s tu rbed  mine a r e a s ,  r e spec t ive ly .  According t o  Table 

3.3, t h e s e  va lues  a r e  reasonable only i n  r e l a t i v e l y  f l a t  t e r r a i n .  



a  Table 3.2. Time of Concentrat ion f o r  Small Watersheds 

Maximum Time of Concentrat ion (min) 
Length of Watershed Gradient  ( p e r c e n t )  
Flow ( f t )  0.05 0.1 0.5 1.0 2.0 5.0 

a 0.77 S- 
Computed from t = O .0 078 L 

C 
0*385, where 2, is  t h e  maximum leng th  

of  flow i n  f e e t ,  S  is t h e  watershed g rad ien t  i n  f e e t  p e r  f o o t ,  and 
i s  t h e  t ime concent ra t ion  i n  minutes (Kirp ich ,  1940). Tc 
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be grasses such as speci f ied j 
f o r  c u t  and f i l l  sections. 

30 
Dense grass surfaces shal l  
be grasses such as specified 
for median ond shoulder sections. 

25 -1 
Any point i n  t h e  shaded area 
for bare soils may be selected 
by observation. 

Figure 3.1 Nomograph for computing 
tc 

(from West Vi rg in ia  Department 
of Highways). 



EXAMPLE 
Height = 100 Ft.  
Length= 3 ,000  Ft. 
Time of concentration = I4  Min. 

Note: 
Use nomograph Tc for natural 

LL 
basins with well defined channels, 0 
f o r  overland flow on bare I 
ear th,and for mowed gross road- + 
side channels. (3 

Z 
For overland flow, grassed sur- w 

faces, multiply Tc by 2. J 

For overland flow, concrete or  =E 
=> 

asphalt surfoces, multiply Tc S - 
by 0.4. x 

For concrete channels, multiply a 
5 

Tc by 0.2. 

Bosed on study by P. Z. Kirpich, 
Civil Engineering, Vol. 10, N0.6, June 1940, p. 362 

Figure 3.2. Time of concentration of small rural drainage basins 
(from West Virginia Department of Highways). 



If I,, = 2.0 inches 

For t -30 minutes 

I, / I*, = 0.79 

iph = 1.58 inches x I 6 0  minutes = 3.16 
3 0  minutes l hour 

0 10 2 0 3 0  4 0  50  6 0  

DURATION IN MINUTES ( 1 )  

Figure 3.3. Conversion factors for durations less than one hour. 



T a b l e  3.3. R a t i o n a l  Runoff C o e f f i c i e n t s  
( a f t e r  Schwab e t  a l . ,  1971) .  

Values of C i n  Q = C i A  

Topography S o i l  Tex ture  
a n d  Open Sandy Clay and  S i l t  T i g h t  

V e g e t a t i o n  Lo a m  ~ o a m  Clay 

Woodland 
F l a t  0-5% s l o p e  0.10 
R o l l i n g  5-10% s l o p e  0.25 
H i l l y  10-30% s lope*  0.30 

P a s t u r e  
F l a t  
R o l l i n g  
H i l l y  

C u l t i v a t e d  
F l a t  
R o l l i n g  
H i l l y  

*Values are n o t  a v a i l a b l e  f o r  s t e e p e r  s l o p e  c o n d i t i o n s ,  s o  when 
a p p l y i n g  t h e  R a t i o n a l  Formula t o  s t e e p e r  s l o p e s  t h i s  l i m i t a t i o n  
must b e  r e a l i z e d .  



Considerable c a r e  should be exerc ised  i n  using t h e  tabula ted  values t o  

insure  reasonable r e s u l t s .  From a review of t h e  t a b l e  it i s  apparent  t h a t  

vegeta t ion  has a considerable inf luence  on t h e  peak runoff r a t e .  A su r face  

mine opera t ion  w i l l ,  a t  l e a s t  temporari ly,  change a s u b s t a n t i a l  por t ion  of t h e  

drainage bas in  vegeta t ion  type, f o r  example from woodland t o  c u l t i v a t e d  

( d i s t u r b e d ) .  Therefore, a weighted C value w i l l  most o f t e n  be required.  

Addit ionally,  t h e  designer must r e a l i z e  t h a t  t h e  most c r i t i c a l  per iod  of chan- 

n e l  s t a b i l i t y  i s  immediately a f t e r  regrading, before  t h e  vegeta t ion  has become 

es tabl i shed.  Not only a r e  p o t e n t i a l  e ros ion r a t e s  t h e  g r e a t e s t ,  but  a l s o  the  

peak runoff r a t e  due t o  t h e  lack  of r e s i s t a n c e  t o  overland flow. Since t h e r e  

can be no assurance of when t h e  design storm w i l l  occur, t h e  designer may want 

t o  assume t h e  worst condit ion t o  prevent  p o t e n t i a l  f a i l u r e  of t h e  drainagae 

system. 

3 . 3  SCS TP- 1 49 Method 

Discrepancies between some of t h e  commonly used methods of peak r a t e  

es t imat ion  under s i m i l a r  condi t ions  prompted t h e  SCS t o  develop t h e  method 

presented i n  SCS TP-149 (Kent, 1968). The primary d i f fe rences  i n  r e s u l t s  

between t h e  methods ( i . e .  , Rational  formula, Cook's Method, e t c .  ) were due t o  

t h e  choice of c o e f f i c i e n t s  and f a c t o r s  inherent  i n  each method r a t h e r  than t o  

t h e  method i t s e l f .  

The development of t h e  TP-149 method was based on t h e  need t o  produce a 

r e l i a b l e  procedure f o r  making quick, on-the-spot es t imates  of peak discharge 

r a t e s .  The method i s  a s impl i f i ed  graphica l  approach t h a t  i s  c lose ly  a l l i e d  

with t h e  SCS NEH-4 procedure. The graphs were computer generated using 

average condi t ions  f o r  t h e  var ious  parameters and cor rec t ion  f a c t o r s  involved 

i n  NEH-4. Therefore, t h e  peak discharge of a small watershed with unusual 

c h a r a c t e r i s t i c s  can be more accura te ly  computed using NEH-4 i f  necessary. 

Graphs were prepared f o r  two d i s t r i b u t i o n s  of storm r a i n f a l l  with time. Type 

I represen t s  Hawaii, Alaska, and t h e  c o a s t a l  s i d e  of t h e  S i e r r a  Nevada and 

Cascade Mountains i n  Ca l i fo rn ia ,  Oregon and Washington. The Type I1 d i s t r ibu-  

t i o n  represents  t h e  r e s t  of t h e  United S ta tes ,  Puerto Rico and t h e  Virgin 

Is lands .  Therefore, most a l l  su r face  mining a reas  i n  t h e  United S t a t e s  a r e  

covered by the  Type I1 graphs. 

The graphs have a l s o  been prepared f o r  curve numbers ( C N )  of 60, 65, 70, 

75, 80, 85 and 90. Iden t i fy ing  the  r ep resen ta t ive  CN r equ i res  sound judgment 



based upon t h e  s p e c i f i c  in fo rmat ion .  T a b l e  3.4 p r o v i d e s  t h e  a s s o c i a t i o n  o f  

C N ' s  w i t h  v a r i o u s  h y d r o l o g i c  s o i l - c o v e r  complexes f o r  average  a n t e c e d e n t  

m o i s t u r e  c o n d i t i o n s  (AMC 11). S o i l s  a r e  d i v i d e d  i n t o  f o u r  h y d r o l o g i c  s o i l  

groups:  A,  B, C and D.  The groups  are i n c l u d e d  i n  NEH-4 ( S o i l  Conserva t ion  

S e r v i c e ,  1972) .  Group A s o i l s  have a h igh  i n f i l t r a t i o n  r a t e  even when 

thoroughly  w e t .  When thoroughly  wet ,  group B s o i l s  have a moderate i n f i l t r a -  

t i o n  r a t e ,  group C s o i l s  have a slow i n f i l t r a t i o n  r a t e ,  and group D s o i l s  have 

a v e r y  slow i n f i l t r a t i o n  r a t e .  T y p i c a l l y ,  most s o i l s  i n  t h e  E a s t e r n  Coa l  

P r o v i n c e  a r e  i n  t h e  Type C group. Tab le  3.5 d e s c r i b e s  t h e  p r o p e r t i e s  o f  t h e  

f o u r  s o i l  group c l a s s i f i c a t i o n s .  NEH-4 l i s ts  more t h a n  4000 s o i l s  and t h e i r  

h y d r o l o g i c  group c l a s s i f i c a t i o n s .  For  g r e a t e r  d e t a i l  o r  accuracy  i n  d e f i n i n g  

t h e  CN, r e f e r  t o  NEH-4. 

The g raphs  a l s o  i n v o l v e  average  wate r shed  s l o p e  as d e f i n e d  by f l a t ,  

moderate o r  s t e e p .  Tab le  3.6 g i v e s  t h e  v a l u e s  assumed i n  t h e  computer 

g e n e r a t e d  g r a p h s  f o r  TP-149 and t h e  s l o p e  r a n g e s  a s s i g n e d  t o  each  s l o p e  fac -  

t o r .  I f  a c l o s e r  e s t i m a t e  o f  peak d i s c h a r g e  is  r e q u i r e d  f o r  a s p e c i f i c  s l o p e ,  

c u r v i l i n e a r  i n t e r p o l a t i o n  can b e  used  between 1, 4 and 16 p e r c e n t .  O r d i n a r i l y  

t h e  peak d i s c h a r g e  v a l u e s  f o r  one  o f  t h e  t h r e e  s l o p e  c a t e g o r i e s  w i l l  be  ade- 

q u a t e  w i t h o u t  i n t e r p o l a t i n g  between s l o p e  c a t e g o r i e s .  

The method i s  g e n e r a l l y  l i m i t e d  t o  d r a i n a g e s  less t h a n  2000 a c r e s  and 

average  s l o p e s  l e s s  t h a n  30 p e r c e n t .  For wa te r sheds  exceed ing  t h e s e  l i m i t s  

SCS recommends t h a t  t h e  methods i n  NEH-4 b e  fo l lowed  (Kent ,  1968) .  

A d d i t i o n a l l y ,  s i n c e  t h e  g raphs  were developed f o r  t y p i c a l  o r  average  con- 

d i t i o n s ,  a wa te r shed  w i t h  unusua l  c h a r a c t e r i s t i c s  s h o u l d  be  e v a l u a t e d  by 

NEH-4. However, a s  p r e v i o u s l y  mentioned, t h e  method p r o b a b l y  y i e l d s  reaso-  

n a b l e  r e s u l t s  f o r  d e s i g n  i n  s u r f a c e  mine s i t u a t i o n s .  Appendix B p r o v i d e s  t h e  

r e q u i r e d  g raphs  f o r  Type I1 r a i n f a l l  d i s t r i b u t i o n .  

3.4 C a l c u l a t i o n  Procedures  

3.4.1 R a t i o n a l  Formula 

1. E s t i m a t e  runof f  c o e f f i c i e n t  C o r  a n  area-weighted C ,  from T a b l e  3 . 3 .  

2. E v a l u a t e  t h e  t ime  of  c o n c e n t r a t i o n  tc (min) from Table  3.2, F i g u r e  3.1 

o r  F i g u r e  3.2,  depending on a v a i l a b l e  d a t a .  

3. Determine t h e  r a i n f a l l  i n t e n s i t y  i ( i p h )  f o r  a d u r a t i o n  e q u a l  t o  t . 
C 

I f  t i s  l e s s  t h a n  one hour ,  o b t a i n  t h e  one-hour r a i n f a l l  amount f o r  
C 

t h e  d e s i g n  r e t u r n  p e r i o d  from t h e  c h a r t s  i n  Appendix A. Then e v a l u a t e  



T a b l e  3 .4 .  Funoff Curve Numbers f o r  Hydrologic  Soi l -Cover  Complexes. 
[Antecedent  Mois tu re  C o n d i t i o n  (AMC) I1 and Ia = 0.251 

Land U s e  and Treatment  
o r  P r a c t i c e  

Hydrologic  Hydrologic  S o i l  Group 
C o n d i t i o n  A B C D 

Fal low 

Row 
S t r a i g h t  row 

c r o p s  
S t r a i g h t  row 
S t r a i g h t  row 
Contoured 
Contoured 
Contoured and  t e r r a c e d  
Contoured and t e r r a c e d  

Smal l  g r a i n  
S t r a i g h t  row 
S t r a i g h t  row 
Contoured 
Contoured 
Contoured and  t e r r a c e d  
Contoured and  t e r r a c e d  

Close-seeded legumes o r  r o t a t i o n  meadow 
S t r a i g h t  raw 
S t r a i g h t  row 
Contoured 
Contoured 
Contoured and  t e r r a c e d  
Contoured and t e r r a c e d  

P a s t u r e  o r  r a n g e  
No mechanical  t r e a t m e n t  
No mechanical  t r e a t m e n t  
No mechanical  t r e a t m e n t  
Contoured 
Contoured 
Contoured 

Meadow 
Woods 

Farmsteads  
RO ads  l 

D i r t  
Hard s u r f a c e  

---- 

Poor  
Good 
Poor 
Good 
poor  
Good 

Po o r  
Good 
p o o r  
Good 
Poor 
Good 

Poor  
Good 
Poor 
Good 
Poor 
Good 

Poor 
F a i r  
Good 
Poor  
F a i r  
Good 
Good 
Poor  
F a i r  
Good 
---- 
---- 
---- 

l I n c l u d i n g  r i g h t s  of way. 



Table 3.5. S o i l  Conservation Serv ice  S o i l  Group C l a s s i f i c a t i o n s .  

S o i l  Group Descr ip t ion  

A Lowest Runoff P o t e n t i a l .  Inc ludes  deep sands wi th  very l i t t l e  
s i l t  and c l ay ,  a l s o  deep, r a p i d l y  permeable l o e s s .  

B Moderately Low Runoff P o t e n t i a l .  Mostly sandy s o i l s  less deep 
than  A ,  and l o e s s  l e s s  deep o r  less aggregated than  A, bu t  t h e  
group a s  a whole has  above-average i n f i l t r a t i o n  a f t e r  thorough 
wet t ing .  

C Moderately High Runoff P o t e n t i a l .  Comprises shallow s o i l s  and 
s o i l s  con ta in ing  cons iderab le  c l a y  and c o l l o i d s ,  though l e s s  than 
those  of Group D .  The group has below-average i n f i l t r a t i o n  a f t e r  
p r e s a t u r a t i o n .  

D Highest Runoff P o t e n t i a l .  Inc ludes  mostly c l a y s  of high swe l l i ng  
pe rcen t ,  bu t  t h e  group a l s o  i nc ludes  some shallow s o i l s  wi th  
n e a r l y  impermeably subhorizons near  t h e  sur face .  

From U.S. S o i l  Conservation Serv ice ,  Nat ional  Engineering Handbook, Hydrology, 
Sec t ion  4, P a r t  I, Watershed Planning (1964) .  



Table 3 . 6 .  Slope Factors f o r  Peak Discharge Computations 
i n  the  TP-149 Method. 

Slope fo r  Which 
Computations Average 

Slope Factor Were Made ( % )  Slope Range ( % )  

F l a t  
1 

Moderate 4 3 t o  8 

Steep 16 8 o r  more 

'Level t o  nearly l eve l .  



t h e  r e q u i r e d  c o r r e c t i o n  f a c t o r  from F i g u r e  3.3 t o  o b t a i n  t h e  r a i n f a l l  

amount f o r  t h e  t . The i n t e n s i t y  i r e q u i r e d  i n  t h e  R a t i o n a l  Formula 
C 

i s  t h e n  

1 60 min 
i p h  = t r a i n f a l l  amount ( i n )  x x 

c tc (min) 1 h r  

I f  
tc 

i s  g r e a t e r  t h a n  one hour,  o b t a i n  t h e  one- and 24-hour r a i n f a l l  

amounts f o r  t h e  d e s i g n  r e t u r n  p e r i o d  and e v a l u a t e  t h e  amount f o r  
tc by 

i n t e r p o l a t i o n  on semi log  paper .  Compute t h e  i p h  as d e s c r i b e d  above. 

E s t a b l i s h  t h e  c o n t r i b u t i n g  d r a i n a g e  a r e a  A ( a c r e s ) .  

E v a l u a t e  Q = C i A  ( c i s ) .  

3.4.2 SCS TP-149 Method 

E s t i m a t e  t h e  curve  number ( C N )  from Table  3.4. 

Determine t h e  24-hour d u r a t i o n  r a i n f a l l  f o r  t h e  r e q u i r e d  r e t u r n  p e r i o d  

f rom t h e  c h a r t s  i n  Appendix A.  

E n t e r  t h e  a p p r o p r i a t e  c h a r t  i n  Appendix B t o  de te rmine  Q i n  c f s .  

3.5 Example Using Step-By-Step Procedures  O u t l i n e d  Above 

From a t o p o g r a p h i c  map t h e  d r a i n a g e  a r e a  i s  e s t i m a t e d  as 70 a c r e s  and t h e  

maximum f low l e n g t h  i s  2750 f t .  The t e r r a i n  i s  h i l l y  w i t h  a n  average  20 per -  

c e n t  s l o p e  and  c o n s i s t s  p r i m a r i l y  o f  woodland w i t h  a c l a y  and  s i l t  loam s o i l .  

What i s  t h e  d i s c h a r g e  f o r  t h e  t en-year  e v e n t  n e a r  C h a r l e s t o n ,  West V i r g i n i a ?  

3.5.1 R a t i o n a l  Formula 

From T a b l e  3.3 C = 0.50. 

From formula  g iven  i n  Tab le  3 

tc = 6.5 min. 

From Appendix A t h e  r a i n f a l l  amount f o r  t h e  t en-year ,  one-hour e v e n t  i s  

2.0 i n c h e s .  From F i g u r e  3.3 t h e  c o r r e c t i o n  f a c t o r  f o r  d u r a t i o n  e q u a l  t o  

6 .5  minu tes  i s  0.30. 

'6.5 
= 2.0 (0 .30)  = 0.60 i n c h e s  



1 60 min 
i p h  = 0.60 i n c h e s  x x = 5.5 i p h  

6 . 5  min 1 hour  

4. C o n t r i b u t i n g  a r e a  g i v e n  as 70 a c r e s .  

5 .  From Q = C i A  

= 0.50 (5 .5 )  ( 7 0 )  

Q = 192 c i s  
P 

3.5.2 SCS TP-149 Method 

1 .  For  g roup  C s o i l s ,  t h e  CN from T a b l e  3.4 is 73 f o r  woods i n  f a i r  con- 

d i t i o n .  

2. From Appendix A, t h e  t en-year ,  24-hour e v e n t  is  4.2 i n c h e s .  

3. From c h a r t s  i n  Appendix B, 

f o r  CN = 70 Q = 90 c f s  
P 

CN = 75 Qp = 130 c f s  

By l i n e a r  i n t e r p o l a t i o n ,  CN = 73  Qp = 114 c f s .  
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I V .  BASIC CONCEPTS OF OPEN-CHANNEL FLOW 

4.1 I n t r o d u c t i o n  

Unders tanding t h e  b a s i c  c o n c e p t s  o f  open-channel f low i s  n e c e s s a r y  t o  

p r o p e r l y  d e s i g n  t h e  channe l s  r e q u i r e d  on s u r f a c e  mine o p e r a t i o n s .  I n  open- 

channe l  f low,  t h e  wa te r  s u r f a c e  i s  n o t  conf ined .  S u r f a c e  c o n f i g u r a t i o n ,  f low 

p a t t e r n  and  p r e s s u r e  d i s t r i b u t i o n  w i t h i n  t h e  f low depend on g r a v i t y .  I n  

r ig id-boundary open-channel f low,  no deformat ions  o r  movements o f  t h e  bed and  

banks  a r e  cons idered ,  whereas i n  mobile-boundary h y d r a u l i c s  t h e  bed con- 

f i g u r a t i o n  depends on t h e  flow. D i s c u s s i o n s  i n  t h i s  c h a p t e r  p e r t a i n  p r i m a r i l y  

t o  r ig id-boundary open-channel f low,  s i n c e  t h e y  a r e  most a p p l i c a b l e  t o  d i v e r -  

s i o n  channe l  d e s i g n  i n  t h e  E a s t e r n  Coal Province.  P a r t  I1 p r e s e n t s  t h e  

movable boundary h y d r a u l i c s  n e c e s s a r y  f o r  d i v e r s i o n  channe l  d e s i g n  i n  sandy 

s o i l s .  For g r e a t e r  d e t a i l  t h a n  what i s  p r e s e n t e d  h e r e ,  r e f e r  t o  any b a s i c  

f l u i d  mechanics t ex tbook .  

4.2 Paramete rs  D e s c r i b i n g  t h e  Hydrau l ics  o f  Open-Channel Flow 

4.2.1 Genera l  

A l l  v a r i a b l e s  used  i n  f l u i d  mechanics and  h y d r a u l i c s  f a l l  i n t o  one o f  

t h r e e  c l a s s e s :  t h o s e  d e s c r i b i n g  t h e  boundary geometry, t h o s e  d e s c r i b i n g  t h e  

f low,  and  t h o s e  d e s c r i b i n g  t h e  f l u i d  (Rouse, 1976) .  Var ious  combinat ions  o f  

t h e s e  v a r i a b l e s  d e f i n e  p a r a m e t e r s  t h a t  d e s c r i b e  t h e  s t a t e  of f low i n  open 

c h a n n e l s .  Unders tanding t h e s e  v a r i a b l e s  and  p a r a m e t e r s  i s  n e c e s s a r y  back- 

ground knowledge t o  f u t u r e  d i s c u s s i o n s  of e q u a t i o n s  and  fo rmulas  a p p l i c a b l e  t o  

open-channel f low. Some of t h e  more common v a r i a b l e s  and  p a r a m e t e r s  are 

d e f i n e d  below. 

4.2.2 V a r i a b l e s  D e s c r i b i n g  t h e  Boundary Geometry 

Depth of Flow: The d e p t h  of f low d is  d e f i n e d  as t h e  p e r p e n d i c u l a r  
d i s t a n c e  from t h e  bed o f  t h e  s t r e a m  t o  t h e  wa te r  s u r f a c e .  For  c h a n n e l s  
on  m i l d  s l o p e s  t h e  d e p t h  o f  f low i s  o f t e n  approximated by t h e  v e r t i c a l  
d i s t a n c e  from t h e  bed. 

S tage :  The s t a g e  h is  t h e  v e r t i c a l  d i s t a n c e  from any s e l e c t e d  and 
d e f i n e d  datum t o  t h e  w a t e r  s u r f a c e .  

Top Width: The t o p  wid th  T is t h e  wid th  of a s t r e a m  s e c t i o n  a t  t h e  
w a t e r  s u r f a c e  and it v a r i e s  w i t h  s t a g e  i n  most n a t u r a l  channe l s .  



Cross-Sectional Area: The cross-sec t ional  a rea  A is t h e  a rea  of a 
c r o s s  sec t ion  of t h e  flow normal t o  t h e  d i r e c t i o n  of flow. 

Wetted Perimeter: The wetted perimeter P is the  length  of wetted cross  
sec t ion  normal t o  t h e  d i r e c t i o n  of flow. 

Hydraulic Radius: The hydraulic  r ad ius  R is  the  r a t i o  of t h e  cross- 
s e c t i o n a l  a rea  t o  wetted perimeter,  

Hydraulic Depth: The hydraulic  depth 4, is t h e  r a t i o  of t h e  cross- 
s e c t i o n a l  a rea  t o  t h e  top width, 

Water Surface Slope: The s lope  of t h e  water surface  o r  hydraulic  gra- 
d i e n t  i s  denoted by S . 

W 

Slope of the  Energy Grade Line: The energy grade l i n e  i s  a graphica l  
representa t ion  with r e spec t  t o  a se lec ted  datum of t h e  t o t a l  head o r  
energy possessed by t h e  f l u i d .  For an open channel, t h e  energy gradient  
i s  located  a distance ~ ~ / 2 ~  above t h e  f r e e  water surface.  The slope of 
t h e  energy grade l i n e  is  designated by t h e  symbol Sf o r  SE. 

Bed Slope: The bed slope Sb i s  the  longi tudinal  s lope  of the  channel 
bed. 

General formulas f o r  determining area ,  wetted perimeter ,  hydraulic  

r ad ius ,  and top width i n  t rapezoidal ,  rec tangular ,  t r i a n g u l a r ,  c i r c u l a r ,  and 

parabol ic  sec t ions  a r e  given i n  Table 4.1 ( S o i l  Conservation Service, 1954).  

4.2.3 Variables Describing t h e  Flow 

1. Discharge: The discharge Q is  t h e  volume of a f l u i d  o r  s o l i d  passing a 
c r o s s  sec t ion  of a stream per  u n i t  time. 

2. Mean Velocity: The mean ve loc i ty  V = Q/A i s  t h e  discharge divided by 
t h e  a r e a  of t h e  water c ross  sect ion.  

3 .  Drag Force: The drag  fo rce  Fd i s  t h e  fo rce  component exer ted  by a 
moving f l u i d  on any ob jec t  submerged i n  t h e  f l u i d .  The d i rec t ion  of t h e  
fo rce  i s  t h e  same a s  t h a t  of the  f r e e  stream of f l u i d .  

4. L i f t  Force: The l i f t  fo rce  F i s  t h e  fo rce  component exerted on a body 
submerged i n  a moving turbulenk f l u i d .  The fo rce  a c t s  i n  t h e  d i r e c t i o n  
normal t o  t h e  f r e e  stream of f l u i d .  

5. Shear Force: The shear  fo rce  i s  t h e  shear  developed on t h e  wetted area  
of t h e  channel and i t  a c t s  i n  the  d i r e c t i o n  of flow. This fo rce  per  u n i t  
wetted a rea  i s  c a l l e d  t h e  shear  s t r e s s  = 0 

and can be expressed a s  



Table  4.1. Elements o f  Channel Sec t i ons  (from S o i l  Conservat ion Se rv i ce ,  1954 ) .  
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where y is  t h e  s p e c i f i c  we igh t ,  R is t h e  h y d r a u l i c  r a d i u s ,  and  S is  
a  r e p r e s e n t a t i v e  s l o p e .  

4.2.4 V a r i a b l e s  D e s c r i b i n g  t h e  F l u i d  

1 .  Dens i ty :  The d e n s i t y  p  (kg-sec2/m4 o r  l b - s e c 2 / f t 4 )  o f  a  f l u i d  o r  s o l i d  
i s  t h e  mass t h a t  p o s s e s s e s  p e r  u n i t  volume. Both t h e  d e n s i t y  o f  t h e  
water-sediment  m i x t u r e  and  t h e  d e n s i t y  o f  sediment  a r e  i m p o r t a n t  
v a r i a b l e s .  

2 .  S p e c i f i c  Weight: The s p e c i f i c  we igh t  y (kg/m3, ~ / m ~ ,  l b / f t 3  ) i s  t h e  
we igh t  p e r  u n i t  volume. It i s  r e l a t e d  t o  t h e  d e n s i t y  by 

where g  i s  t h e  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  i n  m/sec2, f t / s e c 2 .  

3 .  S p e c i f i c  G r a v i t y :  The s p e c i f i c  g r a v i t y  
s 

i s  t h e  r a t i o  of t h e  s p e c i f i c  
we igh t  of a  f l u i d ,  s o l i d  o r  f l u i d - s o l i d  mix ture ,  t o  t h e  s p e c i f i c  weight  
o f  w a t e r  a t  4O C o r  39.2O F. 

4. V i s c o s i t y :  V i s c o s i t y  i s  t h e  p r o p e r t y  o f  a  f l u i d  t h a t  r e s i s t s  r e l a t i v e  
motion and deformat ion  i n  t h e  f l u i d  and c a u s e s  i n t e r n a l  s h e a r .  There- 
f o r e ,  v i s c o s i t y  i s  a  p r o p e r t y  e x h i b i t e d  o n l y  under  dynamic c o n d i t i o n s .  
According t o  Newton, t h e  s h e a r  T a t  a  p o i n t  w i t h i n  a  f l u i d  i s  propor- 
t i o n a l  t o  t h e  v e l o c i t y  g r a d i e n t  du/dy a t  t h a t  p o i n t  o r  

where p , i n  kg-sec/m2 o r  l b - s e c / f t 2 ,  i s  t h e  dynamic v i s c o s i t y .  When 
d i v i d e d  by t h e  d e n s i t y  p ,  it i s  t h e  k i n e m a t i c  v i s c o s i t y  v = p/p i n  
m2/sec o r  f t 2 / s e c .  Under o r d i n a r y  c o n d i t i o n s  o f  p r e s s u r e ,  v i s c o s i t y  
v a r i e s  o n l y  w i t h  t empera tu re .  The v i s c o s i t y  o f  a  l i q u i d  d e c r e a s e s  w i t h  
i n c r e a s i n g  t empera tu re ;  t h e  r e v e r s e  i s  t r u e  f o r  g a s s e s .  

4.2.5 Paramete rs  D e s c r i b i n g  Open-Channel Flow 

1. Reynolds Number: The Reynolds number i s  

where V is  t h e  v e l o c i t y ,  L is  a c h a r a c t e r i s t i c  l e n g t h  and  v is t h e  
k i n e m a t i c  v i s c o s i t y .  The Reynolds number r e l a t e s  t h e  i n e r t i a  f o r c e s  t o  
t h e  v i s c o u s  f o r c e s  and  i s  u s u a l l y  i n v o l v e d  wherever v i s c o s i t y  is impor- 
t a n t ,  such a s  i n  slow movement of f l u i d  i n  s m a l l  p a s s a g e s  o r  around s m a l l  
o b j e c t s .  



2.  Froude Number: The Froude number i s  

where g  is  t h e  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 .  The Froude number r e l a t e s  
t h e  i n e r t i a  f o r c e s  t o  t h e  g r a v i t a t i o n a l  e f f e c t s  and  i s  i m p o r t a n t  wherever 
t h e  g r a v i t y  e f f e c t  i s  dominating,  such  as w i t h  w a t e r  waves, f low i n  open 
c h a n n e l s ,  s e d i m e n t a t i o n  i n  l a k e s  and  r e s e r v o i r s ,  s a l t  w a t e r  i n t r u s i o n s ,  
a n d  t h e  mixing o f  a i r  masses o f  d i f f e r e n t  s p e c i f i c  we igh t s .  I f  t h e  
Froude number i s  less t h a n  one, e q u a l  t o  z e r o ,  o r  g r e a t e r  t h a n  one,  t h e  
f l o w  i s  d e f i n e d  a s  s u b c r i t i c a l ,  c r i t i c a l  and  s u p e r c r i t i c a l ,  r e s p e c t i v e l y .  
A d d i t i o n a l l y ,  i f  t h e  Froude number i s  less t h a n  one,  t h e  s l o p e  is  con- 
s i d e r e d  h y d r a u l i c a l l y  m i l d  and  when it i s  g r e a t e r  t h a n  one  it i s  con- 
s i d e r e d  h y d r a u l i c a l l y  s t e e p .  

4.2.6 Parameters  D e s c r i b i n g  Boundary Roughness Condi t ions  

1. R e l a t i v e  Roughness: The r e l a t i v e  roughness  i s  

where k  is t h e  h e i g h t  o f  t h e  roughness  e lement  and R i s  t h e  h y d r a u l i c  
r a d i u s .  The i n v e r s e  o f  t h e  r e l a t i v e  roughness  i s  o f t e n  encounte red  i n  
r e s i s t a n c e  formulas .  

2.  P a r t i c l e  S i z e :  The boundary o f  a n a t u r a l  e a r t h e n  channe l  o r  a  rock  
r i p r a p  channe l  i s  composed o f  a v a r i e t y  o f  p a r t i c l e  s i z e s .  The s i z e  
d i s t r i b u t i o n  o f  t h e s e  p a r t i c l e s  is  o f t e n  measured and  e x p r e s s e d  a s  t h e  
p a r t i c l e  d iamete r  f o r  which a  g i v e n  p e r c e n t a g e  o f  t h e  mix ture  i s  f i n e r .  
F o r  example, t h e  DS0 i s  a  common measure o f  t h e  r e p r e s e n t a t i v e  p a r t i c l e  
s i z e  of t h e  channe l  and it i s  e q u a l  t o  t h e  minimum d i a m e t e r  f o r  which 50  
p e r c e n t  o f  t h e  sediment  m i x t u r e  i s  f i n e r .  

4.3 Governing Equa t ions  

I n  r ig id-boundary open-channel f low t h e  e q u a t i o n s  of c o n t i n u i t y ,  energy 

and  momentum govern a l l  f low p r o c e s s e s .  For d i v e r s i o n  channe l  d e s i g n  t h e  con- 

t i n u i t y  and  energy e q u a t i o n s  a r e  most o f t e n  a p p l i e d .  

The c o n t i n u i t y  e q u a t i o n  i n  i t s  s i m p l e s t  form i s  

where Q i s  t h e  d i s c h a r g e  i n  c f s  and V i s  t h e  mean v e l o c i t y  i n  t h e  c r o s s  

s e c t i o n  of a r e a  A f o r  l o c a t i o n s  1 and 2. T h i s  e q u a t i o n  a p p l i e s  o n l y  t o  

s t e a d y ,  two-dimensional,  i n c o m p r e s s i b l e  f low.  These c o n d i t i o n s  a r e  assumed t o  

e x i s t  i n  most open-channel d e s i g n  p rocedures .  



The most common form of t h e  energy e q u a t i o n  f o r  open-channel f low i s  t h e  

B e r n o u l l i  e q u a t i o n  

where V is t h e  mean v e l o c i t y ,  P is  t h e  h y d r o s t a t i c  p r e s s u r e  and  Z i s  t h e  

e l e v a t i o n  o f  t h e  channe l  bed ( r e l a t i v e  t o  datum) a t  s e c t i o n s  1  and  2.  The 

head  l o s s  t e r m  r e p r e s e n t s  t h e  l o s s  o f  energy by f r i c t i o n  from S e c t i o n s  1  

t o  2. The t e rms  o f  t h e  B e r n o u l l i  e q u a t i o n  a r e  commonly r e f e r r e d  t o  as t h e  

v e l o c i t y  head,  p r e s s u r e  head a n d  e l e v a t i o n  head,  r e s p e c t i v e l y .  

The i m p o r t a n t  c o n c e p t s  of t h e  energy g r a d e  l i n e  and h y d r a u l i c  g r a d e  l i n e  

a r e  encompassed i n  t h e  B e r n o u l l i  e q u a t i o n .  The energy g rade  l i n e  w a s  d e f i n e d  

i n  S e c t i o n  4.2.2, i t e m  10, a s  a  g r a p h i c a l  r e p r e s e n t a t i o n  of t h e  t o t a l  energy 

p o s s e s s e d  by t h e  f low.  T h e r e f o r e ,  a t  any s e c t i o n  t h e  e l e v a t i o n  o f  t h e  energy 

g r a d e  l i n e  (EGL) r e l a t i v e  t o  a datum i s  

From S e c t i o n  1  t o  S e c t i o n  2  t h e  energy  g rade  l i n e  s l o p e s  downward by a n  amount 

e q u a l  t o  t h e  head l o s s  hL between t h e  two s e c t i o n s .  

The h y d r a u l i c  g rade  l i n e  l i e s  below t h e  energy l i n e  a d i s t a n c e  e q u a l  t o  

t h e  v e l o c i t y  head. There fore ,  t h e  e l e v a t i o n  o f  t h e  h y d r a u l i c  g rade  l i n e  (HGL) 

a t  any s e c t i o n  is 

P 
HGL = - + Z (4 .12)  

Y 

which i s  s imply t h e  wa te r - sur face  e l e v a t i o n  r e l a t i v e  t o  a  datum. These con- 

c e p t s  a r e  i l l u s t r a t e d  i n  F igure  4.1. 

I n  many c a s e s  t h e  o b j e c t i v e  o f  h y d r a u l i c  computat ions  i n  open channe l s  is  

t o  de te rmine  t h e  c u r v e  o f  t h e  w a t e r  s u r f a c e .  These problems i n v o l v e  t h r e e  

g e n e r a l  r e l a t i o n s h i p s  between t h e  h y d r a u l i c  g r a d i e n t  and t h e  energy  g r a d i e n t .  

F o r  uniform f low t h e  h y d r a u l i c  g r a d i e n t  and  t h e  energy  g r a d i e n t  a r e  p a r a l l e i  

and  t h e  h y d r a u l i c  g r a d i e n t  becomes a n  a d e q u a t e  b a s i s  f o r  t h e  d e t e r m i n a t i o n  o f  

f r i c t i o n  l o s s ,  s i n c e  no c o n v e r s i o n  between k i n e t i c  and p o t e n t i a l  energy i s  

involved.  I n  a c c e l e r a t e d  flow where v e l o c i t y  i s  i n c r e a s i n g  i n  t h e  downslope 

d i r e c t i o n ,  t h e  h y d r a u l i c  g r a d i e n t  i s  s t e e p e r  t h a n  t h e  energy g r a d i e n t .  T h i s  

f low c o n d i t i o n  t y p i c a l l y  e x i s t s  i n  s t e e p  s l o p e  d i v e r s i o n s .  I n  r e t a r d e d  f low 
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Figure  4.1. D e f i n i t i o n  ske tch  of t h e  energy and hydrau l i c  
grade l i n e s  i n  open-channel flow. 



where v e l o c i t y  i s  decreas ing  i n  t h e  downslope d i r e c t i o n ,  t h e  energy g rad ien t  

i s  s t e e p e r  t han  t h e  hydrau l i c  g rad ien t .  An adequate a n l a y s i s  of flow under 

both t h e s e  cond i t i ons  cannot be  made without  cons ide ra t ion  of both t h e  energy 

and t h e  hydrau l i c  g rad ien t .  

4.4 Steady and Uniform Flow Formulas f o r  Open Channels - The Manning Equation 

Many formulas have been proposed t o  determine t h e  mean c h a r a c t e r i s t i c s  of 

flow. However, t h e  Manning r e l a t i o n  remains t h e  most commonly used. The 

Manning Equation i n  English u n i t s  i s  

where n  is de f ined  a s  t h e  Manning roughness c o e f f i c i e n t  w i th  t h e  dimension 

Since t h e  flow r a t e  (d i scha rge )  of a  s t ream i s  def ined  by t h e  con- 

t i n u i t y  equat ion  a s  

where Q is t h e  discharge,  V i s  t h e  mean v e l o c i t y  and A is t h e  c ross -  

s e c t i o n a l  a r e a  normal t o  t h e  f low,  t h e  Manning equat ion  can be expressed a s  

Because of s i m p l i c i t y  of form and s a t i s f a c t o r y  r e s u l t s  f o r  p r a c t i c a l  appl ica-  

t i o n s ,  t h e  Manning formula has  become one of t h e  most widely used of a l l  open- 

channel  uniform-flow formulas. 

The depth of a uniform flow i n  an open channel i s  t h e  normal depth. 

Although uniform flow seldom occur s  i n  na tu re ,  most hydrau l i c  computations a r e  

s i m p l i f i e d  and approximated by assuming uniform flow condi t ions .  Therefore,  

t h e  Manning Equation must o f t e n  be so lved  f o r  t h e  normal depth  d. However, 

s i n c e  both  v e l o c i t y  ( o r  d i scharge)  and t h e  hydrau l i c  r a d i u s  depend on t h e  flow 

depth ,  t h e  equat ion  cannot  be d i r e c t l y  so lved  f o r  t h e  normal depth. Many 

c h a r t s  and nomographs have been developed t o  s o l v e  t h e  Manning equat ion.  

Addi t iona l ly ,  procedures  have been developed f o r  s m a l l  programmable c a l m l a -  

t o r s  provid ing  e f f i c i e n t  s o l u t i o n .  Char t s  given i n  Appendix C provide solu-  

t i o n  of  t h e  Manning equat ion  f o r  t r a p e z o i d a l  channels of 2:l s i d e  s lope  and 

bottom widths of 2, 4, 6, 8, 10, 12 and 14 f e e t .  For a d d i t i o n a l  c h a r t s  s ee  



"Design C h a r t s  f o r  Open Channel Flow" by t h e  U . S .  Department o f  T r a n s p o r t a t i o n  

(1979) .  

4.5 R e s i s t a n c e  t o  Flow 

The t h r e e  most common paramete rs  f o r  d e s c r i b i n g  t h e  r e s i s t a n c e  t o  s t e a d y  

un i fo rm f low a r e :  

1. The Darcy-Weisbach f r i c t i o n  f a c t o r ,  f  

2.  The Manning roughness  c o e f f i c i e n t ,  n  

3. The Chezy r e s i s t a n c e  f a c t o r ,  C 

A s t u d y  o f  f r i c t i o n  f a c t o r s  i n  open c h a n n e l s  by t h e  ASCE Task Force  Committee 

(1963)  p r o v i d e d  s p e c i f i c  recommendations on  t h e  u s e  o f  t h e s e  t h r e e  r e s i s t a n c e  

paramete rs .  The r e s u l t s  o f  t h e  s t u d y  are summarized below. 

The Darcy-Weisbach f  h a s  g r e a t  u t i l i t y  i n  e x p r e s s i n g  r e s i s t a n c e  t o  

s t e a d y ,  f u l l y  developed f low i n  uniform channe l s .  Exper imental  measurements 

o f  f r i c t i o n  i n  open channe l s  o v e r  a wide range  o f  c o n d i t i o n s  appear  t o  b e  

b e t t e r  c o r r e l a t e d  and  unders tood  through t h e  u s e  o f  f .  A d d i t i o n a l l y ,  f  is 

commonly u s e d  i n  o t h e r  b ranches  o f  e n g i n e e r i n g ,  p a r t i c u l a r l y  c l o s e d  c o n d u i t  

f low,  and t h e r e f o r e  p r o v i d e s  a b a s i s  f o r  p o o l i n g  a l l  e x p e r i e n c e  and knowledge 

on  f r i c t i o n a l  r e s i s t a n c e .  The f r i c t i o n  f a c t o r  f  may be  d e f i n e d  from 

where S is  t h e  s l o p e  o f  t h e  h y d r a u l i c  g r a d e l i n e  and  channe l  bed, R is t h e  

h y d r a u l i c  r a d i u s ,  V is  t h e  mean v e l o c i t y  and g is t h e  a c c e l e r a t i o n  o f  

g r a v i t y .  The d imens ion less  f r i c t i o n  f a c t o r  f  depends on t h e  Reynolds number 

and  bed  roughness,  and t h e r e f o r e  must b e  e v a l u a t e d  s e p a r a t e l y  f o r  e a c h  open- 

channe l  f low c o n d i t i o n .  The r e l a t i o n s h i p s  between £ ,  n  and C are 

n = 1.49 R ( E n g l i s h  u n i t s )  

The Manning n  h a s  t r a d i t i o n a l l y  been widely  used  t o  e v a l u a t e  r e s i s t a n c e  

i n  open-channel f lows.  The ASCE r e p o r t  i n d i c a t e s  t h a t ,  when a p p l i e d  w i t h  

judgment, n  and f  a r e  p robab ly  e q u a l l y  e f f e c t i v e  i n  t h e  s o l u t i o n  o f  prac-  



t i c a l  problems. The f o l l o w i n g  recommendations were g iven  f o r  o b t a i n i n g  spe- 

c i f i c  v a l u e s  o f  f o r  n  f o r  d e s i g n  purposes:  

1. For  roughnesses  t y p i c a l  of t h o s e  found i n  p i p e  f low ( i . e .  c o n c r e t e ) ,  p i p e  
r e s i s t a n c e  diagrams ( i . e .  Moody-type diagram) may be  used t o  e s t i i n a t z  f  
i f  t h e  p i p e  d iamete r  D is  r e p l a c e d  by 4R. 

2 .  For roughnesses  found i n  u n l i n e d  channe l s  and f o r  h i g h  Reynolds numbers, 
f  ( a s  d e f i n e d  by Equat ion 4.1 1 )  i s  independent  o f  t h e  Reynolds number 
and  depends o n l y  on t h e  hydrau \ j? r a d i u s ,  R. Under t h e s e  c o n d i t i o n s  f  
i s  n e a r l y  p r o p o r t i o n a l  t o  1/R , and Manning's n  (as d e f i n e d  by 
Equa t ion  4.13) i s  n e a r l y  c o n s t a n t .  For t h i s  " f u l l y  rough" c o n d i t i o n  t h e  
c o n s t a n t  v a l u e s  of Manning's n  can b e  t a k e n  from t h e  l i t e r a t u r e ,  such a s  
Chow's book (1959) .  A d e t a i l e d  l i s t i n g  o f  v a l u e s  a p p l i c a b l e  t o  s u r f a c e  
mine c o n d i t i o n s  i n  OSM Regions I and I1 i s  given i n  Appendix C .  A 

s h o r t e r  l i s t i n g  o f  v a l u e s  i s  g iven  i n  Tab le  4.2. I f  d e s i r e d ,  t h e  v a l u e  
o f  f  may t h e n  be  computed. ( I t  s h o u l d  be  n o t e d  t h a t  n o t  a l l  t u r b u l e n t  
f lows  a r e  " f u l l y  rough. " 1 

3 .  For  o t h e r  t h a n  f u l l y  rough f low,  f  o r  n  may be  l a r g e r  o r  s m a l l e r  t h a n  
f o r  t h e  f u l l y  rough c a s e .  There fore ,  c a u t i o n  s h o u l d  be  used  when u s i n g  
t h e  Manning formula  and n  t o  i n s u r e  t h a t  f u l l y  rough c o n d i t i o n s  e x i s t .  

4. For  movable boundary c o n d i t i o n s  none o f  t h e  fo rmulas  o r  methods d i s c u s s e d  
app ly .  However, t h e  concep t  of e x p r e s s i n g  r e s i s t a n c e  w i t h  a  f r i c t i o n  
f a c t o r  i s  s t i l l  v a l i d .  For a  movable boundary c o n d i t i o n ,  t h e  f ixed-bed 
f r i c t i o n  f a c t o r  may b e  i n c r e a s e d  by t h e  bed form ( p a t t e r n )  t h a t  deve lops  
o r  decreased  by t h e  sediment  c a r r i e d  i n  suspens ion .  The f i n a l  estimate 
of  roughness  relies g r e a t l y  on i n d i v i d u a l  judgment. Simons and  Sen turk  
(1976) review some of  t h e  a v a i l a b l e  methods f o r  e s t i m a t i n g  roughness  i n  a  
movable boundary. 

F o r  most s i t u a t i o n s  encounte red  i n  d i v e r s i o n  channe l  d e s i g n ,  t h e  Manning 

n  i s  t h e  e a s i e s t  and most a p p r o p r i a t e  e s t i m a t e  o f  f low r e s i s t a n c e .  A u s e f u l  

formula  f o r  e v a l u a t i n g  n  based on d a t a  from l a b o r a t o r y  channe l s  t o  l a r g e  

r i v e r s  i s  (Highway Research Board, 1970) 

where D i s  i n  f e e t .  Gra in  s i z e s  used i n  deve lop ing  t h i s  formula  ranged 
5 0 

from 0.001 f t  t o  n e a r l y  1.0 f t .  

4.6 S e l e c t i o n  o f  Channel Cross  S e c t i o n  

T y p i c a l  channe l  c r o s s  s e c t i o n s  a r e  t r i a n g u l a r ,  t r a p e z o i d a l  and  p a r a b o l i c  

( s e e  Tab le  4 . 1 ) .  A t r i a n g u l a r  channe l  i s  a  s p e c i a l  t y p e  of t r a p e z o i d a l  w i t h  a  

bot tom wid th  of z e r o ,  and t h e i r  a p p l i c a t i o n  is  l i m i t e d  t o  r e l a t i v e l y  low f low 

c o n d i t i o n s .  Trapezo ida l  c h a n n e l s  of v a r y i n g  bottom wid ths  and s i d e  s l o p e s  a r e  



Table 4.2 .  Manning's C o e f f i c i e n t s  of Channel Roughness. 

Constructed Channel Condit ion 
Values of n  

Minimum Maximum Average 

Ea r th  channels ,  s t r a i g h t  and uniform 

Dredged e a r t h  channels 

Rock channels ,  s t r a i g h t  and uniform 

Rock channels ,  jagged and i r r e g u l a r  

Concrete l i ned ,  r e g u l a r  f i n i s h  

Concrete l i n e d ,  smooth f i n i s h  

Grouted rubble paving 

Corrugated metal 

Natura l  Channel Condit ion Value of n  

Smoothest n a t u r a l  e a r t h  channels ,  f r e e  from growth with s t r a i g h t  
alignment.  

Smooth n a t u r a l  e a r t h  channels ,  f r e e  from growth, l i t t l e  curva ture .  

Average, wel l-constructed,  moderate-sized e a r t h  channels i n  good 
condi t ion .  

Small e a r t h  channels i n  good condi t ion ,  o r  l a r g e  e a r t h  channels 
wi th  some growth on banks o r  s c a t t e r e d  cobbles i n  bed. 

Ea r th  channels with cons iderable  growth, n a t u r a l  s t reams with 
good alignment and f a i r l y  cons tan t  s e c t i o n ,  o r  l a r g e  floodway 
channels  we l l  maintained. 

Ea r th  channels considerably covered with small  growth, o r  c l e a r e d  
b u t  no t  cont inuously maintained floodways. 

Mountain s t reams i n  c lean  loose cobbles,  r i v e r s  with v a r i a b l e  
c r o s s  s e c t i o n  and some vege ta t ion  growing i n  banks, o r  e a r t h  
channels  with t h i c k  aqua t i c  growths. 



Table 4.2 (cont inued)  

Natura l  Channel Condit ion Value of n 

Rivers  with f a i r l y  s t r a i g h t  alignment and c ros s  s e c t i o n ,  badly 
obs t ruc t ed  by small  t r e e s ,  very  l i t t l e  underbrush o r  aqua t i c  0.075 
growth. 

Rivers  with i r r e g u l a r  alignment and c r o s s  s ec t ion ,  moderately 0.100 
obs t ruc t ed  by small  t r e e s  and underbrush. 

Rivers  with f a i r l y  r egu la r  alignment and c ros s  s e c t i o n ,  heavi ly  0.100 
obs t ruc t ed  by small  t r e e s  and underbrush. 

Rivers  with i r r e g u l a r  alignment and c ros s  s ec t ion ,  covered with 
growth of v i r g i n  t imber and occas iona l  dense patches of bushes 0.125 
and small  t r e e s ,  some logs  and dead f a l l e n  t r e e s .  

Rivers  with very i r r e g u l a r  alignment and c ros s  s e c t i o n ,  many 
r o o t s ,  t r e e s ,  l a r g e  logs,  and o t h e r  d r i f t  on bottom, t r e e s  con- 0.200 
t i n u a l l y  f a l l i n g  i n t o  channel due t o  bank caving. 



t h e  most commonly c o n s t r u c t e d  channe l s .  P a r a b o l i c  c h a n n e l s  a r e  g e n e r a l l y  used  

o n l y  when a  v e g e t a t e d  l i n i n g  i s  r e q u i r e d ,  a l t h o u g h  o t h e r  c r o s s  s e c t i o n s  are 

- a l s o  u s e d  i n  v e g e t a t e d  channe l s .  

The s e l e c t i o n  o f  t h e  channe l  s i d e s l o p e  l a r g e l y  depends on  t h e  a n g l e  o f  

r e p o s e  o f  t h e  p a r e n t  m a t e r i a l  o r  channe l  l i n i n g .  The a n g l e  of r e p o s e  i s  t h e  

s l o p e  a n g l e  formed by p a r t i c u l a t e  m a t e r i a l  under  t h e  c r i t i c a l  e q u i l i b r i u m  con- 

d i t i o n  o f  i n c i p i e n t  s l i d i n g  (Simons and  Sen turk ,  1977) .  For  a s t a b l e  channe l  

t h e  s i d e  s l o p e  must b e  smaller t h a n  t h e  a n g l e  o f  repose .  I f  8 is t h e  s i d e  

s l o p e  a n g l e  o f  t h e  channe l  d e s i g n  and + is t h e  a n g l e  o f  repose ,  t h e n  a  

g e n e r a l  r e l a t i o n  f o r  t h e  maximum s i d e  s l o p e  a n g l e  f o r  a s t a b l e  channe l  i s  0 5 
(I - 5 ( d e g r e e s ) .  The r e l a t i o n s h i p  between t h e  s i d e  s l o p e  a n g l e  0 and t h e  

s i d e  s l o p e  v a l u e  z is d e p i c t e d  i n  F i g u r e  4.2. Tab le  4.3 l i s ts  s u g g e s t e d  z 

v a l u e s  t o  be  used  i n  d e s i g n i n g  channe l s .  For channe l s  l i n e d  w i t h  r i p r a p ,  t h e  

a n g l e  of r e p o s e  can be  de te rmined  from F i g u r e  4.3. I n  t h i s  c a s e ,  t h e  

s u g g e s t e d  v a l u e  f o r  z  must be  less t h a n  t h e  a n g l e  of r e p o s e  o f  t h e  r i p r a p .  

The s e l e c t i o n  o f  t h e  channel  bottom wid th  f o r  t r a p e z o i d a l  channe l s  

depends on  t h e  h y d r a u l i c  c o n d i t i o n s  and  t h e  a v a i l a b l e  equipment f o r  cons t ruc -  

t i o n .  S p e c i f i c  g u i d e l i n e s  o r  recommendations f o r  s e l e c t i o n  o f  t h e  channe l  

c r o s s  s e c t i o n  a r e  given i n  l a t e r  s e c t i o n s .  

4.7 Var iances  i n  Flow Condi t ions  

I n  open-channel f low,  problems have been encounte red  w i t h  m a i n t a i n i n g  t h e  

f low w i t h i n  t h e  des igned  channel ,  t h a t  is, t h e  flow o v e r t o p s  t h e  channe l  

l i n i n g ,  r e s u l t i n g  i n  s e r i o u s  e r o s i o n  problems and p o s s i b l e  f a i l u r e .  Many of 

t h e s e  problems can  b e  p r e v e n t e d  when d e s i g n  c o n s i d e r a t i o n  i s  given t o  ( 1 )  

c e n t r i f u g a l  f o r c e s  t h a t  o c c u r  where t h e  channe l  i s  t u r n e d  and ( 2 )  a d d i t i o n a l  

channe l  d e p t h  t o  account  f o r  d e b r i s  accumulat ion o r  v a r i a n c e  i n  c o n s t r u c t i o n  

t h a t  r e s u l t s  i n  d i f f e r e n c e s  i n  roughness  c o e f f i c i e n t s .  These two d e s i g n  con- 

c e p t s  a r e  known a s  s u p e r e l e v a t i o n  and f reeboard .  For s m a l l e r  channe l s  t h e  

f r e e b o a r d  i s  o f t e n  s u f f i c i e n t  t o  account  f o r  c e n t r i f u g a l  f o r c e s  and  s u p e r e l e -  

v a t i o n  need n o t  be  cons idered .  

4.7.1 S u p e r e l e v a t i o n  

Because of t h e  change i n  f low d i r e c t i o n  t h a t  r e s u l t s  i n  c e n t r i f u g a l  

f o r c e s ,  t h e r e  is  a s u p e r e l e v a t i o n  o f  t h e  w a t e r  s u r f a c e  i n  r i v e r  bends ( F i g u r e  

4 . 4 ) .  The w a t e r  s u r f a c e  i s  h i g h e r  a t  t h e  concave bank and lower a t  t h e  convex 



Figure 4 .2 .  Relat ionship between s ide  s lope  value,  z 
and slope angle,  0 .  



Table 4 . 3 .  Suggested Sideslope z Values. 

Nature o f  Bank Material z 

Rock 

Smooth or  weathered rock, s h e l l  

S o i l  ( c l a y ,  s i lt  and sand mixtures) 

Sandy s o i l  

S i l t  and loam ( l o o s e  sandy earth)  

Fine sand 

Flowing f i n e  and other very f i n e  material  

Compacted c l a y  
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Figure 4.3. Angle of repose. 



F i g u r e  4 .4 .  D e f i n i t i o n  s k e t c h  of s u p e r e l e v a t i o n  
i n  a channe l  bend. 



bank t h a n  what t h e  wa te r  s u r f a c e  would be  under  uniform c o n d i t i o n s .  The 

r e s u l t i n g  t r a n s v e r s e  s l o p e  c a n  b e  e v a l u a t e d  q u a n t i t a t i v e l y .  S e v e r a l  d i f f e r e n t  

e q u a t i o n s  have been proposed f o r  e v a l u a t i n g  s u p e r e l e v a t i o n .  However, t h e  d i f -  

f e r e n c e s  between r e s u l t s  by u s i n g  t h e  v a r i o u s  e q u a t i o n s  i s  n o t  s i g n i f i c a n t .  

T h e r e f o r e ,  one o f  t h e  s i m p l e r  p r o c e d u r e s  is sugges ted .  Woodward (1920)  

assumed V e q u a l  t o  t h e  average  v e l o c i t y  Q/A and r e q u a l  t o  t h e  r a d i u s  t o  

t h e  c e n t e r  o f  t h e  s t r e a m  r and o b t a i n e d  
C 

i n  which Z and r a r e  t h e  w a t e r  s u r f a c e  e l e v a t i o n  and t h e  r a d i u s  a t  t h e  
i i 

i n s i d e  o f  t h e  bend, and Z and r a r e  t h e  w a t e r  s u r f a c e  e l e v a t i o n  and t h e  
0 0 

r a d i u s  a t  t h e  o u t s i d e  of t h e  bend. The v a l u e  (ro - r . )  can b e  t a k e n  a s  t h e  
1 

t o p  w i d t h  W o f  t h e  channel .  

4.7.2 Freeboard  

Freeboard  i s  t h e  v e r t i c a l  d i s t a n c e  from t h e  w a t e r - s u r f a c e  e l e v a t i o n  o f  

t h e  d e s i g n  f low t o  t h e  t o p  o f  t h e  channel .  Freeboard i s  used  as a s a f e t y  

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

due t o  a rougher  f r i c t i o n  c o e f f i c i e n t  t h a n  used i n  t h e  d e s i g n ,  o r  wave a c t i o n .  

The f r e e b o a r d  f o r  a  channe l  w i l l  depend on a  number o f  f a c t o r s  such a s  s i z e  of 

channe l ,  v e l o c i t y  o f  wa te r ,  channe l  c u r v a t u r e ,  and t r a n s i t i o n  c o n d i t i o n s .  I n  

normal channe l  d e s i g n s ,  t h e  wave a c t i o n  due t o  wind i s  n o t  u s u a l l y  s i g n i f i -  

c a n t .  F reeboard  i s  commonly d e f i n e d  a s  a  p e r c e n t a g e  o f  t h e  d e p t h  of f low.  

The S o i l  Conserva t ion  S e r v i c e  (1977)  recommends t h a t  f r e e b o a r d  f o r  t r a p e z o i d a l  

c h a n n e l s  a t  s u b c r i t i c a l  f low ( m i l d  s l o p e )  s h o u l d  be e q u a l  t o  o r  g r e a t e r  t h a n  

2 0  p e r c e n t  o f  t h e  f low d e p t h  a t  t h e  d e s i g n  d i s c h a r g e ,  b u t  n o t  l e s s  t h a n  one 

f o o t .  For  s u p e r c r i t i c a l  f low ( s t e e p  s l o p e )  t h e  recommended v a l u e  i s  25  per-  

c e n t  o f  f low dep th .  These v a l u e s  a r e  i n  a d d i t i o n  t o  any o t h e r  i n c r e a s e  i n  

c h a n n e l  d e p t h  r e q u i r e d  f o r  s u p e r e l e v a t i o n  o r  ex t remely  t u r b u l e n t  f low.  

T h e r e f o r e ,  f o r  r i p r a p - l i n e d  c h a n n e l s  u s i n g  l a r g e  r x k ,  t h e  v a l u e s  s h o u l d  be  

g r e a t e r  due t o  a n t i c i p a t e d  t u r b u l e n t  f low c o n d i t i o n s .  The recommended 

f r e e b o a r d  f o r  d i v e r s i o n  c h a n n e l s  on  a  s u r f a c e  mine o p e r a t i o n  i s  

1  
F.B. = c  d  + - A Z  

f b  2 



where c i s  a  c o e f f i c i e n t  d e f i n e d  a c c o r d i n g  t o  Tab le  4.4 and  A Z  is  
f b  

d e f i n e d  i n  F i g u r e  4.4. I n  a l l  c a s e s  t h e  recommended minimum f r e e b o a r d  is  1.0 

f o o t  ( S o i l  Conserva t ion  S e r v i c e  minimum) p l u s  one-half  s u p e r e l e v a t i o n .  The 

1.0 f o o t  minimum i s  g r e a t e r  t h a n  t h e  0.3 f e e t  minimum s p e c i f i e d  i n  OSM 

Regula t ions .  However, t h e  r e g u l a t i o n s  s t a t e  t h a t  i f  n e c e s s a r y ,  t h e  d e s i g n  

f r e e b o a r d  may b e  i n c r e a s e d  by t h e  r e g u l a t o r y  a u t h o r i t y .  I n  t h i s  manual it is  

recommended t h a t  t h e  1.0 f o o t  minimum be  adopted.  

4.8 Example 

Given t h e  d e s i g n  f low computed by t h e  SCS TP-149 method i n  t h e  example o f  

S e c t i o n  3.4, de te rmine  t h e  fo l lowing :  

1.  I f  t h e  f low p a s s e s  th rough  a  14-foot  t r a p e z o i d a l  c h a n n e l  o f  2 : l  s i d e  

s l o p e s ,  bottom s l o p e  o f  t e n  p e r c e n t ,  on a c o b b l e  bed w i t h  D = 1.5 
5  0  

i n c h e s ,  what i s  t h e  flow depth? 

Equa t ion  4.18 

T h e r e f o r e  from Appendix C  c h a r t s  d  = 0.70 f e e t  and 

Vn 
Vn = 0.33, V  = - = 11.8 f p s  

n  

2. What i s  t h e  Froude number? 

Equa t ion  4.6 

where t h e  c h a r a c t e r i s t i c  l e n g t h  L i s  u s u a l l y  t a k e n  as t h e  f low dep th .  

T h e r e f o r e ,  

S i n c e  t h e  Froude number i s  g r e a t e r  t h a n  1 t h e  flow is  s u p e r c r i t i c a l  and 

t h e  s l o p e  c o n d i t i o n  i s  h y d r a u l i c a l l y  s t e e p  (see S e c t i o n  4.2.5 1 . 
3. I f  t h e  channe l  c o n t a i n s  a bend w i t h  a n  i n s i d e  r a d i u s  of 50 f e e t  and a n  

o u t s i d e  r a d i u s  o f  65 f e e t ,  what i s  t h e  s u p e r e l e v a t i o n ?  

Equa t ion  4.19 



Table 4.4. Freeboard Coefficients . 

Flow Condition 
Minimum 

Freeboard Coefficient ( c  
fb )  

Subcri t ical  (mild slope),  
unlined or  vegetation-lined 

supercr i t ical  (steep slope) , 
unlined or vegetation-lined 

subcr i t ica l  (mild slope),  
rock riprap-lined 

supercr i t ical  (steep s lope) ,  
rock riprap-lined 



Therefore 

4. What are the freeboard requirements? 

a. For supercritical flow, Table 4.4 gives 

0 . 2 5 ( d )  = 0 .25  (0 .70 )  = 0.18  < 1.0 ft; use 1.0 ft 

b. In the channel bend? 

Equation 4.2  0 
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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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5  0  

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 



0 0.25 0.50 0.75 1 .O 1.25 

d (feet) 

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 .  
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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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V I .  M I L D  SLOPE CHANNEL DESIGN 

6.1 In t roduc t ion  

I n  many a r e a s  of t h e  Eas te rn  Coal Province t h e  mine suppor t  f a c i l i t i e s  

a r e  o f t e n  loca t ed  i n  s t ream o r  r i v e r  bottom a r e a s  where mild s lope  cond i t i ons  

e x i s t .  To accommodate t h e  f a c i l i t i e s  o r  t o  provide  l a r g e r  s to rage  a r e a s ,  

l a r g e r  streams o r  r i v e r s  have been r e l o c a t e d  us ing  mild s l o p e  channel design 

procedures .  Addi t iona l ly ,  t h e  s l o p e s  around t h e  upper per imeter  of a b a c k f i l l  

o r  s p o i l  f i l l  a r e a  a r e  o f t e n  mild s l o p e  channels .  Mild s l o p e  channel design 

involves  t h e  concepts  of a l l u v i a l  channels  un le s s  t h e  channel i s  cons t ruc t ed  

i n  durable  bedrock. An a l l u v i a l  channel  is  a waterway f lowing through a 

n a t u r a l  a l luvium c o n s i s t i n g  of c l a y ,  s i l t ,  sand, g rave l  o r  boulders .  Under 

t h e s e  cond i t i ons ,  t h e  boundary of  t h e  channel can e a s i l y  change i ts  con- 

f i g u r a t i o n .  Therefore,  i n  a l l u v i a l  channel design problems t h e  concepts  of 

movable-boundary hydrau l i c s  as w e l l  a s  rigid-boundary hydrau l i c s  must be 

appl ied .  The concepts  of movable-boundary hydrau l i c s  apply t o  s m a l l  un l ined  

d ive r s ion  d i t c h e s  a s  w e l l  a s  l a r g e  s t ream systems, s i n c e  both  can q u a l i f y  a s  

a l l u v i a l  channels .  P l a t e  6.1 i l l u s t r a t e s  an unl ined  d ive r s ion  channel around 

t h e  edge of a b a c k f i l l  a rea .  The channel appears  r e l a t i v e l y  s t a b l e  and i s  a 

good example of s t a b l e  channel  design based on a l l u v i a l  channel  concepts.  

However, i f  t h e  channel  is  n o t  p rope r ly  designed and overbank flow occurs ,  

excess ive  r i l l i n g  and gu l ly ing  can be expected on t h e  s t e e p e r  f a c e  of t h e  f i l l  

a r e a  ( P l a t e  6 . 2 ) .  

Th i s  s e c t i o n  of t h e  manual i s  p re sen ted  n o t  only f o r  t h e  purposes of 

des igning  channels  i n  mild s l o p e  a reas ,  b u t  a l s o  t o  g ive  t h e  des igner  an  

understanding of t h e  e n t i r e  drainage system t h a t  w i l l  be a f f e c t e d  by an  opera- 

t i o n .  Addit ional ly,  i f  a n  ope ra t ion  is  n o t  proper ly  reclaimed t o  near  n a t u r a l  

cond i t i ons ,  t h e r e  w i l l  be  t h e  p o t e n t i a l  f o r  a long-term inc rease  of unnatura l  

sediment l oad  i n  a stream. Th i s  i n c r e a s e  i n  sediment w i l l  have many 

downstream consequences. Fur ther ,  i f  a channel is  p laced  on f i l l  m a t e r i a l s  

and t h e  designed l i n i n g  f a i l s ,  t h e  channel  w i l l  f unc t ion  as a movable boun- 

dary  channel. In  s t e e p  s l o p e  a r e a s  t h e  channel w i l l  become deeply i n c i s e d  i n  

t h e  embankment wi th  con t inua l  adjustments  u n t i l  some s t a b i l i t y  i s  achieved o r  

u n t i l  n a t u r a l  bed rock is  reached. This  w i l l  most l i k e l y  no t  r e s u l t  u n t i l  

a f t e r  tremendous e ros ion  has  occurred.  

The flow of  water  a long  an  a l l u v i a l  channel bottom produces f o r c e s  t h a t  

i n i t i a t e  sediment motion. The amount of sediment en t r a ined  depends on t h e  



Pla te  6.1 
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c h a r a c t e r i s t i c s  of t h e s e  fo rces ,  r e f e r r e d  t o  a s  hydrodynamic f o r c e s  i n  l i t e r a -  

t u r e  on channel s t a b i l i t y .  For a given sediment p a r t i c l e  a c r i t i c a l  o r  

t h re sho ld  value of t h e  hydrodynamic f o r c e s  must be reached before  sediment 

motion begins.  The magnitude of f o r c e  necessary t o  i n i t i a t e  motion depends on 

g r a i n  s i z e  and bed-material  p r o p e r t i e s .  Af te r  t r a v e l i n g  some d i s t a n c e  down- 

stream, sediment en t r a ined  with t h e  flaw can a l s o  s e t t l e  back t o  t h e  bed sur-  

f ace .  The process  of sediment t r a n s p o r t  i s  cha rac t e r i zed  by t h i s  cyc l e  of 

motion and r e s t .  The r a t e s  and f requencies  a t  which t h e  c y c l e  occurs  a r e  ran- 

dom v a r i a b l e s  depending on sediment c h a r a c t e r i s t i c s ,  flow condi t ions ,  channel 

shape, t u r b u l e n t  v e l o c i t y  f l u c t u a t i o n s  and many o t h e r  f a c t o r s .  The complexity 

o f  t h e  problem makes design of a s t a b l e  a l l u v i a l  channel and p r e d i c t i o n  of 

geomorphic changes i n  a s t ream bed d i f f i c u l t .  

S t a b l e  a l l u v i a l  channel design involves  t h e  concepts  of s t a t i c  and dyna- 

mic equi l ibr ium. S t a t i c  equi l ibr ium e x i s t s  when t h e  bed and banks of t h e  

a l l u v i a l  channel  a r e  n o t  i n  motion and it can be considered a s  a r i g i d  boun- 

dary system. This  cond i t i on  e x i s t s  a s  long a s  t h e  hydrodynamic fo rces  a r e  

l e s s  than  t h e  c r i t i c a l  o r  t h re sho ld  values.  Dynamic equi l ibr ium e x i s t s  when 

t h e  channel boundary i s  i n  motion such t h a t  t h e  sediment t a n s p o r t i n g  capac i ty  

i s  equal  t o  t h e  sediment supply r a t e .  According t o  Lane (1953), "A s t a b l e  

channel i s  an unl ined  e a r t h  channel ( a )  which c a r r i e s  water,  ( b )  t h e  banks and 

bed of which a r e  n o t  scoured objec t ionably  by moving water ,  and ( c )  i n  which 

ob jec t ionab le  depos i t s  of sediment do not  occur." This  d e f i n i t i o n  i s  based on 

dynamic equi l ibr ium concepts.  

Economies i n  c o s t  can o f t e n  be r e a l i z e d  by designing t h e  channel con- 

s i d e r i n g  t h e  processes  of e ros ion  and sedimentation, r a t h e r  than  a t tempt ing  t o  

c r e a t e  s t a b i l i t y  through expensive r i p r a p  o r  o t h e r  channel s t a b i l i z a t i o n  

measures. S t a t i c  equi l ibr ium concepts  a r e  app l i cab le  p r imar i ly  t o  gravel-  

cobble bed channel systems, while  dynamic equi l ibr ium concepts  must be u t i -  

l i z e d  i n  sand-bed channel systems. The s t a b l e  a l l u v i a l  channel design methods 

d iscussed  i n  t h i s  chapter  a r e  based p r imar i ly  on t h e  s t a t i c  equi l ibr ium con- 

c e p t  s i n c e  stream beds t h e  Eas te rn  Coal Province a r e  t y p i c a l l y  gravel-cobble 

t ype  systems. P a r t  2 w i l l  p r e sen t  design gu ide l ines  f o r  sand bed systems. 

6.2 Determination of Drainage P a t t e r n s  and Diversion Alignment 

Channel alignment i s  an important f e a t u r e  of channel design. Carefu l  

cons ide ra t ion  must be given t o  a l l  f a c t o r s  a f f e c t i n g  loca t ion ,  inc luding  com- 



pa r i son  of a l t e r n a t e  alignments.  Location of a  d ive r s ion  channel depends on 

t h e  a p p l i c a t i o n  and motive f o r  i t s  use. Diversions can be used t o  c o n t r o l  and 

manage t h e  drainage of a  mine s i t e  ( such  a s  i n t e r c e p t i o n  and d ivers ion  of sur-  

f a c e  r u n o f f ) ,  o r  t o  r e l o c a t e  and r e - e s t a b l i s h  stream channels  ( s e e  Sec t ion  

1 .4 ) .  I f  t h e  motive is management of s u r f a c e  drainage dur ing  mining t h e  

e x i s t i n g  drainage p a t t e r n s  must be e s t ab l i shed .  This  can be accomplished with 

a  good topographic map. I f  the  motive is  r e l o c a t i n g  o r  r e - e s t ab l i sh ing  a  

s t ream channel,  experience and engineer ing  judgment combined wi th  a  c a r e f u l  

study of  t h e  l o c a l  condi t ions  i s  requi red .  

Many f a c t o r s  a f f e c t  t h e  planned alignment of a  channel.  Topography, t h e  

s i z e  of t h e  proposed channel,  t h e  e x i s t i n g  channel,  t r i b u t a r y  junct ions,  

geologic  cond i t i ons ,  channel s t a b i l i t y ,  r i g h t s  of way, r equ i r ed  s t a b i l i z a t i o n  

measures, and o t h e r  phys i ca l  f e a t u r e s  e n t e r  i n t o  t h i s  dec is ion .  General r u l e s  

t o  fol low i n  determining d ive r s ion  channel alignment include:  ( 1 )  fol low t h e  

genera l  d i r e c t i o n  of n a t u r a l  drainageways, (2) provide r e l a t i v e l y  s t r a i g h t  

channels wi th  gradual  curves,  ( 3 )  make use of n a t u r a l  o r  e x i s t i n g  channels  

when poss ib l e ,  and (4) avoid uns t ab le  s o i l s  and o t h e r  n a t u r a l  condi t ions  t h a t  

i n c r e a s e  cons t ruc t ion  and maintenance c o s t s  (Schwab e t  a l . ,  1966). Channel 

alignment and t h e  use  of gradual  curves a r e  p a r t i c u l a r l y  important.  Gradual 

curves  minimize supere leva t ion  and p o s s i b l e  bank eros ion .  Fur ther  gu ide l ines  

f o r  channel alignment a r e  given by S o i l  Conservation Serv ice  (1977) Technical  

Release No. 25. 

The s h o r t e s t  alignment between two p o i n t s  may provide  t h e  most e f f i c i e n t  

hydraul ic  layout ,  b u t  it might n o t  meet a l l  t h e  o b j e c t i v e s  of t h e  channel 

improvement o r  g ive  due cons ide ra t ion  t o  t h e  l i m i t a t i o n s  imposed by c e r t a i n  

phys i ca l  f e a t u r e s .  The s h o r t e s t ,  w e l l  planned alignment should be used i n  

f l a t  topography i f  geologic  cond i t i ons  a r e  favorable  and i f  phys i ca l  and pro- 

p e r t y  boundaries  permit.  

A l t e rna t e  alignment should be considered i n  a r e a s  where geologic  con- 

d i t i o n s  p r e s e n t  a  s t a b i l i t y  problem. An a l t e r n a t e  alignment may l o c a t e  t h e  

channel i n  more s t a b l e  s o i l s .  In  some cases ,  t h e  alignment of t h e  e x i s t i n g  

channel may be s a t i s f a c t o r y  wi th  only minor changes. An alignment r e s u l t i n g  

i n  a  longer  channel may, t o  a  minor degree, he lp  t o  a l l e v i a t e  s t a b i l i t y  

problems. A longer  channel w i l l  decrease  t h e  energy g r a d i e n t  which, i n  t u r n ,  

w i l l  decrease  t h e  v e l o c i t i e s  and t r a c t i v e  fo rces .  



6.3 Al luv ia l  Channel Concepts 

The f l u v i a l  system, composed of watersheds and a l l u v i a l  channels ,  i s  a 

h ighly  complex system involving t h e  processes  of e ros ion  and sedimentat ion.  A 

conceptual  drawing of t h e  f l u v i a l  system i s  given i n  Figure 6.1. Erosion i n  

t h e  watersheds s u p p l i e s  p r imar i ly  f i n e  sediments t h a t  a r e  t r anspor t ed  by 

overland flow t o  t h e  a l l u v i a l  channel  system. Within t h e  a l l u v i a l  channel 

system, c o n s i s t i n g  of  streams, r i v e r s ,  and r e s e r v o i r s ,  t h e s e  f i n e  sediments 

a r e  t r a n s p o r t e d  downstream, i n  a d d i t i o n  t o  t h e  t r a n s p o r t  of coa r se r  sediments 

eroded from t h e  bed and banks of  t h e  a l l u v i a l  channel.  

A l l u v i a l  channel systems a r e  very dynamic i n  na tu re  and genera l ly  experi-  

ence s i g n i f i c a n t  changes i n  depth,  width, alignment and s t a b i l i t y  wi th  t ime, 

p a r t i c u l a r l y  dur ing  t h e  f loods  of long dura t ion .  The dynamic na tu re  of 

watershed and channel systems r e q u i r e s  t h a t  l o c a l  problems and t h e i r  s o l u t i o n s  

b e  considered i n  terms of t h e  e n t i r e  system. Natura l  and man-induced changes 

i n  a channel f requent ly  i n i t i a t e  responses t h a t  can be propagated f o r  long 

d i s t a n c e s  both upstream and downstream (Simons and Senturk, 1977). Successful  

s t ream and r i v e r  u t i l i z a t i o n  and water  resources  development r e q u i r e  a genera l  

knowledge of t h e  e n t i r e  watershed and r i v e r  system and t h e  processes  a f f e c t i n g  

it. Understanding p o t e n t i a l  changes r e q u i r e s  a knowledge of t h e  p r i n c i p l e s  of 

e ros ion ,  sedimentat ion,  and sediment t r a n s p o r t  processes .  

6.3.1 General Sediment Transport  Theory 

The amount of m a t e r i a l  t ranspor ted ,  eroded, o r  depos i ted  i n  an a l l u v i a l  

channel  is  a func t ion  of sediment supply and channel t r a n s p o r t  capac i ty .  

Sediment supply inc ludes  t h e  q u a l i t y  and q u a n t i t y  of sediment brought t o  a 

given reach.  Transport  capac i ty  involves  t h e  s i z e  of bed ma te r i a l ,  flow r a t e ,  

and geometric and hydraul ic  p r o p e r t i e s  of t h e  channel. Both t h e  supply r a t e  

and t h e  t r a n s p o r t  capac i ty  may l i m i t  t h e  a c t u a l  sediment t r a n s p o r t  r a t e  i n  a 

given reach. 

The t o t a l  sediment load i n  a stream i s  t h e  sum of t h e  bed-material  load 

and wash load. The bed-material  l oad  is  t h a t  p a r t  of t h e  t o t a l  sediment 

d ischarge  which i s  composed of g ra in  s i z e s  found i n  t h e  bed. The wash load is  

t h a t  p a r t  composed of p a r t i c l e  s i z e s  f i n e r  than those  found i n  app rec i ab le  

q u a n t i t i e s  i n  t he  bed (Simons and Senturk, 1977). Wash load can inc rease  bank 

s t a b i l i t y ,  reduce seepage and inc rease  bed-material  t r a n s p o r t  and can be 

e a s i l y  t r anspor t ed  i n  l a r g e  q u a n t i t i e s  by the  stream, bu t  is  usua l ly  l i m i t e d  



Figure 6.1. Watershed-river system. 



by a v a i l a b i l i t y  from t h e  wate r shed  and  banks. The bed-mate r ia l  l o a d  is  more 

d i f f i c u l t  f o r  t h e  s t r e a m  t o  move and i s  l i m i t e d  i n  q u a n t i t y  by t h e  t r a n s p o r t  

c a p a c i t y  o f  t h e  channel .  

Sediment p a r t i c l e s  a r e  t r a n s p o r t e d  by t h e  f low i n  one o r  more o f  t h e  

f o l l o w i n g  ways: ( 1 )  s u r f a c e  c r e e p ,  ( 2 )  s a l t a t i o n ,  and ( 3 )  suspension.  

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

i s  t h e  c y c l e  of motion above t h e  bed w i t h  r e s t i n g  p e r i o d s  on t h e  bed. Suspen- 

s i o n  i n v o l v e s  t h e  sediment  p a r t i c l e  b e i n g  s u p p o r t e d  by t h e  w a t e r  d u r i n g  i ts  

e n t i r e  motion. Sediments t r a n s p o r t e d  by s u r f a c e  c r e e p ,  s l i d i n g ,  r o l l i n g  and 

s a l t a t i o n  are r e f e r r e d  t o  as bed  load ,  and  t h o s e  t r a n s p o r t e d  by suspens ion  are 

c a l l e d  suspended load .  The suspended l o a d  c o n s i s t s  of sands ,  silts,  and  

c l a y s .  The bed-mate r ia l  l o a d  is  t h e  sum of bed l o a d  and  suspended bed- 

m a t e r i a l  load .  

6.3.2 Stream Form and  C l a s s i f i c a t i o n  

Streams and  r i v e r s  can  be c l a s s i f i e d  b road ly  i n  t e r m s  o f  channe l  p a t t e r n ,  

t h a t  is, t h e  c o n f i g u r a t i o n  o f  t h e  r i v e r  a s  viewed on a map o r  from t h e  air .  

P a t t e r n s  i n c l u d e  s t r a i g h t ,  meandering, b r a i d e d ,  o r  some combinat ion of t h e s e  

( F i g u r e  6 . 2 ) .  

6.3.2.1 S t r a i g h t  Channels 

A s t r a i g h t  channe l  can  be  d e f i n e d  as one t h a t  does  n o t  f o l l o w  a s i n u o u s  

course .  Leopold and Wolman (1957)  have p o i n t e d  o u t  t h a t  t r u l y  s t r a i g h t  chan- 

n e l s  a r e  r a r e  i n  n a t u r e .  Although a s t r e a m  may have r e l a t i v e l y  s t r a i g h t  

banks ,  t h e  thalweg, o r  p a t h  o f  g r e a t e s t  d e p t h  a l o n g  t h e  channe l ,  i s  u s u a l l y  

s i n u o u s  ( F i g u r e  6 .2b) .  A s  a  r e s u l t ,  t h e r e  i s  no s i m p l e  d i s t i n c t i o n  between 

s t r a i g h t  and  meandering channe l s .  

The s i n u o s i t y  o f  a s t r e a m  o r  r i v e r ,  t h e  r a t i o  o f  t h e  tha lweg  l e n g t h  t o  

down v a l l e y  d i s t a n c e ,  i s  most o f t e n  used t o  d i s t i n g u i s h  between s t r a i g h t  and 

meandering channe l s .  S i n u o s i t y  v a r i e s  from a v a l u e  o f  u n i t y  t o  a v a l u e  o f  

t h r e e  o r  more. Leopold, Wolman, and M i l l e r  (1964)  took a s i n u o s i t y  o f  1.5 a s  

t h e  d i v i s i o n  between meandering and s t r a i g h t  channe l s .  It s h o u l d  be  n o t e d  

t h a t  i n  a s t r a i g h t  r e a c h  w i t h  a s i n u o u s  thalweg developed between a l t e r n a t e  

b a r s  ( F i g u r e  6 .2b)  a sequence o f  sha l low c r o s s i n g s  and deep p o o l s  is  

e s t a b l i s h e d  a l o n g  t h e  channel .  



a )  Broided b) Stroight c) Meondering 

Figure 6 .2 .  River channel patterns. 



6.3.2.2 The Braided Stream 

A braided stream o r  r i v e r  is  gene ra l ly  wide wi th  poorly def ined  and 

uns t ab le  banks, and i s  cha rac t e r i zed  by a s teep ,  shallow course  with mul t ip le  

channel d i v i s i o n s  around a l l u v i a l  i s l a n d s  (F igure  6 .2a ) .  Braiding was s tud ied  

by Leopold and Wolman (1957) i n  a labora tory  flume. They concluded t h a t  

b r a i d i n g  i s  one of many p a t t e r n s  which can maintain quasi-equi l ibr ium among 

t h e  v a r i a b l e s  of discharge,  sediment load, and t r a n s p o r t i n g  a b i l i t y .  Lane 

(1957) concluded t h a t ,  genera l ly ,  t h e  two primary causes t h a t  may be respon- 

s i b l e  f o r  t h e  bra ided  condi t ion  a re :  ( 1 )  overloading, t h a t  is, t h e  s t ream may 

be suppl ied  wi th  more sediment than  it can c a r r y ,  r e s u l t i n g  i n  depos i t ion  of 

p a r t  of t h e  load, and ( 2 )  s t e e p  s lopes ,  which produce a wide shallow channel 

where b a r s  and i s l a n d s  form r e a d i l y .  

E i t h e r  of t h e s e  f a c t o r s  a lone,  o r  both i n  conce r t ,  could  be r e spons ib l e  

f o r  a bra ided  p a t t e r n .  I f  t h e  channel i s  overloaded wi th  sediment, depos i t i on  

occurs ,  t h e  bed aggrades,  and t h e  s l o p e  of t h e  channel i nc reases  i n  an  e f f o r t  

t o  maintain a graded condit ion.  A s  t h e  channel s teepens ,  t h e  v e l o c i t y  

i nc reases ,  mu l t ip l e  channels  develop and cause t h e  o v e r a l l  channel system t o  

widen. The mul t ip l e  channels ,  which form when ba r s  of sediment accumulate 

w i th in  the  main channel, a r e  genera l ly  uns t ab le  and change p o s i t i o n  with both 

time and s t age .  

Another cause of b ra id ing  i s  e a s i l y  eroded banks. I f  t h e  banks a r e  

e a s i l y  eroded, t h e  s t ream widens a t  h igh  flow and a t  low flow b a r s  form which 

become s t a b i l i z e d ,  forming i s l ands .  In  genera l ,  then,  a bra ided  channel has a 

s t e e p  s lope ,  a l a r g e  bed-material  load  i n  comparison wi th  i ts  suspended load,  

and r e l a t i v e l y  smal l  amounts of s i l ts  and c l ay  i n  t h e  bed and banks. 

6.3.2.3 The Meandering Channel 

A meandering channel i s  one t h a t  c o n s i s t s  of a l t e r n a t i n g  bends, g iv ing  an  

S-shaped appearance t o  t h e  p l an  view of t h e  stream o r  r i v e r  (F igu re  6 . 2 ~ ) .  

More p r e c i s e l y ,  Lane (1957) concluded t h a t  a meandering s t ream i s  one whose 

channel alignment c o n s i s t s  p r i n c i p a l l y  of pronounced bends, t h e  shapes of 

which have - no t  been determined predominantly by t h e  vary ing  na tu re  of t h e  

t e r r a i n  through which the  channel passes .  The meandering s t ream o r  r i v e r  con- 

sists of a s e r i e s  of deep pools  i n  t h e  bends and shallow c ros s ings  i n  t h e  

s h o r t  s t r a i g h t  reach  connect ing t h e  bends. The thalweg flows from a pool  



th rough  a c r o s s i n g  t o  t h e  n e x t  poo l ,  forming t h e  t y p i c a l  S curve  o f  a  s i n g l e  

meander loop.  

A s  shown s c h e m a t i c a l l y  i n  F i g u r e  6 .2 ,  t h e  p o o l s  t e n d  t o  be  somewhat tri- 

a n g u l a r  i n  s e c t i o n  w i t h  p o i n t  b a r s  l o c a t e d  on  t h e  i n s i d e  o f  t h e  bend. I n  t h e  

c r o s s i n g  t h e  channe l  t e n d s  t o  be  more r e c t a n g u l a r ,  w i d t h s  a r e  g r e a t e r  and 

d e p t h s  a r e  r e l a t i v e l y  sha l low.  A t  low f lows  t h e  l o c a l  s l o p e  is  s t e e p e r  and 

v e l o c i t i e s  a r e  l a r g e r  i n  t h e  c r o s s i n g  t h a n  i n  t h e  poo l .  A t  low s t a g e s  t h e  

tha lweg  i s  l o c a t e d  very c l o s e  t o  t h e  o u t s i d e  o f  t h e  bend. A t  h i g h e r  s t a g e s ,  

t h e  tha lweg  t e n d s  t o  s t r a i g h t e n .  More s p e c i f i c a l l y  t h e  tha lweg  moves away 

from t h e  o u t s i d e  o f  t h e  bend, encroach ing  on t h e  p o i n t  b a r  t o  some degree .  I n  

t h e  extreme c a s e ,  t h e  s h i f t i n g  o f  t h e  c u r r e n t  c a u s e s  c h u t e  channe l s  t o  develop 

a c r o s s  t h e  p o i n t  b a r  a t  h igh  s t a g e s .  

6 . 3 . 3  Bed and Bank M a t e r i a l  

Bed m a t e r i a l  i s  t h e  sediment  m i x t u r e  o f  which t h e  s t reambed is composed. 

Bed m a t e r i a l  r a n g e s  i n  s i z e  from huge b o u l d e r s  many f e e t  i n  d iamete r  t o  f i n e  

c l a y  p a r t i c l e s .  The e r o d i b i l i t y  o r  s t a b i l i t y  o f  a  channe l  l a r g e l y  depends on 

t h e  s i z e  o f  p a r t i c l e s  i n  t h e  bed. It i s  o f t e n  n o t  s u f f i c i e n t  t o  j u s t  know t h e  

median bed-mate r ia l  s i z e  (D ) i n  d e t e r m i n i n g  t h e  p o t e n t i a l  f o r  d e g r a d a t i o n ;  
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knowledge of t h e  bed-mate r ia l  s i z e  d i s t r i b u t i o n  i s  impor tan t .  A s  w a t e r  f lows  

o v e r  t h e  bed, s m a l l e r  p a r t i c l e s  t h a t  a r e  more e a s i l y  t r a n s p o r t e d  a r e  c a r r i e d  

away, w h i l e  l a r g e r  p a r t i c l e s  remain,  armoring t h e  bed. The a rmor ing  p r o c e s s  

i s  a n  i m p o r t a n t  concep t  f o r  u n d e r s t a n d i n g  a l l u v i a l  channe l  r esponse .  

The armoring p r o c e s s  b e g i n s  a s  t h e  nonmmoving c o a r s e r  p a r t i c l e s  s e g r e g a t e  

from t h e  f i n e r  m a t e r i a l  i n  t r a n s p o r t .  The c o a r s e r  p a r t i c l e s  a r e  g r a d u a l l y  

worked down i n t o  t h e  bed, where t h e y  accumulate  i n  a  s u b l a y e r .  T h i s  g e n e r a l l y  

r e p r e s e n t s  t h e  l o w e s t  l e v e l  t o  which t h e  bed i s  t u r n e d  o v e r  by t h e  bed form 

movement t h a t  accompanies t h e  t r a n s p o r t  p r o c e s s .  F i n e  bed m a t e r i a l  is leached  

u p  th rough  t h i s  c o a r s e  s u b l a y e r  t o  augment t h e  m a t e r i a l  i n  t r a n s p o r t .  A s  

movement c o n t i n u e s  and d e g r a d a t i o n  p r o g r e s s e s ,  a n  i n c r e a s i n g  number of non- 

moving p a r t i c l e s  accumulate  i n  t h e  s u b l a y e r .  T h i s  accumulat ion i n t e r f e r e s  

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

s u b l a y e r  i s  n o t  main ta ined  a t  i t s  former  i n t e n s i t y .  E v e n t u a l l y ,  enough c o a r s e  

p a r t i c l e s  accumulate  t o  s h i e l d ,  o r  "armor" t h e  e n t i r e  bed s u r f a c e  ( P l a t e  6 .3) .  

When f i n e s  can no l o n g e r  be l e a c h e d  from t h e  u n d e r l y i n g  bed,  d e g r a d a t i o n  i s  



Plate 6.3. Typical armoring situation. 



a r r e s t ed .  Th i s  f i n a l  cond i t i on  i s  s i m i l a r  t o  a r iprapped  channel with a gra- 

n u l a r  f i l t e r  l aye r .  

Examination of t y p i c a l  armor l a y e r s  r e v e a l s  s e v e r a l  important  

c h a r a c t e r i s t i c s :  

1. Less  t han  a s i n g l e  complete covering l a y e r  of l a r g e r  g rave l  p a r t i c l e s  
seems t o  s u f f i c e  f o r  a t o t a l  armoring e f f e c t  f o r  a p a r t i c u l a r  discharge.  

2. A n a t u r a l  " f i l t e r "  apparent ly  develops between t h e  l a r g e r  s u r f a c e  par- 
t i c l e s  and t h e  subsur face  m a t e r i a l  t o  prevent  l each ing  of t h e  underlying 
f i n e s .  

3. The sh ing led  arrangement of s u r f a c e  p a r t i c l e s  is  no t  r e s t r i c t e d  t o  t h e  
l a r g e r  m a t e r i a l  b u t  seems ev iden t  throughout t h e  g rave l  grada t ion .  

An armor l a y e r  s u f f i c i e n t  t o  p r o t e c t  t h e  bed a g a i n s t  moderate d ischarges  can 

be  d i s r u p t e d  du r ing  high flow, b u t  may be r e s t o r e d  a s  f lows diminish.  It i s  

ev iden t  t h a t  an  armor l a y e r  w i l l  t end  t o  accumulate i n  a r e a s  of n a t u r a l  scour  

i n  t h e  channel  o r  stream, such a s  on t h e  upstream end of i s l a n d s  and ba r s .  

Bank m a t e r i a l  i s  i n  genera l  made up of sma l l e r  o r  t h e  same s i z e d  par-  

t i c l e s  a s  t h e  bed. Thus, banks a r e  o f t e n  more e a s i l y  eroded than  t h e  bed 

u n l e s s  p r o t e c t e d  by vegeta t ion ,  cohesiveness ,  o r  some type  of man-made pro tec-  

t i o n .  Stream banks can be c l a s s i f i e d  according t o  s t a b i l i t y  by cons ide ra t ion  

o f  vege ta t ion ,  cohesiveness ,  frequency of p r o t e c t i o n ,  l a t e r a l  migrat ion ten-  

denc ie s  of t h e  stream, e t c .  

6 . 3 . 4  Lane Rela t ion  

A b a s i c  phys i ca l  process  t h a t  occurs  i n  a s t ream i s  i t s  p u r s u i t ,  i n  t h e  

long run ,  of a balance between t h e  product  of water flow and channel s lope  and 

t h e  product  of sediment d ischarge  and s i z e . .  The most widely known geomorphic 

r e l a t i o n  embodying t h e  equi l ibr ium concept i s  known a s  Lane 's  p r i n c i p l e  

(F igu re  6 . 3 ) .  

Lane (1953) s tud ied  t h e  changes i n  r i v e r  morphology caused by modifica- 

t i o n s  of water and sediment d ischarges .  S imi l a r  bu t  more comprehensive t r e a t -  

ments of channel response t o  changing cond i t i ons  i n  r i v e r s  have been presented  

by Leopold and Maddock ( 1953),  and o t h e r s .  A l l  r e sea rch  r e s u l t s  support  t h e  

fo l lowing  genera l  s ta tements:  

1 .  Depth of flow i s  d i r e c t l y  p ropor t iona l  t o  water d i scharge  and inve r se ly  
p ropor t iona l  t o  sediment discharge.  



Figure 6.3. Schematic of the Lane relationship 
for qualitative analysis. 



Width of channe l  i s  d i r e c t l y  p r o p o r t i o n a l  t o  water d i s c h a r g e  and  t o  s e d i -  
ment d i s c h a r g e .  

Shape o f  channe l  e x p r e s s e d  as  width-depth r a t i o  i s  d i r e c t l y  r e l a t e d  t o  
sed iment  d i scharge .  

Meander wavelength  i s  d i r e c t l y  p r o p o r t i o n a l  t o  w a t e r  d i s c h a r g e  and  t o  
sed iment  d i scharge .  

S lope  o f  s t r e a m  channel  is i n v e r s e l y  p r o p o r t i o n a l  t o  w a t e r  d i s c h a r g e  and  
d i r e c t l y  p r o p o r t i o n a l  t o  sed iment  d i s c h a r g e  and g r a i n  s i z e .  

S i n u o s i t y  of s t ream channe l  i s  p r o p o r t i o n a l  t o  v a l l e y  s l o p e  and  i n v e r s e l y  
p r o p o r t i o n a l  t o  sed iment  d i s c h a r g e .  

These  r e l a t i o n s  w i l l  h e l p  t o  de te rmine  t h e  r e s p o n s e  o f  any water-conveying 

c h a n n e l  t o  change. 

A mathemat ical  s t a t e m e n t  o f  t h e  above p r i n c i p l e s  i s  (Lane,  1953) :  

QS QsD50 (6 .1 )  

where Q is t h e  w a t e r  d i s c h a r g e ,  S is t h e  channe l  s l o p e ,  
Qs 

i s  t h e  s e d i -  

ment d i s c h a r g e  and  D i s  t h e  median d iamete r  of t h e  bed m a t e r i a l .  
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6.3.5 S h i e l d s '  R e l a t i o n  

An e v a l u a t i o n  of r e l a t i v e  s t a b i l i t y  can  be  made by e v a l u a t i n g  t h e  i n c i -  

p i e n t  motion paramete rs .  The d e f i n i t i o n  o f  i n c i p i e n t  motion i s  based  on t h e  

c r i t i c a l  o r  t h r e s h o l d  c o n d i t i o n  where t h e  hydrodynamic f o r c e s  a c t i n g  on t h e  

g r a i n  o f  sed iment  p a r t i c l e s  have reached  a v a l u e  t h a t ,  i f  i n c r e a s e d  even 

s l i g h t l y ,  w i l l  move t h e  g r a i n .  Under c r i t i c a l  c o n d i t i o n s ,  o r  a t  i n c i p i e n t  

motion,  t h e  hydrodynamic f o r c e s  a c t i n g  on  t h e  g r a i n  a r e  j u s t  b a l a n c e d  by t h e  

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

many geomorphic and  h y d r a u l i c  problems such  a s  l o c a l  s c o u r ,  s l o p e  s t a b i l i t y ,  

s t a b l e  channel  d e s i g n ,  e t c .  These problems can o n l y  be hand led  when t h e  

t h r e s h o l d  of sediment  motion i s  f u l l y  unders tood.  

The b e g i n n i n g  of motion o f  bed m a t e r i a l  i s  known t o  b e  a f u n c t i o n  of t h e  

d i m e n s i o n l e s s  number ( s e e  Simons and  Senturk , 1977) . 

where T i s  t h e  c r i t i c a l  boundary s h e a r  s t r e s s ,  
Y S  

and y a r e  t h e  s p e c i -  
C 

f i c  w e i g h t s  o f  t h e  sediment  and wate r ,  r e s p e c t i v e l y ,  and D i s  a charac -  
S 

t e r i s t i c  d iamete r  o f  t h e  sed iment  p a r t i c l e .  T h i s  pa ramete r  (F,) i s  o f t e n  



r e f e r r e d  t o  a s  t h e  Shie lds  parameter.  Sh ie lds  determined a  g raph ica l  r e l a -  

t i o n s h i p  between t h i s  parameter and t h e  shear  v e l o c i t y  Reynolds number (R,) 

f o r  d e f i n i n g  i n c i p i e n t  motion (F igu re  6 . 4 ) .  This  r e l a t i o n s h i p ,  known a s  t h e  

Sh ie lds  diagram, was developed by measuring bed-load t r a n s p o r t  f o r  va r ious  

va lues  of -r/(yS - y D a t  l e a s t  twice a s  l a r g e  a s  t h e  c r i t i c a l  va lue  and 
S 

t hen  e x t r a p o l a t i n g  t o  t h e  p o i n t  of vanishing bed load. This  i n d i r e c t  proce- 

dure  was used t o  avoid t h e  imp l i ca t ions  of t h e  random o r i e n t a t i o n  of g r a i n s  

and v a r i a t i o n s  i n  l o c a l  flow cond i t i ons  t h a t  may r e s u l t  i n  g r a i n  movement even 

when T / ( Y  - y 1 D is  considerably below t h e  c r i t i c a l  value.  
s 

I n  t h e  reg ion  where R, is  70-500 t h e  boundary is  completely rough and 

F, i s  considered independent of  R,. Numbers f o r  t h e  cons t an t  value of F, 

i n  t h i s  region range from 0.047 t o  0.060, o r  

6.3.6 Sediment Transport  Equations 

Sediment t r a n s p o r t  equat ions  a r e  used t o  determine t h e  sediment t r a n s p o r t  

capac i ty  f o r  a  s p e c i f i c  s e t  of flow condi t ions .  Many formulas have been deve- 

loped s i n c e  DuBoys f i r s t  p resented  h i s  t r a c t i v e  f o r c e  equat ion  i n  1879. The 

f i r s t  s t e p  i n  eva lua t ing  sediment t r a n s p o r t  i s  t o  s e l e c t  one o r  more of t h e  

a v a i l a b l e  equat ions  f o r  use  i n  s o l v i n g  t h e  given problem. The s e l e c t i o n  i s  

n o t  s t r a igh t fo rward ,  s i n c e  t h e  r e s u l t s  of d i f f e r e n t  formulas can g ive  

d r a s t i c a l l y  d i f f e r e n t  r e s u l t s ,  and it i s  usua l ly  no t  p o s s i b l e  t o  p o s i t i v e l y  

determine t h e  one provid ing  t h e  b e s t  r e s u l t .  Addi t iona l ly ,  some of t h e  

methods a r e  considerably more complex than  o the r s .  The i n i t i a l  cons ide ra t ion  

i s  t o  dec ide  what p o r t i o n  of t h e  sediment t r a n s p o r t  needs t o  be est imated.  I f  

it is d e s i r a b l e  t o  know t h e  c o n t r i b u t i o n  of t h e  bed load  and t h e  suspended 

load  t o  t h e  bed-material  discharge,  formulas f o r  each a r e  ava i l ab l e .  Other 

formulas provide  d i r e c t  de te rmina t ion  of t h e  bed-material  discharge.  A common 

f e a t u r e  of a l l  sediment t r a n s p o r t  equat ions  i s  t h a t  t h e  washload i s  no t  

included s i n c e  it i s  governed by upstream supply. 

A second cons ide ra t ion  i n  dec id ing  what formula(s )  t o  use i s  t h e  type  of 

s t ream o r  r i v e r  condi t ions  t h a t  e x i s t .  It is important  t o  s e l e c t  a  formula 

t h a t  was developed under cond i t i ons  s i m i l a r  t o  t hose  of t h e  given problem. 

For example, some formulas were developed from d a t a  c o l l e c t e d  i n  sand-bed 



Figure 6.4. Shie lds '  Diagram. 



streams where most of t h e  sediment t r anspor t  was suspended load, while o the r  

equations a r e  based on condit ions of predominantly bed-load t ranspor t .  

In  add i t ion  t o  t h e  use of purely a n a l y t i c a l  o r  empirical  formulas, the re  

a r e  methods ava i l ab le  f o r  evaluat ing  t h e  bed-material discharge based on 

measured suspended load and o the r  normal stream flow measurements. BY use of 

observed data  these  r e s u l t s  a r e  usual ly  more accura te  and r e l i a b l e  than those 

given by o the r  formulas. Unfortunately, measured da ta  a r e  o f t e n  not  ava i l ab le  

f o r  t h e  des i red  stream locat ion ,  o r  the  da ta  a r e  not  r ecen t  enough o r  of long 

enough dura t ion  t o  provide s u f f i c i e n t  accuracy. 

Considering these  f a c t o r s ,  t h e  r e l a t ionsh ip  i s  presented below is recom- 

mended f o r  app l i ca t ion  i n  OSM Regions I and 11. It i s  a  commonly used and 

wel l  accepted method f o r  computing t h e  bed-material discharge i n  a  cobble-bed 

stream. In using any sediment t r anspor t  methodology, considerat ion should be 

given t o  so lu t ion  by s i z e  f r ac t ion .  Dif ferent  t r a n s p o r t  c a p a c i t i e s  can be 

expected f o r  d i f f e r e n t  sediment s i z e s  and some l o s s  i n  accuracy may r e s u l t  

from a  ca lcu la t ion  based on a  s i n g l e  representa t ive  gra in  s i ze .  Solut ion of 

t h e  t o t a l  bed-material discharge by s i z e  f r a c t i o n  ana lys i s  i s  based on 

weighted average of t h e  sediment t r anspor t  f o r  each given s i ze .  

Meyer-Peter, Muller Equation. The Meyer-Peter, Muller Equation (MPM) is  

a  simple and commonly used equation f o r  evaluat ing  the  bed mate r i a l  t r anspor t  

i n  a  cobble-bed stream. Most of t h e  da ta  used i n  developing t h e  equation were 

obtained i n  flows with l i t t l e  o r  no suspended load. A common form of t h e  

equation i s  ( U .  S. Bureau of Reclamation, 1960) : 

where 
qb is t h e  bed-load t r anspor t  r a t e  i n  volume per  u n i t  width f o r  a  spe- 

c i f i c  s i z e  of sediment, 
'lo 

is  t h e  t r a c t i v e  fo rce  (boundary shear  s t r e s s ) ,  

T i s  t h e  c r i t i c a l  t r a c t i v e  force ,  p i s  t h e  dens i ty  of water and y is  
C s 

t h e  s p e c i f i c  weight of sediment. The c r i t i c a l  t r a c t i v e  fo rce  i s  defined by 

t h e  Shie lds  parameter (Equation 6 . 2 ) .  The t r a c t i v e  fo rce  o r  boundary shear  

s t r e s s  a c t i n g  under t h e  given flow condit ions i s  defined by 



where p is t h e  d e n s i t y  of  t h e  f lowing water  and f  is t h e  Darcy-Weisbach 

f r i c t i o n  f a c t o r .  

A genera l  form of t h e  MPM equat ion  was presented  by Shen (1971) a s  

i n  which a  and b4 a r e  cons t an t s .  When t h e  cons t an t s  i n  t h i s  equat ion  a r e  
4  

c a l i b r a t e d  wi th  f i e l d  d a t a ,  good r e s u l t s  a r e  u sua l ly  obtained.  

6.4 S t a b l e  A l luv ia l  Channel Design - Method of Maximum Permiss ib le  Veloc i ty  

6.4.1 General Procedure 

Two major v a r i a b l e s  a f f e c t i n g  channel design and sediment t r a n s p o r t  a r e  

v e l o c i t y  and shea r  s t r e s s .  In  r e a l i t y ,  determining shea r  s t r e s s  i s  usua l ly  

d i f f i c u l t .  Therefore,  v e l o c i t y  i s  o f t e n  accepted a s  t h e  most important  f a c t o r  

when designing s t a b l e  a l l u v i a l  channels  u s ing  t h e  s t a t i c  equi l ibr ium approach. 

The procedure i s  based on t h e  cond i t i on  t h a t  i f  t h e  adopted mean v e l o c i t y  i s  

lower than  maximum pe rmis s ib l e  v e l o c i t y  ( o r  t h e  nonerodible  v e l o c i t y ) ,  t h e  

channel i s  assumed t o  be s t a b l e  ( F o r t i e r  and Scobey, 1926).  

Appreciable work has  been devoted t o  developing t h e  pe rmis s ib l e  v e l o c i t y  

approach. Many l i m i t s  have been suggested f o r  t h e  pe rmis s ib l e  v e l o c i t y  under 

given condi t ions ;  however, experience has  i d e n t i f i e d  d i sc repanc ie s  i n  t h e s e  

va lues .  For example, channels ca r ry ing  sediment may be s t a b l e  a t  v e l o c i t i e s  

h ighe r  t han  t h e  given l i m i t i n g  v e l o c i t y .  Consequently F o r t i e r  and Scobey 

(1926) in t roduced  a  c e r t a i n  i n c r e a s e  i n  t h e i r  l i s t e d  va lues  of maximum 

pe rmis s ib l e  v e l o c i t i e s  when water was t r a n s p o r t i n g  c o l l o i d a l  s i l t .  The 

au tho r s  emphasized t h e  importance of e x e r c i s i n g  judgment on each p a r t i c u l a r  

problem. Subsequently t h e s e  l i m i t s  were recommended by a  Spec ia l  Committee on 

I r r i g a t i o n  Research, ASCE. Since then  many des igns  have been based on t h e i r  

suggested pe rmis s ib l e  v e l o c i t i e s .  

Table  6.1 a  summarizes t h e  pe rmis s ib l e  v e l o c i t i e s  given by F o r t i e r  and 

Scobey. Other t a b u l a r  l i s t i n g s  of  permiss ib le  v e l o c i t y  a r e  given i n  Tables  

6 . lb ,  6 . l c  and 6. ld.  

The des ign  procedure f o r  a  t r a p e z o i d a l  channel u s ing  t h e  maximum per- 

mi s s ib l e  v e l o c i t y  c o n s i s t s  of t h e  fo l lowing  s t e p s  (Chow, 1959): 



Table 6 . l a .  Maximum Permissible Veloci t ies  Tables 
by F o r t i e r  and Scobey ( 1 9 2 6 ) .  

Mean ve loc i ty  of canals  a f t e r  aging (dZ3 f t )  
Water 

t ranspor t ing  
Water noncolloidal  

Or ig inal  Material 
t r anspor t ing  silts,  sands 

Clear water, c o l l o i d a l  gravels  o r  
Excavated no d e t r i t u s  si l t  rock fragments 
For Canals n f t / s e c  m/sec f t / s e c  m/sec f t / s e c  m/sec 

1. Fine sand 
( c o l l o i d a l )  0.02 1.5 0.46 2 .50 0.76 1 .50 0.46 

2. Sandy loam 
(noncolloidal)  0.02 1.45 0.53 2.50 0 .76  2.00 0.6 1 

3 .  S i l t  loam 
(noncol lo idal )  0.02 2.00 0.61 3.00 0.91 2.00 0.61 

4 .  Al luvia l  si l t  
when noncolloidal 0.0 2 2.00 0.61 3.50 1.07 2.00 0.61 

5. Ordinary f irm loam 0.02 2.50 0.76 3.50 1 .07 2.25 0.69 

6 .  Volcanic ash 0.02 2.50 0.76 3.50 1.07 2.00 0.6 1 

7 .  Fine gravel  0.02 2.50 0.76 5.00 1.52 3.75 1.14 

8. S t i f f  c lay  (very 
c o l l o i d a l  ) 0.025 3.75 1.14 5.00 1.52 3.00 0.9 1 

9 .  Graded, loam t o  
cobbles, when 
noncolloidal  0 .03  3.75 1.14 5.00 1.52 5.00 1.52 

10. Al luvia l  s i l t  
when c o l l o i d a l  0.025 3.75 1.14 5 . O O  1 .52 3.00 0.9 1 

11. Graded, s i l t  t o  
cobbles, when 
c o l l o i d a l  0 .03  4.00 1.22 5.50 1.68 5.00 1.52 

12. Coarse gravel  
( noncolloidal)  0.025 4.00 1.22 6 .00  1.83 6.50 1 .98  

13. Cobbles and 
shingles  0.035 5.00 1.52 5.50 1.68 6 .50  1.98 

14. Shales and 
hard pans 0.025 6.00 1 .83  6.00 1.83 5.00 1.52 



T a b l e  6.lb. Maximum P e r m i s s i b l e  V e l o c i t i e s  T a b l e s  
by E tchever ry  ( 1916) . 

Material 
Mean V e l o c i t y  

(fps) 

Very l i g h t  p u r e  s a n d  of qu icksand  c h a r a c t e r  

Very l i g h t  loose s a n d  

Coarse  s a n d  o r  l i g h t  sandy s o i l  1.50- 2.00 

Average sandy s o i l  

Sandy loam 

Average loam, a l l u v i a l  s o i l ,  v o l c a n i c  a s h  s o i l  

Fi rm loam, c l a y  loam 

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

Coarse  g r a v e l ,  c o b b l e s ,  s h i n g l e s  5.00- 6.00 

Conglomerates,  cemented g r a v e l ,  s o f t  s l a t e ,  tough hard-pan,  
s o f t  sed imenta ry  rock 6.00- 8.00 

Hard rock  10.00-15.00 

C o n c r e t e  15.00-20.00 



Table 6. l c .  Maximum Permiss ib le  V e l o c i t i e s  ~ a b l e s l  
by U.S. Army Off i ce  (1970).  

Channel Ma te r i a l  
Mean Channel 

Veloc i ty  ( f p s )  

Find sand 
Coarse sand 
Fine  gravel2 
Ea r th  

Sandy si l t  
S i l t  c l a y  
Clay 

Grass- l ined e a r t h  ( s lopes  < 5%13 
Bermuda g r a s s  - sandy silt - silt  c l a y  
Kentucky Blue Grass - sandy s i l t  

- si l t  c l a y  
Poor rock ( u s u a l l y  sedimentary) 

S o f t  sandstone 
Sof t s h a l e  

Good rock ( u s u a l l y  igneous o r  ha rd  
metamorphic)* 

l ~ a s e d  on TM 5-886-4 and CE Hydraulic Design 
Conferences of 1958-1960. 

2 ~ o r  p a r t i c l e s  l e s s  than  f i n e  g rave l  (about  20 mm = 
3/4 i n .  1 .  

3 ~ e e p  v e l o c i t i e s  l e s s  t han  5.0 f p s  un le s s  good 
cover  and proper  maintenance can be obtained.  

*May be  used wi th  judgment i n  durable  bedrock. 



Table 6. ld. Formulas f o r  Maximum Permissible Velocity f o r  Canals 
Constructed i n  Alluvium. 

1 -  Mavis, e t  a l .  (1937) 

D = s i z e  of p a r t i c l e  i n  mil l imeters  
(Vb) = Maximum permissible ve loc i ty  a t  t h e  bottom, f t / s e c  

f's = dens i ty  of p a r t i c l e  i n  lb-sec2/f t4 

p = densi ty  of water i n  lb-sec2/f t4 

2. Carstens (1966) 

a = s lope  of p lane  bed, English un i t s .  
4 = n a t u r a l  angle  of repose 

3. Neil1 (1967) 

D  
-0.20 

p e r  = 2.5 (2) 
s 

(-- - 1) g D  
P 

d = flow depth, f t  
English un i t s .  

4. Mixtskhulava, T. E. 

Metric u n i t s  a r e  required, 
D > 2 m  

and 

v = Maximum permissible mean ve loc i ty  i n  q s  
Per  



1 .  For t h e  given k ind  of  m a t e r i a l  forming t h e  channel  body, e s t ima te  t h e  
roughness c o e f f i c i e n t  n (Sec t ion  4.51, s i d e  s lope  z (Table 4.3) ,  and 
t h e  maximum pe rmis s ib l e  v e l o c i t y  V. 

2. Compute t h e  hydrau l i c  r a d i u s  R by t h e  Manning formula (Equation 4.13) . 
3 .  Compute t h e  water  a r e a  r equ i r ed  by t h e  given d ischarge  and pe rmis s ib l e  

v e l o c i t y ,  o r  A = Q/V. 

4.  Compute t h e  wetted perimeter ,  o r  P = A/R. 

5. Using t h e  express ions  f o r  A and P from Table 4.1, so lve  s i m l t a -  
neously f o r  b and y. 

6. Add a proper  freeboard,  and modify t h e  s e c t i o n  f o r  p r a c t i c a b i l i t y .  

6.4.2 Evalua t ing  t h e  Channel f o r  Reasonable Shape 

F o l l w i n g  t h e  design procedure us ing  maximum pe rmis s ib l e  v e l o c i t y  can 

r e s u l t  i n  a very shallow, wide channel,  a s  i l l u s t r a t e d  i n  t h e  example a t  t h e  

end of t h e  chapter .  This  type  of  c r o s s  s e c t i o n  i s  c l e a r l y  n o t  d e s i r a b l e  s i n c e  

t h e  water  would probably no t  flow uniformly a c r o s s  t h e  e n t i r e  width. Rather, 

it would t e n d  t o  concen t r a t e  i n  one a r e a  by scour ing  a new deeper,  narrower 

channel w i th in  t h e  l i m i t s  of t h e  broader  channel. Therefore,  cons ide ra t ion  

must be given t o  t h e  computed channel  dimensions t o  i n s u r e  t hey  r ep resen t  a 

p r a c t i c a l  design. Empir ical  formulas have been developed t h a t  provide  

guidance i n  a s s e s s i n g  t h e  p r a c t i c a l i t y  of a channel  design. Some of t h e  fo r -  

mulas used t o  e v a l u a t e  depth of flow o r  t h e  width-to-depth (b /d)  r a t i o  are 

given below. 

1. U.S. Bureau of Reclamation procedure 

A = Area i n  f t 2  

and f o r  a t r a p e z o i d a l  c r o s s  s e c t i o n  

2. I r r i g a t i o n  Se rv i ce  Procedure, I n d i a  

d = J A / ~  

and f o r  a t r a p e z o i d a l  cross section 



It should be  noted  t h a t  t h e  preceding empi r i ca l  formulas a r e  simply 

guide l ines .  These equat ions  do n o t  apply t o  a l l  conceivable  flow condi t ions ,  

no r  do they  d i f f e r e n t i a t e  between p r a c t i c a l  and imprac t i ca l  channel  

con f igu ra t ions .  

Channel des igns  having width-to-depth (b/d) r a t i o s  s i g n i f i c a n t l y  d i f -  

f e r e n t  from t h e  empir ica l  r u l e s  (Equat ions 6.7-6.10) should be eva lua t ed  

f u r t h e r .  It may be p o s s i b l e  t o  improve t h e  channel design by us ing  a proper ly  

designed l i n i n g  o r  i n s t a l l i n g  grade c o n t r o l  s t r u c t u r e s .  These methods w i l l  be 

d i scussed  i n  t h e  fo l lowing  sec t ion .  

6.4.3 Evaluat ion of t h e  Need f o r  Rock Riprap o r  Grade Cont ro l  S t r u c t u r e s  

I f  t h e  c r o s s  s e c t i o n  determined from t h e  s t a b l e  channel  design procedure 

(Sec t ion  6.4.1) i s  n o t  economical o r  accep tab le  according t o  t h e  b/d r a t i o  

(Sec t ion  6.4.2),  t hen  a more p r a c t i c a l  c r o s s  s e c t i o n  can be designed by us ing  

a channel  l i n i n g  and/or grade c o n t r o l  s t r u c t u r e s .  A channel l i n i n g  a l lows  

des igning  f o r  a l a r g e r  pe rmis s ib l e  v e l o c i t y  wi thout  scour  o r  e ros ion  of t h e  

channel.  For ins tance ,  i f  t h e  bedrock of t h e  n a t u r a l  ground i s  a poor sed i -  

mentary rock s t r a t a  wi th  a luw pe rmis s ib l e  v e l o c i t y ,  a sma l l e r  channel l i n e d  

wi th  a durable  r i p r a p  may be more economical and s t a b l e .  Addi t iona l ly ,  chan- 

n e l  l i n i n g s  can be used t o  reduce o r  e l imina te  seepage l o s s e s  from t h e  chan- 

ne l .  The r educ t ion  of seepage i s  n o t  u sua l ly  a major concern i n  a s u r f a c e  

mine opera t ion ;  however, it may become important  i n  a r e a s  of t h e  mine s i t e  

where seepage could  cause water  q u a l i t y  o r  s t a b i l i t y  problems. Poss ib l e  s t a -  

b i l i t y  problems from seepage inc lude  s l i ppage  a long  b a c k f i l l  a r e a s ,  mass o r  

s u r f a c e  sloughage of  waste s i t e s  and bank s loughing i n  o therwise  s t a b l e  chan- 

n e l s  due t o  seepage po re  pressure .  I d e a l l y ,  channel  l i n i n g s  f o r  d ive r s ion  

s t r u c t u r e s  should be maintenance f r e e  and have a long des ign  l i f e ,  s i n c e  they  

w i l l  have t o  remain "forever"  a f t e r  bond i s  re leased .  

Grade c o n t r o l  s t r u c t u r e s  can reduce t h e  v e l o c i t y  upstream of t h e  s t ruc -  

t u r e  t o  a nonerosive va lue .  Mul t ip le  grade c o n t r o l  s t r u c t u r e s  can be used t o  

c o n t r o l  long reaches  of  a stream. The des ign  procedures  f o r  channel l i n i n g s  

and grade col. trol s t r u c t u r e s  fol low.  



6.5 Vegetat ive Linings 

6.5.1 General 

Vegeta t ive  l i n i n g s  can be a  p r a c t i c a l ,  economical method of channel pro- 

t e c t i o n  i n  r eg ions  where t h e  vege ta t ion  can be grown. Minor e r o s i o n  damage t o  

a  vege ta t ive  l i n i n g  o f t e n  r e p a i r s  i t s e l f  where a  r i g id - type  l i n i n g  would 

p rog res s ive ly  d e t e r i o r a t e  u n l e s s  r epa i r ed ;  however, it i s  w e l l  known t h a t  

v e g e t a t i v e  l i n i n g s  do n o t  wi ths tand  l a r g e  shea r  f o r c e s ,  nor  do they  e a s i l y  

su rv ive  long  p e r i o d s  of  submergence. Therefore,  under t h e s e  cond i t i ons ,  vege- 

t a t i v e  l i n i n g s  may be i m p r a c t i c a l  and o t h e r  l i n i n g s  such a s  rock r i p r a p  should 

b e  u t i l i z e d .  Often composite l i n i n g s  c o n s i s t i n g  of rock r i p r a p  i n  a r e a s  of  

h igh  shea r  o r  long t e r n  submergence and vege ta t ion  i n  t h e  remainder of t h e  

c r o s s  s e c t i o n  can be u t i l i z e d  t o  reduce cos t s .  I n t e r m i t t e n t l y  spaced vegeta- 

t i v e  d i v e r s i o n s  a r e  commonly used on s u r f a c e  mine ope ra t ions  f o r  long s l o p e s  

o f  b a c k f i l l  a r e a s  and waste s i t e s  t o  c o l l e c t  d ra inage  without  g u l l y  erosion.  

6.5.2 Design Procedure - Maximum Permiss ib le  Veloc i ty  

S ince  about  1935, many flow tests over  common American and Aus t r a l i an  

g r a s s e s  have been performed and summarized by Cox and Palmer (1948),  Ree and 

Palmer ( l 9 4 9 ) ,  and Eas tga t e  (1966).  In  each test depth scour  and gene ra l  

appearance of t h e  channel  w a s  noted. Whenever cond i t i ons  were such t h a t  unac- 

c e p t a b l e  r a t e s  of scour  and d e s t r u c t i o n  of t h e  channel  l i n i n g  occurred,  t h e  

mean v e l o c i t y  of flow was noted. Then t h e  maximum mean v e l o c i t y  t h e  channel 

wi ths tood  without  s i g n i f i c a n t  damage was suggested a s  t h e  maximum pe rmis s ib l e  

v e l o c i t y .  V e l o c i t i e s  t a b u l a t e d  i n  Table 3 of t h e  "Handbook of Channel Design 

f o r  S o i l  and Water Conservation" a r e  reproduced i n  Table 6.2. 

I t  should be noted t h a t  maximum pe rmis s ib l e  v e l o c i t y  i s  gene ra l ly  less 

f o r  s t e e p e r  s lopes .  Also, v e l o c i t i e s  s t a t e d  were o f t e n  exceeded wi thout  

damaging t h e  experimental  channels  from which t h e  d a t a  were derived.  Of 

course,  t h e s e  channels  were u s u a l l y  prepared wi th  g r e a t  ca re  and under 

i d e a l  cond i t i ons ,  r e s u l t i n g  i n  vege ta t ive  l i n i n g s  of g r e a t e r  d e n s i t y  and 

uni formi ty  than  those  found i n  t h e  f i e l d .  Therefore,  t h e  des igner  should 

t y p i c a l l y  u se  s l i g h t l y  lower v e l o c i t i e s  t o  provide f o r  a  margin of e r r o r .  

Design of vege ta ted  channels  i s  complicated by t h e  f a c t  t h a t  t h e  r e l a t i v e  

roughness i s  a func t ion  of depth  o r  hydrau l i c  r ad ius .  The S o i l  Conservation 

Se rv i ce  has  i d e n t i f i e d  t h e  degree of re ta rdance  by vege ta t ion  he igh t  according 

t o  d a t a  given i n  Table 6.3. Design c h a r t s  given i n  F igures  6.53 t o  6.5e can 



Table 6.2 Permiss ib le  V e l o c i t i e s  f o r  Channels Lined wi th  Vegetation. 1 
The va lues  apply t o  average uniform s t a n d s  o f  each type  of 
cover  ( S o i l  Conservation Serv ice ,  1954). 

Permiss ib le  v e l o c i t y  ( fps)  
Slope 

Cover  an ge2 Erosion E a s i l y  
(pe rcen t )  r e s i s t a n t  s o i l s  eroded s o i l s  

0-5 
Bermdagrass  . . . . . .  5-10 

ove r  10 

Buff a l o g r a s s  
Kentucky b lueg ras s  . . .  0-5 
Smooth brome 5- 10 
Blue g r a m  over  10 

20-5 
Grass mixture . . . . . .  5-10 

Lespedeza s e r i c e a  
Weeping lovegrass  
Y e l l o w  bluestream . . . .  30-5 
Kudzu 
A l f a l f a  
Crabgrass  

4 
Common lespedeza . . . .  50-5 

Sudangrass 2 

'use v e l o c i t i e s  exceeding 5 f e e t  p e r  second only  where good covers  and 
proper  maintenance can be obtained.  

2 
Do n o t  use  on s l o p e s  s t e e p e r  t han  10 pe rcen t  except  f o r  s i d e  s l o p e s  i n  
a combination channel. 

3 ~ 0  n o t  use  on s lopes  s t e e p e r  t han  5 pe rcen t  except  f o r  s i d e  s l o p e s  i n  
a combinat ion  channel. 

4Annuals--used on mild s l o p e s  o r  a s  temporary p r o t e c t i o n  u n t i l  permanent 
covers  a r e  e s t ab l i shed .  

5 
Use on s l o p e s  s t e e p e r  t han  5 pe rcen t  is  no t  recommended. 



Table 6 . 3 .  Guide t o  Se l ec t ion  o f  Vegetal Retardance*. 

Average he ight  
o f  vegetat ion 

( inches)  
Degree o f  Retardance 

Good Stand Fair  Stand 

More than 30 . . . . . . .  A 

1 1 t 0 2 4 . . . . . . . . .  B 

6 t 0 1 0  e m . . . . . . .  C 

2 t 0 6 . .  . . . . . . . .  D 

. . . . . . .  Less than 2 E 

*From U . S .  S o i l  Conservation Service  (19%) . 



Figure 6.5a. Solution of t h e  Manning equation for retardance A 
(very high vegeta l  retardance) ( U . S .  S o i l  
Conservation Service) .  



Figure 6.5b. Solution of  t h e  Manning equation f o r  retardance B 
(high vegeta l  re tardance) .  (U.S. SCS) 



Figure 6 . 5 ~ .  Solut ion  of t h e  Manning equation f o r  retardance C 
(moderate vege ta l  re tardance) .  ( U . S .  SCS) 



Figure  6.5d. Solu t ion  of  t h e  Manning equat ion  f o r  r e t a rdance  D 
(low v e g e t a l  r e t a r d a n c e ) .  (U.S. SCS) 



Figure 6 .5e .  Solut ion  of t h e  Manning equation for  retardance E 
(very low vege ta l  retardance).  (U.S. SCS) 



then be used t o  so lve  t h e  Manning equat ion,  us ing  t h e  maximum pe rmis s ib l e  

v e l o c i t y  f o r  t h e  given vege ta t ion  (Table 6 .2 ) .  The design procedure involves  

two s t e p s .  F i r s t ,  t h e  bottom width of t h e  vegeta ted  channel i s  determined s o  

t h a t  t h e  v e l o c i t y  i s  l e s s  t han  t h e  maximum pe rmis s ib l e  v e l o c i t y  f o r  t h e  mowed 

cond i t i on  of minimum re ta rdance .  Second, t h e  channel depth is  determined by 

t h e  need t o  provide t h e  design capac i ty  under cond i t i ons  of maximum r e t a r -  

dance. The procedure i s  summarized i n  Sec t ion  6.8 and i l l u s t r a t e d  by an  

example i n  Sec t ion  6.9. 

6.5.3 Composite Linings 
I I 

Vegetat ion i s  a l s o  p a r t i c u l a r l y  s u i t e d  f o r  u se  i n  combination wi th  o the r  

r i g i d  l i n i n g  ma te r i a l s  t o  produce a composite l i n i n g .  V e l o c i t i e s  i n  a 

s t r a i g h t ,  uniform channel  a r e  genera l ly  g r e a t e s t  i n  t h e  upper p a r t  of t h e  

middle po r t ion .  V e l o c i t i e s  decrease  toward t h e  channel  s i d e s  and bottom. 

Although t h e  mean v e l o c i t y  might exceed t h e  permiss ib le  va lue  f o r  a g r a s s  

l i n i n g  and t h u s  r e q u i r e  a h ighe r  c o s t  l i n i n g ,  t h e  mean v e l o c i t y  i n  t h e  

t r i a n g u l a r  s e c t i o n  embracinq t h e  upper edge of t h e  bank s l o p e  might be low 

enough f o r  grass. The most economical s o l u t i o n  would probably be t h e  com- 

b i n a t i o n  of a r ig id- type  l i n i n g  i n  t h e  lowest  p a r t  of t h e  channel and g r a s s  

l i n i n g  on t h e  upper bank s lopes .  

Combination l i n i n g s  a r e  a l s o  used where t h e  channel bottom r e q u i r e s  pro- 

t e c t i o n  which could  be fu rn i shed  by a g r a s s  l i n i n g ,  b u t  low f lows of long 

du ra t ion ,  from snow melt o r  seepage, r e t a r d  o r  p reven t  t h e  growth of grass .  

I n  such a s i t u a t i o n ,  t h e  channel  could  be paved wi th  a r ig id- type  l i n i n g  t o  

c a r r y  t h e  low flow and wi th  g r a s s  above t h e  e l e v a t i o n  of t h e  cont inued low 

flow. Ree (1951) desc r ibes  t e s t s  on composite l i n i n g s  i n  a channel on a ten- 

pe rcen t  s lope.  Figure 6.6 is  a reproduct ion  of R e e f s  f i g u r e  showing t h e  

dimensions and v e l o c i t y  d i s t r i b u t i o n .  Ree concluded t h a t  t h e  usua l  p r a c t i c e  

of  summing c a l c u l a t e d  d ischarge  r a t e s  f o r  t h e  component p a r t s  of t h e  c r o s s  

s e c t i o n  t o  g ive  t h e  capac i ty  of  a composite channel  seems a v a l i d  method. 

Furthermore, h e  found t h a t  high v e l o c i t i e s  i n  t h e  g u t t e r  s e c t i o n  do n o t  c a r r y  

over  apprec iab ly  t o  t h e  grassed  p o r t i o n  of  t h e  waterway and t h e r e f o r e  

concluded t h a t  observed scour  a t  t h e  junc t ion  cannot be a t t r i b u t e d  t o  excessi-  

vely high v e l o c i t i e s .  However, based on t h e  e a r l i e r  d i scuss ion  regard ing  t h e  

p r o b a b i l i t y  of high-veloci ty  eddies  i n t e r m i t t e n t l y  reaching  t h e  bed and 

caus ing  eros ion ,  it seems prudent  t o  provide some s o r t  of apron. The apron 
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Figure 6.6. Dimensions and velocity distribution, Ree (1951). 



should be designed s o  t h a t  t h e  v e l o c i t y  p r o f i l e  w i l l  be  continuous a c r o s s  t h e  

j o i n t ,  t h u s  prevent ing  t h e  formation of a shear  zone and i t s  r e s u l t i n g  tu r -  

bulence. Figure 6.7 shows two examples of such junct ions.  The s u r f a c e  of t h e  

r i g i d  l i n i n g  should l i n e  up wi th  y ' ,  t h e  v e l o c i t y  i n t e r c e p t  of t h e  f lowing 

water ,  a t  design depth. The design of t h e  r i p r a p  p a r t  of t h e  c r o s s  s e c t i o n  

should be according t o  procedures  o u t l i n e d  i n  Sec t ion  6.6. 

6.5.4 Es t ab l i sh ing  Vegetat ive Linings 

Temporary l i n i n g s  a r e  f l e x i b l e  coverings used t o  p r o t e c t  a channel  u n t i l  

permanent vege ta t ion  can  be e s t ab l i shed .  The l i n i n g  m a t e r i a l s  a r e  u sua l ly  

biodegradable and do n o t  r e q u i r e  removal a f t e r  t h e  vege ta t ion  becomes 

e s t ab l i shed .  Some t y p i c a l  temporary l i n i n g s  t e s t e d  by Miss i s s ipp i  S t a t e  

Univers i ty  i n  1968 f o r  t h e  Miss i s s ipp i  S t a t e  Highway Department a re :  

Eros ione t  3 1 
inch. Norma 
s t e e l  p ins .  

5 - a paper  yarn  wi th  openings approximately 7/8 inch  by 1/2 
l l y  used t o  ho ld  o t h e r  m a t e r i a l s  such a s  s t raw.  Secured wi th  

J u t e  mesh - a woven mat of coarse  j u t e  yarn wi th  openings about  3/8 inch  
by 3/4 inch. Held i n  p l a c e  wi th  s t e e l  p ins .  

Stranded f i b e r g l a s s  roving  wi th  Erosion 315 - f i n e  g l a s s  f i b e r s  blown 
o n t o  t h e  channel  bed us ing  compressed a i r  and a s p e c i a l  nozzle,  and he ld  
i n  p l a c e  wi th  s t e e l  p i n s  and  Eros ione t  ( s e e  No. 1 above).  

3/8-inch f i b e r g l a s s  mat - a f i n e  g l a s s  f i b e r  mat s i m i l a r  t o  furnace  a i r  
f i l t e r  m a t e r i a l  h e l d  i n  p l a c e  with s t e e l  p i n s .  

1/2-inch f i b e r g l a s s  mat - same a s  No. 4 above, except  t h i c k e r  and more 
dense. May r e t a r d  seed  germination and vegeta t ion  growth. 

Exce ls ior  m a t  - d r i e d  shredded wood h e l d  toge the r  wi th  a f i n e  paper  n e t  
and  secured  wi th  s t e e l  p i n s .  

Straw wi th  e r o s i o n e t  - chopped s traw h e l d  i n  p l a c e  wi th  Eros ione t  and 
s t e e l  p i n s .  

Chemical s o i l  s t a b i l i z e r s  a r e  another  means of  p r o t e c t i n g  a channel  u n t i l  

vege ta t ion  can be e s t ab l i shed .  Chemical s o i l  s t a b i l i z e r s  a r e  designed t o  c o a t  

and p e n e t r a t e  t h e  s o i l  s u r f a c e  and bind t h e  s o i l  p a r t i c l e s  toge ther .  They can 

b e  used both i n  l i e u  of  temporary mulch m a t e r i a l  and i n  conjunct ion  wi th  t h e  

m a t e r i a l  t o  a c t  a s  a mulch t a c k  and s o i l  binder .  Chemical s t a b i l i z e r s  

gene ra l ly  work b e s t  on d ry ,  h ighly  permeable s p o i l ,  o r  in -p lace  s o i l s  s u b j e c t  

t o  s h e e t  flow r a t h e r  t han  concent ra ted  flow. 



Figure 6 . 7 .  Detail of  suggested grass t o  riprap junction. 



6.6 Rock Ftiprap Design 

6.6.1 General 

Many procedures  a r e  a v a i l a b l e  f o r  des igning  rock r i p r a p  f o r  mild s lope  

channels.  In t h i s  contex t  t h e  d e f i n i t i o n  of mild i s  i n  t h e  hydraul ic  sense  

(where t h e  Froude number i s  l e s s  than  one) and n o t  i n  t h e  topographic sense.  

The Froude number i s  based on v e l o c i t y  and flow depth,  which both depend on 

channel  s i z e  and roughness ( i . e . ,  r i p r a p  s i z e ) ;  t h e r e f o r e ,  t h e  des igner  must 

f i r s t  assume t h e  channel cond i t i on  w i l l  b e  mild and proceed wi th  t h e  design 

( u n l e s s  experience d i c t a t e s  o the rwi se ) .  Af te r  eva lua t ing  t h e  channel s i z e  and 

D50 
r i p r a p  s i z e ,  t h e  des igner  must check t h e  Froude number t o  i n s u r e  t h a t  

t h e  mild s lope  assumption was c o r r e c t  and consequently t h a t  t h e  procedure 

a p p l i e d  was va l id .  Regardless of t h e  procedure used, t h e  genera l  concepts  

r e l a t e d  t o  r i p r a p  design given i n  Sec t ion  5.1 m u s t  be followed. 

A r i p r a p  design procedure adopted by t h e  Denver Urban Drainage and Flood 

Cont ro l  D i s t r i c t  p rovides  a  s imple means f o r  de te rmina t ion  of r i p r a p  protec-  

t i o n .  The design procedure i s  based on t h e  flow v e l o c i t y  V and hydrau l i c  

r a d i u s  R. Defined r i p r a p  c l a s s e s  a r e  s e l e c t e d  according t o  t h e  channel  s i d e  

s lope  and computed q u a n t i t y  2 / ~ ~ * ~ ~ ,  where V is t h e  v e l o c i t y  and R is  

t h e  hydraul ic  rad ius .  The primary advantage t o  t h i s  des ign  methodology is  t h e  

quick,  simple de te rmina t ion  of a  s t a b l e  channel l i n ing .  A l i m i t a t i o n  t o  t h i s  

procedure i s  t h a t  it i s  only  v a l i d  f o r  s u b c r i t i c a l  flows where t h e  Froude 

number ( s e e  Sec t ion  4.2.5) i s  less than  0.8.  For mild s lope  Froude numbers 

between 0.8 and 1.0 t h e  des igner  should use  t h e  s t e e p  s l o p e  des ign  procedure 

(Sec t ion  5.3) which w i l l  g ive  a n  adequate  design,  a l though s l i g h t l y  

conserva t ive .  

Other s i m p l i f i e d  r i p r a p  design procedures  inc lude  t h e  methodology pre- 

s en ted  i n  Nat ional  Cooperative Highway Research Program Report (NCHRP) 

No. 108, (Highway Research Board, 1970).  This  r i p r a p  design was developed 

from research  performed a t  t h e  Univers i ty  of Minnesota. One advantage t o  t h e  

NCHRP No. 108 design procedure is  t h a t  i s  al lows f o r  design of t h e  e n t i r e  

channel  s e c t i o n  based only upon design d ischarge  Q and s lope  S. For t h i s  

r i p r a p  design method, c h a r t s  have been developed t o  provide s o l u t i o n  f o r  both 

a  hydrau l i ca l ly  e f f i c i e n t  c r o s s  s e c t i o n  a s  we l l  a s  t h e  r i p r a p  s i z e  r equ i r ed  

f o r  s t a b i l i z a t i o n .  The Federa l  Highway Administrat ion u t i l i z e d  t h e  NCHRP 

r i p r a p  design methodology i n  i t s  Hydraulic Engineering C i r c u l a r  No. 15 

(Fede ra l  Highway Administrat ion,  1975).  However, t h e  r i p r a p  design procedure 



was modified t o  conform wi th  t h e  concept  of maximum pe rmis s ib l e  depth of flow, 

as used i n  t h e  c i r c u l a r .  Again, f i g u r e s  and c h a r t s  have been developed t o  a i d  

i n  design. 

6.6.2 Recommended Riprap Design Procedure 

Only t h e  Denver Urban Drainage and Flood Control  D i s t r i c t  r i p r a p  design 

methodology i s  presented  i n  t h i s  manual. Th i s  method was s e l e c t e d  due t o  i ts  

e a s e  of  understanding and app l i ca t ion .  Table 6.4 i n d i c a t e s  t h e  r equ i r ed  

r i p r a p  type  f o r  s p e c i f i c  va lue  of t h e  parameter Ordinary r i p r a p  is  

c l a s s i f i e d  and a g rada t ion  s p e c i f i e d ,  according t o  c r i t e r i a  shown i n  Table 

6.5. To i n s u r e  t h e  method i s  a p p l i c a b l e  t o  t h e  given cond i t i ons  t h e  des igner  

must check t h e  Froude number c r i t e r i a  (Fr  < 0.8) a f t e r  determining t h e  D 
5 0 

s i z e  and channel  dimensions. I f  t h e  Froude c r i t e r i a  a r e  n o t  m e t ,  t h e  s t e e p  

s lope  r i p r a p  design procedure given i n  Sec t ion  5.3 must be used. Sec t ion  

6.9.4 provides  an example t h a t  i l l u s t r a t e s  t h e  procedure. 

6.6.3 Riprap P r o t e c t i o n  i n  Channel Bends 

Flow around a bend i n  a channel  genera tes  secondary c u r r e n t s  which i n  

t u r n  modify t h e  v e l o c i t y  p r o f i l e  and shea r  s t r e s s  d i s t r i b u t i o n  through t h e  

bend. The r e s u l t  of t h i s  modi f ica t ion  i n  s t r e s s e s  is  t h a t  t h e  banks on t h e  

o u t s i d e  of  t h e  bend become more s u s c e p t i b l e  t o  e ros ion .  For t h i s  reason,  

a d d i t i o n a l  p r o t e c t i o n  measures a r e  o f t e n  necessary i n  channel bends. 

The Denver Urban Drainage and Flood Control  D i s t r i c t  Drainage Manual spe- 

c i f i e s  t h a t  r i p rap - l ined  channel bends should have a r a d i u s  of cu rva tu re  of a t  

l e a s t  two t imes  t h e  t o p  width b u t  no less than  50 f e e t .  

For a s p e c i f i c  r a t i o  of channel t o p  width t o  bend r a d i u s ,  F igure  6.8 can 

b e  used t o  determine t h e  r a t i o  of shea r  s t r e s s  i n  a bend t o  shea r  i n  a 

s t r a i g h t  channel. The r a t i o  is  then  app l i ed  d i r e c t l y  t o  t h e  parameter 
v2/R0. 3 3 

used i n  t h e  r i p r a p  des ign  procedures.  The r i p r a p  p r o t e c t i o n  pro- 

vided i n  t h e  curve should be extended both upstream and downstream of t h e  bend 

f o r  a d i s t a n c e  a t  l e a s t  equal  t o  t h e  bend length .  

6.7 Riprap Design wi th  Grade Control  S t r u c t u r e s  

6.7.1 Appl ica t ion  

Where a long  channel i s  t o  be cons t ruc t ed  i n  an  e r o d i b l e  material a more 

economical r i p r a p  des ign  may b e  achieved through t h e  use  of s t r a t e g i c a l l y  



Table 6 .4 .  Ftiprap Requirements for Channel Linings i n  Mild Slope 
Channels (Fr < 0.8). 

Channel Side Slope 
4: 1 3: 1 2.5: 1 2: 1 

Type L riprap should be buried t o  reduce vandalism. 
Side slopes steeper than 2:l should be designed a s  retaining walls .  
Table va l id  for  Froude numbers less than 0 . 8 .  



Table 6.5. C l a s s i f i c a t i o n  and Gradat ion of Ordinary Riprap f o r  Mild Slope 
Channels (Fr < 0.8) . 

% Smaller Than Minimum K * 
Riprap Given S ize  m Dimension 

Designat ion by Weight ( i nches )  ( i nches )  

Type VL 

Type VH 

*Kk = mean p a r t i c l e  s i z e ,  equ iva l en t  t o  D 
50 

* * ~ t  l e a s t  30% o f  a l l  s t o n e s  by weight s h a l l  be  t h i s  dimension. 

***Bury t y p e s  VL and L wi th  n a t i v e  s o i l  t o  p r o t e c t  from vandalism damage. 



Ratio of the Shear Stress on the Outside of a .  
Bend to the Mean Shear Stress 

Figure 6.8. Effect of bend on boundary shear s tress  (after 
Soi l  Conservation Service design manual). 



placed grade c o n t r o l  s t r u c t u r e s .  A grade c o n t r o l  s t r u c t u r e  can be used t o  

decrease  t h e  g r a d i e n t  of a channel  t o  some s lope  where a smal le r  s i z e  rock 

w i l l  be  s t a b l e .  I f  s u f f i c i e n t  coa r se  m a t e r i a l  e x i s t s  i n  t h e  n a t u r a l  alluvium, 

it may be  p o s s i b l e  t o  develop a n  armor l a y e r  ( s e e  Sec t ion  6.3.3) and avoid t h e  

need f o r  r i p rapp ing  e n t i r e l y .  

The design procedure i s  based on t h e  s t a t i c  equi l ibr ium s l o p e  f o r  t h e  

given p a r t i c l e  s i z e .  The s t a t i c  equi l ibr ium s lope  i s  t h a t  s lope  where t h e  

p a r t i c l e s  remaining on t h e  bed and banks of t h e  channel a r e  no t  t r anspor t ab le  

by t h e  flow. For example, i f  a c e r t a i n  rock s i z e  i s  a v a i l a b l e  f o r  r i p r a p  a t  

t h e  mine s i t e ,  t h e  maximum s l o p e  ( s t a t i c  equi l ibr ium s l o p e )  a t  which t h a t  rock 

w i l l  be  s t a b l e  f o r  t h e  des ign  flow can be determined. I f  t h e  s lope  of t h e  

n a t u r a l  t e r r a i n  i s  g r e a t e r  t han  t h e  s t a t i c  equi l ibr ium s lope ,  t hen  drop s t ruc -  

t u r e s  can be  used t o  achieve t h e  r equ i r ed  s t a t i c  equi l ibr ium slope.  Simi- 

l a r l y ,  i f  gravel-cobble t y p e  m a t e r i a l  e x i s t s  i n  t h e  n a t u r a l  alluvium, t h e  

s l o p e  a t  which t h e  DS0 o f  t h i s  m a t e r i a l  w i l l  be s t a b l e  can be determined. 

If this s l o p e  is  ob ta inab le  through grade c o n t r o l  s t r u c t u r e s ,  then  r i p r a p  w i l l  

n o t  be  necessary.  

To determine t h e  f e a s i b i l i t y  of  grade c o n t r o l  s t r u c t u r e s ,  t h e  c o s t s  of 

r i p rapp ing  t h e  channel wi th  l a r g e  rock a t  t h e  n a t u r a l  s l o p e  of t h e  t e r r a i n  

must be compared t o :  ( 1 )  c o s t s  of excavat ion t o  achieve a sma l l e r  s lope ,  ( 2 )  

i n s t a l l a t i o n  of drop s t r u c t u r e s ,  and ( 3 )  r i p rapp ing  wi th  a sma l l e r  s i z e  rock. 

Addi t iona l ly ,  t h e  eco log ica l  impacts of grade c o n t r o l  s t r u c t u r e s  on f i s h  habi- 

t a t  i n  p e r e n n i a l  s t reams must be  considered. The primary concern wi th  t h e  

i n s t a l l a t i o n  of many c l o s e l y  spaced grade c o n t r o l  s t r u c t u r e s  i s  t h e  r e s t r i c -  

t i o n  they  might have on f i s h  movement. One a d d i t i o n a l  eco log ica l  considera-  

t i o n  i s  necessary  i f  grade c o n t r o l  s t r u c t u r e s  a r e  be ing  used t o  achieve a 

s t a t i c  equi l ibr ium s lope  based on t h e  development of an  armor l aye r .  This  

procedure i m p l i c i t l y  assumes t h a t  channel s t a b i l i t y  i s  a t t a i n a b l e  a t  some 

reduced s l o p e  by al lowing l i m i t e d  degrada t ion  t o  occur.  The degradat ion pro- 

c e s s  involves  s o r t i n g  of t h e  p a r t i c l e s  comprising t h e  n a t u r a l  a l luvium t o  

achieve  t h e  armor l aye r .  The downstream sediment loading  r e s u l t i n g  from t h i s  

p roces s  must be compared t o  background sediment concent ra t ions  t o  e s t a b l i s h  i f  

adverse  environmental impacts w i  11 occur.  



6.7.2 Types of  Grade Control  S t r u c t u r e s  

Grade c o n t r o l  s t r u c t u r e s  can range i n  complexity from simple rock r i p r a p  

t y p e  drop s t r u c t u r e s  t o  conc re t e  s t r u c t u r e s  wi th  b a f f l e d  aprons and s t i l l i n g  

bas ins .  For t h e  range of d i scharges  and v e l o c i t i e s  t y p i c a l l y  expected on a  

s u r f a c e  mine s i t e ,  and cons ider ing  t h e  cons t ruc t ion  techniques  t y p i c a l l y  

employed, only t h e  design of  rock r i p r a p  s t r u c t u r e s  is  covered i n  t h i s  manual. 

Figure 6.9 i l l u s t r a t e s  a  loose  rock drop s t r u c t u r e .  

General  gu ide l ines  f o r  cons t ruc t ion  of l oose  rock drop s t r u c t u r e s  

cons t ruc t ed  i n  mild s l o p e  channels  a r e  s i m i l a r  t o  s t o n e  check dams. The 

fo l lowing  s p e c i f i c  recommendations a r e  made: 

Maximum drop h e i g h t  of  t h r e e  f e e t  ( g u i d e l i n e s  f o r  des igning  loose  rock 
drop  s t r u c t u r e s  f o r  drop h e i g h t s  g r e a t e r  t han  t h r e e  f e e t  a r e  given i n  t h e  
P a r t  2. 

Top width no less t h a n  f i v e  f e e t .  

Downstream s lope  o f  2 h o r i z o n t a l  t o  1 v e r t i c a l .  

25 pe rcen t  of t h e  rock by volume w i l l  be  18 inches  o r  l a r g e r .  The 
remaining 75 pe rcen t  s h a l l  be we l l  graded m a t e r i a l  c o n s i s t i n g  of suf-  
f i c i e n t  rock smal l  enough t o  f i l l  t h e  voids  between t h e  l a r g e r  rocks.  

Energy d i s s i p a t i o n  should be provided a t  t h e  downstream t o e  of a s t ruc -  
t u r e  wi th  a smal l  plunge pool  and l a r g e  rocks. 

6.7.3 Design Procedure Involving Grade Cont ro l  S t r u c t u r e s  

Development of  t h e  graphica l  design procedure p re sen ted  below is d e t a i l e d  

i n  Appendix D. The design procedure i s  based on a n  a p p l i c a t i o n  of  Shie lds '  

r e l a t i o n  (Equat ion 6.3) and t h e  Manning equat ion  (Equation 4.13) .  The p r i -  

mary design r e l a t i o n s h i p  i s  

where S is t h e  s t a t i c  equi l ibr ium s lope ,  Gs 
is t h e  s p e c i f i c  g r a v i t y  of t h e  

bed and bank ma te r i a l ,  o f t e n  assumed t o  be 2.65, DS0 i s  t h e  median r i p r a p  

s i z e  a v a i l a b l e  o r  t h e  armor p a r t i c l e  s i z e  p r e s e n t  i n  t h e  n a t u r a l  alluvium, and 

R is t h e  hydrau l i c  r ad ius .  

The r e l a t i o n s h i p  de f in ing  R f o r  a  given combination of Manning's n, 

d i scharge  Q and DS0 i s  given i n  F igures  6.10a t o  6.10c, where K is 

def ined  a s  
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Figure 6 .9 .  Definition sketch of a rock riprap drop structure 
(protection upstream and downstream according to 
Section 5 . 4 ) .  



For values of K beyond t h e  limits given i n  t h e  f i g u r e s ,  Equation D . 9  i n  

Appendix D must be solved. 

The design procedure us ing these  f i g u r e s  is  simple t o  apply. Af ter  

e s t a b l i s h i n g  t h e  
DS0 

of  t h e  a v a i l a b l e  r iprap ,  o r  t h e  n a t u r a l  alluvium f o r  

development of  an armor layer ,  t h e  value of  K is conputed f o r  t h e  design 

f l w  Q and t h e  r ep resen ta t ive  Manning n. For gravel-cobble s i z e  rock 

Equation 4.18 gives a good es t ima te  of t h e  Manning n. With K es tabl i shed,  

t h e  value of  R is determined from t h e  graphs. Equation 6.11 can then be 

solved f o r  t h e  s t a t i c  equil ibrium s lope  requi red  t o  maintain s t a b i l i t y  f o r  t h e  

given D and flow condit ions.  I f  t h e  n a t u r a l  t e r r a i n  s lope  i s  l e s s  than 
5 0 

t h e  computed s t a t i c  equil ibrium slope,  t h e  r i p r a p  w i l l  be s t a b l e  without  t h e  

need f o r  drop s t ruc tu res .  Otherwise, drop s t r u c t u r e s  w i l l  be needed t o  

e s t a b l i s h  t h e  requi red  slope. 

6.7.4 Spacing of  Grade Control  S t ruc tu res  

I f  t h e  above computation i n d i c a t e s  grade c o n t r o l  s t r u c t u r e s  a r e  required,  

t h e  number and spacing of  t h e  s t r u c t u r e s  must be determined. The v e r t i c a l  

he igh t  t h a t  must be con t ro l l ed  f o r  t h e  given reach t o  achieve t h e  requi red  

s t a t i c  equil ibrium s lope  can be evaluated from 

where AH is t h e  t o t a l  he igh t  r equ i r ing  s t r u c t u r a l  cont ro l ,  
So 

is  t h e  o r i -  

g i n a l  channel s lope,  S is t h e  est imated s t a t i c  equil ibrium slope,  and AX 

i s  t h e  length  of channel t o  be control led.  

To prevent  highly eros ive  v e l o c i t i e s  a t  t h e  base of a  rock r i p r a p  drop 

s t r u c t u r e ,  t h e  maximum allowable he igh t  of t h e  s t r u c t u r e  i s  t h r e e  f e e t .  

Therefore, t h e  number of s t r u c t u r e s  N required t o  con t ro l  t h e  t o t a l  v e r t i c a l  

he igh t  i s  
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Figure 6.10b. Relat ionship between hydraulic  radius  R and K f o r  t rapezoidal  
channel with 2 : l  s i d e  s lopes  and 10-foot base width. 





Figure  6.10~. Rela t ionsh ip  between hydrau l i c  r a d i u s  R and K f o r  t r a p e z o i d a l  
channels  wi th  2:l s i d e  s lopes  and 14-foot base width.  





The spac ing  L of t h e  drop s t r u c t u r e s  is  then  

6.7.5 P ro t ec t ion  of  Grade Cont ro l  S t r u c t u r e s  

The v e l o c i t y  of flow on t h e  downstream s i d e  of a drop s t r u c t u r e  can be 

q u i t e  high,  c r e a t i n g  t h e  p o t e n t i a l  f o r  l o c a l  scour  a t  t h e  t o e  and p o s s i b l e  

undercut t ing  of t h e  s t r u c t u r e .  Therefore,  a r i p r a p  t r a n s i t i o n  between t h e  t o e  

and t h e  downstream channel  must be provided wi th  adequate  energy d i s s i p a t i o n  

measures. 

The method f o r  determining t h e  l eng th  of p r o t e c t i o n  r e q u i r e d  below a 

grade c o n t r o l  s t r u c t u r e  i s  i d e n t i c a l  t o  t h e  procedure f o r  p r o t e c t i o n  below 

s t e e p  s l o p e s  p re sen ted  i n  Sec t ion  5.4. A r i p r a p  l a y e r  should be extended 

below t h e  s t r u c t u r e  f o r  a d i s t ance  equal  f i v e  t imes t h e  downstream depth of 

f law,  b u t  never l e s s  t han  15 f e e t .  Addi t iona l ly  a smal l  plunge pool  can be 

provided a t  t h e  downstream t o e  t o  h e l p  d i s s i p a t e  energy. 

Design Procedure Summary 

Design channel  based on maximum permiss ib le  v e l o c i t y  method according t o  

s t e p s  1-6, Sec t ion  6.4.1. 

Evaluate  t h e  channel  f o r  reasonable shape us ing  Equations 6.7-6.10, and 

engineer ing  judgment. 

I f  a more h y d r a u l i c a l l y  e f f i c i e n t  channel  i s  des i r ed ,  eva lua t e  t h e  use  of 

l i n i n g s  ( v e g e t a t i o n  o r  r i p r a p )  o r  grade con t ro l  s t r u c t u r e s .  Table 6.6 

w i l l  a i d  i n  t h i s  eva lua t ion .  

a .  Vegetat ion 

1 )  Determine maximum pe rmis s ib l e  v e l o c i t y  f o r  given vege ta t ion  

t y p e  from Table 6.2. 

2) To design f o r  s t a b i l i t y ,  assume vege ta t ion  i s  mowed and iden- 

t i f y  r e t a rdance  c l a s s  from Table 6.3. 

3) Enter  F igu res  6.5a-e f o r  given v e l o c i t y ,  r e t a rdance  and design 

s l o p e  t o  e s t a b l i s h  R. 

4 )  Ca lcu la t e  A = Q/V.  

5 )  Determine d f o r  given b such t h a t  



Table 6 .6 .  Application Conditions for Various Types 
of  Channel Lining. 

Lining Type Velocity Flow Duration Slope 

Vegetation Less than 5 fps Short-term Mild 

Riprap Less than 12 fps Year-round Mild or  
Steep 

Composite 
Vegetation & According t o  above Short-term According t o  
r iprap above 

Riprap & drop Less than 12 fps  Year-round Mild or 
structures Steep 



Then check A = bd + zd2 
6 )  The design depth must now be increased  t o  c a r r y  t h e  flow when 

t h e  g r a s s  is  long - i d e n t i f y  r e t a rdance  c l a s s  f o r  uncut con- 

d i t i o n  from Table 6.3. 

7 )  Assume new depth and c a l c u l a t e  R f o r  t h e  given bottom width. 

8 )  Enter  F igu res  6.5a-e w i th  computed R and des ign  S t o  de te r -  

mine V. 

9 )  Compute Q = VA and compare t o  design Q I t e r a t e  i f  calcu- 

l a t e d  Q l e s s  t han  des ign  Q. 

10)  Add proper  f r eeboa rd  (Equat ion 4.20) .  

b. Riprap 

1 )  Assume a K s i z e  ( 6 ,  9 ,  12,  18 o r  24 i n . )  and c a l c u l a t e  
m 

Manning's n from Equation 4.18. 

2 )  Evaluate  V, d and R f o r  t h e  design Q, S,  and channel  

geometry from c h a r t s  i n  Appendix C. The channel design s lope  

should  be t h e  uniform s l o p e  r equ i r ed  t o  allow 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  excavat ion 

amounts a r e  t o o  g r e a t  t 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  fol low 

t h e  changes i n  grade. For ease i n  cons t ruc t ion ,  a s i n g l e  chan- 

n e l  c r o s s  s e c t i o n  adequate f o r  each s l o p e  can be designed by 

u s i n g  t h e  maximum s l o p e  t o  s i z e  t h e  r i p r a p  r equ i r ed ,  and t h e  

minimum s l o p e  t o  e s t a b l i s h  flow depth and f r eeboa rd  requi re -  

ments ( t r a n s i t i o n  requirements  must be cons idered  i f  t h i s  pro- 

cedure is  used ) .  
0 * 3 3  and determine t h e  r i p r a p  type  from Table 6.4 3 )  Compute V /R 

and K from Table 6.5. 
m 

4 )  Check t h e  K determined from c a l c u l a t i o n  wi th  t h e  assumed 
m 

value. 

5 )  I t e r a t e  u n t i l  convergence occurs .  

6 )  Check Froude number c r i t e r i a  (F  < 0 .8 ) ;  i f  acceptab le  cont inue r 
w i t h  design.  

7 )  Determine g rada t ion  from Table 6.5. 



8 )  Determine f i l t e r  requirements.  

9 )  Add proper  freeboard.  I f  t h e  channel des ign  is f o r  a reach  

wi th  s l i g h t  changes i n  grade, t h e  mi ldes t  s l o p e  should now be 

used t o  e v a l u a t e  flow depth and f reeboard  requirements.  

c. Drop S t r u c t u r e  

1 E s t a b l i s h  D of a v a i l a b l e  r i p r a p  o r  bed ma te r i a l .  
50 

2 )  Compute K according t o  Equation 6.1 2 u s ing  Equation 4.1 8 f o r  

Manning's n. 

3 )  Determine R f romFigures6 .10a-c .  

4 )  Solve Fquat ion 6.11 f o r  t h e  s t a t i c  equ i l i b r ium slope.  

5 )  If t h e  s l o p e  of t h e  n a t u r a l  t e r r a i n  is l e s s  t han  t h e  s t a t i c  

equ i l i b r ium s lope ,  no drop s t r u c t u r e s  a r e  requi red .  

6 )  I f  d rop  s t r u c t u r e s  a r e  requi red ,  eva lua t e  t h e  number and 

spac ing  necessary  from Equations 6.1 4 and 6.15, r e spec t ive ly .  

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

6.9.1 Example of t h e  Lane Rela t ion  Evaluat ion of Disturbances t o  
A l l u v i a l  Channels 

The impact of a new s u r f a c e  mine ope ra t ion  on a stream o r  r i v e r  can be 

q u a l i t a t i v e l y  p r e d i c t e d  us ing  t h e  Lane Relat ion.  Assuming t h a t  t h e  watershed 

was r e l a t i v e l y  undis turbed  f o r  a long p e r i o d  of t i m e ,  s t reams and r i v e r s  would 

have achieved a s t a t e  of  approximate equi l ibr ium. This  cond i t i on  is  commonly 

r e f e r r e d  t o  a s  "graded" by g e o l o g i s t s  and "poised" by engineers ,  implying 

i n s i g n i f i c a n t  aggrada t ion  o r  degrada t ion  i s  occurr ing.  With t h e  la rge-sca le  

l and  d i s tu rbance  and c l e a r i n g  of t h e  mine opera t ion ,  t h e  product ion  of sedi-  

ment i s  g r e a t e r ,  and consequent ly t h e  sediment d ischarge  
Qs 

would inc rease  

t o  Q + . Assuming t h e  p a r t i c l e  s i z e  ( D  ) and water  d i scharge  ( Q  do no t  
s 5 0 

change, t h e  channel  g r a d i e n t  S must i nc rease  t o  maintain t h e  p r o p o r t i o n a l i t y  

o f  t h e  Lane Relat ion.  

This  w i l l  occur  due t o  aggrada t ion  of sediment i n  t h e  upper reaches  of t h e  

channel (s  ) due t o  t h e  overloaded sediment condit ion.  

A second a p p l i c a t i o n  of t h e  Lane Rela t ion  i s  t h e  q u a l i t a t i v e  a n a l y s i s  of 

t h e  impact of a sediment pond on t h e  downstream channel. Assuming t h e  sed i -  



ment pond i s  extremely e f f e c t i v e ,  t hen  t h e  
Qs 

from t h e  pond t o  t h e  channel 

may be l e s s  t han  what o r i g i n a l l y  e x i s t e d  i n  t h e  channel  i n  i t s  graded o r  

po i sed  s t a t e .  Under t h e s e  cond i t i ons ,  and assuming Q and 
D5 0 

do n o t  

change, t h e  channel  s l o p e  must decrease  downstream of t h e  pond t o  maintain t h e  

p r o p o r t i o n a l i t y  of t h e  Lane Rela t ion .  

Therefore,  t h e  r e l a t i v e l y  c l e a r  water  d i scharge  from t h e  sediment pond 

induces scour  i n  t h e  channel  immediately downstream. Addi t iona l ly ,  t h e  chan- 

n e l  banks may become uns t ab le  due t o  t h e  degradat ion.  With t ime t h e  sediment 

pond may f i l l  and sediment would once aga in  be a v a i l a b l e  t o  t h e  downstream 

channel. Then, except  f o r  l o c a l  scour ,  t h e  channel g r a d i e n t  would aga in  

i n c r e a s e  t o  t r a n s p o r t  t h e  inc reased  sedimel.': load. 

6.9.2 Example of t h e  Method of  Maximum Permiss ib le  Veloc i ty  ( A l l u v i a l  o r  
Bedrock Channel) 

Compute t h e  bottom width and t h e  flow depth of a  t r a p e z o i d a l  channel  l a i d  

on a  s l o p e  o f  0.0 2 and c a r r y i n g  a  des ign  d ischarge  of 75 c f s .  Assume t h e  

channel  i s  t o  be excavated i n  e a r t h  con ta in ing  nonco l lo ida l  coa r se  g rave l s  and 

pebbles  and no a d d i t i o n a l  p r o t e c t i o n  w i l l  be requi red ,  t h a t  is,  t h e  channel 

w i l l  be designed t o  be i n  s t a t i c  equi l ibr ium without  u se  of a  l i n i n g .  The 

design procedure would be  i d e n t i c a l  i f  t h e  channel  were be ing  c u t  i n  bedrock. 

Only t h e  va lue  of t h e  pe rmis s ib l e  v e l o c i t y  would change. 

Solu t ion  

For t h e  given condi t ions ,  t h e  fo l lowing  a r e  es t imated:  n  = 0.025, 

z = 2, and maximum pe rmis s ib l e  v e l o c i t y  = 4.0 f p s .  

Using t h e  Manning formula, so lve  f o r  R. 

o r  R = 0.33 f t .  

Then A = 75/4.0 = 18.7, A = ( b  +zd) d = ( b  + 2d) d = 18.7 f t 2  

P = A/R = 18.7/0.33 = 56.7 f t .  

P = b + 2 4 1  + i? d = 56.7 f t .  

Solving t h e  two equat ions  s imultaneously,  



S u b s t i t u t i n g  f o r  b  i n  t h e  second e q u a t i o n  y i e l d s  

The latter e q u a t i o n  i s  of t h e  form 

which c a n  be  s o l v e d  by t h e  q u a d r a t i c  equa t ion :  

Using t h e  a p p r o p r i a t e  v a l u e s  of A,  B and C produces  t h e  r e s u l t  

Note t h a t  i n  t h i s  c a s e  t h e  d e p t h  and h y d r a u l i c  r a d i u s  are e q u a l  ( t o  t h e  

second  dec imal )  a s  a r e s u l t  o f  t h e  channe l  b e i n g  h y d r a u l i c a l l y  wide 

(b/d  > 1 0 ) .  

6 .  Add f reeboard .  F i r s t  e v a l u a t e  i f  t h e  f l o w  i s  s u b c r i t i c a l  o r  

s u p e r c r i t i c a l  : 

v F r = - -  - 4 0  = 1.3;  s u p e r c r i t i c a l  (where t h e  f low d e p t h  d  
JQL /32/2(0.33) is  used f o r  t h e  c h a r a c t e r i s t i c  l e n g t h  

l e n g t h  L). 
Equa t ion  4.7 

T h e r e f o r e ,  from T a b l e  4.4 

c = 0.25 and  0 .25(d)  = 0.08 < 1.0 use  1.0 f t  
f b  

I F.B. = 1.0 + - A Z =  1.0 + 0 = 1.0 Equa t ion  4.20 
2  

There fore ,  a bottom wid th  of b  = 12.6 f  t and a channe l  d e p t h  of d  = 1.33 f t  

are r e q u i r e d  f o r  a  s t a t i c  e q u i l i b r i u m  channe l  i n  t h e  n a t u r a l  e x c a v a t e d  e a r t h  

o f  t h i s  example. 



6.9.3 Example of Vegetated Channel Design 

Assuming t h e  channel descr ibed  i n  t h e  example of Sec t ion  6.9.2 does not  

flow f o r  long  du ra t ions ,  design a t r a p e z o i d a l  vege ta ted  waterway f o r  t h i s  

l oca t ion .  Use a g r a s s  mixture a s  t h e  vege ta t ion  and assume an  e a s i l y  eroded 

s o i l .  

Determine des ign  v e l o c i t y  from Table 6.2 a s  3 f p s .  

Determine r e t a rdance  c l a s s  from Table 6.3 a s  D f o r  t h e  mowed condit ion.  

Determine R a s  0.37 f o r  two pe rcen t  s lope ,  from Figure  6.5d. 

Ca lcu la t e  A = Q/V. 

Determine b and d such t h a t  

A good assumption f o r  channels t h a t  must be designed wi th  a low per- 

m i s s i b l e  v e l o c i t y  i s  t h a t  t h e  f i n a l  c r o s s  s e c t i o n  w i l l  be  h y d r a u l i c a l l y  

wide, t h e r e f o r e ,  t h e  flow depth  d w i l l  approximately equal  t h e  hydrau- 

l i c  r a d i u s  R . The a r e a  r e l a t i o n  can  then  be so lved  f o r  t h e  bottom width 

b and t h i s  va lue  assumed f o r  design. Therefore,  u s e  b = 30 assume d 

= 0.8 and i t e r a t e  u n t i l  R = 0.8. 

Therefore,  A = 29, R = 0.8 and a c t u a l  capac i ty  Q = 87 c f s .  

From Table 6.3 t h e  r e t a rdance  c l a s s  f o r  unmowed is  B. 

Assume d = 1.5 f t ,  t hen  R = 1.3. 

From Figure  6.5b, w i th  R = 1.3 and S = 2 pe rcen t ,  V = 4.0 f p s .  

which i s  t o o  h igh  f o r  t h e  vegeta t ion .  Therefore t r y  lower d 

d = 1.2 f t ,  then  R = 1.1 

From Figure  6.5b V = 3.0 f p s  

Q = VA = 3.0 [30(1.2)  + 3(1.22)1 = 121 c f s .  Since 121 > 75 c f s ,  t r y  a 

lower d. Try d =  1.1 then  R =  1.0. FromFigure  6.5b, V =  2.3 f p s  

and  



Q = VA = 2.3 [3O( 1.1) + 3(  1. 112] = 84  cfs--close enough t o  75 c f s .  

10. F reeboard  

F i r s t ,  de te rmine  i f  t h e  f low i s  s u b c r i t i c a l  o r  s u p e r c r i t i c a l  f o r  b o t h  

c o n d i t i o n s  (mowed, unmowed) 

v ~ r = - -  - = 0.55; subcritical 3 .O 
Equa t ion  4.7 

JZ J32.2(0 .9 )  (mowed) 

v F r  = - -  - 2.3 
= 0.39; s u b c r i t i c a l  Equa t ion  4.7 

JZ J(32 .2)  (1.1) ( u n w e d )  

T h e r e f o r e ,  f rom T a b l e  4.4 

cfb= 0.20 f o r  unmowed and  mowed c o n d i t i o n s  

c ( d )  = 0.20(1.6) = 0.32 < 1.0; u s e  1.0 f t  
f b  

Equa t ion  4.20 

T h e r e f o r e ,  u s e  F.B. = 1.0 f t .  

The c h a n n e l  d imensions  are t h e n  b = 30 f t ,  channe l  dqth  = 2.1 f t  w i t h  a 

c a p a c i t y  f o r  8 4  c f s .  

6.9.4 Example o f  Riprap  Design 

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

example, r o c k  r i p r a p  c a n  b e  used. The channe l  d imensions  f o r  s t a t i c  

e q u i l i b r i u m  were (Example of S e c t i o n  6.8.3) b = 12.6 f t  and d = 0.33 f t .  

T h e r e f o r e ,  f o r  a l i n e d  channe l  assume b = 8 f t .  

1. Assume K s i z e  o f  9 i n c h e s ,  t h e r e f o r e  
m 

Equa t ion  4.18 

= 0.038 

2. From c h a r t s  i n  Appendix C f o r  Qn = 75(0.038)  = 2.85 on a two p e r c e n t  

s l o p e  



d = 1.3  f t .  

There fore ,  

From T a b l e  6.4 r e q u i r e d  r i p r a p  is Type L. 

4 .  For  Type L, K = 6 i n .  There fore ,  must r e c a l c u l a t e .  
m 

5 .  n = 0.0395 (6/12)  1 /6 

= 0.035 

Qn = 75(0.035) = 2.62 

f rom Appendix C 

2 
8 ( 1 * 2 5 )  + 2 ( 1 * 2 5  = o.97 

T h e r e f o r e  R = 
2 0.5 

8+2(1 .25) (2  +1) 

and  from T a b l e  6.4 t h e  r e q u i r e d  r i p r a p  i s  Type L.  T h e r e f o r e ,  t h e  

r e q u i r e d  r i p r a p p e d  c h a n n e l  t o  convey 75 c f s  on a two p e r c e n t  s l o p e  h a s  

a n  e i g h t - f o o t  bot tom wid th ,  a f low d e p t h  o f  1.25 f t ,  and  a median r i p r a p  

s i z e  of s i x  i n c h e s .  

6 .  Check Froude Number 

v F ~ = - -  - - = 0.90; s u b c r i t i c a l  Equa t ion  4.7 5.7 

J ~ L  432.2(1 . 2 5 )  

T h e r e f o r e ,  s i n c e  t h e  Froude Number i s  g r e a t e r  t h a n  0 .8  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 r o c e d u r e  must be used. 

From S e c t i o n  5.5.1 

1 )  Design d i s c h a r g e  = 75 c f s  

2 )  Channel s l o p e  = 0.02 



3) Use 8 f t  bottom width 

4 )  S ince  t h e  lowest  s l o p e  shown on t h e  des ign  curves  (F igu res  5.3 t o  

5.7)  is 0.05, t h i s  va lue  w i l l  be  used. This w i l l  p rovide  a s l i g h t l y  

conserva t ive  design. Since t h e r e  i s  n o t  a graph f o r  8 f t  bottom 

widths,  u se  t h e  6- and 10- f t  graphs and l i n e a r l y  i n t e r p o l a t e .  

6 f t  D = 0.85 
5 0 

10 f t  DS0 = 0.58 

Theref o r e  f o r  8 f t  bottom width D = 0.72. From Table 5.2 t h e  
5 0 

des ign  DS0 = 0.75. 

5)  Gradat ion 

Thickness 

6 )  h r a l u a t e  f i l t e r  requirements  a s  p rev ious ly  discussed.  

6.9.5 Grade Cont ro l  S t r u c t u r e s  

I f  t h e  a v a i l a b l e  r i p r a p  on a mine s i t e  c o n s i s t s  of rock wi th  a - 
D50 - 

6 i n .  and it i s  requ i r ed  t o  des ign  a channel  t o  t r a n s p o r t  200 c f s  on a s l o p e  

of f o u r  p e r c e n t  f o r  500 f t ,  w i l l  grade c o n t r o l  s t r u c t u r e s  be requi red?  Assume 

a t r a p e z o i d a l  channel  w i t h  a bottom width of  10 f t  and 2: 1 s i d e  s lopes .  

A s  given, t h e  D50 of t h e  a v a i l a b l e  r i p r a p  i s  s i x  inches .  

= 1.9 x lo8 

From Figure  6.1 1b R = 1.28 f t .  

Equation 6.1 2 

Equation 6.11 



5.  Since 0.04 > 0 . 0 3 ,  grade control structures are required. 

6 .  From Equation 6 . I 3  the elevation to  be controlled i s  

and the required nmber of structures 

Therefore, uae two structures spaced 

L = AZ 5.0 
W 

= - = 250 f t  apart 
2 

Therefore, the f i r s t  structure i s  250 f t  downstream and the second i s  a t  

500 f t .  
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V I I  . TRANSITION DESIGN 

7.1 Basic  Cons idera t ions  

T r a n s i t i o n s  may be de f ined  a s  a change i n  e i t h e r  d i r e c t i o n ,  s lope  o r  

c r o s s  s e c t i o n  of  t h e  channel  t h a t  produces a change i n  t h e  s t a t e  of flow 

(Henderson, 1966). T r a n s i t i o n  design i s  a c r i t i c a l  s t e p  i n  design of open- 

channel  flow networks s i n c e  t h e  des ign  c a p a c i t y  of t h e  system can be s i g n i f i -  

c a n t l y  lowered i f  t h e  t r a n s i t i o n s  do not  perform proper ly .  Some of t h e  

p o s s i b l e  problems t h a t  can develop w i t h  poor ly  designed t r a n s i t i o n s  inc lude  

backwater e f f e c t s ,  l o c a l  scour  and wave formation. 

There a r e  s e v e r a l  c o n d i t i o n s  where t a n s i t i o n s  w i l l  be r equ i r ed  on s u r f a c e  

mine s i t e s .  Diversion channels  w i l l  seldom be i d e n t i c a l  i n  shape wi th  t h e  

n a t u r a l  waterway above and below. Economic cons ide ra t ions  usua l ly  d i c t a t e  

des igning  a smal le r ,  more h y d r a u l i c a l l y  e f f i c i e n t  d ive r s ion  channel t han  t h e  

n a t u r a l  waterway. Th i s  i s  p a r t i c u l a r l y  t r u e  when r i p r a p  i s  being used t o  s t a -  

b i l i z e  t h e  channel.  T r a n s i t i o n  s e c t i o n s  a r e  a l s o  r equ i r ed  a t  changes i n  

grade, such a s  t h e  i n l e t  and o u t l e t  t o  a s p o i l  f i l l  d ivers ion .  These t r an -  

s i t i o n s  t y p i c a l l y  r e p r e s e n t  a change from a mi ld  t o  a s t e e p  s l o p e  and from a 

s t e e p  t o  a mi ld  s lope ,  r e s p e c t i v e l y .  The recommended des ign  f o r  t h e  i n l e t  and 

o u t l e t  o f  a s t e e p  s l o p e  d i v e r s i o n  on a s p o i l  f i l l  was given i n  Sec t ion  5.4. 

However, o t h e r  changes i n  grade, such a s  t h e  t r a n s i t i o n  from a m i l d  s l o p e  t o  a 

mi lder  s lope ,  r e q u i r e  cons ide ra t ion .  In  t h i s  c a s e  a p o t e n t i a l  backwater con- 

d i t i o n  e x i s t s  t h a t  could  cause  overtopping of t h e  upstream channel. 

Conversely, i f  a m i l d  s l o p e  t r a n s i t i o n s  t o  s l i g h t l y  s t e e p e r  s lope ,  t h e  poten- 

t i a l  f o r  l o c a l  scour  e x i s t s .  

T r a n s i t i o n s  must b e  p rope r ly  designed t o  avoid t h e  p o t e n t i a l  adverse  

e f f e c t s  d i scussed  above. T r a n s i t i o n s  a r e  sometimes designed t o  conserve head, 

however, t h i s  cons ide ra t ion  i s  n o t  p a r t i c u l a r l y  r e l e v a n t  t o  d ive r s ion  channel 

design on s u r f a c e  mine ope ra t ions .  Addi t iona l ly ,  t r a n s i t i o n s  from one 

geometr ic  shape t o  another ,  such a s  t r a p e z o i d a l  t o  r ec t angu la r ,  a r e  r e l e v a n t  

i n  cana l  des ign ,  b u t  n o t  d i v e r s i o n  channel  des ign  on s u r f a c e  mine s i t e s .  

Riprap-l ined channels  on s u r f a c e  s i t e s  a r e  t y p i c a l l y  geometr ica l ly  simi- 

l a r  t r a p e z o i d a l  shapes. Therefore,  cons ide ra t ion  of t h e  more complicated 

curved o r  warped t r a n s i t i o n  s e c t i o n  i s  n o t  included i n  t h i s  manual. 

The f i n a l  s e c t i o n  of t h i s  chap te r  p r e s e n t s  gene ra l  gu ide l ines  r e l a t e d  t o  - 

channel  j unc t ions ,  such a s  a d i v e r s i o n  channel  d i scha rg ing  i n t o  a n a t u r a l  

stream. This  cond i t i on  can  be  considered a s  a s p e c i a l  type  of t r a n s i t i o n .  



7.2 General Design P r i n c i p l e s  

T r a n s i t i o n  des ign  i s  based on t h e  Bernou l l i  and c o n t i n u i t y  equat ions  

(Equat ions 4.9 and 4.10); however, exper ience  p l a y s  an  important  p a r t .  The 

S o i l  Conservat ion Se rv i ce  (1977) has  provided some gene ra l  r u l e s  t o  fol low i n  

des igning  t r a n s i t i o n s .  They a r e :  

1. The water s u r f a c e  should be smoothly t r a n s i t i o n e d  t o  meet end condi t ions .  

2. The water  s u r f a c e  edges should  n o t  a t  any s e c t i o n  converge a t  an  ang le  
g r e a t e r  t han  28O w i t h  t h e  c e n t e r  l i n e ,  nor  d iverge  a t  a n  ang le  g r e a t e r  
t han  250. 

3. I n  w e l l  designed t r a n s i t i o n s ,  l o s s e s  i n  a d d i t i o n  t o  f r i c t i o n  should n o t  
exceed 0.10 h f o r  convergence and 0.20 h f o r  divergence,  where h is  
t h e  v e l o c i t y  Kead. 

v v 

4. In  gene ra l  it i s  d e s i r a b l e  t o  have bottom grades  and s i d e  s lopes  meet end 
c o n d i t i o n s  t a n g e n t i a l l y .  

T r a n s i t i o n  design i s  based on a modified form of B e r n o u l l i ' s  equat ion,  

(Sec t ion  4.3)  de r ived  by grouping t h e  va r ious  head terms from Sec t ions  1 and 

For s u f f i c i e n t l y  f l a t  s l o p e s  ( ~ / y )  + Z equals  t h e  water-surface e l eva t ion ,  

and t a k i n g  t h e  f a l l  of t h e  water  s u r f a c e  i n  t h e  downstream d i r e c t i o n  a s  posi-  

t i v e ,  Equation 7.1 e q u a l s  

where AW.S. i s  t h e  change i n  t h e  water-surface e l e v a t i o n ,  Ah i s  t h e  v 
change i n  t h e  v e l o c i t y  heads and hL i s  t h e  head l o s s  term. In  a t r a n s i t i o n  

s e c t i o n ,  a d d i t i o n a l  head l o s s  i s  u s u a l l y  involved over  t h e  f r i c t i o n  head l o s s .  

The a d d i t i o n a l  l o s s e s ,  r e f e r r e d  t o  as conversion l o s s e s ,  can be def ined  simply 

a s  t hose  due t o  a change i n  d i r e c t i o n  of  t h e  s t ream l i n e s  r e s u l t i n g  i n  both 

converging and d ive rg ing  t r a n s i t i o n s .  In  r e l a t i v e l y  s h o r t  t r a n s i t i o n s ,  t h e  

conversion l o s s e s  a r e  u s u a l l y  s i g n i f i c a n t l y  g r e a t e r  t han  t h e  f r i c t i o n  l o s s e s  

and s o  t h e  f r i c t i o n  l o s s e s  can be  neglected.  The head l o s s  term hL is  then  

de f ined  as (Chow, 1959) 

i n l e t s  : 



o u t l e t s :  

where Ci and Co a r e  t h e  i n l e t  and o u t l e t  l o s s  c o e f f i c i e n t s ,  r e spec t ive ly .  

For  i n l e t  (converging)  s t r u c t u r e s ,  t h e  en t r ance  v e l o c i t y  i s  l e s s  than  t h e  e x i t  

v e l o c i t y  and it is necessary  t o  design t h e  t r a n s i t i o n  wi th  a drop i n  t h e  

water-surface s u f f i c i e n t  t o  provide t h e  r equ i r ed  i n c r e a s e  i n  v e l o c i t y  head and 

t o  overcow head l o s s e s .  For o u t l e t  (d ive rg ing )  s t r u c t u r e s  t h e  v e l o c i t y  i s  

reduced and t h e  water  s u r f a c e  t h e o r e t i c a l l y  r i s e s  a n  amount equal  t o  t h e  

reduct ion  i n  v e l o c i t y  head. The a c t u a l  r i s e ,  r e f e r r e d  t o  a s  t h e  recovery 

head, i s  less than  t h e o r e t i c a l  due t o  head l o s s e s .  These r e l a t i o n s h i p s  can be 

s t a t e d  mathematically by inco rpora t ing  Equation 7.3 i n t o  Equation 7.2, 

i n l e t s :  Aw.s .  = bhv + ci ~h~ (7.4a) 

o u t l e t s :  AW.S. = nhv - Co A hv 

These s imple r e l a t i o n s h i p s ,  p l u s  t h e  c o n t i n u i t y  equat ion ,  form t h e  b a s i s  f o r  

a l l  t r a n s i t i o n  design. . The o b j e c t i v e  i n  designing a t r a n s i t i o n  is  then  t o  

achieve  t h e  water-surface change s p e c i f i e d  by Equat ions 7.4. 

7.3 S impl i f i ed  Design Procedure 

Given two channel  c r o s s  s e c t i o n s ,  it i s  requ i r ed  t o  design t h e  t r an -  

s i t i o n .  A s i m p l i f i e d  t r a n s i t i o n  design procedure where conserva t ion  of head 

i s  no t  c r i t i c a l  i s  g iven  by t h e  S o i l  Conservation Se rv i ce  (1977).  The eleva-  

t i o n  of  t h e  water-surface and t h e  flow v e l o c i t y  a t  t h e  end p o i n t s  a r e  known 

from t h e  des ign  d ischarge  and channel  geometries.  However, i n  t h e  design pro- 

cedure no a t t empt  is made t o  t r a c e  o u t  t h e  water s u r f a c e  a t  in te rmedia te  

p o i n t s  i n  t h e  t r a n s i t i o n .  The design o b j e c t i v e  i s  only t o  i n s u r e  t h a t  t h e  

proper  o v e r a l l  change i n  water  s u r f a c e  e l e v a t i o n  e x i s t s .  

I n  t h e  absence of  more s p e c i f i c  knowledge t h e  l eng th  of t h e  t r a n s i t i o n  

should be such t h a t  a s t r a i g h t  l i n e  jo in ing  t h e  flow l i n e  a t  t h e  two ends of 

t h e  t r a n s i t i o n  w i l l  make a n  ang le  of about  12 1/2 degrees wi th  t h e  a x i s  of t h e  

s t r u c t u r e .  The recommended va lues  of t h e  c o e f f i c i e n t s  Ci and C a r e  taken 
i 

a s  0.15 and 0.25, r e s p e c t i v e l y ,  t h e r e f o r e  Equation 7.4 becomes 

i n l e t s :  A W .  S. = 1.15 A hv (7.5a)  

o u t l e t :  AW.S. = 0.75 Ahv (7.5b) 

With t h e  known v e l o c i t i e s  t h e  change i n  water  s u r f a c e  can then  be computed. 



For a n  i n l e t ,  t h e  drop i n  bed e l e v a t i o n  through t h e  t r a n s i t i o n  necessary 

t o  achieve  t h e  r equ i r ed  A W . S .  i s  

where dl and d2 a r e  t h e  flow depths  a t  t h e  en t r ance  and o u t l e t  of t h e  

t r a n s i t i o n ,  r e spec t ive ly .  For a n  o u t l e t  t h e  r equ i r ed  r i s e  i n  e l e v a t i o n  

through t h e  t r a n s i t i o n  i s  

Therefore,  fo l lowing  t h e  genera l  r u l e s  g iven  i n  Sec t ion  7.2 and t h e  computed 

l e n g t h  and e l e v a t i o n  change, t h e  t r a n s i t i o n  des ign  is complete. 

7.4 T r a n s i t i o n  P ro tec t ion  

The t r a n s i t i o n  design procedure presented  i n  t h e  previous  s e c t i o n  i s  a 

s i m p l i f i e d  method. Therefore,  t o  ensu re  t h a t  t r a n s i t i o n  s t a b i l i t y  i s  main- 

t a ined ,  it i s  recommended t h a t  r i p r a p  p r o t e c t i o n  be  provided i n  t r a n s i t i o n  

reaches.  Using t h e  va lues  f o r  flow v e l o c i t y  ( V )  and depth  of  flow (d ) ,  va lues  

o f  t h e  Froude number can be  determined (Sec t ion  4.2.5).  

I f  t h e  t r a n s i t i o n  is  accomplished on a mi ld  s l o p e  where t h e  Froude number 

does n o t  exceed 0.8, t r a n s i t i o n  p r o t e c t i o n  can be determined from t h e  mild 

s lope  r i p r a p  design procedure i n  Sec t ion  6.7. To account  f o r  t h e  turbulence  

i n  t h e  t r a n s i t i o n  s e c t i o n ,  t h e  va lue  f o r  v e l o c i t y  V used i n  t h e  parameter 
v ~ / R ~ * ~ ~  

should  be  inc reased  by t h e  fo l lowing  amounts: 

V = 1.05 t imes  channel  v e l o c i t y  f o r  converging channels  ( a c c e l e r a t i n g  
f low) 

V = 1.10 t i m e s  channel  v e l o c i t y  f o r  d ive rg ing  channels  ( d e c e l e r a t i n g  
f low) 

P r o t e c t i o n  should a l s o  be provided bo th  up  and downstream of  t h e  t r a n s i t i o n  

reach. &commended d i s t a n c e s  a r e  a t  l e a s t  t h r e e  f e e t  upstream of t h e  en t rance  

and a t  l e a s t  f i v e  f e e t  downstream o f  t r a n s i t i o n  e x i t .  

For  s t e e p  s lop ing  t r a n s i t i o n s  where Froude numbers exceed 0.8,  t r a n s i t i o n  

p r o t e c t i o n  should be eva lua ted  from t h e  s t e e p  s l o p e  r i p r a p  des ign  procedure 

given i n  Sec t ion  5.3. T r a n s i t i o n  s l o p e s  l e s s  t han  f i v e  pe rcen t  ( t h e  minimum 

s l o p e  va lue  i n  t h e  s t e e p  s lope  des ign  cu rves )  can be designed us ing  t h e  t e n  



pe rcen t  curves  consequently provid ing  conserva t ive  rock p ro t ec t ion .  

P r o t e c t i o n  should be provided a t  t h e  t r a n s i t i o n  en t r ance  and e x i t  according t o  

t h e  c r i t e r i a  i n  Sec t ion  5.4. 

7.5 Spec ia l  Considerat ions 

The s i m p l i f i e d  method d iscussed  i n  Sec t ion  7.3 i s  probably adequate f o r  

most t r a n s i t i o n  des igns  r equ i r ed  f o r  d ive r s ion  channels i n  a  s u r f a c e  mine 

s i t u a t i o n .  The method g ives  a  s a t i s f a c t o r y  design f o r  r e l a t i v e l y  low velo- 

c i t y ,  smal l  t r a n s i t i o n  s e c t i o n s .  Under h igher  v e l o c i t y  f lows involv ing  

s u p e r c r i t i c a l  flow and hydrau l i c  jump s i t u a t i o n s ,  more d e t a i l e d  design proce- 

dures  a r e  requi red .  Shock wave formation and o t h e r  complicat ing f a c t o r s  must 

b e  considered.  References f o r  t h e s e  design procedures  inc lude  Hinds (1928) 

and Henderson ( 1966) . 

7.6 Channel Junc t ions  

Where a  confluence between a  major d ive r s ion  channel  and a  n a t u r a l  stream 

channel  occurs ,  t h e  junc t ion  should be o r i e n t e d  t o  provide  a  good t r a n s i t i o n  

of  t h e  d i v e r s i o n  channel  flow i n t o  t h e  n a t u r a l  s t ream flow. I f  t h e  d ive r s ion  

channel  i s  brought  i n  perpendicular  t o  t h e  s t ream channel,  s i g n i f i c a n t  t u r -  

bulence and waves may be generated a t  t h e  junc t ion  p o i n t .  This  i n  t u r n  can 

r e s u l t  i n  scour  and problems of  channel i n s t a b i l i t y .  Or i en ta t ion  of t h e  

d i v e r s i o n  channel  e x i t  more i n  t h e  d i r e c t i o n  of t h e  n a t u r a l  s t ream flow he lps  

reduce v e l o c i t y  and momentum components (which cause waves normal t o  t h e  

d i r e c t i o n  of t h e  combined f low) ( S o i l  Conservation Serv ice ,  1977). 

The n a t u r a l  ang le  of  junc ture  between t r i b u t a r y  s t reams and main streams 

has  been observed t o  be i n  a  range of  45 t o  55 degrees.  A t  a  junct ion between 

a  d ive r s ion  channel and a  n a t u r a l  s t ream channel,  t h e  d i v e r s i o n  channel i s  

e s s e n t i a l l y  a  t r i b u t a r y .  Therefore,  o r i e n t a t i o n  of  major d ive r s ion  channel 

junc t ions  a t  ang le s  no l a r g e r  t han  45 t o  55 degrees should provide  f o r  reaso- 

nable  t r a n s i t i o n  and a s s i m i l a t i o n  of d i v e r t e d  f lows i n t o  s t ream channels.  

F igu re  7.1 shows t h e  recommended o r i e n t a t i o n .  

A major d ive r s ion  channel,  such a s  one c a r r y i n g  t h e  flow of  a  d i v e r t e d  

t r i b u t a r y  s t ream, should  be  cons t ruc t ed  s o  t h a t  t h e  d i v e r s i o n  e n t e r s  a t  t h e  

i n v e r t  l e v e l  of t h e  n a t u r a l  channel. Smaller d i v e r s i o n s  may be brought i n  a t  

some p o i n t  on t h e  channel  bank above t h e  s t ream bed l e v e l .  When t h i s  i s  t h e  

case ,  adequate  p r o t e c t i o n  of  t h e  channel  banks must be provided by placement 
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Figure 7.1. Recommended junction angle between a major 
diversion and a natural stream channel. 



o f  l o c a l i z e d  r i p r a p .  Over land f l o w s  e n t e r i n g  a d i v e r s i o n  c h a n n e l  s h o u l d  be  

c o n c e n t r a t e d  and  b r o u g h t  i n  a t  s e l e c t e d  l o c a t i o n s .  Where it i s  n o t  p r a c t i c a l  

t o  c o n c e n t r a t e  o v e r l a n d  f lows,  t h e  c h a n n e l  bank s h o u l d  b e  p r o t e c t e d  o r  

vege ta ted .  

7.7 Example of T r a n s i t i o n  Design 

The f o l l o w i n g  example i l l u s t r a t e s  t h e  t r a n s i t i o n  d e s i g n  procedure .  It is 

r e q u i r e d  t o  d e s i g n  a t r a n s i t i o n  between two t r a p e z o i d a l  c h a n n e l s  w i t h  d i f -  

f e r e n t  c r o s s  s e c t i o n s .  The c h a r a c t e r i s t i c s  of e a c h  c h a n n e l  are: 

Upstream Channel 
S e c t i o n  

n a t u r a l  smooth 
e a r t h  c h a n n e l  
n  = 0.0 25 
S = 0.003 
Base w i d t h  b  = 10 f t  

Downstream Channel 
S e c t i o n  

Riprap  l i n e d  
D50 = 0.5 f t  
S = 0.01 
Base w i d t h  b  = 6 f t  

f low r a t e  Q = 150 c f s  

S o l u t i o n  

1 )  E v a l u a t e  upst ream channe l  s e c t i o n  p r o p e r t i e s  from d a t a  f o r  upst ream chan- 

n e l :  compute Qn 

From t h e  c h a r t s  i n  Appendix C 

Vn 
Vn = 0.1 12 V = - = 4.5 f p s  

n  

2 )  E v a l u a t e  f low p r o p e r t i e s  i n  downstream channe l  s e c t i o n  

E s t i m a t e  n  = 0.0395 D ( E q u a t i o n 4 . 1 8 )  5 0  

From t h e  c h a r t s  i n  Appendix C 

Vn = 0.20; v = - Vn = 5.7 f p s  n 



d = 2.5 f t  

3 )  Compute change i n  water s u r f a c e  p r o f i l e  (Equat ion 7.5a) 

4 Compute necessary  change i n  e l e v a t i o n  ( A  Z) between t r a n s i t i o n  en t r ance  

and e x i t  (Equat ion 7.6a) 

5 )  Compute l e n g t h  of  t r a n s i t i o n  u s i n g  maximum angle  of convergence equa l  t o  

25O between t h e  water  sur face .  

(9.6-8.0) 
t a n  (12.5)  = -- 

L 

L = 7.2 f t  

F igure  7.2 i l l u s t r a t e s  t h e  design.  



Figure 7 .2 .  Converging transition design example. 
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V I I I .  ROCK DURABILITY AND SLOPE STABILITY EVALUATIONS 

8.1 Introduction 

Basic geotechnical  techniques and geological  concepts a r e  e s s e n t i a l  t o  

t h e  proper design and maintenance of d ivers ions  and channels on a mining s i t e .  

In  t h i s  s e c t i o n  of t h e  design manual, guidel ines  f o r  evaluat ing  engineering 

and geologica l  c h a r a c t e r i s t i c s  of rocks which a r e  important i n  assess ing  rock 

d u r a b i l i t y  a s  r e l a t e d  t o  r i p r a p  and bedrock channels a r e  given. Following 

t h e  d e t a i l e d  assessment and guidel ines ,  problems of geotechnical  s t a b i l i t y  and 

s i t e - s p e c i f i c  condi t ions  associa ted  with d ivers ions  a r e  addressed. 

8.2 Rock Durabi l i ty  Evaluation 

8.2.1 Purpose and Scope 

The purpose of t h i s  sec t ion  i s  t o  def ine  and demonstrate t h e  u t i l i t y  of a 

sys temat ic  method of  quant i fy ing d u r a b i l i t y  of e a r t h  ma te r i a l s  t o  p r e d i c t  

t h e i r  physica l  behavior i f  used a s  r i p r a p  d ivers ion  channels o r  f o r  o the r  

mining-related a c t i v i t i e s .  It i s  designed predominantly f o r  sedimentary rock 

types which o v e r l i e  coa l  seams i n  t h e  e a s t e r n  coa l  region. The procedure was 

developed wi th  t h e  primary goal  of  producing a r e l i a b l e  and adaptable method 

f o r  eva lua t ing  rock d u r a b i l i t y  which can be conducted economically and time- 

e f f i c i e n t l y ,  mainly i n  t h e  f i e l d .  It is  e s s e n t i a l l y  a three-fo ld  procedure 

based pr imar i ly  on f i e l d  observations,  f i e l d  t e s t s ,  and s e l e c t e d  labora tory  

t e s t s .  Options t o  perform t h e  labora tory  t e s t s  a r e  included and t h e i r  use 

depends on environmental demands, economic considera t ions  a t  a p a r t i c u l a r  

s i t e ,  and a v a i l a b i l i t y  of s u i t a b l e  r ip rap  a t  each s i t e .  

In  considering rock d u r a b i l i t y  r e l a t i v e  t o  t h e  s e r v i c e  l i f e  of r ip rap ,  it 

i s  important t o  recognize t h a t  "nothing l a s t s  forever". Therefore , t h e  

designer must t a k e  a very conservative approach, although most r i p r a p  l i n i n g s  

s t i l l  may r e q u i r e  p e r i o d i c  maintenance, t h i s  manual has chosen a conservative 

approach. The recommended procedure i s  based on conservative values designed 

f o r  a probable lengthy in-service  performance of r iprap .  This t r a n s l a t e s  i n t o  

a higher f a c t o r  of s a f e t y  than i s  sometimes recommended f o r  minimum perfor-  

mance. Albei t ,  it i s  considered expedient t o  be conservative considering t h e  

long term exposure and l i f e  of  a diversion channel. 

With t h i s  i n  mind, t h e  d u r a b i l i t y  evaluat ion  method i s  described and 

discussed below- The step-by-step procedure, beginning with genera l  f i e l d  

cons idera t ions  and progress ing t o  s p e c i f i c  laboratory t e s t s ,  i s  a l s o  presented 



i n  a sinple flow c h a r t  i n  Figure 8.1. Reference t o  t h i s  c h a r t  may be he lp fu l  

i n  understanding t h e  sequence of  t h e  procedure a s  d e t a i l e d  p o i n t s  a r e  

described i n  t h e  t e x t .  

Following t h i s ,  an  evaluat ion  format f o r  on-s i te  evaluat ion  i s  provided. 

Then, s e v e r a l  rock types  from Kentucky a r e  a c t u a l l y  evaluated us ing  t h e  

prescr ibed format t o  i l l u s t r a t e  and c l a r i f y  proper use  of t h e  method. 

8.2.2 General Considerat ions of Tes t  Procedure 

The d u r a b i l i t y  o r  wea the rab i l i ty  of rock i s  a c r i t i c a l  f a c t o r  whether 

stream d ive r s ion  i s  being const ructed  with a channel i n  unlined bedrock o r  a 

channel with r i p r a p  a s  a l in ing .  Rock p r o p e r t i e s  t o  be considered w i l l  

inc lude  composition of t h e  rock f r a g m n t  o r  rock outcrop and t h e  presence of 

bedding, jo in t s ,  e t c .  a t  t h e  rock mass (rock outcrop) l eve l .  The term 

"discontinuity" w i l l  be used a s  a non-genetic t e r m  f o r  bedding, jo in t s ,  e t c .  

except  where b e n e f i t  i s  der ived from a more s p e c i f i c  terminology. Aside from 

v i s u a l  evaluat ions  t h a t  may be made a t  t h e  s i t e ,  t e s t i n g  w i l l  be pr imar i ly  

t h a t  used f o r  determining t h e  abrasion r e s i s t a n c e  and degradation p r o p e r t i e s  

o f  aggregates. Climatic condi t ions  a t  t h e  s i t e  have a bear ing  on t h e  choice 

of  t e s t s .  Estimates of annual o r  seasonal  r a i n f a l l  and number of freeze-thaw 

cyc les  w i l l  normally be s u f f i c i e n t  i n d i c a t o r s  of c l i m a t i c  condit ions.  In t h e  

a r e a  of i n t e r e s t ,  t h e  e a s t e r n  coa l  region, t h e  c l imate  i s  a temperate, humid 

continental- type where temperatures r a r e l y  exceed 100°F o r  drop below O°F 

(Huddle, e t  a l .  1963). Forty t o  50 inches of  p r e c i p i t a t i o n  a r e  received 

annually,  most of which i s  r a i n f a l l  and t h e  f r o s t - f r e e  p e r i o d  i s  approximately 

175 days between Apr i l  25th and October 15th. 

I n  add i t ion  t o  t h e s e  cons idera t ions ,  es t imates  must be made of t h e  volu- 

m e s  of water  t o  be c a r r i e d  by t h e  d ivers ions  and t h e  nature  and amount of 

sediment t ransported.  

8.2.3 S i t e  Inves t iga t ions  

8.2.3.1 General 

Much can be learned of t h e  d u r a b i l i t y  of rock from an inves t iga t ion  of 

t h e  s i t e .  A f i r s t  s t e p  i n  evaluat ing  a s i t e  is  t o  ob ta in  a l i s t i n g  of the  

rock types occurr ing  i n  t h e  area. This l i s t i n g  may be obtained from geologic 

maps, geologic r e p o r t s  f o r  t h e  a r e a  and d r i l l  hole  da ta  from explora t ion  

d r i l l i n g .  Brief desc r ip t ions  of t h e  rocks normally accompany such l i s t i n g s .  
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Figure 8.1. Fbck d u r a b i l i t y  flow chart :  Procedure f o r  evaluat ing  rock 
. su i t ab le  a s  r i p r a p  and channel l in ing .  
Pa r t  I - S i t e  inves t iga t ion ;  Pa r t  I1 - Laboratory 
inves t iga t ion .  



I f  such d a t a  a r e  n o t  a v a i l a b l e ,  t h e  rock types  and any s e q u e n t i a l  occurrence 

of  them must be determined a t  t h e  s i t e  from exposures.  The s i t e  i n v e s t i g a t i o n  

provides  t h e  oppor tun i ty  t o  observe t h e  rocks  i n  t h e i r  n a t u r a l  s e t t i n g ,  i . e . ,  

c l i m a t e  and landforms. I f  a i r  photos a r e  a v a i l a b l e  f o r  t h e  s i t e  a r e a ,  t h e i r  

u s e  should  be a n  i n t e g r a l  p a r t  of t h e  i n v e s t i g a t i o n .  The s i t e  f e a t u r e s  t o  be 

considered a r e :  landform c h a r a c t e r i s t i c s ,  rock t y p e  o r  t ypes ,  rock mass con- 

d i t i o n s ,  performance r eco rd  and s imple f i e l d  t e s t s .  

8.2.3.2 Landform C h a r a c t e r i s t i c s  

Most rocks  r e s i s t a n t  t o  t h e  mechanical and chemical weathering cond i t i ons  

a t  a s i t e  w i l l  i n  t u r n  be durable  f o r  t h e  cond i t i ons  p r e v a i l i n g  i n  d ive r s ion  

channels .  The c o r r e l a t i o n  of  r i d g e s  and benches o r  rock-cored t e r r a c e s  wi th  

known rock u n i t s  i n  t h e  s i t e  a r e a  i s  a major f i r s t  s t e p  i n  f i n d i n g  du rab le  

rock.  This  i s  done by t h e  combined use  of topographic maps, a i r  photos and 

observa t ion  of known rock types  occu r r ing  i n  t h e  a r ea .  Thus, t h e  eva lua t ion  

o f  t h e  topographic c o n t r o l  e x e r t e d  by t h e  rocks  a t  a s i t e  i s  of prime impor- 

tance.  A geologic  map i s  a u s e f u l  t o o l  f o r  f u r t h e r  des igna t ing  n a t u r a l l y  

durable  rock u n i t s  from t h o s e  unsu i t ab l e  f o r  u s e  i n  c o n s t r u c t i n g  d i v e r s i o n  

channels .  

8.2.3.3 Rock Type 

I n  coal-producing a r e a s  t h e  rock types  i n  which d i v e r s i o n  channels w i l l  

b e  excavated o r  t h e  rocks  which w i l l  be used f o r  r i p r a p  w i l l  be  of sedimentary 

o r i g i n  ( s e e  Sec t ion  8.2.6). Of t h e s e  only t h e  well-cemented sands tones  and 

r e l a t i v e l y  c l ay - f r ee  l imes tones  w i l l  have long-term d u r a b i l i t y .  Sha les ,  

c l ays tones  and mudstones a r e  n o t  s u i t a b l e  f o r  e i t h e r  channel  cons t ruc t ion  o r  

a s  r i p r a p  because o f  poor  ab ra s ion  r e s i s t a n c e  and t h e  tendency t o  s l a k e  and 

weather r ap id ly .  S i l t s t o n e s  may f a l l  i n  t h i s  category a l s o  i f  they  a r e  clay-  

r i c h  and/or poor ly  cemented. A s  s t a t e d  i n  t h e  Ea r th  Manual publ i shed  by t h e  

U. S. Bureau of  Reclamation (1 9 7 4 ) ,  any sedimentary rock wi th  c l a y  must be 

suspec ted  of  poor performance a s  r i p rap .  

8.2.3.4 Rock Mass Condit ions 

The most durable  rock a s  determined by t e s t i n g  i s  only a s  good a s  t h e  

rock mass from which it was obtained.  Sedimentary rocks  by na tu re  have 

d i s c o n t i n u i t i e s  known a s  bedding su r f aces .  In  add i t i on ,  a l l  r ocks  r e g a r d l e s s  



of o r i g i n  have j o i n t s  o r  r e l a t i v e l y  p l ana r  d i s c o n t i n u i t i e s  caused by volume 

r educ t ion  o r  response t o  t e c t o n i c  s t r e s s e s .  J o i n t s  occur  i n  s e t s  o r  many p l ana r  

d i s c o n t i n u i t i e s  p a r a l l e l  t o  one another .  When t h e s e  s e t s  i n t e r s e c t  a bedding 

p l ane ,  they t y p i c a l l y  form blocks  which can be of s i m i l a r  s i z e  o r  a n  a r r a y  of 

s i z e s  and shapes. 

Closely spaced bedding and j o i n t s  a r e  a problem f o r  both excavated channels  

and r i p r a p  sources.  Thei r  o r i e n t a t i o n s  and spacings may be measured. In  exca- 

va t ed  channels t h e  sma l l e r  t h e  block t h e  e a s i e r  t h e  hydrau l i c  quar rey ing  a c t i o n  

w i l l  be. Riprap sources  obviously must have block dimensions g r e a t e r  than  t h e  

design dimensions t o  be s u i t a b l e .  Any tendency t o  have i n c i p i e n t  sedimentary 

p a c t i n g s  w i l l  i n f luence  breakage of blocks i n t o  sma l l e r  b locks  when b l a s t ed ,  

t r a n s p o r t e d  and p l aced  a s  channel  l i n i n g .  Riprap m a t e r i a l  should n o t  e x h i b i t  

d i s c o n t i n u i t i e s  w i th  spacings less than  t h e  predetermined dimension of t h e  

r i p r a p  r equ i r ed  f o r  a g iven  channel  s i z e  and flow. 

Other  s i g n i f i c a n t  c h a r a c t e r i s t i c s  of  t h e  rocks  a r e  a d i r e c t  r e s u l t  of t h e  

sedimentary environment i n  which c o a l  and t h e  ad jo in ing  rock  u n i t s  were 

formed. In a d d i t i o n  t o  be ing  t h i n l y  bedded, t h e  rocks  may c o n s i s t  of i n t e r -  

bedded s h a l e  and sandstone. Interbedded weak and s t r o n g  l a y e r s  of rock broken 

by j o i n t s  w i l l  only be as durable  as t h e  weakest rock exposed. Also, channel 

d e p o s i t s  are p r e v a l e n t  i n  t h i s  sedimentary environment. Because of  t h e i r  

i r r e g u l a r ,  l i n e a r  geometry, d u r a b i l i t y  of t h e  rock mass may e x h i b i t  s i g n i f i -  

c a n t  v e r t i c a l  and h o r i z o n t a l  v a r i a b i l i t y .  Ca re fu l  examination of  t h e  l o c a l ,  

seemingly durable  u n i t s  m u s t  be  made f o r  t h e s e  s p a t i a l  c o n t r o l s  where a chan- 

nel i s  excavated o r  where r i p r a p  is  be ing  quar r ied .  

8.2.3 .5 Performance 

A f a c t o r  t h a t  should  n o t  be overlooked is  t h e  in - se rv i ce  performance of any 

l o c a l  rock u n i t  which h a s  been exposed t o  t h e  elements.  There a l s o  may be 

l o c a l  excavated s i t e s  where t h e  performance over  s e v e r a l  seasons  of both t h e  

rock i n  t h e  excavated f a c e  and s tockp i l ed  m a t e r i a l  can  be evaluated.  Since 

t h e s e  a r e  t h e  cond i t i ons  p r e v a i l i n g  a t  t h e  site, such performance may be a 

b e t t e r  i n d i c a t o r  o f  d u r a b i l i t y  o r  wea the rab i l i t y  t han  many of t h e  l abo ra to ry  

t e s t s .  Evaluat ion o f  i n - se rv i ce  performance of  s e v e r a l  y e a r s  o r  more is 

recommended. The w e a r a b i l i t y  o r  r e s i s t a n c e  t o  abras ion  common t o  exposed 

bedrock i n  a channel  can  be a s s e r t a i n e d  q u a l i t a t i v e l y  from examination of 

exposures of t h e  rock i n  l o c a l  s t ream channels.  I f  t h e  rock forms r a p i d s  o r  



f a l l s  o r  i s  s u f f i c i e n t l y  r e s i s t a n t  t o  have l o c a l i z e d  abrasion-formed potholes  

r a t h e r  t han  complete removal by e ros ion ,  t h e  rock should perform we l l  f o r  t h e  

s e r v i c e  l i f e  of a  d i v e r s i o n  channel.  

8.2.4 F i e l d  T e s t i n g  

E i t h e r  t h e  i n h e r e n t  s t r e n g t h  of f r e s h  rock o r  t h e  weakened s t a t e  from 

weathering processes  may be  judged from s e v e r a l  f i e l d  t e s t s .  A hammer, pocket 

k n i f e  and a  10-power hand l e n s  a r e  r equ i r ed  f o r  most simple t e s t s .  Since 

t h e s e  a r e  a l l  empi r i ca l  t e s t s ,  it i s  no t  f e a s i b l e  t o  s t anda rd ize  on one s i z e  

o r  k ind  of hammer, a l though t h i s  has  been attempted. 

Broken p i e c e s  of sandstone (hand specimens) may be examined wi th  a  hand 

l e n s .  I f  t h e  sand-sized p a r t i c l e s  a r e  composed of glassy-appearing q u a r t z ,  

t h e  chemical s t a b i l i t y  and t h e  r e s i s t a n c e  t o  ab ra s ion  of t h e  primary mineral  

g r a i n s  w i l l  be  e x c e l l e n t .  I f  t h e  g r a i n s  appear  t o  be composed of o t h e r  

m a t e r i a l  two p o s s i b i l i t i e s  e x i s t .  The g r a i n s  may be f a i r l y  s o f t  fragments of 

t h e  minerals  t h a t  compose l imestone ( c a l c i t e / d o l o m i t e ) ;  t hey  can be sc ra t ched  

e a s i l y  w i th  a  kni fe .  Otherwise, t hey  may be a  mixture of minera ls  der ived  

from p r e e x i s t i n g  rocks.  These minera ls  may have decomposed, a t  l e a s t  i n  p a r t ,  

t o  c l ays .  Then, they  w i l l  s c r a t c h  e a s i l y  and t h e  rock w i l l  have an  e a r t h y  

smell when brea thed  upon. Only t h e  l a s t  c a s e  can be  c a t e g o r i c a l l y  removed 

from f u r t h e r  cons idera t ion .  

The sand-sized q u a r t z  and limey minera ls  composing a  "sandstone" may pro- 

v i d e  s a t i s f a c t o r y  m a t e r i a l  i f  t h e  cement ho ld ing  t h e  g r a i n s  t o g e t h e r  i s  of suf-  

f i c i e n t  q u a n t i t y  and a  durable  kind. The sand-sized g r a i n s  may be cemented o r  

a t  l e a s t  adhered t o g e t h e r  by such common cements a s  c l ay ,  l i m y  cement 

( c a l c i t e ) ,  i r o n  oxide  ( r e d )  , o r  v a r i e t i e s  of 

of cementation, p l a c e  a  drop of water  on t h e  

absorbed, t he  cementing of  t h e  g r a i n s  i s  no t  

b e  very durable.  

I f  t h e  water  i s  no t  absorbed, check f o r  

and by sc ra t ch ing  t h e  s u r f a c e  wi th  a  kni fe .  

qua r t z .  To determine t h e  degree 

f r e s h  sur face .  I f  it i s  

complete and t h e  rock would n o t  

c l a y  by b rea th ing  on t h e  specimen 

When viewed under t h e  hand l e n s ,  

c l ay  cement w i l l  appear  t o  a l low hardy o r  i n d i v i d u a l  minera l  g r a i n s  t o  be 

r e l e a s e d  from t h e  rock mat r ix  when t h e  s u r f a c e  i s  sc ra t ched  by a  kn i f e .  Such 

rocks  w i l l  n o t  be durable  because of t h e  c l ay .  Limey, i r o n  oxide and q u a r t z  

cements may permi t  some c lay-bear ing  rocks  t o  perform w e l l  and should be 

t e s t e d  f u r t h e r  i n  t h e  l abo ra to ry .  Scra tch  tests range from "easy" f o r  limey 



cement t o  "impossible" f o r  q u a r t z .  Another q u a l i t a t i v e  measure of d u r a b i l i t y  

w i l l  b e  obta ined  by examining t h e  f r e s h l y  broken s u r f a c e  wi th  t h e  hand l e n s .  

Tougher, more durable  rocks  w i l l  break ac ros s  t h e  g r a i n s  and cement, while  

l e s s  durable  b u t  perhaps s t i l l  u s e f u l  rocks  w i l l  t e n d  t o  break around t h e  

g r a i n s  through t h e  cementing ma te r i a l .  

The hammer i s  u s e f u l  i n  s e v e r a l  ways. The h a r d e s t  and probably most 

durable  rock w i l l  have a d i s t i n c t  " r ing"  when s t r u c k  wi th  a hammer. With a 

change i n  e i t h e r  k ind  o f  cement, amount of  cement o r  weathering of t h e  rock 

minera ls  and/or cement, t h e  hammer blow w i l l  be  e i t h e r  a d u l l  r i n g  o r  a "thud." 

S ince  t h e s e  a r e  q u a l i t a t i v e  measures, t h e  terms should be de f ined  by t h e  f i e l d  

i n spec to r  by experimenting on rocks  of known d u r a b i l i t y .  

The h a m r  i s  a l s o  u s e f u l  a s  a means of  breaking a rock sample he ld  i n  t h e  

hand. I f  t h e  rock can  be  broken by hammer blows only w i t h  cons iderable  d i f -  

f i c u l t y ,  t h e  d u r a b i l i t y  of  t h e  i n t a c t  sample should be good. The d u r a b i l i t y  

w i l l  decrease  wi th  i n c r e a s i n g  e a s e  of breakage. Any rock t h a t  breaks  e a s i l y  

when hand h e l d  should  be  cons idered  non-durable and of no va lue  i n  d ive r s ion  

channel  cons t ruc t ion .  Addi t iona l ly ,  because sedimentary rocks may be depo- 

s i t e d  i n  a l aye red  f a sh ion ,  it i s  wise t o  c a r r y  o u t  t h e  breakage test  wi th  

s e v e r a l  sample o r i e n t a t i o n s  i n  t h e  hand. Subsequently,  t h e  weakest or ien-  

t a t i o n  w i l l  c o n t r o l  one ' s  choice  of rock, e s p e c i a l l y  i f  t h e  u s e  i s  r i p r a p  

ma te r i a l .  

Williamson (1978) of  t h e  USDA F o r e s t  Se rv i ce  has  devised  a simple impact 

test  us ing  a 1 lb .  b a l l  peen hammer. I f  t h e  hammer rebounds completely wi th  

no damage t o  t h e  rock,  t h e  rock q u a l i t y  should be  h igh  w i t h  an  e s t ima ted  

compressive s t r e n g t h  >15,000 p s i .  I f  fragments a r e  formed a t  t h e  p o i n t  of 

impact, t h e  q u a l i t y  w i l l  s t i l l  be good (du rab le )  with a s t r e n g t h  e s t ima ted  

between 8,000 and 15 ,000 p s i .  Any impact t h a t  r e s u l t s  i n  den t ing  of  t h e  sur -  

f a c e  o r  complete fragmentat ion w i l l  r e v e a l  rocks  no t  s u i t a b l e  f o r  r i p r a p  chan- 

n e l  cons t ruc t ion .  

8.2.5 Laboratory Tes t ing  

8.2.5.1 General 

Rocks which w i l l  be  e l imina ted  a s  s u i t a b l e  r i p r a p  by v i s u a l  i n spec t ion  o r  

s imple f i e l d  t e s t s  a r e  t h o s e  rocks  which a r e  cemented wi th  c l a y  o r  weathering 

t o  c l ay ,  poorly-cemented sandstone,  o r  c l ay - r i ch  rocks such a s  sha l e ,  

c l ays tone  and mudstone. The remaining rock types  w i l l  range from marginal t o  



e x c e l l e n t  i n  performance. Laboratory t e s t i n g  of  t h e s e  rocks  w i l l  p rovide  a 

b a s i s  f o r  judging in - se rv i ce  d u r a b i l i t y .  

A l i t e r a t u r e  review (Phase I r e p o r t )  i n d i c a t e s  t h a t  measures of rock 

d u r a b i l i t y  d e f i n i n g  durable  rock f o r  t h e  uses  descr ibed  i n  t h i s  manual a r e  n o t  

w e l l  def ined.  However, t e s t s  f o r  r e s i s t a n c e  t o  abras ion ,  freeze-thaw cyc le s  

and s t r e n g t h  used f o r  o t h e r  engineer ing  a p p l i c a t i o n s  a r e  adap tab le  t o  durabi- 

l i t y  assessment  (Appendices E and F, Phase I r e p o r t ) .  Abrasion r e s i s t a n c e  i s  

a major concern when t h e  channel  i s  cons t ruc t ed  i n  rock wi thout  a l i n i n g ,  

a l though response t o  water  and freeze-thaw c y c l e s  i s  of  a d d i t i o n a l  concern. 

The d u r a b i l i t y  of r i p r a p  w i l l  b e  de f ined  more by r e s i s t a n c e  t o  water  and 

f r e e z i n g  and thawing than  by ab ras ion  r e s i s t a n c e .  The tests descr ibed  i n  t h e  

fo l lowing  s e c t i o n s  add res s  t h e s e  a s p e c t s  of d u r a b i l i t y .  A s u f f i c i e n t  number 

o f  t e s t s  a r e  desc r ibed  s o  t h a t  t h e  need f o r  a l a r g e  a r r a y  of s p e c i f i c  t e s t  

equipment i s  reduced. While a l l  a r e  t y p i c a l l y  t o  be run i n  t h e  l abo ra to ry ,  

t h o s e  t h a t  may a l s o  be conducted i n  t h e  f i e l d  w i l l  be  i d e n t i f i e d .  

8.2.5.2 Los Angeles Abrasion Tes t  

The Los Angeles Abrasion T e s t  o r  LA t e s t  i s  used t o  e s t ima te  aggrega te  

ab ra s ion  s u s c e p t i b i l i t y .  A s  s t a t e d  i n  t h e  procedure o u t l i n e d  i n  Appendix F.3, 

a percentage l o s s  o r  LA number l e s s  t h a n  40 pe rcen t  is  cons idered  a s  r e s i s t a n t  

o r  durable .  This  t e s t  fo l lows  t h e  ASTM s t anda rds  (1980).  

8.2.5.3 Po in t  Load Tes t  

Durab i l i t y ,  whether t o  ab ra s ion  o r  wi th  r ega rd  t o  n a t u r a l  weathering 

under c l i m a t i c  cond i t i ons ,  i s  d i r e c t l y  p ropor t iona l  t o  u n i a x i a l  compressive 

s t r e n g t h  of a n  i n t a c t  o r  s o l i d  rock sample. The Po in t  Load T e s t  which is  por- 

t a b l e  and may be used i n  t h e  f i e l d  on hand specimens, determines t h e  t e n s i l e  

s t r e n g t h  which i s  converted t o  u n i a x i a l  compressive s t r e n g t h .  A s  de f ined  i n  

Appendix E.2  o f  Phase I r e p o r t ,  t h e  accep tab le  t h r e s h o l d  va lue  is a value,  

>300, which i s  approximately 7,000 p s i .  This,  i n  t u rn ,  i s  roughly equ iva l en t  

t o  a n  LA number of 30 pe rcen t ,  i n d i c a t i n g  t h a t  t h e  p o i n t  l oad  index va lue  i s  

conse rva t ive  r e l a t i v e  t o  t h e  upper index va lue  of t h e  LA t e s t  ( 4 0 ) .  

8.2.5.4 Schmidt Hammer 

The Schmidt Hammer i s  a n  a l t e r n a t i v e  device  f o r  measuring unconfined 

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



de f in ing  s t r e n g t h  va lues  a s  i n d i c a t o r s  of d u r a b i l i t y  is  given i n  Appendix E.l 

o f  t h e  Phase I r e p o r t .  A Schmidt Hammer Value (SHV) of <25 i s  approximately 

equ iva l en t  t o  7,000 p s i  o r  t o  a n  LA number of 30 percent .  

8.2.5.5 Freeze-Thaw Tes t ing  

I f  t h e  rock t o  be used i n  d ive r s ion  channel  cons t ruc t ion  o r  as r i p r a p  t o  

l i n e  t h e  channel  i s  s u b j e c t  t o  freeze-thaw cyc les ,  some e s t i m a t e  must be made of 

t h e  rock r e s i s t a n c e  t o  mechanical breakdown from t h e  cyc les .  This is a most 

s i g n i f i c a n t  f a c t o r  i n  even short- term d i s i n t e g r a t i o n  of exposed rock. 

S u s c e p t i b i l i t y  of  rock i s  t h e  r e s u l t  of c l ay  con ten t  and p o r o s i t y .  I f  t h e  rock 

i n  ques t ion  i s  n a t u r a l l y  exposed i n  an  a r e a  v i s u a l  examination of  t h e  products  

of  many c y c l e s  of f r e e z i n g  and thawing can  se rve  t o  e l i m i n a t e  t h e  rock and t h e  

t e s t .  However, where rock is  t o  be q u a r r i e d  t e s t i n g  i s  recommended (Phase I 

r epor t ,  p. 10.1 2 ) .  

The equipment r equ i r ed  t o  conduct freeze-thaw tests is  no t  r e a d i l y  

a v a i l a b l e  i n  mobile l a b s  o r  i n  many fixed-based t e s t i n g  l a b s .  Tes t ing  may be 

done on a c o n t r a c t  b a s i s  making c e r t a i n  t h a t  ASTM Standard C666 f o r  e i t h e r  

f r e e z i n g  and thawing i n  water  o r  f r e e z i n g  i n  a i r  and thawing i n  water  is  

followed. Any change i n  t h e  g rada t ion  of t h e  t e s t  can be taken  a s  d e l e t e r i o u s  

f o r  rocks  exposed, a s  i n  d i v e r s i o n  channel  s e rv i ce .  Local weather d a t a  may be 

used t o  o b t a i n  t h e  average  f r e e z i n g  c y c l e s  f o r  comparison wi th  test r e s u l t s  

having been produced by a  s p e c i f i e d  number of  cyc l e s .  Judgment must a l s o  be 

used concerning in-serv ice  c o n t a c t  wi th  moisture,  i . e .  , r a i n f a l l ,  snowmelt, 

exposure t o  sun, channel  flow cond i t i ons ,  e t c .  be fo re  a rock can  be accepted  

o r  e l imina ted  on t h e  b a s i s  of t h e  test  r e s u l t s .  

8.2.5.6 S u l f a t e  Soundness Tes t  

The S u l f a t e  Soundness T e s t  i s  a s a t i s f a c t o r y  s u b s t i t u t e  f o r  t h e  f reeze-  

thaw test  and i s  l e s s  t ime consuming and r e q u i r e s  l e s s  c o s t l y  equipment. The 

t e s t  procedures  a r e  de f ined  i n  Appendix F.4 (Phase I r e p o r t ) .  Conservat ive 

t h r e s h o l d  va lues  f o r  a s s e s s i n g  d u r a b i l i t y  a r e  <5 percent  l o s s  f o r  sodium 

s u l f a t e  t e s t s  and <10 p e r c e n t  for'magnesium s u l f a t e  tests. 

8.2.5.7 Slake D u r a b i l i t y  

I n  t h e  event  c l ay - r i ch  s i l t s t o n e s ,  sandstones and l imes tones  a r e  t h e  only 

a v a i l a b l e  m a t e r i a l s  and they marginal ly  meet t h e  f i e l d  c r i t e r i a  descr ibed  



e a r l i e r  and t h e  preceding  index t e s t s ,  s l a k e  d u r a b i l i t y  t e s t i n g  i s  i n  order .  

The d u r a b i l i t y  o r  w e a t h e r a b i l i t y  of c l ay - r i ch  rocks  p r e s e n t s  problems because 

t h e  degree of i ndura t ion  may mislead t h e  observer  t o  make a  performance e s t i m a t e  

b e t t e r  t han  what w i l l  a c t u a l l y  occur .  

The Two-Cycle D u r a b i l i t y  T e s t  is  recommended because it is a l r eady  

r equ i r ed  and/or comnonly used by mine engineers  t o  e v a l u a t e  d u r a b i l i t y  of 

rocks  f o r  use a s  r o c k f i l l  embankments. De ta i l ed  explana t ion  and procedures  

a r e  given i n  Appendix F.2 of Phase I r e p o r t .  The recommended th re sho ld  va lue  

f o r  durable  r i p r a p  is  a n  index of >95 percent .  

An a l t e r n a t i v e  t e s t  f o r  a s s e s s i n g  s l a k e  d u r a b i l i t y  i s  t h e  Jar -S lake  Tes t  

(Appendix F . l ) ,  a l though t h i s  t e s t  should n o t  be s u b s t i t u t e d  un le s s  abso lu t e ly  

necessary because it i s  h ighly  q u a l i t a t i v e  i n  na ture .  The i n v e s t i g a t o r  must 

b e  aware t h a t  t h i s  t e s t  i s  n o t  a  d e f i n i t i v e  i n d i c a t o r  nor i s  it proven t o  be 

a s  r e l i a b l e  a s  t h e  Two-Cycle D u r a b i l i t y  Tes t .  

8.2.6 Appl ica t ion  o f  Procedure 

The rock d u r a b i l i t y  eva lua t ion  procedure i s  designed mainly f o r  f i e l d  

use. To i l l u s t r a t e  t h e  s tep-by-step method of  p r e d i c t i n g  t h e  d u r a b i l i t y  of 

overburden, a f i e l d  i n s p e c t i o n  a t  a  c o a l  mine s i t e  is  reviewed and p o t e n t i a l  

r i p r a p  m a t e r i a l  i s  analyzed. Hopefully, t h e s e  examples w i l l  demonstrate t h e  

p r a c t i c a l  and e f f i c i e n t  func t ion  of  t h e  d u r a b i l i t y  eva lua t ion .  

8.2.6.1 General In spec t ion  

Roughly 25 mine o p e r a t i o n s  i n  e a s t e r n  Kentucky were observed, some of 

which were a c t i v e  and o t h e r s  were i n a c t i v e  and reclaimed, p a r t i a l l y  reclaimed, 

o r  not  reclaimed. F i e l d  reconnaissance of overburden c h a r a c t e r i s t i c s  sugges t  

t h a t :  

( a )  overburden "dump rock" i s  commonly used a s  r i p r a p ,  

( b )  much l e s s  overburden i s  used compared t o  t h e  a v a i l a b l e  s p o i l  
fo l lowing  c o a l  excavat ion,  

( c )  excavat ion by b l a s t i n g  usua l ly  produces a  range of rock s i z e s  
f o r  use  a s  r i p r a p .  

8.2.6.2 D u r a b i l i t y  Flow Chart  Evaluat ion 

To g e t  more d e t a i l e d  information on t h e  overburden, s e l e c t e d  rock types  

were descr ibed  and analyzed us ing  t h e  d u r a b i l i t y  eva lua t ion  procedure. The 



da ta  s h e e t s  used t o  compile necessary information t o  a s s e s s  d u r a b i l i t y  a r e  

given i n  Figure 8.2. The flow c h a r t  is  subdivided i n t o  sandstone,  s i l t s t o n e -  

sha l e ,  and l imestone f i e l d  eva lua t ions ,  followed by a flow c h a r t  of labora tory  

t e s t s .  

Two rock types  i n  e a s t e r n  Kentucky have been c o l l e c t e d  and analyzed. 

F i r s t ,  a t y p i c a l  s e c t i o n  of over turden  exposed i n  a highwall  was descr ibed  i n  

d e t a i l ,  a s  i l l u s t r a t e d  i n  F igure  8.3. Then, c h a r a c t e r i s t i c s  of t h e  l i g h t  gray 

sandstone ( lower sandstone i n  F igure  8.3) were eva lua ted  and t h e  r e s u l t s  a r e  

i l l u s t r a t e d  i n  t h e  f i e l d  flow c h a r t  (F igure  8 .4 ) .  This  sandstone i s  a ledge 

former, t h e  d i s c o n t i n u i t i e s  a r e  no t  c lo se ly  spaced, and it does no t  r i n g  when 

s t ruck  wi th  a hammer. The rock sample is moderately hard t o  s c r a t c h ,  smel l s  

very  e a r t h y  and absorbs water  r a p i d l y ,  s o  it i s  " re j ec t ed"  a s  m a t e r i a l  f o r  

r i p rap .  

The upper buff  sandstone descr ibed  i n  F igure  8.3 i s  even more crumbly 

than  t h e  gray sandstone and i t s  c h a r a c t e r i s t i c s  fol low a s i m i l a r  flow l i n e  a s  

t h e  gray sandstone (F igu re  8.4) .  However, a t  c e r t a i n  s e c t i o n s  of t h e  outcrop,  

t h i s  sandstone has  c l o s e l y  spaced c o n t i n u i t i e s  s o  it would be r e j e c t e d  a t  an 

e a r l i e r  p o i n t  on t h e  sandstone flow cha r t .  

F i e l d  obse rva t ions  of  r iprapped  channels  i n d i c a t e  t h a t  some of t h e s e  

sandstones appear t o  be slowly breaking down and crumbling i n t o  smal le r  rock 

fragments and s i n g l e  g r a i n s ,  even though they  have been in-serv ice  f o r  only 

s e v e r a l  years .  Sediment-production and e ros ion  wi th in  t h e  d i v e r s i o n  channel  

can  p o t e n t i a l l y  i nc rease ,  r e s u l t i n g  i n  complete f a i l u r e ,  a l though f u r t h e r  

s tudy  and observa t ion  of longer  s t r e t c h e s  of channel  a r e  r equ i r ed  t o  v e r i f y  

t h e s e  suspec ted  consequences. 

A d u r a b i l i t y  t e s t  was conducted on sandstones which a r e  s t r a t i g r a p h i c a l l y  

equ iva l en t  t o  t h e s e  sandstones.  The samples, t aken  from a nearby mining s i t e ,  

were t e s t e d  f o r  p o s s i b l e  u s e  i n  r o c k - f i l l  embankments u s i n g  t h e  S lake  

Durab i l i t y  t e s t  a s  def ined  by t h e  Kentucky Bureau of Highways (Phase I r e p o r t ,  

Appendix F.2) .  Resu l t s  i n d i c a t e d  t h a t  both sandstones meet t h e  d u r a b i l i t y  

s p e c i f i c a t i o n s  f o r  r o c k - f i l l  embankments which is an index exceeding 90 per- 

cen t .  However, i n  a s s e s s i n g  r i p r a p  d u r a b i l i t y  i n  t h i s  mining a r e a ,  it is 

s t rong ly  recommended t h a t  ( 1 )  a d u r a b i l i t y  index of >95 be used a s  t h e  l i m i t  

f o r  e v a l u a t i n g  s u i t a b l e  r i p r a p  m a t e r i a l  and ( 2 )  r e s u l t s  of d u r a b i l i t y  tests of 

a rock type  should not be e x t r a p o l a t e d  from one mining s e c t i o n  t o  another  



(Flow Chart may be modified by in-service pertumance data) 
Check the appropriate boxes along flow chart lines to define 

the durability of rock in question. 
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Figure 8.2a, Rock durability field flow chart, 



(Flow Chart may be modified by in-service performance data) 
Check the appropriate boxes along flow chart lines to define - -  - 

the durability of rock in question. 
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(Flow Chart may be modified by in-service performance data) 
Check the appropriate boxes along flow chart lines to define 

the durability of rock in question. 
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Figure 8.2a (continued) 



(Flow Chart may be modified by in-service performance data) 
Check the appropriate boxes along flow chart lines to define 

the durability of rock in question. 
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Figure 8.2b. Rock durability laboratory flow chart. 



Interbedded b lack  and gray s h a l e s ,  mudstones 
and white-gray sandstone;  s h a l e s  and mudstones 
con ta in  mudclasts ,  f lu temarks ,  r i p p l e  marks; 
very  t h i n  beds (2-3 mm) 

White-gray, medium-fine g ra ined ,  noncalcareous,  
we l l  s o r t e d ,  we l l  indura ted  qua r t z  sandstone;  
green minera ls  ( c h l o r i t e ? ) ,  b lack  minera ls  
(Fe? ) ,  and FeO m o t t l e s  occu r r ing  s p o r a t i c a l l y ;  

2  
beds between 1-1/2' t h i c k  

Buff - rus t ,  medium-fine gra ined ,  noncalcareous,  
moderately w e l l  i ndu ra t ed ,  Fe cemented, q u a r t  
sandstone;  b lack  minera ls  (Fe?) ;  FeO mot t l i ng  
abundant;  i rons tone  mudclasts and n o i u l e s  and 
mica on bedding p lane ;  beds a r e  <5" t o  5 '  t h i c k ;  
c r o s s  bedded; massive t o  s l i g h t l y  jo in ted ;  
v e r t i c a l  j o i n t s  spaced 20-30 f e e t ;  sandstone 
grades t o  green ,  f r i a b l e  sandstone 

i Coal and interbedded s h a l e  

HAZARD 5 A  COAL SEAM 

Figure 8.3. S t r a t i g r a p h i c  d e s c r i p t i o n  of overburden a t  a 
mine site i n  e a s t e r n  Kentucky. 



(Flow Chart may be modified by in-service  performance d a t a )  
Check the  appropr ia te  boxes along flow c h a r t  l i n e s  t o  def ine  

t h e  d u r a b i l i t y  of rock i n  quest ion.  
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Figure 8.4. Rock d u r a b i l i t y  f i e l d  flow char t :  example. 
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because rocks  can vary s i g n i f i c a n t l y  (both  l a t e r a l l y  and v e r t i c a l l y )  w i th in  

very s h o r t  d i s t ances .  

The second rock type  exemplifying t h e  use of t h e  d u r a b i l i t y  flow c h a r t  

i s  a  gray l imestone used a s  r i p r a p  a t  an  i n a c t i v e ,  p a r t i a l l y  reclaimed s i t e .  

A s  shown i n  t h e  c h a r t  (F igu re  8 . 5 ) ,  t h i s  specimen r i n g s  when h i t  wi th  a  

harrrmer, i s  d i f f i c u l t  t o  break,  and has  a  dense appearance, b u t  it has  a  

s l i g h t l y  ea r thy  smel l  sugges t ing  clayey mat r ix  ma te r i a l .  Theref o re ,  f u r t h e r  

labora tory  t e s t s  should be conducted, such a s  t h e  d u r a b i l i t y  t e s t  and LA abra- 

s ion  t e s t  (F igu re  8.1 ) . 
The f i e l d  performance of t h i s  p a r t i c u l a r  l imestone i s  no t  known. A s  

i n d i c a t e d  by t h e  t o p  of t h e  flow c h a r t s ,  i n - se rv i ce  performance over  an  

extended p e r i o d  may o v e r r i d e  t h e  r e s u l t s  of t h e  flow c h a r t  and t h e s e  f i e l d  

d a t a  should be  c a r e f u l l y  eva lua t ed  i f  a v a i l a b l e .  

8.2.7 Summary and Conclusions 

Of equal  importance t o  s i z i n g  rock r i p r a p  i s  t h e  de te rmina t ion  of durabi- 

l i t y .  S u i t a b l e  m a t e r i a l  i s  o f t e n  a v a i l a b l e  on s i t e  and e f f o r t  should be made 

t o  s e l e c t  t h e  most durable  rock types.  

A t h ree - fo ld  procedure f o r  eva lua t ing  rock d u r a b i l i t y  on c o a l  mining 

s i t e s  has  been presented .  Rock types  s u i t a b l e  a s  r i p r a p  can be i d e n t i f i e d  by 

inco rpora t ing  f i e l d  obse rva t ions  wi th  simple geotechnica l  information.  In  

reviewing t h e  d e t a i l e d  procedure, one s i g n i f i c a n t  component i s  t h e  " in-serv ice  

performance" eva lua t ion  over  a n  extended pe r iod  because it al lows judgment of 

a  rock type  based on i t s  "ac tua l "  f i e l d  performance, r a t h e r  t han  "probable" 

performance p r e d i c t e d  by t h e  o t h e r  eva lua t ions .  

I t  must be recognized t h a t  cons iderable  judgment is  r equ i r ed  f o r  use  of 

s i t e  eva lua t ions  and l abo ra to ry  t e s t i n g  procedures  descr ibed  here in .  A l l  eva- 

l u a t i o n s  should  u t i l i z e  a l l  of t h e  s i t e  i n v e s t i g a t i o n s .  However, s e l e c t e d  

labora tory  o r  index t e s t s  should be run on rock types  t h a t  have been judged t o  

be  marginal  du r ing  s i t e  i n v e s t i g a t i o n s .  The g r e a t e s t  number of t e s t s  should 

b e  run on t h e s e  marginal rock types  and genera l ly  t h e r e  i s  s u f f i c i e n t  i n t e r ac -  

t i o n  among t h e  va r ious  t e s t s  descr ibed  t o  provide  a  b a s i s  f o r  judging durabi-  

l i t y  on a  mininum of t e s t s .  

I t  must be emphasized t h a t  index t e s t s  a r e  designed f o r  s o l i d  o r  i n t a c t  

samples. High spac ing  frequency and number of d i s c o n t i n u i t y  s e t s  can make a  

rock exposure u s e l e s s  f o r  e i t h e r  an  exposed rock channel o r  f o r  r i p r a p .  



(Flow Chart may be modified by in-service performance data) 
Check the appropriate boxes along flow chart lines to define 

the durability of rock in question. 
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Figure 8.5. Rock durability field flow chart: example. 



The u l t i m a t e  goa l  of any of t h e s e  t e s t s  o r  methods is  t o  accu ra t e ly  pre- 

d i c t  d u r a b i l i t y  and p reven t  consequent ia l  e ros ion  hazards.  The method recom- 

mended u s i n g  informat ion  i n  F igure  8.1 i s  an  e f f o r t  t o  r e l a t e  f i e l d ,  a s  we l l  

a s  l abo ra to ry  t e s t s ,  t o  a c t u a l  s e r v i c e  l i f e  of r i p r a p  o r  channels.  This  pro- 

cedure  w i l l  f a c i l i t a t e  de te rmina t ion  of  s u i t a b l e  r i p r a p  f o r  u s e  a t  mining 

s i t e s  a s  economic and environmental demands i n t e n s i f y .  

8.3 Geotechnical  S t a b i l i t y  Cons idera t ions  

8.3.1 In t roduc t ion  

I n  t h e  fo l lowing  s e c t i o n ,  major f a c t o r s  caus ing  s lope  f a i l u r e  a r e  

descr ibed  which may in f luence  s t a b i l i t y  of rock and s o i l  s l o p e s  of channels.  

P o t e n t i a l  problems t h a t  may be encountered i n  t h e  f i e l d  a r e  addressed.  Hence, 

it i s  hoped t h a t  s l o p e  f a i l u r e  mechanisms a t  a p a r t i c u l a r  s i t e  can be iden- 

t i f i e d  t o  f a c i l i t a t e  t h e  design and maintenance of s t a b l e  channels .  

8.3.2 Slope S t a b i l i t y  Fac to r s  

It i s  d i f f i c u l t  t o  s p e c i f y  exac t  procedures  t o  p r e d i c t  s lope  s t a b i l i t y  

because s t a b i l i t y  w i l l  vary on a s i t e  s p e c i f i c  b a s i s  a s  a func t ion  of n a t u r a l  

weathering p roces ses  under a p a r t i c u l a r  c l imate ,  t ype  of rock,  and use;  

hcwever, gene ra l  f a c t o r s  a r e  known t o  i n t e r a c t  wi th  each o t h e r  and determine 

s t a b i l i t y  of s lopes .  Assessment of t h e s e  f a c t o r s  c a n b e  a va luab le  t o o l  i n  

t h e  pre l iminary  a n a l y s i s  of  des ign  channels and d ive r s ion  d i t c h e s .  

The fo l lowing  ques t ions  a r e  impor tan t  t o  cons ider  p r i o r  t o  and dur ing  

i n i t i a l  f i e l d  obse rva t ions  and eva lua t ion  of s l o p e  s t a b i l i t y  a t  a p a r t i c u l a r  

d ive r s ion  s i t e :  

Are s l o p e s  a t  t h e  s i t e  c u r r e n t l y  s t a b l e ?  

W i l l  t h e  proposed cons t ruc t ion  a c t i v i t y  i n f luence  s lope  s t a b i l i t y  a t  
t h e  s i t e ?  

Could p o t e n t i a l  f u t u r e  changes i n  land use  o r  t h e  environment 
decrease  s lope  s t a b i l i t y  a t  t h e  s i t e ?  

I f  t h e  s i t e  i s  c u r r e n t l y  uns t ab le ,  what countermeasures can be 
implemented t h a t  would make t h e  s i t e  s u i t a b l e  f o r  d ive r s ion  
channels? 

I f  t h e  s i t e  is  c u r r e n t l y  s t a b l e  b u t  cons t ruc t ion  o r  f u t u r e  a c t i v i -  
t i e s  w i l l  make t h e  s i t e  uns t ab le ,  what countermeasures a r e  
necessary? 



8.3.2.1 Natura l  Ground Surface Slope 

One of t h e  major f a c t o r s  t o  cons ider  is t h e  e x i s t i n g  ground s u r f a c e  

s lope .  A s  p rev ious ly  mentioned, t h e  s l o p e  s t eepness  of n a t u r a l ,  i n  s i t u  rock 

o r  s o i l  m a t e r i a l  i s  usua l ly  a  r e l i a b l e  i n d i c a t i o n  of t h e  i n h e r e n t  s t a b i l i t y  o r  

ang le  of repose  of t h e  rock o r  s o i l .  

Before a  n a t u r a l  s lope  f a c e  i s  c u t ,  t h e  angle  of repose should be 

measured. Af t e r  t h e  c u t  t h e  "new" s l o p e  should be graded t o  t h e  o r i g i n a l  

s lope .  A guide f o r  determining t h e  h o r i z o n t a l  o r  v e r t i c a l  e x t e n t  of a  pro- 

p e r l y  graded c u t  s l o p e  a f t e r  a 10-foot c u t  is  made and is i l l u s t r a t e d  i n  

F igure  8.6. 

8.3.2.2 Ear th  Ma te r i a l  Type 

An important  f a c t o r  i n t e r a c t i n g  wi th  t h e  n a t u r a l  s lope  is  t h e  type,  

s t r u c t u r e ,  and s t r a t i g r a p h y  of rock o r  s u r f i c i a l  ma te r i a l .  Deta i led  a n a l y s i s  

and eva lua t ion  of durable  and ' l s tab le"  rock types  f o r  use  a s  r i p r a p  o r  bedrock 

channels  a r e  given i n  t h e  rock d u r a b i l i t y  s ec t ion .  F igures  8.7 and 8.8 

i l l u s t r a t e  s i t u a t i o n s  of p o t e n t i a l  s lope  f a i l u r e s  on f avorab le  and unfavorable  

bedding p l ane  o r i e n t a t i o n s .  I n  cons ider ing  s l o p e s  cons t ruc ted  i n  uncon- 

s o l i d a t e d  d e p o s i t s  and s o i l s ,  genera l ly  t h e  g r e a t e r  t h e  backslope g rad ien t  and 

t h e  more ground water  p re sen t ,  t h e  l e s s  s t a b l e  w i l l  be t h e  s lope .  Table 8.1 

g ives  gene ra l  gu ide l ines  f o r  s u i t a b l e  s i d e  s l o p e s  of channels b u i l t  i n  unl ined  

and l i n e d  unconsol idated ma te r i a l s .  General gu ide l ines  f o r  backslopes of c u t  

s e c t i o n s  through rock a r e  given i n  Table 8.2. 

I n  s t e e p  s lope  a r e a s  i n  t h e  Appalachian Basin, most s o i l s  a r e  very 

shallow and l a r g e r  c u t s  w i l l  c o n s i s t  mostly of sha l e ,  sandstone o r  l imestone 

backslopes.  Where t h e  backslope c o n s i s t s  of i n t e r m i t t e n t  l a y e r s  of sha l e ,  

sandstone o r  l imestone,  it i s  poss ib l e  t h a t  t h e  exposed s h a l e  s t r a t a  w i l l  

weather and erode,  thereby  undercut t ing  t h e  more durable  l aye r s .  Gent le r  

s l o p e s  designed f o r  t h e  most incompetent m a t e r i a l  a r e  r equ i r ed  t o  avoid t h e s e  

condi t ions .  

8.3.2.3 Ground Water 

Near-surface flow of water  can induce ( 1 )  excess ive  p r e s s u r e s  a long  

bedding p l a n e s  o r  d i s c o n t i n u i t i e s ,  ( 2 )  e ros ion  of rock by chemical s o l u t i o n  o r  

mechanical ab ra s ion ,  and ( 3 )  increased  weathering r a t e s  and d i s i n t e g r a t i o n  by 



BASE WIDTH OF THE CUT +-- 
( W )  

1 
HORIZONTAL EXTENT (L )  FEET 

FOR W # I 0  FEET MULTIPLY 
THE VALUE L AND H 
OBTAINED FROM THE GRAPH 
BY COEFFICIENT C = W/IO. 

Figure 8.6. Horizontal and ve r t i ca l  extent of cu t s  
for  base width of 10 f e e t  
(D' <;.;lonia, Inc. j . 



P > r = - ,  

POTENTIAL 

(a1 Extent of potential slide small 

POTENTIAL S L I P  

(b) Extent of potential slide severe 
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Table 8 .1 .  Stable  Side Slopes f o r  Channels Bu i l t  i n  Various Kinds 
o f  Materials (from Chow, 1959) . 

Material 

- - 

Side  Slope 

S t i f f  c l a y  o r  earth with concrete l i n i n g  1/2:1 t o  1 : l  

Earth with stone l i n i n g ,  o r  earth f o r  large  channels 1: l  

F i r m  c l a y  o r  earth f o r  small d i t ches  1 1/2:1 

Loose sandy earth 2: 1 

Sandy loam o r  porous c lay  3: 1 



Table 8 . 2 .  General Guidelines for Cut Sections Through Rock. 

Type of Rock Back Slope 

Hard and medium sandstone and limestone 114 : 1 

Soft sandstone, medium hard shale, limestone, 
siltstone 112: 1 

Soft shale interbedded with siltstone or lime- 1 : 1 
stone having AASHO M-145-49 granular ( 1  1/2:1 if 
classification height of 

cut < 25 ft) 

Soft shale having AASHO M-145-49 silty clay 1 1/2:1 
classification ( 2 : l  if 

height of 
cut < 25 ft) 



freeze-thaw and wet-dry cyc les .  Therefore,  water  c o n t r o l  i s  an  important  con- 

s i d e r a t i o n  and must be eva lua t ed  on a  s i t e - s p e c i f i c  b a s i s .  F i e l d  inves t iga -  

t ions should  inc lude  obse rva t ions  of seepage and s u r f a c e  dra inage  p a t t e r n s ,  

a long  wi th  u t i l i z a t i o n  of d a t a  from w e l l  logs .  This  is  important  i n  a s s e s s i n g  

p o s s i b l e  changes i n  t h e  water  t a b l e  and seepage from load ing  (produced by 

d ive r s ion  s t r u c t u r e s  and s p o i l  placement) . 

8.3.2.4 Design Flow 

The above f a c t o r s  a r e ,  i n  t u r n ,  modified by t h e  amount of water  which is 

t o  be c a r r i e d  by t h e  d i v e r s i o n  channel. In  genera l ,  t h e  h ighe r  t h e  conveyance 

f a c t o r ,  t h e  lower t h e  channel  g rad ien t  should be t o  r e s i s t  ab ra s ive  and o t h e r  

f o r c e s  and remain s t a b l e .  Addi t iona l ly ,  t h e  v e l o c i t y  of flow is c r i t i c a l  t o  

s t a b i l i t y .  In genera l ,  v e l o c i t i e s  should be maintained l e s s  than  15 f p s  t o  

i n s u r e  long-term s t a b i l i t y  i n  a  bedrock o r  rock r i p r a p  channel.  

8.3.2.5 Other S t a b i l i t y  Fac tors  

Seve ra l  o t h e r  f e a t u r e s  and environmental cond i t i ons  should be considered 

when e v a l u a t i n g  t h e  degree of s t a b i l i t y  w i t h i n  channels.  These f a c t o r s  

include:  (1 ) t h e  amount of  p r e c i p i t a t i o n  o r  peak d ischarge  of storms and 

extended wet pe r iods ,  ( 2 )  i n f i l t r a t i o n  c h a r a c t e r i s t i c s  of surrounding t e r r a i n ,  

( 3 )  v i b r a t i o n  from b l a s t i n g  o r  earthquake, and ( 4 )  loading  of t h e  head o r  t o e  

of t h e  s lope .  These f a c t o r s  can  be a s ses sed  by con tac t ing  t h e  l o c a l  o r  s t a t e  

weather s e r v i c e ,  t h e  D i s t r i c t  S o i l  Conservation Se rv i ce  and by e v a l u a t i n g  

ope ra t ions  a t  t h e  mining s i t e .  

8.3.3 S t a b i l i t y  Problems Unique t o  t h e  Appalachian Basin 

C e r t a i n  s t a b i l i t y  problems a r e  unique t o  t h e  Appalachian reg ion  due t o  

t h e  l i t ho logy  i n  t h e  bas in .  These problems should be considered when 

des igning  d ive r s ions  through t h e s e  k inds  of ma te r i a l s .  

8.3.3.1 Shale  

Shales  have been c i t e d  by numerous sources  a s  a  cause of s lope  i n s t a b i l -  

i t y  and s l i d e  a c t i v i t y  i n  t h e  Eas te rn  Coal Province. These s h a l e s  a r e  h ighly  

s u s c e p t i b l e  t o  chemical and phys i ca l  weathering and breakdown. S lak ing  i s  a 

common p roces s  occurr ing  i n  mining a reas  when t h e s e  s h a l e s  a r e  wet ted and 

loaded (Shamburger, P a t r i c k  and Lutton, 1975; F i she r ,  Fanaff ,  Picking,  1968).  



8.3.3 .2 Sandstone 

Weakly cemented sands tones  have been recognized a s  a  problem i n  West 

V i r g i n i a  and Kentucky because they  a r e  very  s u s c e p t i b l e  t o  weathering and 

d i s i n t e g r a t e  i n t o  loose  sands a f t e r  placement. An example eva lua t ion  of a  

sandstone from e a s t e r n  Kentucky i s  given i n  F igure  8.4.  

8.3.3.3 Co l luv ia l  Deposi ts  

Colluvium is depos i t ed  by g r a v i t y  and i s  genera l ly  l oose ly  depos i ted  and 

h a s  a  low shea r  s t r eng th .  This  i s  of p a r t i c u l a r  concern when constructJng 

sed imenta t ion  c o n t r o l  s t r u c t u r e s  which o f t e n  produce changes i n  t h e  ground- 

water  l e v e l .  Data from t e s t  d r i l l  c o r e s  a t  a  mining s i t e  may provide  in fo r -  

mation on t h e  depth and geometry of colluvium. Typica l ly ,  t e r r a c e d  s lopes  

f a i l  a t  t h e  colluvium/rock i n t e r f a c e  and f a i l u r e  i s  dependent on t h e  depth of 

colluvium. Ex i s t i ng  s l o p e s  which a r e  <30° most o f t e n  r e s u l t  i n  f a i l u r e  a long  

t h e  f i l l / c o l l u v i u m  i n t e r f a c e  r e g a r d l e s s  of t h e  depth of colluvium. 

8.3.3.4 Aquifers  and Underclays 

- Aquifers  o r  water-bearing seams o f t e n  l e a d  t o  s t a b i l i t y  problems, 

e s p e c i a l l y  when a s s o c i a t e d  wi th  underc lays  and sha l e s .  The mining engineer  

should be  aware of t h e  presence  of water-bearing u n i t s  and no te  any sp r ings  

and seeps  a t  t h e  coal /underclay boundary. Dewatering may be a  necessary p a r t  

of t h e  mining ope ra t ion  t o  avo id  adverse  mining cond i t i ons  and s l i d e  a c t i v i t y .  

Water w e l l  l ogs  and domestic w e l l  i n f o r m t i o n  should be accessed  p r i o r  t o  

mining and post-mining d i v e r s i o n  cons t ruc t ion .  

8.3.3.5 E x i s t i n g  Landsl ides  

E x i s t i n g  l a n d s l i d e s  o r  a r e a s  undergoing c reep  (which can occur  on s lopes  

a s  g e n t l e  a s  50 )  may r e a c t i v a t e  o r  a c c e l e r a t e  when i n c i s e d  by d ive r s ion  s t ruc -  

t u r e s .  The mining r e g u l a t i o n s  comment a g a i n s t  t h e  s i t i n g  of d ive r s ions  i n  a  

manner such t h a t  t h e  p o t e n t i a l  f o r  l a n d s l i d e s  i s  increased.  To eva lua t e  

l a n d s l i d e  hazards j ud ic ious ly  before  cons t ruc t ion  of d ive r s ions ,  t h e  fo l lowing  

p o i n t s  summarize c r i t e r i a  i n d i c a t i n g  p a s t  o r  p r e s e n t  s lope  movement o r  

sugges t ing  p o t e n t i a l  i n s t a b i l i t y .  These c r i t e r i a  can be a s ses sed  both i n  t h e  

f i e l d  and by use  of a e r i a l  photography. Fur ther  explana t ion  can be found i n  

P i t e a u  and Peckover ( i n  p r e s s )  and Phase I r e p o r t ,  Sec t ion  10.3.2. 
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Figure 8.9.  Schematic topographic diagrams of f i v e  landforms 
t h a t  a r e  highly suscept ib le  t o  lands l ides .  



1 .  Existence of an old escarpment; indicated by vegetative and 
topographic pat terns  (Figure 8 .9 ) .  

2 .  Existence of cracks a t  the top and near the toe of the slope. 

3 .  Springs and seeps. 

4 .  Erosion near the  toe of the slope. 

5. Soil  piping. 
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IX. ECOLOGICAL CONSIDERATIONS 

9.1 General 

Ecologica l  cons ide ra t ions  a r e  important  f o r  t h e  proper  design, construc- 

t i o n ,  maintenance and/or removal of d ivers ions .  

The fo l lowing  d i scuss ion  provides  c r i t e r i a  and gu ide l ines  f o r  eva lua t ing  

f a c t o r s  i n f luenc ing  t h e  eco log ica l  environment of  a mining area .  F i r s t ,  water 

q u a l i t y  and phys i ca l  c h a r a c t e r i s t i c s  a r e  descr ibed  ( S o i l  Conservation Serv ice ,  

1977),  t hen  s t ream s tudy  and i n v e s t i g a t i o n  procedures  a r e  b r i e f l y  considered 

and f i n a l l y  recommended r econs t ruc t ion  techniques  and cons ide ra t ions  a r e  given 

and t h e  p o t e n t i a l  sho r t -  and long-term e f f e c t s  of d ive r s ion  s t r u c t u r e s  a r e  

evaluated.  

9.2 Water Qual i ty  

Water q u a l i t y  i s  a l i m i t i n g  f a c t o r  f o r  f i s h  product ion and is an impor- 

t a n t  element i n  determining t h e  b i o l o g i c a l  community. The fo l lowing  items 

a f f e c t  f i s h  spec i e s  s u i t a b i l i t y ,  product ion,  and su rv iva l .  

1 .  Temperature i s  a n  important  phys i ca l  f a c t o r .  Summer water temperatures  
commonly vary a s  much a s  lo0 i n  a 24-hour per iod .  In  genera l ,  summer 
tempera tures  should be  between 50° and 70° f o r  cold-water spec i e s .  Egg 
ha t ch ing  success  i s  b e s t  f o r  t r o u t  between 4S0 and 5S0. Warm-water spe- 
c i e s  need summer temperatures  between 70° and 90°. 

Removal of shade t ends  t o  r a i s e  water temperatures  whi le  t h e  maintenance 
of vege ta t ion  f o r  shade may keep t h e  water  cooler .  Water temperatuare i s  
r a i s e d  when v e l o c i t y  and depth a r e  reduced. Water temperature may be 
a f f e c t e d  by r e l e a s e  of water  from upstream impoundments. 

2. Turb id i ty  caused by ino rgan ic  ma te r i a l ,  such a s  c l a y ,  i s  de t r imen ta l  t o  
f i s h  product ion.  Such m a t e r i a l  des t roys  spawning a r e a s  by sedimentat ion 
and reducing growth of bottom organisms. Adult f i s h  genera l ly  can 
wi ths tand  h igh  l e v e l s  of t u r b i d i t y  f o r  s h o r t  pe r iods  of t ime, bu t  pro- 
longed exposure may cause mor t a l i t y .  



I t  i s  r epor t ed  t h a t  t u r b i d i t y  a s  h igh  a s  245 mg/l i s  n o t  harmful t o  f i s h .  
In  f a c t ,  f i s h  t h r i v e  i n  water  wi th  t u r b i d i t i e s  t h a t  range over  400 mg/l 
and average 200 mg/l. T u r b i d i t i e s  of 3,000 mg/l a r e  cons idered  dangerous 
t o  f i s h  when maintained over  a ten-day period.  Trout  eggs were destroyed 
wi th  2,000 mg/l t u r b i d i t y  f o r  s i x  days. Symptoms of f i s h  s t r e s s  appear 
a s  t u r b i d i t y  approaches 20,000 mg/l; dea th  between 50,000 and 200,000 
mg/l. A t  t u r b i d i t i e s  caus ing  dea th ,  t h e  ope rcu la r  c a v i t i e s  were found t o  
be matted wi th  s o i l  and t h e  g i l l s  had a l a y e r  of s o i l  i n  them. 

Oxygen requirements  f o r  subsidence of  f i n g e r l i n g  and a d u l t  salmon and 
t r o u t  a r e  about  6 ppn d i s so lved  oxygen. Incubat ing  eggs r e q u i r e  a 
minimum of 8 ppm. Warm-water s p e c i e s  r e q u i r e  about  3 ppm. Water a t  o r  
n e a r  oxygen s a t u r a t i o n ,  f o r  i t s  temperature and e l e v a t i o n ,  i s  always 
s a t i s f a c t o r y .  Oxygen i s  p u t  i n t o  water  by d i r e c t  abso rp t ion  from t h e  
atmosphere, photosynthes is  of growing p l a n t s ,  and by tumbling a c t i o n  of 
s t ream o r  w a t e r f a l l s  and turbulence  generated a t  drop i n l e t s  o r  drop 
sp i l lways .  Turb id i ty ,  reduced flow, and nontumbling a c t i o n  reduce 
oxygen. 

Carbon d ioxide  i s  another  of  t h e  b a s i c  f a c t o r s  determining p r o d u c t i v i t y  
of waters .  It  i s  necessary i n  photosynthes is  and f o r  keeping minerals ,  
such a s  calcium, i n  so lu t ion .  High carbon d ioxide  l e v e l s  reduce t h e  ab i -  
l i t y  of f i s h  t o  t ake  up oxygen and t o  d ispose  of carbon d ioxide  from t h e  
body. Concentrat ions of carbon d ioxide  should be kep t  below 25 ppm. 

Carbon dioxide is p u t  i n  water  by d i r e c t  abso rp t ion  from t h e  atmosphere, 
decomposing o rgan ic  mat te r ,  and r e s p i r a t i o n  of p l a n t s  and animals.  It i s  
removed by photosynthes is ,  a g i t a t i o n  of water,  evapora t ion ,  and r i s e  of 
bubbles  from depths .  

pH i s  a measure of  t h e  a c i d  i n t e n s i t y  i n  water.  The s c a l e  of reading  i s  
from 0 t o  14. Optimum f i s h  product ion  l i e s  between 6.5 and 8.5. Values 
below 5 and above 9 a f f e c t  t h e  a b i l i t y  of f i s h  t o  t a k e  oxygen from t h e  
water  source. Water pH i s  changed i f  an  a c i d  l a y e r  of s o i l  i s  exposed i n  
s t ream bottom o r  s i d e s .  

Phys ica l  C h a r a c t e r i s t i c s  

These s t ream channel f e a t u r e s  a f f e c t  f i s h  product ion,  s p e c i e s  s u i t a b i l -  

i t y ,  and su rv iva l .  

1 .  Bottom m a t e r i a l  - The bottom m a t e r i a l  o f  a s t ream i s  important  from t h e  
s t andpo in t  of food product ion and n a t u r a l  spawning. The fo l lowing  y i e l d  
i n  grams of food p e r  square  f o o t  i n  terms of d i f f e r e n t  s t ream bottom 
m a t e r i a l s  has  been recorded: s i l t  - 3.07; cobble - 2.47; coa r se  g rave l  - 
1.51; f i n e  g r a v e l  - 0.93; and sand - 0.1. 

Coarse and f i n e  g r a v e l  beds i n  r i f f l e s  a r e  b e s t  f o r  t r o u t  t o  d e p o s i t  
t h e i r  spawn succes s fu l ly .  Most warm-water f i s h  spawn i n  sand o r  s i l t  
beds i n  water  l e s s  t han  t h r e e  f e e t  deep and with l i t t l e  o r  no cu r r en t .  



2 .  Water types  

R i f f l e  - Sect ion  of stream con ta in ing  g rave l  and/or rubble,  i n  which 
s u r f a c e  water  i s  a t  l e a s t  s l i g h t l y  t u r b u l e n t  and c u r r e n t  is s w i f t  
enough t h a t  t h e  s u r f a c e  of  t h e  g rave l  and cobble i s  kep t  f a i r l y  f r e e  
of  sand and s i l t .  

R i f f l e s  a r e  e s s e n t i a l  f o r  t r o u t  spawning and food product ion.  
R i f f l e s  should  occur  a t  i n t e r v a l s  equal  t o  every f i v e  t o  seven chan- 
n e l  widths.  The c u r r e n t  i n  t h e  r i f f l e  should be s w i f t  enough t o  
c a r r y  away sediment. The bed m a t e r i a l  i n  r i f f l e s  should be l a r g e r  
t h a n  i n  poo l s  s o  a s  t o  provide  f o r  a e r a t i o n  of  t h e  water. A water  
depth  of  s i x  inches  is  d e s i r a b l e .  

Pool - Sec t ion  o f  s t ream deeper and usua l ly  wider t han  normal wi th  
apprec iab ly  s lower c u r r e n t  t han  immediate upstream o r  downstream 
a r e a s  and posses s ing  adequate cover  ( s h e e r  depth o r  phys i ca l  
cond i t i on )  f o r  p r o t e c t i o n  of f i s h .  Stream bottom usua l ly  i s  a mix- 
t u r e  of s i l t  and coa r se  sand. 

Pools a r e  va luable  a s  r e s t i n g  and re fuge  a r e a s .  Some su r f ace  
f eed ing  i s  a l s o  done. 

F l a t  - Sec t ion  of  stream wi th  c u r r e n t  t o o  slow t o  be c l a s s e d  a s  
r i f f l e  and t o o  shallow t o  be c l a s s e d  a s  a pool.  Stream bottom 
usua l ly  composed of  sand and f i n e r  m a t e r i a l s  with coa r se  cobbles ,  
boulders ,  o r  bedrock occas iona l ly  ev ident .  

Cascades o r  bedrock - Sect ion  of  s t ream without  poo l s ,  t h e  bottom 
c o n s i s t i n g  p r i m a r i l y  of bedrock wi th  l i t t l e  cobble,  g rave l ,  o r  o t h e r  
such m a t e r i a l  p re sen t .  Current  u sua l ly  f a s t e r  t han  i n  r i f f l e s .  

3. Stream s i d e  vege ta t ion  - This  i tem p e r t a i n s  t o  t h e  r e l a t i o n  of vegeta- 
t i o n  t o  stream shade and f i s h  s h e l t e r .  Low shrubs and g ra s ses  provide 
shade f o r  sma l l  s t reams,  b u t  do not  over-shade them. Such vege ta t ion  
does no t  c l o g  s t reams by f a l l i n g  i n  t h e  water ,  and it provides  h id ing  
cover  f o r  f i s h  i f  allowed t o  hang over  t h e  bank i n t o  t h e  water.  

Trees  a r e  necessary f o r  shade a long  s treams over  30 f e e t  wide s i n c e  low 
shrubs  and g ra s ses  shade only a small p o r t i o n  of t h i s  width. 

An i d e a l  s i t u a t i o n ,  a long  smal l  s t reams,  i s  enough t r e e s  f o r  a e s t h e t i c  
purposes and low shrubs  and g ra s ses  provid ing  shade and cover.  Along 
l a r g e  s t reams,  t r e e s  f o r  about  40 pe rcen t  of t h e  s t ream l eng th ,  on both 
s i d e s ,  should be p r e s e n t .  There probably a r e  s i t u a t i o n s  where t h e  pre- 
sence of t r e e s  we l l  back from t h e  wa te r ' s  edge f u r n i s h e s  shade almost a s  
good a s  cornparabale ones c l o s e r  t o  t h e  stream. This  would be t r u e  espe- 
c i a l l y  on t h e  e a s t  s i d e  of north-south f lowing s tream and t h e  south  s i d e  
of  east-west  s t reams.  

4. V e l o c i t i e s  - Tole rab le  water v e l o c i t y  f o r  f i s h  i s  governed by s e v e r a l  
f a c t o r s ,  c h i e f l y  by t h e  s p e c i e s  of f i s h ,  s i z e  of f i s h ,  and t h e  d i s t a n c e  
and frequency of r e s t i n g  a reas .  Boulders, pools ,  d e f l e c t o r s ,  e t c .  pro- 
v ide  r e s t i n g  a r e a s .  



9.4 Stream Study and I n v e s t i g a t i o n  Procedures 

The o b j e c t i v e s  of any s t ream study should be c l e a r l y  de f ined  p r i o r  t o  

be ing  undertaken. Neglect of t h i s  e s s e n t i a l  p re l iminary  s t e p  may r e s u l t  i n  

f a i l u r e  t o  o b t a i n  c r i t i c a l  information o r  conversely i n  expendi tures  of 

need le s s  and was tefu l  amounts of t i m e ,  e f f o r t  and money. The major o b j e c t i v e  

of  s t u d i e s  designed f o r  s t ream l o c a t i o n  i s  t o  determine t h e  b i o l o g i c a l  com- 

munity p r e s e n t  w i t h i n  t h e  e x i s t i n g  s t reams,  and cond i t i ons  e x i s t i n g  wi th in  t h e  

s t ream t o  suppor t  t h e  community. 

This  w i l l  involve  one o r  more sampling s t a t i o n s  on t h e  s t ream system. 

Sampling may be occas iona l ,  perhaps a t  weekly, monthly, o r  even q u a r t e r l y  

i n t e r v a l s .  Sampling should  be designed t o  o b t a i n  q u a n t i t a t i v e  o r  q u a l i t a t i v e  

n a t u r e  and w i l l  u sua l ly  inc lude  phys i ca l ,  chemical and b i o l o g i c a l  data .  

I n v e s t i g a t i o n s  involv ing  t h e  d e f i n i t i o n  of  a  b i o l o g i c a l l y  a c t i v e  s t ream 

may n e c e s s i t a t e  t h e  sampling of t h e  t h r e e  b a s i c  stream h a b i t a t s  ( r i f f l e ,  pool ,  

r u n ) ,  i f  p r e sen t .  Study s i t e s  should be r ep re sen ta t ive  of t h e  s t ream a r e a s  

most l i k e l y  t o  be a f f e c t e d  o r  impacted by mining a c t i v i t y .  Stream condi t ion  

must be considered s i n c e  unusual  s t ream cond i t i ons  such a s  h igh  water  can make 

b i o l o g i c a l  sampling i m p r a c t i c a l  and/or l e a d  t o  erroneous conclus ions  based on 

l i m i t e d  o r  incomplete samples. Extremely low water  s t a g e s  can a l s o  make t h e  

r e s u l t s  of  sampling e f f o r t s  of  l i m i t e d  value. In  genera l ,  i n  t h e  Eastern Coal 

Province t h e  g r e a t e s t  measurable a q u a t i c  i n v e r t e b r a t e  family d i v e r s i t i e s  w i l l  

b e  found i n  l a t e  s p r i n g  and summer. For a  long-term b i o l o g i c a l  survey program 

i t  i s  b e s t  t h a t  c o l l e c t i o n s  be made a t  l e a s t  once du r ing  each of t h e  annual 

seasons . 
The s e r i e s  approach i s  used  t o  document water  q u a l i t y  and b i o l o g i c a l  

changes throughout  a  reach  of r i v e r  o r  stream. The p a t t e r n  of changing 

q u a l i t y  r e f l e c t e d  by t h e  r e l a t i o n s h i p  among t h e  s e v e r a l  s t a t i o n s  is  more 

important  t han  t h e  i s o l a t e d  b i o l o g i c a l  o r  physiochemical q u a l i t y  a t  any one 

s t a t i o n .  The assessment  of t h e  r e l a t i o n s h i p  among t h e  s t a t i o n s  t h e r e f o r e  

depends on t h e  c o l l e c t i o n  of  d a t a  r e p r e s e n t a t i v e  of  t h e  s t ream a t  each 

s t a t  ion. 

Establ ishment  of s i t e s  t h a t  a r e  phys i ca l ly  s i m i l a r  i s  des i r ab l e .  

However, when d i s s i m i l a r  s i t e s  a r e  t o  be compared, c a r e  should  be taken  s o  

t h a t  d a t a  comparisons do n o t  l e a d  t o  f a l s e  conclus ions  concerning t h e  b io logi -  

c a l  c o ~ n i t i e s  occu r r ing  i n  t h e s e  s tudy s i t e s .  The es tab l i shment  of  one o r  



more c o n t r o l  s t a t i o n s  can a l l w  f o r  t h e  comparison of water and b i o l o g i c a l  

q u a l i t y  above and below t h e  p o i n t  of a l t e r a t i o n s .  A c o n t r o l  s t a t i o n  upstream 

of t h e  source  of  impact i s  a s  important a s  t h e  s t a t i o n s  w i t h i n  o r  below t h e  

impact a r e a  and should be chosen wi th  equal  c a r e  t o  ensure  r e p r e s e n t a t i v e  

r e s u l t s .  The d i s t a n c e  between t h e  sampling s i t e s  should be s u f f i c i e n t  t o  per- 

m i t  a c c u r a t e  measuremnt of  p o t e n t i a l  changes. 

Bridges should be avoided when sampling f o r  bottom organisms. Benthic 

popula t ions  may have been a l t e r e d  o r  des t royed  by br idge  cons t ruc t ion  a c t i v i -  

t i e s .  In add i t i on ,  t h e  p h y s i c a l  environment of t h e  s t ream nea r  br idges  i s  

o f t e n  a l t e r e d  and may be unrepresenta t ive  of t h e  s t ream i n  genera l .  I f  

sampling n e a r  a br idge  i s  necessary,  then  it should  be l i m i t e d  t o  t h e  upstream 

s ide .  Bridges f r equen t ly  shade t h e  s t ream beneath them and reduce l i g h t  expo- 

s u r e  and pene t r a t ion .  

A survey s h e e t  has  been inc luded  i n  Appendix E s o  t h a t  t h e  i n v e s t i g a t o r  

may accu ra t e ly  and concise ly  document t h e  phys i ca l ,  chemical and b i o l o g i c a l  

p r o p e r t i e s  observed a t  each sampling s i t e  o r  l o c a l i t y .  De ta i l ed  i n s t r u c t i o n s  

and sugges t ions  f o r  completing t h e s e  survey s h e e t s  a r e  a l s o  included s o  t h a t  

some cons is tency  might be ob ta ined  when d a t a  a r e  recorded by' t h e  user .  

Ind iv idua l  survey s h e e t s  a l low t h e  i n v e s t i g a t o r  t o  r eco rd  t h e  p r e c i s e  s t ream 

cond i t i ons  a t  each s t a t i o n  o r  s i t e  a t  t h e  t ime of survey. The f i e l d  s h e e t s  

can  be used t o  document, i n  a comparative manner, t h e  changes t h a t  occur  from 

s i t e  t o  s i t e  a t  any given sample d a t e  o r  a t  one s i t e  over  a n  extended t ime 

per iod .  Addi t iona l ly ,  t h e  l a t e s t  a v a i l a b l e  r e f e rence  on a c t u a l  sampling tech-  

n iques  has  been dup l i ca t ed  and p laced  i n  Appendix E f o r  ready re ference .  

9.5 Reconstruct ion 

I f  a s t ream must be r e loca t ed ,  va r ious  s t ream improvement techniques  may 

be  employed t o  c r e a t e  s u i t a b l e  h a b i t a t s  f o r  t h e  d e s i r e d  f i s h  spec i e s .  Many 

t y p e s  of devices  may be i n s t a l l e d  t o  produce more f avo rab le  cond i t i ons  f o r  

f i s h  production. They may be c l a s s i f i e d  a s  ( 1  ) dams, ( 2 )  d e f l e c t o r s ,  and 

( 3 )  covers .  Small dams may be b u i l t ,  c r e a t i n g  ponds behind t h e  dams and deep 

h o l e s  on t h e  downstream s i d e .  The dams a r e  genera l ly  cons t ruc t ed  of l ogs ,  

boulders ,  and rocks ,  o r  s t i c k s  and sod, depending on t h e  s t ream condi t ions .  

The eco log ica l  disadvantages of damming a r e :  ( 1  ) t h e  water  i s  exposed t o  

warming, (2) sand may f i l l  i n  t h e  poo l  above, and ( 3 )  f i s h  movement may be 

blocked. Crea t ion  of ponds i n c r e a s e s  t h e  space of t h e  a q u a t i c  h a b i t a t  and 



provides  r e s t i n g  p l a c e s ,  whi le  formation of  deep ho le s  a l lows  f i s h  t o  surv ive  

seve re  w i n t e r s  and dry p e r i o d s  (F igu re  9.1 1 .  Gard (1961 found t h a t  s u i t a b l e  

t r o u t  h a b i t a t  could  be  c r e a t e d  by t h e  placement of dams i n  a C a l i f o r n i a  

stream. Saunders and Smith (1 962) used dams, d e f l e c t o r s ,  and s h e l t e r s  t o  pro- 

v i d e  more h i d i n g  p l a c e s  f o r  young t r o u t  i n  a s t ream on P r ince  Edward Is land .  

D e f l e c t o r s  a r e  p a r t i a l  b a r r i e r s  which a c c e l e r a t e  and d i r e c t  t h e  c u r r e n t ,  

c r e a t i n g  bo th  l o c a l  scour  and depos i t ion .  The d e f l e c t o r  con f ines  t h e  flow t o  

a narrower channel,  caus ing  a long, deep ho le  t o  be scoured. By narrowing and 

deepening t h e  channel,  overhea t ing  i s  prevented. The a c c e l e r a t e d  c u r r e n t  

exposes t h e  g r a v e l  s u b s t r a t e  r equ i r ed  f o r  t r o u t  spawning and washes f i n e r  par -  

t i c l e s  t o  q u i e t  waters ,  where they  s e t t l e .  Weed beds t e n d  t o  form i n  t h e s e  

si l t  depos i t s ,  p rovid ing  food and s h e l t e r  f o r  young f i s h .  S h e t t e r  e t  a l .  

(1949) descr ibed  d e f l e c t o r s  used  t o  improve t r o u t  h a b i t a t  i n  a Michigan 

stream. He used r e c t a n g u l a r  l o g  c r i b s  f i l l e d  wi th  g rave l ,  s o i l ,  and sod and 

anchored i n t o  t h e  bank a t  a 350-45O angle  from t h e  downstream bank. 

Def l ec to r s  must be s t r a t e g i c a l l y  l oca t ed  and angled  p rope r ly  t o  i n s u r e  t h a t  

they  w i l l  e f f e c t i v e l y  d i r e c t  t h e  c u r r e n t  t o  produce t h e  d e s i r e d  scour  and 

depos i t ion .  Various d e f l e c t o r  des igns  inc lude  wing d e f l e c t o r s ,  V-def l e c t o r s ,  

Y-deflectors,  I -de f l ec to r s ,  A-deflectors ,  and underpass d e f l e c t o r s  (Hubbs e t  

a l .  , 1932) . Tarzwell (1  937) q u a n t i f i e d  h a b i t a t  improvement r e s u l t i n g  from 

d e f l e c t o r s  p l aced  i n  s i x  Michigan s t reams.  He found t h e  fo l lowing  improve- 

ments i n  t r o u t  h a b i t a t :  ( 1 )  i nc reased  number and depth of poo l s ,  

( 2 )  i nc reased  a q u a t i c  h a b i t a t  due t o  increased  poo l  width, ( 3 )  exposed g rave l  

f o r  t r o u t  reproduct ion,  ( 4 )  r i f f l e  a r eas ,  (5 )  submerged p l a n t  beds, and 

( 6 )  mucky areas .  The d e f l e c t o r s  c r e a t e d  a more d i v e r s e  s u b s t r a t e  capable of 

producing a l a r g e r  q u a n t i t y  o f  food organisms. "Food product ion  i n  a sandy 

s e c t i o n  may be  inc reased  by a d e f l e c t o r  which uncovers g r a v e l  and produces 

mucky a r e a s  f o r  p l a n t  beds," (Tarzwell ,  1937 ) . 
Good cover  i s  r equ i r ed  t o  o f f e r  t h e  f i s h  h id ing  p l a c e s  and r e s t i n g  p l a c e s  

s h e l t e r e d  from t h e  c u r r e n t .  Cover devices  can be designed t o  c a t c h  n a t u r a l l y  

d r i f t i n g  d e b r i s ,  t h u s  enhancing t h e i r  e f f e c t i v e n e s s .  Undercut banks and sub- 

merged t a n g l e s  of roo t s ,  brush,  o r  limbs provide  good cover.  Some types  of 

cover  a r e  e s p e c i a l l y  designed t o  p r o t e c t  e r o d i b l e  banks a s  w e l l  a s  t o  provide  

f i s h  cover. A boom cover i s  such a s t r u c t u r e  and i s  designed t o  p r o t e c t  t h e  

o u t s i d e  bank of a bend whi le  c r e a t i n g  f i s h  cover. A boom cover  c o n s i s t s  of 

o l d  logs  and stumps f l o a t i n g  behind a f i x e d  l o g  b a r r i e r  and p l aced  a t  t h e  out-  
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Figure 9.1. Channel segment with pond, r i f f l e ,  pool layout  
( f r o m  S o i l  Conservation Service,  1977) .  



s i d e  of a  bend. Seve ra l  o t h e r  t ypes  of s t r u c t u r e s  used f o r  cover inc lude  t h e  

bend r a f t ,  t h e  bank cover ,  l o g  p la t forms,  t h e  t eepee  cover,  b r idge  covers ,  

b rush  s h e l t e r s  w i t h i n  t h e  stream, and overhanging s h e l t e r s .  Hubbs e t  a l .  

(1932) d i s c u s s e s  t h e  c o n s t r u c t i o n  and use  of a  v a r i e t y  of d i f f e r e n t  s t ream 

improvement devices .  P l a n t i n g  of  s t reamside  shrubs  and t r e e s  a l s o  develops 

s t ream cover  and p r o t e c t i v e  shade. Figure 9.2 i l l u s t r a t e s  some of t h e s e  

concepts .  

Research has  been conducted t o  determine t h e  success  of s t ream recon- 

s t r u c t i o n  a f t e r  rechannel ing  a  t r o u t  s t ream i n  Pennsylvania (Brad t  and 

Wieland, 1978).  Rechannel izat ion of t h e  s t ream was r equ i r ed  fo l lowing  highway 

cons t ruc t ion  i n  t h e  s t r eam ' s  v i c i n i t y .  Reconstruct ion e f f o r t s  included: (1 ) 

i n s t a l l a t i o n  of gabions t o  narrow and deepen t h e  bed, ( 2 )  placement of l a r g e  

rocks  and sma l l  dams t o  d i v e r s i f y  t h e  s u b s t r a t e ,  and ( 3 )  p l a n t i n g  of t r e e s ,  

shrubs,  and ground cover  a long  t h e  banks. The au tho r s  concluded "It is 

p o s s i b l e  t o  r e s t o r e  a  s t ream a f t e r  it has  been rechanneled, bu t ,  even wi th  t h e  

most i n t e n s i v e  e f f o r t s ,  it w i l l  t a k e  t e n  t o  twenty yea r s  be fo re  t h e  streambed 

w i l l  aga in  be shaded. Rechannel izat ion should  be  pursued only a s  a  l a s t  

r e s o r t ,  because of t h e  l eng th  of  t h e  recovery time. When it i s  abso lu t e ly  

necessary  t o  damage e x i s t i n g  s t ream ecosystems it must be kep t  i n  mind t h e  

amount of t ime, e f f o r t ,  and money involved i n  s t ream r e s t o r a t i o n  and t h e  many 

y e a r s  t h a t  must p a s s  be fo re  t h e  s t ream ecosystem w i l l  recover  from t h e  

damage. " (Bradt  and Wieland, 1978. ) 

9.6 Conclusion 

T o  conclude, i f  a  p e r e n n i a l  o r  i n  some cases  an  i n t e r m i t t e n t  s t ream must 

be  r e l o c a t e d  and r econs t ruc t ed ,  a  combination of stream improvement techniques  

should be used t o  r e s t o r e  t h e  s t ream h a b i t a t .  The e c o l o g i c a l  and engineer ing  

techniques  employed depend on t h e  s p e c i f i c  s t ream involved, such a s  t h e  bed 

and bank ma te r i a l ,  w in t e r  i c e  cond i t i ons ,  f looding,  and t h e  s p e c i e s  f o r  which 

t h e  management i s  be ing  designed. Se l ec t ion  and placement of h a b i t a t  improve- 

ment devices  must be  c a r e f u l l y  planned f o r  maximum e f f e c t i v e n e s s .  

Most s t a t e  game and f i s h  agencies  have gu ide l ines  f o r  s t ream improvement 

and r e s t o r a t i o n .  A p a r t i a l  l i s t  of r e f e rences  and handbooks covering t h i s  

s u b j e c t  i s  given i n  Sec t ion  9.7. 



Figure 9.2. Fish habitat development (from 
Soil Conservation Service, 1977). 
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X . COMPREHENSIVE DESIGN MAMPLE 

10.1 General  D e s c r i p t i o n  

Permanent d i v e r s i o n  s t r u c t u r e s  must be  des igned  f o r  conveying w a t e r  

a round t h e  s p o i l  f i l l  and  a c r o s s  t h e  rec la imed  s t r i p  bench as shown i n  F i g u r e  

10.1 . Four d i v e r s i o n  c h a n n e l s  must be des igned.  Channels A and B c o l l e c t  

runof f  from above t h e  f i l l  and  convey it around t h e  p e r i m e t e r  of t h e  f i l l .  

The wate r shed  above t h e  f i l l  i s  a rec la imed  mountain t o p  removal and  t h e  

c o n t r i b u t i n g  d r a i n a g e  a r e a  t o  Channels A and B i s  40 a c r e s .  Channel C i s  a 

r e c o n s t r u c t e d  n a t u r a l  d r a i n a g e  e x t e n d i n g  from t h e  t o e  o f  f i l l  t o  t h e  j u n c t i o n  

w i t h  a n a t u r a l  c h a n n e l  d r a i n i n g  1 6  a c r e s .  Divers ion  Channel D is a 

r e c o n s t r u c t e d  channe l  p a s s i n g  o v e r  t h e  r e c l a i m e d  s t r i p  bench. A l l  t h e  chan- 

n e l s  are i n t e r m i t t e n t .  The mine s i t e  is  assumed t o  be l o c a t e d  i n  s o u t h e r n  

West V i r g i n i a .  

10.2 

The h y d r o l o g i c  d e s i g n  i n v o l v e s  e s t i m a t i n g  t h e  peak d i s c h a r g e  r a t e s  f o r  

t h e  two c o n t r i b u t i n g  a r e a s ,  subwatersheds  1 and  2. For permanent d i v e r s i o n s  

d r a i n i n g  i n t e r m i t t e n t  s t reams ,  Tab le  3.1 g i v e s  t h e  r e q u i r e d  d e s i g n  e v e n t  as 

t h e  100-year,  24-hour s torm.  S i n c e  t h e  d r a i n a g e s  invo lved  i n  t h i s  d e s i g n  a r e  

r e l a t i v e l y  h i g h  i n  t h e  watershed,  t h e r e  i s  no f l o o d p l a i n  a v a i l a b l e  t o  c a r r y  

p a r t  o f  t h e  d e s i g n  f lows .  There fore ,  t h e  channe l  must b e  c a p a b l e  of c a r r y i n g  

t h e  p r e d i c t e d  peak  d i s c h a r g e s .  Both t h e  R a t i o n a l  Formula and  t h e  SCS TP-149 

method w i l l  b e  used  and t h e  r e s u l t s  compared t o  de te rmine  t h e  d e s i g n  va lue .  

10.2.1 R a t i o n a l  Formula 

Subwatershed 1 

S t e p  1 :  One C v a l u e  i s  assumed a d e q u a t e  t o  r e p r e s e n t  t h e  40 a c r e s  

e x i s t i n g  w i t h i n  a r e c l a i m e d  mountain t o p  removal. From Table  3.3, t h e  esti- 

mated C is  0.42 f o r  a h i l l y  p a s t u r e  i n  a c l a y  and  s i l t  loam. 

S t e p  2: From t o p o g r a p h i c  maps t h e  maximum l e n g t h  of f low is  e s t i m a t e d  t o  

b e  2000 f t  o v e r  a n  average  s l o p e  o f  30 p e r c e n t .  Using t h e  formula  g i v e n  i n  

Tab le  3.2, 

tc = 4.3 min 



Figure 10.1. Topographic map of t h e  design example. 



S t e p  3: S i n c e  t i s  l e s s  t h a n  one hour,  t h e  100-year,  one-hour dura- 
C 

t i o n  s t o r m  g i v e s  3.0 i n c h e s  of r a i n  (Appendix A ) .  From F i g u r e  3.3 t h e  

r e q u i r e d  c o r r e c t i o n  f a c t o r  i s  0.26,  t h e r e f o r e  

1  60 min 
i p h  = 0.78 i n  x x = 10.9 i p h  

4.3 min hour  

S t e p  4: From Q = CiA (Equa t ion  3 - 1 1 ,  

= (0 .42)  (10.9)  ( 4 0 )  

Q = 183  c f s  

Subwatershed 2  

S t e p  1 :  Of t h e  16 c o n t r i b u t i n g  a c r e s ,  a b o u t  5.0 a c r e s  r e p r e s e n t  t h e  

r e c l a i m e d  s t r i p  bench. The remaining 11.0 a c r e s  e x i s t  as u n d i s t u r b e d  wood- 

l a n d .  For t h e  r e c l a i m e d  s t r i p  bench a  C of 0.42 is  a g a i n  used.  For t h e  

u n d i s t u r b e d  a r e a ,  a  C of 0.50 i s  used.  The composi te  C is  t h e n  g iven  by 

Equa t ion  3.2 as 

S t e p  2 :  From topograph ic  maps t h e  maximum l e n g t h  o f  f low i s  e s t i m a t e d  t o  

b e  1200 f e e t  f o r  t h e  average  30 p e r c e n t  s l o p e .  From t h e  formula  i n  Table  3.2, 

tc = 2.9 min 

S t e p  3: The 100-year,  one-hour d u r a t i o n  s to rm i s  a g a i n  3.0 i n c h e s .  From 

F i g u r e  3.3 t h e  r e q u i r e d  c o r r e c t i o n  f a c t o r  i s  0 .20,  t h e r e f o r e  

1  60 min 
i p h  = 0.60 x  x = 12.4 i p h  

2 . 9 m i n  hour  

S t e p  4: E'rom Q = C i A  (Equa t ion  3.1 ) , 

Q = (0 .48)  (12.4)  ( 1 6 )  

Q = 95 c f s  



10.2.2 SCS TP-149 Method 

Subwatershed 1 

S t e p  1 : From T a b l e  3.5 t h e  s o i l  group f o r  t h e  sandy-clay loam s o i l  i s  

C .  From Table  3.4 t h e  CN f o r  p a s t u r e  i n  f a i r  c o n d i t i o n  w i t h  no  mechanical  

t r e a t m e n t  i s  79. 

S t e p  2: From t h e  c h a r t s  i n  Appendix A,  t h e  100-year,  24-hour d u r a t i o n  

s t o r m  g i v e s  5.7 i n c h e s  o f  r a i n .  

S t e p  3: From c h a r t s  i n  Appendix B f o r  s t e e p  t e r r a i n  and  c u r v e  numbers 75 

and  80,  t h e  Q is,  r e s p e c t i v e l y ,  

Q = 140 c f s  and Q = 185 c f s  

Using l i n e a r  i n t e r p o l a t i o n ,  Q f o r  a CN = 79 is  

Q = 172 c f s  

Subwatershed 2 

S t e p  1 :  An a r e a  we igh ted  curve  number i s  r e q u i r e d  f o r  t h i s  d r a i n a g e ,  

s i m i l a r  t o  t h e  a r e a  weighted C f o r  t h e  R a t i o n a l  Formula. Using a CN of 79 

f o r  t h e  r e c l a i m e d  s t r i p  bench and  73 f o r  t h e  u n d i s t u r b e d  wate r shed  (woods i n  

f a i r  c o n d i t i o n ) ,  t h e  composi te  CN is  

S t e p  2: The 100-year,  24-hour e v e n t  is  a g a i n  5.7 i n c h e s .  

S t e p  3:  From c h a r t s  i n  Appendix B f o r  s t e e p  t e r r a i n  and c u r v e  number 75, 

t h e  Q is 62 c f s .  

10.2.3 Design Values  

Using a n  average  ( rounded t o  t h e  n e a r e s t  5 c f s )  o f  t h e  e s t i m a t e s  by t h e  

two methods, t h e  recommended d e s i g n  d i s c h a r g e s  a r e  g iven  i n  Table  10.1. 

10.3 Divers ion  Channel Designs 

10.3.1 Channel A 

The d e s i g n  f low f o r  Channels A and B t o g e t h e r  i s  180 c f s .  Assuming t h e  

f low i s  e q u a l l y  d i v i d e d  between each channel ,  t h e  d e s i g n  f low f o r  each channe l  

i s  90 c f s .  From t h e  t o p o g r a p h i c  map g iven  i n  F i g u r e  10.1 ,  t h e  l o n g i t u d i n a l  

p r o f i l e  of t h e  channe l  was e v a l u a t e d  ( F i g u r e  1 0 . 2 ) .  For s t a t i o n s  0+00 t o  7+80 



Table 10.1. Recommended Design Discharges. 

Method Subwatershed 1 Subwatershed 2 

Rational Formula 183 

SCS TP-149 172 

Design Value 180 



6+00 8'00 10+00 

STATION 

Figure  10.2.  Longi tudinal  p r o f i l e  o f  d i v e r s i o n  channel A. 



t h e  a v e r a g e  s l o p e  i s  0.032. A s  a n  i n i t i a l  assumption,  assume t h e  s l o p e  i s  

mild.  S i n c e  t h e  c h a n n e l  i s  i n t e r m i t t e n t ,  a  v e g e t a t i v e  l i n i n g  c o u l d  be u t i -  

l i z e d .  However, t h e  m a t e r i a l  t h e  channe l  w i l l  be  c o n s t r u c t e d  i n  cannot  be 

c o n s i d e r e d  e r o s i o n  r e s i s t a n t ,  and a low p e r m i s s i b l e  v e l o c i t y  would have t o  be 

u s e d  i n  d e s i g n  ( T a b l e  6 . 2 ) .  For  t h e  r e l a t i v e l y  l a r g e  d e s i g n  d i s c h a r g e  i n  t h i s  

channel ,  t h i s  would r e s u l t  i n  a  ve ry  wide, shal low c r o s s  s e c t i o n .  There fore ,  

it i s  more p r a c t i c a l  t o  u s e  rock  r i p r a p .  The m i l d  s l o p e  r i p r a p  d e s i g n  proce- 

d u r e s  can  be  u s e d  ( C h a p t e r  V I )  . 
F o r  s t a t i o n s  7+80 t o  15+80, t h e  s t e e p  s l o p e s  r e q u i r e  t h a t  o n l y  r i p r a p  be 

u s e d  f o r  s t a b i l i z a t i o n .  The s t e e p  s l o p e  r i p r a p  d e s i g n  p r o c e d u r e  g iven  i n  

Chap te r  V shou ld  be used.  

Channel Design S t a t i o n  0+00 t o  7+80 

1  . Assume K = 9 i n .  From Equat ion 4.18, 
m 

2. F r o m t h e  c h a r t s  i n A p p e n d i x  C f o r  Qn = 90 (0 .038)  = 3.4, a  s l o p e  0.032 

and  a  bottom wid th  o f  6 f t ,  

Vn = 0.27 f p s  V = Vn/n = 7.1 f p s  

d  = 1.5 f  t, and 

There fore ,  from Table  6.4 t h e  r e q u i r e d  r i p r a p  js Type L.  

4.  For Type L t h e  K s i z e  i s  9 i n . ,  t h e r e f o r e  t h e  i n i t i a l  assumption i s  
m 

OK. 

5. No i t e r a t i o n  i s  r e q u i r e d .  

S i n c e  t h e  Froude number i s  g r e a t e r  t h a n  0.8, t h e  m i l d  s l o p e  assumption 

f o r  a s i x - f o o t  bot tom w i d t h  channe l  was n o t  v a l i d .  Two o p t i o n s  a r e  now 

a v a i l a b l e .  The bottom wid th  can  be i n c r e a s e d  t o  r e d u c e  t h e  v e l o c i t y ,  and  

consequen t ly  t h e  Froude number, o r  t h e  s i x - f o o t  bottom wid th  can  be 



r e t a i n e d  and t h e  s t e e p  s l o p e  design procedure used. 

Try t h e  s t e e p  s l o p e  procedure f o r  a  s ix - foo t  bottom width. 

a .  The design flow remains 90 c f s .  

b. Bed s lope  = 0.0 32. 

c. A s  d i scussed  above, use  a  t r a p e z o i d a l  channel wi th  s ix - foo t  bottom 

width and 2:1 s i d e  s lopes .  

d. From Figure 5.4 u s ing  0  .O5 s lope ,  

D = 0.95  f t  
5  0  

u se  1.0 f t .  

Th i s  D va lue  compares favorably wi th  t h e  mi ld  s lope  design 
5 0  

r e s u l t  and s u b s t a n t i a t e s  t h e  u s e  of t h e  s t e e p  s lope  procedure f o r  

Froude numbers g r e a t e r  t han  0.8.  

e .  Gradation 

D = 1.25 D 
max 5 0  

Riprap th i ckness  = 1 .25  D50 = 1 .25  f t .  

7 .  F i l t e r  Evaluat ion 

a .  The assumed base  m a t e r i a l  g rada t ion  i s  

Da5 = 0.27  i n .  

D = 0.10 in .  
5  0  

D = 0.0 36 in .  
1 5  

The r i p r a p  c h a r a t e r i s t i c s  a r e  determined g raph ica l ly  by p l o t t i n g  t h e  

reco-nded g rada t ion  on semilog paper  (Figure 1 0 . 3 )  . 
D = 1 4  in .  

8 5  

D = 1 2  in .  
5  0  

5  
= 4 in .  

b. Using Army Corps of Engineers and U.S. Bureau of Reclamation f i l t e r  

des ign  c r i t e r i a  (Equat ions 5.2 and 5 . 3 ) :  





D ( r i p r a p )  
1 5  - 4  ---  - 111; 111 > 40 
D ( b a s e )  

1 5  
0.036 

T h e r e f o r e ,  a  f i l t e r  is necessa ry .  

c. P r o p e r t i e s  o f  t h e  f i l t e r  r e l a t i v e  t o  t h e  b a s e  material: 

D ( f i l t e r )  
5  0  < 40, S O D  ( f i l t e r )  < 40(0.10) = 4 . 0  i n .  
D ( b a s e )  

5  0  
50 

D ( f i l t e r )  
15 < 40 , s o  D15 ( f i l t e r )  < 40 (0.0 36) = 1.4 i n .  
D ( b a s e )  

1 5  

D ( f i l t e r )  
1 5  < 5 ,  s o  D15 ( f i l t e r )  < 4(O .27) = 1.1 i n .  
D85 ( b a s e )  

D15 ( f i l t e r )  

D ( b a s e )  > 5 ,  s o  D15 ( f i l t e r )  > 4(0.036)  = 0.14 i n .  
1 5  

T h e r e f o r e ,  w i t h  r e s p e c t  t o  t h e  b a s e  m a t e r i a l ,  t h e  f i l t e r  must 

s a t i s f y  

0.1 4  i n .  < D ( f i l t e r )  < 1.1 i n .  
I 

1 5  

D50 ( f i l t e r )  < 4.0 i n .  

C o n s i d e r i n g  t h e  r i p r a p  and  f i l t e r :  

D ( r i p r a p )  
5  0  12 < 40, s o  DS0 ( f i l t e r )  > - = 0.30 i n .  

DS0 ( f i l t e r )  40 

D15 ( r i p r a p )  

15 
0.10 i n .  < 40, s o  D ( f i l t e r )  > - =  

Dl ( f i l t e r )  40 

D ( r i p r a p )  
1 5  4  < 5 ,  s o  D ( f i l t e r )  > - = 0.8  i n .  

D85 ( f i l t e r )  8 5  5  

Dl ( r i p r a p )  

15 
0.8 i n .  > 5 ,  s o  D ( f i l t e r )  < - = 

D15 ( f i l t e r )  5  



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

0 -10 i n .  < Dl ( f i l t e r )  < 0.8  i n .  

D50 ( f i l t e r )  > 0.30 i n .  

D ( f i l t e r )  > 0.8 i n .  
8 5 

The l i m i t s  o f  t h e  f i l t e r  m a t e r i a l  w i t h  r e s p e c t  t o  b o t h  t h e  r i p r a p  

and  b a s e  m a t e r i a l  are shown on F i g u r e  10.3. The s e l e c t e d  s i z e  

d i s t r i b u t i o n  of t h e  f i l t e r  is i n d i c a t e d  by t h e  dashed l i n e .  The 

f i l t e r  t h i c k n e s s  s h o u l d  b e  e q u a l  t o  D ( f i l t e r )  b u t  n o t  less t h a n  
max 

6-9 i n .  There fore ,  use 9 in .  as t h i c k n e s s .  

8. Freeboard 

S i n c e  t h e  c h a n n e l  h a s  a r e l a t i v e l y  s h o r t  bend between S t a t i o n  4+00 and  

6+00, s u p e r e l e v a t i o n  must be  i n c l u d e d  i n  t h e  f r e e b o a r d  c a l c u l a t i o n .  From 

t h e  t o p o g r a p h i c  map, t h e  r a d i u s  o f  c u r v a t u r e  (r i s  e s t i m a t e d  as 80 '  and  
C 

r -r ( e q u a l  t o  t h e  t o p  w i d t h  of t h e  c h a n n e l )  i s  12.0 f t .  Froude number 
0 C 

"A= 90 
2 

= 10.5 f p s  
A 6(0.96)  + 3(0.96 ) 

The f r e e b o a r d  c o e f f i c i e n t  c from Table  4.4 is 1 . O .  
f b  

c ( d )  = l.O(O.96) = 0.96 f t  < 1.0 f t ;  u s e  1.0 f t  
f d  

The f i n a l  c h a n n e l  d imensions  a r e  b = 6 f t  and channe l  d e p t h  = 2.2 f t .  

F i g u r e  10.4 i l l u s t r a t e s  t h e  channe l  d imensions  and  e x c a v a t i o n  amounts 

r e q u i r e d  t o  accommodate t h e  r i p r a p  and  f i l t e r  l a y e r .  

Channel Design f o r  S t a t i o n  7+80 t o  15+80 

S t e e p  S lope  Riprap  Design 

1 .  The d e s i g n  f low,  as de te rmined  above, i s  90 c f s .  



Figure 10.4. Diversion channel A dimensions 
from station 0+00 to 7+80. 



2 .  The bed s lope  s e l e c t e d  f o r  design i s  based on a n  examination of Figure 

10 .2 .  The channel must c o l l e c t  runoff from each bench and the re fo re ,  

must fo l low s lope  of f i l l .  Using t h e  s t e e p e s t  s ec t ion ,  t h e  bed s lope  is  

determined t o  be 0.30.  

3 .  Channel s i z e  and shape. Try a t r apezo ida l  channel wi th  a 2: l  s i d e  s lope  

and 6 foo t  base width. 

4 .  From Figure  5 .4 ,  D = 2.1 f t ,  use  D = 2.25 f t .  
5 0 50 

d = 0.4 f t .  

5. Gradation of r i p r a p  i s  

= 2.8 f t .  

Riprap th i ckness  = 1.25  D = 2.8 f t .  
5 0 

6 .  Granular f i l t e r  design 

a .  The assumed base m a t e r i a l  g rada t ion  i s  

D85 = 0.27 i n .  

D = 0.10 in .  
5 0 

5 
= 0 .036  in .  

The r i p r a p  p r o p e r t i e s  a r e  determined by p l o t t i n g  t h e  recommended 

grada t ion  on semilog paper (F igure  10.5 ) . 
D = 3 3 i n .  
85 

D = 2 7 i n .  
5 0 

5 
= 1 2  in .  

b. Using t h e  Army Corps of Engineers and U.S.  Bureau of Reclamation 

f i l t e r  design c r i t e r i a ,  

D15 ( r i p r a p )  1 2  - -  - = 4 4 ;  4 4 > 5  
D (base)  

8 5  
0.27 





D15 ( r i p r a p )  12 = - -  
D15 ( b a s e )  0  .O 36 

- 333 ; 333 > 40 

There fore ,  a f i l t e r  l a y e r  i s  necessa ry .  

c. P r o p e r t i e s  o f  t h e  f i l t e r  r e l a t i v e  t o  t h e  b a s e  m a t e r i a l  a r e :  

DS0 ( f i l t e r )  

D ( b a s e )  
< 40, S O D  ( f i l t e r )  < 4 0 ( 0 . 1 )  = 4 . 0 ' i n .  

50  5  0  

D ( f i l t e r )  
1 5  < 40, s o  D15 ( f i l t e r )  < 40(0.036) = 1.4 i n .  
D15 ( b a s e )  

D15 ( f i l t e r )  

D ( b a s e )  
< 5 ,  s o  D15 ( f i l t e r )  < 5(0 .27)  = 1.3 i n .  

8 5  

D15 ( f i l t e r )  
> 5 ,  s o  D ( f i l t e r )  > S(0.036)  = 0.18 i n .  

D15 ( b a s e )  15 

With 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  

0.18 i n .  < D15 ( f i l t e r )  < 1.3 i n .  

D5 0  
(f  i l t e r )  < 4.0 i n .  

Cons ider ing  t h e  r i p r a p  and  f i l t e r  material 

D50 ( r i p r a p )  
27 

D50 ( f i l t e r )  < 40, s o  DS0 ( f i l t e r )  > - = 0.6 i n .  
40 

D15 ( r i p r a p )  
12 

D15 ( f i l t e r )  
< 40, s o  D ( f i l t e r )  > - =  

15 40 0.30 i n .  

D15 ( r i p r a p )  
12 < 5 ,  s o  D85 ( f i l t e r )  > - = 2.4 i n .  Ds5 ( f i l t e r )  5  

D15 ( r i p r a p )  
12 > 5 ,  s o  D15 ( f i l t e r )  < - = 2.4 i n .  Dl ( f i l t e r )  5  

With r e s p e c t  t o  t h e  r i p r a p  l a y e r ,  t h e  f i l t e r  must s a t i s f y  

0.30 i n  < D ( f i l t e r )  < 2.4 i n .  
1 5  



D ( f i l t e r )  > 0 . 6 8  i n .  
5 0  

D ( f i l t e r )  > 2 . 4  in .  
8 5  

The limits of t h e  f i l t e r  m a t e r i a l  wi th  r e spec t  t o  both t h e  r i p r a p  

and base  m a t e r i a l  a r e  shown i n  F igure  1 0 . 5 .  The s e l e c t e d  s i z e  

d i s t r i b u t i o n  of t h e  f i l t e r  m a t e r i a l  i s  ind ica t ed  by t h e  dashed l i n e .  

Thickness of t h e  f i l t e r  ma te r i a l  i s  equa l  t o  t h e  maximum s i z e  of t h e  

f i l t e r  m a t e r i a l  i f  more than  n ine  inches.  In  t h i s  case ,  t h i ckness  

i s  equal  t o  e leven  inches.  

7 .  Freeboard 

The r i p r a p  s i z e  necessary f o r  s t a b i l i t y  i s  determined by cons ider ing  t h e  

s t e e p e s t  reach  of t h e  channel. However, i n  t h e  s t e e p e s t  channel reach  

t h e  flow depth w i l l  be  a minimum r e l a t i v e  t o  t h e  milder-sloped reaches.  

To ensure  adequate  f r eeboa rd  and o v e r a l l  channel  depth,  t h e  depth  of flow 

must be eva lua ted  f o r  t h e  mildest-s loped reach. For t h e  s t e e p  channel 

design between s t a t i o n s  7+80 and 15+80,  neg lec t ing  t h e  s h o r t  bench sec- 

t i o n s  of channel,  t h e  mi ldes t  s lope  i s  15%.  

From Figure  5 . 4  

d = 0 . 7  f t .  

c = 1 . 0  
f b  

(Table  4 . 4 )  

c ( d )  = l .O(O.7 )  = 0 . 7  < 1 . 0  ; use  1 . 0  f t .  
f b  

1 
F.B. = c ( d )  + - A Z =  1 .0  + 0  = 1 .0  f t .  

f b  2 (Equation 4 .20  ) 

The cons t ruc t ed  channel  s e c t i o n  dimensions a r e  t h e r e f o r e  b = 6  f t .  and 

t o t a l  channel depth = F.B. + d = 1 . 7  f t .  Figure 1 0 . 6  i l l u s t r a t e s  t h e  

f i n a l  channel  dimensions. 

1 0 . 3 . 2  Diversion Channel B 

A s  determined above, t h e  design flow f o r  Channel B is  90 c f s .  From t h e  

topographic map (F igu re  10 . I  ) , t h e  l o n g i t u d i n a l  p r o f i l e  was eva lua ted  and 

p l o t t e d  i n  Figure 1 0 . 7 .  For s t a t i o n s  0+00 t o  7+80 t h e  average s l o p e  i s  0 . 0 4 4  

and from 7+80 t o  15+60, t h e  maximum s l o p e  i s  33 percent .  Therefore,  based on 

t h e  r e s u l t s  of  Diversion Channel A ,  assume both s l o p e s  a r e  s t eep .  



Figure  10.6. Diversion channel A dimensions from 
s t a t i o n  7+80 t o  15+80. 
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STATION 

F i g u r e  10.7. L o n g i t u d i n a l  p r o f i l e  f o r  d i v e r s i o n  channe l  B. 



S t a t i o n  0+00 t o  7+80 

Since t h e  design d ischarge  is  t h e  same a s  Channel A and t h e  0 . 0 5  s lope  

l i n e  w i l l  aga in  be used on Figure  5 . 4 ,  t h e  r i p r a p  design w i l l  be i d e n t i c a l  t o  

Channel A s t a t i o n  0+00 t o  7+80.  Also due t o  t h e  s i m i l a r i t y  i n  alignment,  t h e  

f reeboard  i s  near ly  t h e  same. It is adequate t o  u se  t h e  same c r o s s  s e c t i o n  

f o r  Channel B ,  s t a t i o n  0+00 t o  7+80 a s  Channel A ,  s t a t i o n  0+00 t o  7+80 (F igure  

1 0 . 4 ) .  

Channel Design f o r  S t a t i o n  7+80 t o  15+60 

Steep Slope Riprap Design 

The des ign  flow i s  90 c f s .  

The bed s lope  s e l e c t e d  f o r  design i s  based on a n  examination of Figure 

1 0 . 7 .  Using t h e  s t e e p e s t  s ec t ion ,  t h e  bed s l o p e  is  determined t o  be 

0 . 3 3 .  

Channel s i z e  and s lope.  Try a t r a p e z o i d a l  channel  w i th  2 : l  s i d e  s l o p e  

and 6 f o o t  base width. 

From Figure 5 . 4 ,  D = 2 . 2  f t ;  use DS0 = 2 . 2 5  f t .  
50 

Gradation of r i p r a p  is  

Riprap th i ckness  = 1 . 2 5  DS0 = 2 . 8  ft ' .  

Granular f i l t e r  design. Since t h e  base  m a t e r i a l  and r i p r a p  are t h e  same 

f o r  t h e  s t e e p  s e c t i o n s  o f  both Channel A and Channel B, t h e  g ranu la r  

f i l t e r  remains t h e  same. The l i m i t s  of t h e  f i l t e r  m a t e r i a l  w i th  r e s p e c t  

t o  t h e  r i p r a p  and base m a t e r i a l  a r e  shown on Figure  1 0 . 5 .  The s e l e c t e d  

s i z e  d i s t r i b u t i o n  of t h e  f i l t e r  ma te r i a l  i s  i n d i c a t e d  by t h e  dashed l i n e .  

Thickness of t h e  f i l t e r  m a t e r i a l  is  eleven inches.  

Freeboard 

C f b  
= 1 .0  (Table 4 . 4 )  

C f b  
( d )  = l . O ( O . 3 )  = 0 . 3  < 1 .0  ; use  1 . 0  f t .  



1 
FOB. = Cfb(d)  + 5 AZ = 1 + 0 = 1.0 f t .  

The channel  design w i l l  be  b = 6 f t  and channel depth = 1.3 f t .  

Comparing t h i s  w i th  the  s t e e p  s lope  design of Channel A r e v e a l s  a d i f -  

f e r ence  of 0.10 f e e t  i n  design depth. This  smal l  d i f f e r e n c e  i n  depth 

does n o t  j u s t i f y  a new channel  design. Therefore u se  t h e  same channel a s  

prev ious ly  i l l u s t r a t e d  i n  Figure 10.6. 

10.3.3 Diversion Channel C 

Diversion Channel C c o l l e c t s  runoff from both Channels A and B and there-  

f o r e  must be  designed f o r  180 c f  s. From t h e  topographic map (Figure  10.1 ) t h e  

l o n g i t u d i n a l  p r o f i l e  was determined (F igure  10.8).  The s l o p e  cond i t i ons  

r e q u i r e  t h e  s t e e p  s lope  design procedure. 

The des ign  flow i s  180 cf  s, a s  determined above. 

The bed s l o p e  s e l e c t e d  f o r  design is  based on examination of Figure 10.8. 

The amount of excavat ion  r equ i r ed  t o  design a uniform s l o p e  channel  i s  

p r o h i b i t i v e .  Therefore,  f o r  e a s e  i n  cons t ruc t ion ,  a s i n g l e  channel  c r o s s  

s e c t i o n  w i l l  b e  designed t h a t  i s  adequate  f o r  each sec t ion .  Designing 

f o r  r i p r a p  s t a b i l i t y  u s ing  t h e  s t e e p e s t  s ec t ion ,  t h e  bed s l o p e  is  deter-  

mined t o  be 0.18, t h e r e f o r e  u s e  s t e e p  s lope  procedure. 

The bottom widths of  Channels A and B were equal  t o  6 f t .  Therefore,  t r y  

a bottom width of  10 f t  f o r  Channel C.  U s e  2 :1 s i d e  s lopes .  

FromFigure 5.5, D = 1.65 f t ,  u s e  1.75 f t .  
50 

Gradat ion of  t h e  r i p r a p  is 

r i p r a p  t h i c k n e s s  1.25 (Dmax) = 2.2 f t  

F i l t e r  g rada t ion  design. 

a.  The assumed base  m a t e r i a l  g rada t ion  is 

D = O . l O i n .  
5 0 

Dl = 0.0 36 in.  
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Figure  10.8. Longi tud ina l  profile of d i v e r s i o n  channel C. 



The r i p r a p  c h a r a c t e r i s t i c s  a r e  determined g raph ica l ly  by p l o t t i n g  

t h e  recommended g rada t ion  on semi-log paper  (F igure  10.9 ) . 
DE5 = 26.0 in .  

D = 2 1  in .  
5  0 

5 
= 8.5 i n .  

b. Using t h e  Army Corps of Engineers and U. S. Bureau of Reclamation 

f i l t e r  des ign  c r i t e r i a  (Equat ions 5.2 and 5.3) 

5  (riprap) 8.5 
= - = 3 1  ; 3 1 > 5  

DE5 (base)  0  - 27  

Therefore,  a  f i l t e r  i s  necessary. 

c. P r o p e r t i e s  of t h e  f i l t e r  r e l a t i v e  t o  t h e  base  m a t e r i a l  a r e :  

DS0 ( f  i l t e r )  
< 40 , s o  D ( f i l t e r )  < 40(0.1) = 4.0 in .  

D50(base) 5  0 

Dl ( f  i l t e r )  
< 40 , so D ( f i l t e r )  < 40(0.036) = 1.4 in .  

Dl (base)  15 

D ( f i l t e r )  
1 5  < 5 , s o  D 1 5 ( f i l t e r )  < 5t0.27)  = 1.3 in .  
Ds5 (base 

Dl ( f i l t e r )  
> 5 ,  so D15 ( f i l t e r )  < 5(0.030) = 0.18 i n .  

Dl 5 tbase)  

With r e s p e c t  t o  t h e  base  ma te r i a l ,  t h e  f i l t e r  must s a t i s f y  

0.18 < D ( f i l t e r )  < 1.3 in.  
1 5  

D ( f i l t e r )  < 4.0 in .  
50 

Considering t h e  r i g r a p  and f i l t e r  m a t e r i a l  

D 5 0 ( r i p r a ~ )  21 
< 40 , so D ( f i l t e r )  > - = 0.52 in .  

D5@(f i l t e r )  5  0 40 





D15 ( r i p r a p )  8.5 
15 40 

- 0.21 in .  < 40 , s o  D ( f i l t e r )  > - - 
Dl ( f  i l t e r )  

D ( r i p r a p )  
15 8.5 < 5  , s o  D ( f i l t e r )  > - = 1 . 7  i n .  

D85 ( f i l t e r )  8  5  5  

Dl ( r ip rap )  8.5  
< 5  , s o  D ( f i l t e r )  < - =  1 .7  i n .  

Dl (f  i l t e r )  15 5  

With r e s p e c t  t o  t h e  r i p r a p  l aye r ,  t h e  f i l t e r  must s a t i s f y  

0 .21  in .  < D ( f i l t e r )  < 1 . 7  i n .  15 

D ( f i l t e r )  > 0 . 5 2  i n .  
5  0  

Dg5 ( f  i l t e r )  > 1 . 7  i n .  

The limits of t h e  f i l t e r  m a t e r i a l  wi th  r e s p e c t  t o  both t h e  r i p r a p  

and base  m a t e r i a l  a r e  shown i n  Figure 1 0 . 9 .  The s e l e c t e d  s i z e  

d i s t r i b u t i o n  of t he  f i l t e r  m a t e r i a l  i s  i n d i c a t e d  by t h e  dashed l i n e .  

The th i ckness  of t h e  f i l t e r  m a t e r i a l  i s  equal  t o  t h e  maximum s i z e  of 

t h e  f i l t e r ,  i s  more than  n ine  inches.  In t h i s  case ,  t h i ckness  i s  

equal  t o  10 inches.  

7 .  Freeboard. 

The r i p r a p  s i z e  was determined i n  S tep  4 by cons ider ing  t h e  c r i t i c a l  flow 

cond i t i ons  occu r r ing  i n  t h e  s t e e p e s t  ( S  = 0 . 1 8 )  reach of Channel C. To 

eva lua t e  f reeboard  and t o t a l  channel depth requi red ,  t h e  mi lder  s lop ing  

reach  from S t a t i o n  0+00 to  1+00 with  a s l o p e  of 10 pe rcen t  is  considered. 

The 8  pe rcen t  channel  reach  s t a r t i n g  a t  S t a t i o n  3+00 i s  neglec ted  because 

it is only 25 f t  long. 

Using S = 0 .10  

Figure  5.5  i n d i c a t e s  

From Table 4 . 4  Cfb = 1.0 

Cfb(d) = l . O ( l . 1 )  = 1.1 > 1.0 f t .  ; u s e l . l  it. 



F.B. = 
1 

Cfb  ( d )  + AZ = 1.1 + 0 = 1.1 f t .  

The f i n a l  channel  dimensions a s  shown i n  Figure 10.10 a r e  b = 10 ft. , 
t o t a l  channel  depth = 2.2 f t .  

10.3.4 Diversion Channel D 

Diversion Channel D i s  a  recons t ruc ted  channel over  a  reclaimed s t r i p  

bench. From t h e  topographic map t h e  channel extends from S t a t i o n s  1+85 t o  

6+70. The p r o f i l e  of t h e  waterway i s  shown i n  F igure  10.1 1. The s lope  con- 

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

The design flow a s  determined i n  Sec t ion  10.2 i s  80 c f s .  

From Figure  10.1 1 t h e  bed s lope  i s  0.24. 

From cons ide ra t ion  of upstream and downstream n a t u r a l  waterways, a  chan- 

n e l  bottom width of 6 f t  i s  s e l e c t e d  wi th  a  2:l s i d e  s lope.  

From Figure  5 .l, D = 1.75 f t .  
50 

Gradation of r i p r a p  i s  

D = 1.25(1.75) = 2.2 f t  
max 

Riprap th i ckness  1.25 D5,, = 2.2 f t .  

F i l t e r  design. The r i p r a p  has t h e  same p a r t i c l e  s i z e  a s  Channel C.  The 

p a r t i c l e  s i z e  of t h e  base  m a t e r i a l  i s  a l s o  assumed n e a r l y  t h e  same. 

Therefore,  t h e  f i l t e r  requirement f o r  channel  D i s  i d e n t i c a l  t o  t h e  

f i l t e r  designed f o r  Channel C. 

Freeboard 

From Table 4.4 Cfi = 1.0 

Cfb(d)  = l.O(O.46) = 0.46 < 1.0 ; use  1.0 f t .  

The f i n a l  channel  d i m n s i o n s  a r e  given i n  F igure  10.1 2. 



Figure 10.10. Diversion channel C dimensions. 



Figure  10.11. Longitudinal  p r o f i l e  o f  d ive r s ion  channel D. 





10.4 T r a n s i t i o n  Design 

10.4.1 Channels A and  B 

I n  b o t h  Channels  A and B, t r a n s i t i o n  d e s i g n  is  r e q u i r e d  f o r  t h e  e n t r a n c e  

t o  and  e x i t  f rom t h e  s t e e p  s l o p e  channel.  The t r a n s i t i o n  l e n g t h  s h o u l d  be 

p r o t e c t e d  w i t h  t h e  same r i p r a p  s i z e  u s e d  on  t h e  s t e e p  s l o p e .  The t r a n s i t i o n  

l e n g t h  i s  computed from t h e  g u i d e l i n e s  g iven  i n  S e c t i o n  5.4. 

The downstream d e p t h  o f  f low, used t o  e v a l u a t e  t h e  l e n g t h  o f  p r o t e c t i o n  

needed a t  t h e  change i n  grade,  is  computed f o r  t h e  10 p e r c e n t  channe l  r e a c h  

between S t a t i o n s  0+00 and  1+00 i n  Channel C.  From F i g u r e  5.2 f o r  Q = 180 

c f s  and S = 0.10 

d G 1.1 f t .  

Length of p r o t e c t i o n  = 5d = 5.5 f t .  

S i n c e  5.5 f t  < 15 it, t h e  minimum p r o t e c t i o n  of 15 f e e t  i s  r e q u i r e d .  The 

r i p r a p  s i z e  c a l c u l a t e d  f o r  t h e  s t e e p  s l o p e  s e c t i o n s  o f  Channels  A and  B shou ld  

b e  extended f o r  a d i s t a n c e  o f  15 f t  i n  Channel C ( i . e . ,  from S t a t i o n  0+00 t o  

0+15) .  I n  t h i s  example t h e  r i p r a p  s i z e  i n  bo th  s t e e p  c h a n n e l s  s e c t i o n s  o f  

Channels A and B i s  i d e n t i c a l .  I f  t h e  r o c k  s i z e  was d i f f e r e n t ,  p r o t e c t i o n  

below t h e  c h a n e l  i n  g rade  s h o u l d  be  p rov ided  by u s i n g  t h e  l a r g e r  r i p r a p  qrada- 

t i o n .  P r o t e c t i o n  s h o u l d  a l s o  be  p rov ided  a t  t h e  e n t r a n c e  s e c t i o n s  from mi ld  

t o  s t e e p  s l o p e s  i n  Channels A and B. S t e e p  s l o p e  r i p r a p  p r o t e c t i o n  shou ld  be 

ex tended  15 f t  above t h e  s t e e p  s l o p e  s e c t i o n s .  There  w i l l  be  no o t h e r  s i g n i -  

f i c a n t  t r a n s i t i o n  problems s i n c e  t h e  c r o s s  s e c t i o n  geometry ( 6  f t  bottom wid th  

and  2:1 s i d e  s l o p e )  i s  t h e  same f o r  t h e  s t e e p  and  m i l d  channe l s .  

10.4.2 Channels C and D 

The e n t r a n c e  p r o t e c t i o n  f o r  Channel C h a s  a l r e a d y  been e s t a b l i s h e d  by t h e  

e x i t  p r o t e c t i o n  r e q u i r e d  f o r  Channels  A and  B.  The e x i t  o f  Channel C is  t o  

t h e  e x i s t i n g  n a t u r a l  waterway downstream o f  t h e  j u n c t i o n  of t h e  n a t u r a l  water-  

way c o n t a i n i n g  d i v e r s i o n  Channel D. It is  recommended t h a t  t h e  r i p r a p  of 

Channel C be ex tended  th rough  t h e  j u n c t i o n  t o  i n s u r e  t h e  s t a b i l i t y  of t h i s  

a r e a .  The e n t r a n c e  o f  t h e  n a t u r a l  waterway c o n t a i n i n g  d i v e r s i o n  Channel D 

s h o u l d  a l s o  be  r i p r a p p e d  i n  t h i s  r eg ion .  

The bottom wid th  o f  Channel D w a s  chosen t o  approximate  t h e  n a t u r a l  

waterway upst ream and  downstream. Although t h e  change i n  roughness  may c a u s e  

a g r e a t e r  d e p t h  i n  t h e  r i p r a p p e d  d i v e r s i o n  channe l  t h a n  i n  t h e  n a t u r a l  water- 



way, t h e  s t e e p  s l o p e  cond i t i ons  w i l l  minimize t h i s  e f f e c t .  Therefore,  con- 

s i d e r i n g  t h e s e  f a c t o r s ,  no t r a n s i t i o n  problems a r e  a n t i c i p a t e d  i n  Channel D. 



X I. INTRODUCTION 

11.1 Purpose of P a r t  2 

The design of water d ive r s ion  channels  f o r  su r f ace  mine ope ra t ions  i n  

sandy s o i l  r eg ions  p r e s e n t s  unique problems no t  encountered a t  mine s i t e s  wi th  

more we l l  developed s o i l s .  In  t h i s  context ,  sandy i s  used i n  t h e  engineer ing  

sense  t o  desc r ibe  loose,  cohes ionless  s o i l s .  Sandy s o i l  cond i t i ons  t y p i c a l l y  

e x i s t  i n  c o a l  mining r eg ions  of t h e  semiar id  western s t a t e s ,  

I n  c o n t r a s t ,  t h e  more humid environment of t h e  e a s t e r n  s t a t e  sur- 

f a c e  mines produces a  more s t a b l e  topography wi th  we l l  developed s o i l s  and 

vege ta t ion  and n a t u r a l  s t ream beds of g rave l  cobble s u b s t r a t e .  The h ighly  

e r o d i b l e  sandy s o i l  cond i t i ons  r e q u i r e  s p e c i a l  cons ide ra t ion  and design proce- 

du res  f o r  d ive r s ion  channels t o  avoid problems of bank s t a b i l i t y ,  l a t e r a l  

migrat ion,  aggradat ion and degradat ion.  Design techniques must n e c e s s a r i l y  

involve  sediment t r a n s p o r t  p r i n c i p l e s  t o  account f o r  t h e  movable boundary con- 

d i t i o n s .  

Design procedures  app l i cab le  t o  reg ions  wi th  w e l l  developed s o i l s  and 

g rave l  cobble t ype  s t reams were presented  i n  P a r t  1 of t h i s  Design Manual. 

Although P a r t  1 was prepared p r imar i ly  f o r  a p p l i c a t i o n  i n  t h e  Eas te rn  Coal 

Province, many of t h e  b a s i c  concepts  and design procedures  a r e  s u f f i c i e n t l y  

genera l  t o  al low more widespread app l i ca t ion .  For example, even i n  sandy s o i l  

r eg ions  some channels  may be cons t ruc ted  i n  bedrock o r  on cobbled s p o i l s  

m a t e r i a l  where r e s i s t a n c e  t o  flow i s  high. However, due t o  t h e  s i g n i f i c a n t  

d i f f e r e n c e s  i n  o v e r a l l  stream morphology between sandy s o i l  r eg ions  and 

r eg ions  with w e l l  developed s o i l s ,  c e r t a i n  methodologies recommended i n  P a r t  1 

a r e  n o t  app l i cab le  t o  sandy s o i l  condi t ions .  Therefore,  t o  develop nationwide 

gu ide l ines  f o r  water  d ive r s ion  channel des ign  on s u r f a c e  mine ope ra t ions ,  P a r t  

2 was developed by SLA a s  a  supplement t o  P a r t  1 .  The two p a r t s  a r e  intended 

t o  be used t o g e t h e r  i n  developing water  d ive r s ion  designs on sandy s o i l s .  

11.2 Spec ia l  Problems of Sandy S o i l s  

1 1  - 2  -1  Sediment Yield 

Sandy s o i l  cond i t i ons  t y p i c a l l y  e x i s t  i n  t h e  semi-ar id and a r i d  reg ions  

of t h e  country. In  t h e s e  reg ions  t h e  vege ta t ion  and landforms r e f l e c t  t h e  

l a &  of water.  Compared wi th  more humid reg ions ,  topogaphy i s  more ab rup t  and 

h i l l  s l o p e s  a r e  u sua l ly  s t e e p e r  and s h o r t e r .  The s o i l s  a r e  t h i n n e r  wi th  

l i t t l e  o rgan ic  content ,  and bedrock exposures a r e  common. 



Dryland streams a r e  u sua l ly  i n c i s e d  channels and a r e  l i k e l y  t o  be dry f o r  

l ong  pe r iods  of time. When t h e  channels do flow, it i s  usua l ly  i n  response t o  

sma 11 storm c e l l s  of l i m i t e d  a r e a l  e x t e n t  producing high i n t e n s i t y ,  shor t -  

du ra t ion  storms. These storms can genera te  excess ive  e ros ion  i n  upland 

watersheds. Due t o  h igh  drainage dens i ty  (number of  channels p e r  u n i t  a r e a ) ,  

water  and sediment runoff  occurs  very e f f i c i e n t l y .  Peak d ischarge  is  high and 

t h e  t ime t o  peak and flow dura t ion  a r e  s h o r t .  Therefore,  normal sediment 

y i e l d s  i n  dryland a r e a s  a r e  l a r g e  due t o  highly e rod ib l e  s o i l s ,  w e l l  developed 

drainage networks and widely ranging c l i m a t i c  c h a r a c t e r i s t i c s .  

11.2.2 Stream Response 

The combination of l a r g e  sediment y i e l d s  from upland watersheds and 

h ighly  e r o d i b l e  stream channels can cause r a p i d  changes i n  s t ream channel con- 

f i g u r a t i o n .  These changes r e s u l t  from l a t e r a l  migrat ion,  degradat ion and 

aggradat ion and inc lude  changes i n  s t ream form, bedform, flow r e s i s t a n c e  and 

o t h e r  geometric and hydrau l i c  c h a r a c t e r i s t i c s .  The dynamic condi t ions  t h a t  

e x i s t  r e q u i r e  t h a t  l o c a l  problems and t h e i r  s o l u t i o n s  be considered i n  terms 

of t h e  e n t i r e  system. Natural  and man-induced changes i n  any channel, par- 

t i c u l a r l y  a h ighly  e rod ib l e  sandy s o i l  channel,  i n i t i a t e  responses t h a t  can be 

propagated f o r  long d i s t ances  both  upstream and downstream (Simons and 

Senturk,  1977).  

1 1.2.3 S t a b l e  Channel Design 

Designing a s t a b l e  a l l u v i a l  channel (one wi thout  a channel l i n i n g )  o r  a 

s t a b l e  l i n e d  channel under t h e  dynamic cond i t i ons  descr ibed  above r e q u i r e s  an  

understanding of sediment t r a n s p o r t  and s t ream channel response. For example, 

un l ined  channels  must be designed t o  minimize excess ive  scour  while  l i n e d  

channels must be designed t o  prevent  depos i t ion  of sediments.  Channel l i n i n g s  

i n  dryland a r e a s  a r e  t y p i c a l l y  some type  of r i p r a p  due t o  t h e  d i f f i c u l t i e s  i n  

growing t h e  r equ i r ed  type  of vegetat ion.  Unlined channels a r e  most succes s fu l  

when designed under t h e  concept  of dynamic equi l ibr ium,  which simply al lows 

f o r  sediment t r a n s p o r t  condi t ions .  These t o p i c s  and o t h e r s  a r e  presented  i n  

d e t a i l  i n  t h e  fol lowing chapters .  



1 1.3 Organization 

Information presented  i n  P a r t  2 p e r t a i n s  p r imar i ly  t o  t h e  design of water 

d ive r s ion  channels i n  sandy s o i l s .  Basic information and design gu ide l ines  

needed from P a r t  1 a r e  re ferenced  by chapter  o r  s e c t i o n  number. For example, 

t h e  hydrologic  design and eco log ica l  cons ide ra t ions  were given i n  P a r t  1 and 

a r e  no t  repea ted  h e r e i n  b u t  c i t e d  by re ference .  

Information presented  i n  P a r t  2 inc ludes  t h e  s p e c i a l i z e d  design con- 

s i d e r a t i o n s  and procedures  necessary f o r  water d ive r s ion  design i n  sandy 

s o i l s .  This  inc ludes  some a d d i t i o n a l  hydraul ic  cons ide ra t ions  (Chapter X I I ) ,  

and a l l u v i a l  channel concepts  (Chapter X I I I )  . Chapters X I V  t o  X V I I  provide 

t h e  s p e c i a l i z e d  design information and Chapter X V I I I  i s  a d d i t i o n a l  rock dura- 

b i l i t y  information p e r t i n e n t  t o  western mine regions.  The comprehensive 

example i n  Chapter X I X  i l l u s t r a t e s  t h e  use  of  t h e  recommended procedures.  

Other examples a r e  given i n  each chapter .  Users of t h e  manual a r e  encouraged 

t o  review t h e s e  examples t o  b e t t e r  understand t h e  design procedures .  
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X I I .  OPEN CHANNEL FLOW CONCEPTS FOR SANDY SOIL DIVERSIONS 

1 2.1 I n t r o d u c t i o n  

Bas ic  concep t s  o f  open channe l  f l w  were p r e s e n t e d  i n  Chapter  IV; 

however, i n  sandy s o i l  d i v e r s i o n  channe l s  some a d d i t i o n a l  c o n s i d e r a t i o n s  a r e  

necessa ry .  For example, i n  sand  bed channe l s  t h e  bed and  bank m a t e r i a l  i s  

e a s i l y  e roded  and c o n t i n u a l l y  be ing  moved, shaped and reworked by t h e  flow. 

The development of bed forms by t h i s  p r o c e s s  i n c r e a s e s  t h e  r e s i s t a n c e  t o  f low 

by t h e  e f f e c t s  o f  form roughness.  T h i s  e f f e c t  must be  accounted  f o r  i n  

d e s i g n i n g  d i v e r s i o n  channe l s  i n  sandy s o i l s .  This  c h a p t e r  p r o v i d e s  t h e  b a s i c  

h y d r a u l i c  concep t s  p e r t i n e n t  t o  sandy s o i l  d i v e r s i o n s  t h a t  are n e c e s s a r y  f o r  

a p p l i c a t i o n  of des ign  p rocedures  g iven  i n  t h e  f o l l o w i n g  c h a p t e r s .  

12.2 S e l e c t i o n  of Channel Shape 

I n  n a t u r a l  sand-bed c h a n n e l s ,  t h e  most f r e q u e n t l y  observed  channe l  shape  

i s  t r a p e z o i d a l .  Based on t h i s  o b s e r v a t i o n ,  t h e  sand-bed channe l s  des igned  

throughout  t h i s  r e p o r t  w i l l  assume a  t r a p e z o i d a l  shape.  The a n g l e s  o f  repose  

f o r  m a t e r i a l  composed l a r g e l y  of sands  i s  p r e s e n t e d  i n  Tab le  12.1.  For con- 

s e r v a t i v e  d e s i g n  a  s i d e  s l o p e  z of 3 i s  recommended f o r  a l l  u n l i n e d  sand-bed 

channels .  

12.3 Normal Depth C a l c u l a t i o n  

The Manning Equat ion,  d e f i n e d  i n  S e c t i o n  4.4,  w i l l  a g a i n  be u s e d  t o  

de te rmine  t h e  normal dep th .  C h a r t s  g iven  i n  Appendix C p r o v i d e  s o l u t i o n  of 

t h e  Manning e q u a t i o n  f o r  t r a p e z o i d a l  c h a n n e l s . o f  2:l s i d e  s l o p e  and bottom 

w i d t h s  o f  2 ,  4,  6,  8 ,  10, 12,  and 1 4  f e e t .  Based on t h e  r e l a t i v e l y  smal l  

a n g l e  o f  r e p o s e  f o r  sands ,  a s i d e  s l o p e  o f  2:l  r e p r e s e n t s  t h e  maximum s i d e  

s l o p e  f o r  des ign.  Commonly, sand-bed channe l s  a r e  des igned  w i t h  2.5 :1 and 3: 1 

s i d e  s l o p e s .  Thus, f o r  s i d e  s l o p e s  o t h e r  t h a n  2:1, t h e  c h a r t s  i n  Appendix C 

o f  t h e  Design Manual cannot  be  used  t o  d i r e c t l y  s o l v e  f o r  t h e  normal dep th ,  

b u t  can b e  used t o  p r o v i d e  a n  i n i t i a l  e s t i m a t e  o f  t h e  normal d e p t h  i n  an  

i t e r a t i v e  p rocedure  f o r  s o l v i n g  t h e  Manning equa t ion .  The i t e r a t i v e  p rocedure  

w i l l  b e  i l l u s t r a t e d  by example a t  t h e  end of t h i s  c h a p t e r .  

12.4 R e s i s t a n c e  t o  Flow 

The bed of a  channe l  composed o f  sandy s o i l s  seldom forms a  smooth regu- 

l a r  boundary, b u t  i s  c h a r a c t e r i z e d  i n s t e a d  by s h i f t i n g  forms t h a t  v a r y  i n  



Table 1 2 . 1 .  Angles o f  Repose f o r  Sand C l a s s i f i c a t i o n s .  

C l a s s i f i c a t i o n  
Angle o f  Repose 

(degrees 1 

Uniform f i n e  t o  
medium sand 

Well-graded sand 

Sand and gravel 



s i z e ,  shape,  and loca t ion .  These bed forms a r e  i n f luenced  by changes i n  flow, 

temperature,  sediment load,  and o t h e r  va r i ab l e s .  Addi t iona l ly ,  they  cons t i -  

t u t e  a major p a r t  o f  t h e  r e s i s t a n c e  t o  flow e x h i b i t e d  by a  sand-bed channel,  

and e x e r t  a s i g n i f i c a n t  i n f luence  on flow parameters  such as depth, v e l o c i t y  

and sediment  t r a n s p o r t .  Understanding t h e  d i f f e r e n t  t y p e s  of  bed forms t h a t  

can occu r  and  t h e  r e s i s t a n c e  t o  flow and sediment t r a n s p o r t  a s s o c i a t e d  wi th  

each bed form w i l l  a i d  i n  t h e  hydrau l i c  design of sand-bed channels.  

12.4.1 Bed Conf igura t ion ,  Flow Phenomena, and Res i s t ance  t o  Flow 

The bed conf igu ra t ion  is t h e  a r r a y  of  bed forms, o r  absence the reo f ,  

genera ted  on t h e  bed o f  a n  a l l u v i a l  channel by t h e  flow. The bed con- 

f i g u r a t i o n s  t h a t  may form i n  a n  a l l u v i a l  channel  a r e  p l a n e  bed without  s ed i -  

ment movement, r i p p l e s ,  dunes, p l a n e  bed with sediment movement, an t idunes ,  

and c h u t e s  and-pools .  These bed conf igu ra t ions  are l i s t e d  i n  t h e i r  o rde r  of 

occurrence  w i t h  i n c r e a s i n g  va lues  o f  s t ream power f o r  bed m a t e r i a l s  having 

D less t h a n  0.6 mm. Stream power is def ined  a s  t h e  producteof  t h e  be4 
5 0 

shea r  stress, T , and t h e  average  ve loc i ty ,  V..% Sketches of  t y p i c a l  bed 
0 

con f igu ra t ions  a r e  shown i n  F igu re  12.1. 

1  2.4.1 .1 P lane  B e d  Without Sediment Movement 

I f  t h e  bed material of a s t ream moves a t  one d i scha rge  b u t  n o t  a t  a  

smaller d ischarge ,  t h e  bed conf igu ra t ion  a t  t h e  s m a l l e r  d i scharge  w i l l  e x i s t  

as a remnant o f  t h e  bed conf igu ra t ion  formed when sediment was moving. For 

bed c o n f i g u r a t i o n  wi thout  sediment movement, t h e  problem o f  r e s i s t a n c e  t o  flow 

i s  one o f  rigid-boundary hydrau l i c s .  Plane bed wi thout  sediment movement has  

been s t u d i e d  t o  determine t h e  flow cond i t i ons  f o r  t h e  beginning of motion and 

t h e  bed p r o f i l e s  t h a t  would form a f t e r  beginning of motion. For a p l ane  sand 

bed wi thou t  bed-mater ial  t r a n s p o r t ,  Manning's roughness c o e f f i c i e n t  v a r i e s  

~ K U U  0.012 t o  0.016- 

12.4.1.2 Ripples  

I n  f i n e  sand, r i p p l e s  w i l l  u sua l ly  occur  a s  soon as p a r t i c l e s  show appre- 

c i a b l e  movement. The s e p a r a t i o n  zone downstream from a r i p p l e  cayses very 

l i t t l e  d i s tu rbance  on t h e  water  sur face .  The concenta t ion  of  sediment i s  

small, r ang ing  from 10 t o  200 ppm. Resis tance t o  f low i s  l a r g e ,  wi th  
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Figure 12.1. Forms of bed roughness in sand channels. 



Manning's n va ry ing  from 0.0 1 8  t o  0.0 5. A s  t h e  dep th  o f  t h e  f low i n c r e a s e s ,  

r e s i s t a n c e  t o  f low due t o  bed roughness  decreases .  

12.4.1.3 Dunes 

When t h e  s h e a r  s t r e s s  and t h e  s t r e a m  power a r e  g r a d u a l l y  i n c r e a s e d  over  a 

bed of r i p p l e s ,  o r  i f  t h e  bed m a t e r i a l  i s  c o a r s e r  t h a n  0.6 mm o v e r  a p l a n e  

bed,  a new f low c o n d i t i o n  w i l l  be  ach ieved  t h a t  c a u s e s  dunes  t o  form. Dunes 

c a u s e  l a r g e  s e p a r a t i o n  zones i n  t h e  f low. With dunes,  as w i t h  t r a n q u i l  f low 

o v e r  a n  o b s t r u c t i o n ,  t h e  w a t e r  s u r f a c e  i s  always o u t  o f  phase  w i t h  t h e  bed 

s u r f a c e .  The flow a c c e l e r a t e s  o v e r  t h e  c r e s t  of t h e  dunes and d e c e l e r a t e s  

o v e r  t h e  t roughs .  The sediment  t r a n s p o r t  r a t e  i s  r e l a t i v e l y  small. The con- 

c e n t r a t i o n  of bed m a t e r i a l s  i s  approximately  100 t o  1200 p p .  R e s i s t a n c e  t o  

f low caused by dunes i s  l a r g e ,  b u t  n o t  as  l a r g e  as t h a t  caused  by r i p p l e s  

formed of f i n e r  sand  and a t  shal low dep th .  For dunes, Mannings's n v a r i e s  

from 0.0 1 8  t o  0 .O35. R e s i s t a n c e  t o  f low i n c r e a s e s  w i t h  a n  i n c r e a s e  i n  dep th  

f o r  c o a r s e r  s a n d s  ( D  > 0.3 mm) and d e c r e a s e s  w i t h  a n  i n c r e a s e  i n  dep th  f o r  
50 

f i n e r  sands  (DS0 ( 0 .3  mm) . T h i s  i s  because  t h e  ampl i tude  o f  dunes can 

i n c r e a s e  w i t h  t h e  i n c r e a s i n g  d e p t h  s o  t h a t  t h e  r e l a t i v e  roughness  can  remain 

e s s e n t i a l l y  c o n s t a n t  o r  even i n c r e a s e  w i t h  i n c r e a s i n g  d e p t h  o f  f low. However, 

a d e c r e a s e  i n  a n g u l a r i t y  of t h e  dunes  i n  f i n e r  sands  as t h e y  i n c r e a s e  i n  s i z e  

r e d u c e s  t h e i r  form roughness  and  t h e i r  r e s i s t a n c e  t o  f low a s  w e l l .  

12.4.1.4 P l a n e  Bed With Sediment Movement 

I f  t h e  s h e a r  stress o r  t h e  s t r e a m  power is c o n t i n u o u s l y  i n c r e a s e d ,  t h e  

s i z e  o f  dunes i n c r e a s e s  u n t i l  t h e  dunes  r e a c h  a maximum h e i g h t  a t  a c e r t a i n  

stream power. T h e r e a f t e r ,  a t r a n s i t i o n  regime i s  reached  when t h e  dunes  s ta r t  

t o  d i m i n i s h  i n  ampl i tude  w i t h  t h e  f u r t h e r  i n c r e a s e  o f  t h e  stream power. 

F i n a l l y ,  t h e  dunes complete ly  d i s a p p e a r  and  a f l a t  bed i s  formed. In  t h i s  

c a s e ,  t h e  c o n c e n t r a t i o n  of bed m a t e r i a l  r a n g e s  from a b o u t  1500 t o  3000 ppm. 

R e s i s t a n c e  t o  f low i s  r e l a t i v e l y  l o w ,  w i t h  t h e  Manning's n va ry ing  from 

0.014 t o  0.022. 

12.4.1.5 Antidunes 

When t h e  s h e a r  stress o r  t h e  s t r e a m  power i s  f u r t h e r  i n c r e a s e d ,  sand and 

w a t e r  waves g r a d u a l l y  b u i l d  up from a p l a n e  bed and  from a p l a n e  w a t e r  su r -  

f a c e .  The waves may grow i n  h e i g h t  u n t i l  t h e y  become u n s t a b l e  and b r e a k  l i k e  



t h e  s e a  s u r f ,  o r  t h e y  may g r a d u a l l y  s u b s i d e  and subsequen t ly  reform. The 

fo rmer  have been c a l l e d  b r e a k i n g  a n t i d u n e s ,  o r  a n t i d u n e s ,  and t h e  l a t t e r  

s t a n d i n g  waves. 

With a n t i d u n e  f low,  t h e  w a t e r  and  bed s u r f a c e  waves a r e  i n  phase .  T h i s  

i s  a p o s i t i v e  i n d i c a t i o n  t h a t  t h e  l o c a l  f low i s  r a p i d  (Froude number 1 . 0 ) .  

R e s i s t a n c e  t o  f low w i t h  a n t i d u n e s  depends on how o f t e n  t h e  a n t i d u n e s  form, t h e  

a r e a  of t h e  r e a c h  t h e y  occupy, and t h e  v i o l e n c e  and f requency  of t h e i r  break- 

i n g .  I f  t h e  a n t i d u n e s  do n o t  b reak ,  r e s i s t a n c e  t o  f low i s  about  t h e  same a s  

f o r  a  p l a n e  bed w i t h  sediment  movement. The Manning's n  v a l u e  v a r i e s  from 

0.012 t o  0.028. 

12.4.1.6 Chutes  and Pools  

A t  v e r y  s t e e p  s l o p e s ,  sand-bed channe l  f low changes  t o  c h u t e s  and  poo ls .  

T h i s  t y p e  o f  f low c o n s i s t s  o f  a l o n g  c h u t e  i n  which t h e  f low a c c e l e r a t e s  

r a p i d l y ,  a h y d r a u l i c  jump a t  t h e  end o f  t h e  c h u t e ,  and t h e n  a  l o n g  p o o l  i n  

which t h e  f low i s  t r a n q u i l ,  b u t  a c c e l e r a t i n g .  R e s i s t a n c e  t o  f low i s  l a r g e .  

Manning's n  v a r i e s  from 0.015 t o  0.031. 

12.4.2 Regime of Flow i n  A l l u v i a l  Channels 

The f low i n  sand-bed channe l s  i s  d i v i d e d  i n t o  two f low regimes w i t h  a 

t r a n s i t i o n  zone between. Each of t h e s e  two flow regimes i s  c h a r a c t e r i z e d  by 

s i m i l a r i t i e s  i n  t h e  shape o f  t h e  bed c o n f i g u r a t i o n s ,  mode of sediment  

t r a n s p o r t ,  p r o c e s s  o f  energy d i s s i p a t i o n ,  and phase  r e l a t i o n  between t h e  bed 

and  w a t e r  s u r f a c e s .  The two reg imes  and t h e i r  a s s o c i a t e d  bed c o n f i g u r a t i o n s  

a r e :  

A .  Lower f low regimes 

1 .  R i p p l e s  
2. Dunes 

B.  T r a n s i t i o n  zone: bed c o n f i g u r a t i o n s  range from dunes  t o  p l a n e  beds  
o r  t o  a n t i d u n e s .  

C .  Upper f low regimes 

1 .  P l a n e  bed w i t h  sediment  movement 
2. Ant idunes  



a. S t a n d i n g  waves 
b. Breaking a n t i d u n e s  

3 .  Chutes  and  p o o l s  

A r e l a t i o n s h i p  was developed by Simons and Richardson  (1966) t h a t  r e l a t e s  

s t r e a m  power (boundary  s h e a r  s t r e s s  x v e l o c i t y ,  r o V ) ,  median f a l l  d i a m e t e r  

o f  bed  m a t e r i a l ,  and  form roughness  ( F i g u r e  1 2 . 2 ) .  I f  t h e  d e p t h ,  s l o p e ,  velo-  

c i t y ,  and  f a l l  d i a m e t e r  o f  bed m a t e r i a l s  a r e  known, one c a n  p r e d i c t  t h e  form 

o f  bed roughness  by u s i n g  t h i s  r e l a t i o n s h i p .  The f a l l  d iamete r  i s  t h e  

d i a m e t e r  o f  a s p h e r e  t h a t  h a s  a s p e c i f i c  g r a v i t y  o f  2.65 'and h a s  t h e  same ter- 

mina l  un i fo rm s e t t l i n g  v e l o c i t y  a s  t h e  p a r t i c l e  o f  i n t e r e s t .  For p r a c t i c a l  

p u r p o s e s  it i s  a d e q u a t e  t o  u s e  t h e  a c t u a l  p a r t i c l e  d i a m e t e r .  

1 2.4.2.1 Lower Flow Regimes 

Lower f low regime b e g i n s  w i t h  t h e  b e g i n n i n g  o f  motion.  The r e s i s t a n c e  t o  

f l o w  i s  l a r g e  and sed iment  t r a n s p o r t  s m a l l .  The bed form i s  e i t h e r  r i p p l e s  o r  

dunes  o r  some combina t ion  o f  t h e  two. The water s u r f a c e  u n d u l a t i o n s ,  i f  t h e y  

e x i s t ,  a r e  o u t  o f  phase  w i t h  t h e  bed s u r f a c e ,  and  t h e r e  i s  a r e l a t i v e l y  l a r g e  

s e p a r a t i o n  zone downstream from t h e  c r e s t  of e a c h  r i p p l e  o r  dune. R e s i s t a n c e  

t o  f low i s  caused  mainly  by form roughness.  

1 2.4.2.2 Upper Flow Regimes 

I n  t h e  upper  f low regime, r e s i s t a n c e  t o  f low i s  r e l a t i v e l y  s m a l l  and 

sed iment  t r a n s p o r t  i s  l a r g e .  The u s u a l  bed forms a r e  p l a n e  bed o r  a n t i d u n e s .  

The w a t e r  s u r f a c e  i s  i n  phase  w i t h  t h e  bed s u r f a c e  e x c e p t  when a n  a n t i d u n e  

b r e a k s ,  and  normal ly  t h e  f l u i d  does  n o t  s e p a r a t e  from t h e  boundary. A s m a l l  

s e p a r a t i o n  zone may e x i s t  downstream from t h e  c r e s t  o f  a n  a n t i d u n e  p r i o r  t o  

i t s  b r e a k i n g .  R e s i s t a n c e  t o  f low i s  t h e  r e s u l t  o f  g r a i n  roughness  w i t h  t h e  

g r a i n s  moving, s a n d  waves and t h e i r  subs idence ,  and  energy d i s s i p a t i o n  when 

t h e  a n t i d u n e  b r e a k s .  

12.4 .2 .3  T r a n s i t i o n s  

The t r a n s i t i o n  zone encompasses t h e  bed forms t h a t  o c c u r  d u r i n g  t h e  

passage  from lower regime t o  upper  regime. The bed c o n f i g u r a t i o n  i n  t h e  t r a n -  

s i t i o n  zone i s  e r r a t i c .  I t  may r a n g e  from t h a t  t y p i c a l  o f  t h e  lower f low 

regime t o  t h a t  t y p i c a l  o f  t h e  upper  f l w  regime, depending mainly  on an tece-  



MEDIAN FALL DIAMETER IN MILLIMETERS 

Figure 1 2 . 2 .  Relat ion of  bed forms t o  stream power 
and median f a l l  diameter of  bed sedi -  
ment ( a f t e r  Simons and Richardson, 
1966) . 



d e n t  cond i t i ons .  The bed c o n f i g u r a t i o n  may a l s o  o s c i l l a t e  between dunes and 

p l a n e  bed due t o  changes i n  r e s i s t a n c e  t o  f l w ,  and consequent ly t h e  changes 

i n  depth  and s l o p e  a s  t h e  bed form changes. 

12.4.3 Recommended Values o f  Manning's n  

For  co,nservat ive e s t ima t ion ,  it is  recommended, w i t h i n  t h e  range of 

Manning's roughness c o e f f i c i e n t s  s p e c i f i e d  f o r  each bed form, t h a t  lowek 

r o u g h & e s  c o e f f i c i e n t s  should be  used f o r  sediment t r a n s p o r t  a n a l y s i s .  

Because o f  t h e  r e l a t i v e l y  wide v a r i a t i o n  i n  Manning's c o e f f i c i e n t  cons ide r ing  

a l l  p o s s i b l e  flow c o n d i t i o n s  and t h e  f u l l  range of sand s i z e s ,  recommended 

v a l u e s  f o r  des ign  a r e  given i n  Table 12.2. 

12.5 Addi t iona l  Depth Components Due t o  Bed Forms 

I n  t h e  design of  sand-bed channels ,  t h e  wave h e i g h t  due t o  an  an t idune  

shou ld  be  cons idered  f o r  upper regime flows. The maximum wave he igh t ,  due t o  

t h e  an t idune  be fo re  breaking,  can  be  computed as :  

where h = t h e  an t idune  wave he igh t ,  
a 
V = t h e  mean flow v e l o c i t y  i n  t h e  channel. 

The an t idune  wave h e i g h t  shou ld  be  l e s s  t han  o r  equa l  t o  t h e  f l w  depth. 

12.6 Supere leva t ion  

See Sec t ion  4.7.1 . 

12.7 Freeboard f o r  Sand B e d  Channels 

The recommended f r eeboa rd  f o r  sand-bed d i v e r s i o n  channels  on a s u r f a c e  

mine o p e r a t i o n  i s  

where c is a c o e f f i c i e n t  de f ined  according t o  Table 4.4.  In a l l  c a ses ,  
f b  

t h e  recommended minimum f reeboa rd  is 1.0 foo) ( S o i l  Conservat ion Se rv i ce  

minimum) p l u s  one-half supe re l eva t ion  and one-half an t idune  h e i g h t  (qee  

S e c t i o n  4 . 7 . 2 ) .  



T a b l e  12.2 .  Values  o f  Manning's C o e f f i c i e n t  n  f o r  Design o f  
Channels  w i t h  F i n e  t o  Medium Sand Beds. 

- - - - - - - 

Manning's  C o e f f i c i e n t  n  

Bed Roughness 

F o r  Sediment 
T r a n s p o r t  and  
Bank S t a b i l i t y  

R i p p l e s  0.018 - 0.022 

Dunes 0 . 0 2 5  - 0.030 

T r a n s i t i o n  0.020 - 0.025 

P l a n e  Bed 0.015 - 0.020 

S t a n d i n g  Waves 0 .015  - 0.020 

Antidunes 0.020 - 0.025 



12.8  E v a l u a t i o n  of Channel f o r  Reasonable Shape 

S t a b l e  channe l  c r o s s  s e c t i o n s  formed i n  sandy s o i l s  a r e  u s u a l l y  wide and 

sha l low because  t h e  f i n e  p a r t i c l e s  cannot  w i t h s t a n d  h i g h  v e l o c i t i e s ,  t u r -  

bu lence ,  and t r a c t i v e  f o r c e s .  S t a b l e  channe l  d e s i g n s  u s i n g  maximum per-  

m i s s i b l e  v e l o c i t i e s  a r e  f r e q u e n t l y  u t i l i z e d .  These methods o f t e n  r e s u l t  i n  

l a r g e  geomet r ic  s e c t i o n s .  Regard less  o f  t h e  method f o r  d e t e r m i n i n g  s t a b l e  

channe l  d e s i g n ,  t h i s  t y p e  o f  c r o s s  s e c t i o n  i s  c l e a r l y  n o t  d e s i r a b l e  s i n c e  t h e  

w a t e r  would p r o b a b l y  n o t  f low un i fo rmly  a c r o s s  t h e  e n t i r e  wid th .  Ra ther ,  it 

would c o n c e n t r a t e  i n  one a r e a  by s c o u r i n g  a  new deeper ,  narrower  channe l  

w i t h i n  t h e  l i m i t s  o f  t h e  b r o a d e r  channe l ,  p a r t i c u l a r l y  f o r  s m a l l  d i s c h a r g e s .  

Also,  t h e  e x c a v a t i o n  q u a n t i t i e s  r e q u i r e d  by a  wide channe l  might  be imprac- 

t i c a l  and uneconomical. Consequently,  c o n s i d e r a t i o n  must be  g iven  t o  t h e  com- 

p u t e d  channe l  d imensions  t o  e n s u r e  t h e y  r e p r e s e n t  a  p r a c t i c a l  des ign .  

Lacey (1 929) developed e m p i r i c a l  fo rmulas  f o r  d e s i g n i n g  s t a b l e  sand-bed 

channe l s .  H i s  fo rmulas  f o r  t h e  h y d r a u l i c  r a d i u s ,  R , and w e t t e d  p e r i m e t e r ,  

p  1 

Divid ing  P  by R r e v e a l s  

where P  and R a r e  e x p r e s s e d  i n  f e e t  and V i n  f t / s e c .  

T h i s  formula  f o r  t h e  w e t t e d  p e r i m e t e r - t o - h y d r a u l i c  r a d i u s  r a t i o  can  pro- 

v i d e  guidance i n  a s s e s s i n g  t h e  p r a c t i c a l i t y  of a  channe l  d e s i g n .  It shou ld  be 

no ted ,  however, t h a t  t h e  p r e c e e d i n g  e m p i r i c a l  formula  i s  s imply a  g u i d e l i n e .  

T h i s  e q u a t i o n  does  n o t  p e r t a i n  t o  a l l  c o n c e i v a b l e  f low c o n d i t i o n s ,  nor  does  it 

d i f f e r e n t i a t e  between p r a c t i c a l  and i m p r a c t i c a l  channe l  c o n f i g u r a t i o n s .  

Channel d e s i g n s  hav ing  P/R r a t i o s  w i t h i n  t h e  r a n g e  2.5 V t o  1 4  V t e n d  t o  

r e i n f o r c e  t h e  p r a c t i c a l i t y  o f  t h e  des ign .  Those d e s i g n s  f a l l i n g  w e l l  o u t s i d e  

o f  t h i s  r ange  s h o u l d  be e v a l u a t e d  f u r t h e r .  It i s  o f t e n  p o s s i b l e  t o  improve 

t h e  channe l  d e s i g n  by u s i n g  a  p r o p e r l y  des igned  l i n i n g  o r  i n s t a l l i n g  g rade  

c o n t r o l  s t r u c t u r e s .  These methods w i l l  be d i s c u s s e d  i n  Chap te r s  XV and XVI. 



1 2.9 Examples 

12.9.1 I t e r a t i v e  So lu t ion  of t h e  Manning Equation 

Design a  t r a p e z o i d a l  sand-bed channel given t h e  fo l lowing  da t a .  

Design discharge,  Q = 150 c f s .  

S = 0.001 

Bed and bank m a t e r i a l  
D5 0 

= 0.5 mrn 

1. Assume a channel  base width of  6 f e e t  and s e l e c t  a  s i d e  s lope  of 3 based 

on information i n  Sec t ion  1 2.2. 

2. Since t h e  given 
D5 0 

i s  i n  t h e  range of Equation 4.18 

3 .  From t h e  channel  c h a r t  i n  Appendix C with b = 6 f t ,  Qn = 1.95 and S = 

0.001, t h e  i n i t i a l  e s t ima te  f o r  normal depth  i s  

With t h i s  value,  so lve  t h e  Manning equat ion  by an  i t e r a t i v e  technique. 

Normal depth is equal  t o  2.4 f e e t .  

12.9.2 Evaluat ion of  Bed Form and Manning n Assumption 

For t h e  above channel eva lua t e  t h e  bed form f o r  t h e  des ign  flow 

condi t ions .  



1 . Stream Power: Using t h e  equat ion  

where 
T o  

is  t h e  boundary shea r  s t r e s s ,  y i s  t h e  s p e c i f i c  weight of 

t h e  water ,  R is  t h e  hydrau l i c  r ad ius  and S i s  t h e  s lope ,  t h e  s t ream 

power i s  

From Figure  12.2, t h e  bed form i s  dunes. 

2. Check Manning n assumption from Table 12.2. 

Recompute normal depth based on n = 0.030, Qn = 4.5 

From Appendix C 

U s e  normal depth equal  t o  3.5 f e e t .  

Check bed form. 

T ~ V  = yRsV = ( 6 2 . 4 ) ( 2 . 0 5 ) ( 0 . 0 0 1 ) ( 2 . 6 )  = 0.33 

From Figure  12.2, t h e  bed form is dunes and t h e  s o l u t i o n  is  c o r r e c t .  

1  2.9.3 Evaluat ion of Superelevat ion and Freeboard 

The channel  is  assumed t o  have a  bend wi th  a  r a d i u s  of cu rva tu re  of  75 

f e e t .  The t o p  width of  t h e  channel  is  

W = b + 2 z d =  6 + 6(3.5)  = 27 f e e t  



1 . Supere leva t ion  

2 .  Freeboard 

F r  = 

Since  t h e  

v2bJ ( 2 . 6 1 ~  27 - =  
( 3 2 . 2 )  ( 7 5 )  

= 0 .08  f e e t  
c 

f o r  t h e  channel i s  based on t h e  Froude Number. It i s  

Froude number is  l e s s  t han  1 ,  t he  flow i s  s u b c r i t i c a l .  From 

Table 4.4, c is 0 . 2  and t h e  f reeboard  f o r  t h e  s t r a i g h t  reaches  is  
f b  

1 1  
F.B. = c  d + - A Z + - h  

f b  2  
(1 2 . 2 )  

2  a 

c d = 0 . 2 ( 3 . 5 )  = 0 . 7  < 1.0  (minimum) 
f b  

Therefore u se  1 .0  f o o t  minimum. 

F.B. = 1  + O + O = 1.0  f t .  

Freeboard f o r  t h e  channel bend is 

U s e  f reeboard  equal  t o  1 . I  f e e t .  

12.9 .4  Evaluat ion o f  Channel Shape 

Evalua te  channel f o r  reasonable  shape. 

The range 

Therefore 

f u r t h e r .  

13.7 5 18.2 

f o r  t h e  reasonable  shape criteria i s  

t h e  channel shape is reasonable and need n o t  be eva lua ted  

The channel des ign  f o r  t h e  s t r a i g h t  reach  i s  shown i n  

F igu re  12 .3 .  



Figure 12.3. Channel design for straight reach. 
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X I I I .  SANDY SOIL ALLWIAL CHANNEL CONCEPTS 

13.1 General  Sediment T r a n s p o r t  Concepts 

The amount o f  m a t e r i a l  t r a n s p o r t e d  o r  d e p o s i t e d  i n  a channe l  r e a c h  is  t h e  

r e s u l t  o f  t h e  i n t e r a c t i o n  of two p r o c e s s e s ,  t r a n s p o r t  c a p a c i t y  and  sediment  

supp ly .  T r a n s p o r t  c a p a c i t y  o f  t h e  r e a c h  is  determined by t h e  h y d r a u l i c  con- 

d i t i o n s  (which a r e  a d i r e c t  r e s u l t  of w a t e r  d i s c h a r g e ,  c h a n n e l  conf i g u r a t i o n  

and  channe l  r e s i s t a n c e )  and  t h e  sed iment  s i z e  p r e s e n t .  The supp ly  o f  sediment  

e n t e r i n g  a channe l  r e a c h  i s  de te rmined  by t h e  n a t u r e  of t h e  c h a n n e l  and water-  

s h e d  above t h e  r e a c h ,  and  any man-induced d i s t u r b a n c e ,  such a s  s u r f a c e  mining 

a c t i v i t i e s ,  t h a t  it may be  s u b j e c t  t o .  Both t h e  supp ly  r a t e  and t h e  t r a n s p o r t  

c a p a c i t y  may l i m i t  t h e  a c t u a l  sediment  t r a n s p o r t  r a t e  i n  a g iven  reach .  

Sediment p a r t i c l e s  a r e  t r a n s p o r t e d  by t h e  flow i n  one o r  more of t h e  

f o l l o w i n g  ways: ( 1 )  s u r f a c e  c r e e p ,  ( 2 )  s a l t a t i o n ,  and ( 3 )  suspens ion .  Sur- 

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

i s  t h e  c y c l e  of motion above t h e  bed w i t h  r e s t i n g  p e r i o d s  on t h e  bed. 

Suspension i n v o l v e s  t h e  sed iment  p a r t i c l e  b e i n g  s u p p o r t e d  by t h e  w a t e r  d u r i n g  

i t s  e n t i r e  motion. Sediments  t r a n s p o r t e d  by s u r f a c e  c r e e p ,  s l i d i n g ,  r o l l i n g  

a n d  s a l t a t i o n  a r e  r e f e r r e d  t o  a s  bed l o a d ,  and t h o s e  t r a n s p o r t e d  by s u s p e n s i o n  

a r e  c a l l e d  suspended l o a d .  The suspended l o a d  c o n s i s t s  o f  sands ,  silts,  and 

c l a y s .  The bed-mate r ia l  l o a d  i s  t h e  sum o f  bed l o a d  a n d  suspended bed- 

m a t e r i a l  load .  

The t o t a l  sed iment  l o a d  i n  a channe l  i s  t h e  sum of bed-mate r ia l  l o a d  and 

wash load .  The bed-mate r ia l  l o a d  i s  t h a t  p a r t  of t h e  t o t a l  sed iment  d i s c h a r g e  

which i s  composed o f  g r a i n  s i z e s  found i n  t h e  bed. The wash l o a d  i s  t h a t  p a r t  

composed of p a r t i c l e  s i z e s  f i n e r  t h a n  t h o s e  found i n  a p p r e c i a b l e  q u a n t i t i e s  i n  

t h e  bed (Simons and  S e n t u r k ,  1 9 7 6 ) .  The p r e s e n c e  o f  wash l o a d  c a n  i n c r e a s e  

bank s t a b i l i t y ,  r e d u c e  seepage  and  i n c r e a s e  bed-mate r ia l  t r a n s p o r t .  Wash l o a d  

c a n  be  e a s i l y  t r a n s p o r t e d  i n  l a r g e  q u a n t i t i e s  by t h e  s t r e a m ,  b u t  i s  u s u a l l y  

l i m i t e d  by a v a i l a b i l i t y  from t h e  wate r shed  and  banks.  The bed-mate r ia l  l o a d  

i s  more d i f f i c u l t  f o r  t h e  stream t o  move and  i s  l i m i t e d  i n  q u a n t i t y  by t h e  

t r a n s p o r t  c a p a c i t y  o f  t h e  channe l .  

Sediment t r a n s p o r t  e q u a t i o n s  a r e  used  t o  de te rmine  t h e  sed iment  t r a n s p o r t  

c a p a c i t y  f o r  a s p e c i f i c  set  o f  f low c o n d i t i o n s .  Many fo rmulas  have been deve- 

loped  s i n c e  DuBoys f i r s t  p r e s e n t e d  h i s  t r a c t i v e  f o r c e  e q u a t i o n  i n  1879. The 

f i r s t  s t e p  i n  e v a l u a t i n g  sed iment  t r a n s p o r t  i s  t o  s e l e c t  one o r  more o f  t h e  

a v a i l a b l e  e q u a t i o n s  f o r  u s e  i n  s o l v i n g  t h e  g iven  problem. The s e l e c t i o n  i s  



not s t ra ight forward ,  s ince  t h e  r e s u l t s  of d i f f e r e n t  formulas can give d r a s t i -  

c a l l y  d i f f e r e n t  r e s u l t s ,  and it i s  usual ly  not poss ib le  t o  p o s i t i v e l y  deter-  

mine t h e  one providing t h e  b e s t  r e s u l t .  Addit ionally,  some of t h e  methods a r e  

considerably more complex than o the r s .  The i n i t i a l  considerat ion i s  t o  decide 

what por t ion  of t h e  sediment t r anspor t  needs t o  be estimated. I f  it is 

d e s i r a b l e  t o  kncw t h e  cont r ibut ion  of t h e  bed load and t h e  suspended load t o  

t h e  bed-material discharge,  formulas f o r  each a r e  avai lable .  Other formulas 

provide d i r e c t  determination of t h e  bed-material discharge. A common f e a t u r e  

of a l l  sediment t r a n s p o r t  equations i s  t h a t  t h e  wash load i s  not  included 

s ince  it i s  governed by upstream supply. 

A second considera t ion  i n  deciding what formula(s)  t o  use i s  the  type of 

stream o r  r i v e r  condi t ions  t h a t  e x i s t s .  I t  i s  important t o  s e l e c t  a  formula 

t h a t  was developed under condi t ions  s imi la r  t o  those of the  given problem. 

For example, some formulas were developed from da ta  co l l ec ted  i n  sand-bed 

streams where most of t h e  sediment t r anspor t  was suspended load, while o the r  

equations a r e  based on condi t ions  of predominantly bed-load t ranspor t .  

In  add i t ion  t o  t h e  use of purely a n a l y t i c a l  o r  empirical  formulas, t h e r e  

a r e  methods ava i l ab le  f o r  evaluat ing  t h e  bed-material discharge based on 

measured suspended load and o the r  normal stream flow measurements. By use of 

observed da ta  t h e s e  r e s u l t s  a r e  usual ly  more accura te  and r e l i a b l e  than those 

given by o t h e r  formulas. Unfortunately, t h e  measured da ta  a r e  o f t e n  not  

a v a i l a b l e  f o r  t h e  des i red  r i v e r  locat ion ,  o r  the  da ta  a r e  no t  recent  enough o r  

of long enough dura t ion  t o  provide s u f f i c i e n t  accuracy. 

Specia l  cons idera t ion  must be given t o  sediment t r a n s p o r t  equations f o r  

sand-bed channels. These equations a r e  based on t h e  assumption t h a t  a l l  t h e  

sediment s i z e s  p resen t  can be moved by t h e  flow. I f  t h i s  i s  not  t r u e ,  

armoring ( t h e  development of a  l a y e r  of coarse s i z e d  p a r t i c l e s  t h a t  p r o t e c t  

t h e  channel bed from eros ion)  w i l l  t ake  p lace  and t h e  equations a r e  no longer 

applicable.  The sediment t r a n s p o r t  equations w i l l  be discussed i n  g r e a t e r  

d e t a i l  i n  Sect ion  13.6. 

1 3.2 Bed Material  

Bed mate r i a l  i s  t h e  sediment mixture of which t h e  streambed is  composed. 

For sand-bed channels,  bed mate r i a l  may range from coarse sands and f i n e  gra- 

v e l s  t o  uniform f i n e  t o  medium sands. The e r o d i b i l i t y  o r  s t a b i l i t y  of a  chan- 

n e l  l a rge ly  depends on t h e  s i z e  of p a r t i c l e s  i n  t h e  bed. In a l l u v i a l  channels 



composed of cohesive and some coa r se  ma te r i a l s ,  water  f lowing over  t h e  bed 

c a r r i e s  sma l l e r  p a r t i c l e s  away , while  l a r g e r  p a r t i c l e s  remain, armoring t h e  

bed. The armoring p roces s  u sua l ly  does no t  occur  i n  sand-bed channels.  This  

i s  due t o  t h e  lack  of cohesion and uniform s i z e  d i s t r i b u t i o n  c h a r a c t e r i s t i c  of 

t h e  bed ma te r i a l .  Therefore,  i n  t h e  absence of armoring t h e  channe l ' s  sed i -  

ment t r a n s p o r t i n g  c a p a c i t y  i s  considered equal  t o  t h e  incoming sediment 

supply. In  t h i s  s t a t e ,  t h e r e  i s  a cons t an t  exchange of m a t e r i a l  i n  t h e  chan- 

n e l  bed; however, t h e r e  i s  no long-term aggrada t ion  o r  degradat ion of t h e  bed 

and t h e  channel  s l o p e  remains unchanged. The s l o p e  a t  which t h e  channel ' s  

sediment t r a n s p o r t i n g  c a p a c i t y  i s  equal  t o  t h e  incoming sediment supply i s  

de f ined  a s  t h e  equi l ibr ium channel  s lope.  The equi l ibr ium channel  s l o p e  i s  

usua l ly  e s t a b l i s h e d  f o r  t h e  dominant discharge.  This  concept  i s  d iscussed  i n  

more d e t a i l  i n  Chapter X I V .  

1 3 . 3  Bank Mater ia l  

Bank m a t e r i a l  i s  gene ra l ly  made up of sma l l e r  o r  t h e  same s i z e  p a r t i c l e s  

as t h e  bed. Thus, banks wi th  t h e  added g r a v i t a t i o n a l  f o r c e  a r e  o f t e n  more 

e a s i l y  eroded than t h e  bed u n l e s s  p r o t e c t e d  by some t y p e  of channel  l i n i n g  o r  

bank p r o t e c t i o n  measures. 

Sand-bed channels  experience vary ing  degrees  of flow, both a long  and 

through t h e  bank. Forces t h a t  cause  t h e  movement of water  through t h e  bank 

m a t e r i a l  may be  genera ted  by s e v e r a l  f a c t o r s :  

1.  On t h e  r i s i n g  s t a g e  of t h e  des ign  hydrograph, a n  energy g r a d i e n t  deve- 
l o p s ,  s l o p i n g  from t h e  channel  i n t o  t h e  bank mater ia l .  On t h e  f a l l i n g  
s t a g e  of t h e  des ign  hydrograph, t h e  energy g rad ien t  r e v e r s e s  d i r e c t i o n  
and water  moves through t h e  bank toward t h e  channel,  decreas ing  t h e  s t a -  
b i l i t y  of t h e  bank. 

2. I f  t h e  water  t a b l e  i s  h ighe r  t han  r i v e r  s t age ,  flow w i l l  be  from t h e  
banks i n t o  t h e  channel. The high water  t a b l e  may r e s u l t  from many 
condi t ions :  ( a )  a wet p e r i o d  dur ing  which water  d r a i n i n g  from ad jacen t  
watersheds s a t u r a t e s  t h e  f l o o d p l a i n  t o  a h ighe r  l e v e l ;  ( b )  poor  dra inage  
cond i t i ons  r e s u l t i n g  from d e t e r i o r a t i o n  o r  f a i l u r e  of  dra inage  systems; 
and  ( c )  i nc reased  i n f i l t r a t i o n  r e s u l t i n g  from changes i n  l and  use ,  
caus ing  a n  i n c r e a s e  i n  water  l e v e l .  

The presence  of water  i n  t h e  banks of sand-bed channels  and its movement 

t w a r d  o r  away from t h e  channel  a f f e c t  bank s t a b i l i t y  and bank e r o s i o n  i n  

va r ious  ways. The r e l a t e d  e r o s i o n  of banks may r e s u l t  a s  a consequence of  

seepage f o r c e s ,  p ip ing ,  and m a s s  wasting. 



1 3.3.1 Seepage Forces 

Seepage f o r c e s  occur  whenever t h e r e  i s  inf low o r  outflow through t h e  bed 

m a t e r i a l  and banks of  a channel  formed i n  permeable alluvium. The inf low o r  

outf low through t h e  i n t e r f a c e  between water  and channel  w a l l  depends on t h e  

d i f f e r e n c e  i n  p r e s s u r e  a c r o s s  t h e  i n t e r f a c e  and t h e  pe rmeab i l i t y  of  t h e  bed 

and  bank ma te r i a l .  The seepage f o r c e  a c t s  t o  reduce o r  i n c r e a s e  t h e  e f f e c t i v e  

weight and s t a b i l i t y  o f  t h e  bed and bank m a t e r i a l s  depending on inf low o r  

outflow. A s  a d i r e c t  r e s u l t  of changing t h e  e f f e c t i v e  weight,  seepage fo rces  

can  in f luence  t h e  form of  bed roughness and t h e  r e s i s t a n c e  t o  flow f o r  a given 

channel  s lope ,  channel  shape, bed ma te r i a l ,  and discharge.  

13.3.2 Piping  

P ip ing  i s  a phenomenon common t o  t h e  a l l u v i a l  banks of sand-bed channels.  

For  banks t h a t  a r e  s t r a t i f i e d  wi th  m a t e r i a l  of vary ing  permeabi l i ty ,  flow is 

induced i n  t h e  more permeable l a y e r s  by i n c r e a s e  i n  s t age .  A s  t h e  s t a g e  

drops,  t h e  energy g r a d i e n t  i s  reversed  and s i g n i f i c a n t  flow occurs  toward t h e  

channel  i n  t h e  more permeable lenses .  I n t e r f a c e  between a ove r ly ing  r e l a t i -  

ve ly  permeable and under ly ing  impermeable m a t e r i a l  can develop subsur face  

channels .  Over t ime t h e s e  channels  en l a rge  and subsequent ly without  t h e  foun- 

d a t i o n  m a t e r i a l  suppor t ing  t h e  ove r ly ing  l a y e r s ,  a block of bank m a t e r i a l  

d rops  down. This  a l s o  r e s u l t s  i n  t h e  development of  t e n s i o n  cracks  t h a t  may 

allcur s u r f a c e  water  t o  e n t e r ,  f u r t h e r  reducing  t h e  s t a b i l i t y  of t h e  a f f e c t e d  

block of  bank ma te r i a l .  Bank e r o s i o n  may cont inue  on a grain-by-grain b a s i s  

o r  t h e  block of bank m a t e r i a l  may u l t i m a t e l y  s l i d e  downward and outward i n t o  

t h e  channel,  caus ing  bank f a i l u r e .  

13.3.3 Mass Wasting 

An a l t e r n a t e  form of  bank e ros ion  i s  caused by l o c a l  mass wasting. I f  

t h e  bank becomes s a t u r a t e d  and poss ib ly  undercut  by t h e  f lowing  water,  blocks 

of  t h e  bank may slump o r  s l i d e  i n t o  t h e  channel. Mass wast ing may be f u r t h e r  

aggravated by ope ra t ion  of equipment on t h e  f loodp la in  ad j acen t  t o  t h e  banks, 

added g r a v i t a t i o n a l  f o r c e  r e s u l t i n g  from t r e e s ,  l o c a t i o n  of roads  t h a t  may 

cause unfavorable  dra inage  condi t ions ,  and increased  i n f i l t r a t i o n  of water  

i n t o  t h e  f l o o d p l a i n  a s  a r e s u l t  of changing land-use p r a c t i c e s .  



1  3.4 Lane' s Rela t ion  

Lane's r e l a t i o n  is most u se fu l  f o r  a  q u a l i t a t i v e  p r e d i c t i o n  of channel 

response t o  n a t u r a l  o r  imposed changes i n  a  r i v e r  system. Good engineer ing  

design must be based on a  q u a l i t a t i v e  understanding of s t ream response t o  

n a t u r a l  responses and man's a c t i v i t i e s .  Considerat ions should be given no t  

only t o  t h e  l o c a l  e f f e c t s ,  b u t  a l s o  upstream and downstream e f f e c t s  r e s u l t i n g  

from changes i n  t h e  r i v e r  system. Lane (1955)  presen ted  h i s  r e l a t i o n s h i p  a s  

where Q i s  t h e  water  d i scharge ,  S  is t h e  channel  s lope ,  
Qs 

is t h e  sedi-  

ment d ischarge  and D i s  t h e  median diameter  of  t h e  bed ma te r i a l .  This  
50 

equat ion  was der ived  t o  inc lude  t h e  e f f e c t  of wash load  by Simons e t  a l .  

( 1 9 7 5 ) .  This  r e l a t i o n  s t a t e s  t h a t  

where 
Cw 

i s  t h e  concen t r a t ion  of  wash load. Appl ica t ion  of t h e  Lane r e l a -  

t i o n  was provided by example i n  Sec t ion  6 .9 .  

13.5 Stream Form and C l a s s i f i c a t i o n  

Streams and r i v e r s  can be broadly c l a s s i f i e d  i n  terms of channel pa t -  

t e r n s ,  t h a t  is, t h e  con f igu ra t ion  of t h e  r i v e r  as viewed on a  map o r  from t h e  

a i r .  P a t t e r n s  inc lude  s t r a i g h t ,  meandering, and bra ided  systems, o r  some com- 

b i n a t i o n  of t h e s e  p a t t e r n s .  These t y p i c a l  r i v e r  channel p a t t e r n s  a r e  shown i n  

F igure  13.1.  The c h a r a c t e r i s t i c s  of s t r a i g h t ,  meandering, and bra ided  s t reams 

were presented  i n  Sec t ion  6.3 .2 .  

13.6 Slope-Discharge Rela t ion  

Because of  t h e  phys i ca l  c h a r a c t e r i s t i c s  of s t r a i g h t ,  braided,  and mean- 

d e r i n g  s t reams,  a l l  n a t u r a l  channel  p a t t e r n s  i n t e rg rade .  Although bra ided  and 

meandering p a t t e r n s  a r e  s t r i k i n g l y  d i f f e r e n t ,  t hey  a c t u a l l y  r ep re sen t  extremes 

i n  a  continuum of  channel  p a t t e r n s .  

A number of s t u d i e s  have q u a n t i f i e d  t h i s  concept of a  continuum of chan- 

n e l  p a t t e r n s .  Lane (1 957) i n v e s t i g a t e d  t h e  r e l a t i o n s h i p  among s lope ,  d i s -  

charge,  and channel p a t t e r n  i n  meandering and bra ided  s t reams and observed 

t h a t  an  equat ion  of  t h e  form 
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Figure  13.1. Stream and r i v e r  channel p a t t e r n s .  



f i t s  a l a r g e  amount of d a t a  from meandering sand s treams.  Here, S is t h e  

s l o p e  of energy g rad ien t ,  Q is  t h e  mean annual d i scharge  which can be 

approximated by a two-year peak d ischarge ,  and k is  a cons t an t .  Figure 13.2 

summarizes Lane's p l o t s  and shows t h a t  i f  

a sand-bed channel  w i l l  normally e x h i b i t  a meandering p a t t e r n .  S imi l a r ly ,  

when 

a r i v e r  t ends  toward a bra ided  p a t t e r n .  The reg ion  between t h e s e  va lues  of 

can be considered a t r a n s i t i o n a l  range where s t reams a r e  c l a s s i f i e d  a s  

i n t e rmed ia t e  o r  t r a n s i t i o n a l .  

The slope-dischage r e l a t i o n  i n  F igure  13.2 can be used t o  analyze large-  

s c a l e  changes i n  s t ream form when t h e s e  parameters  a r e  known. This  f i g u r e  

i l l u s t r a t e s  t h e  dependence of s t ream form on t h e  channel s l o p e  and d ischarge  

and p o s s i b l e  dramatic  change i n  s t ream form i f  t h e  SQ r e l a t i o n s h i p  borders  

one of t h e  t r a n s i t i o n a l  reg ions .  

The importance of  F igure  13 .2  i s  t h a t  v e r t i c a l  i n s t a b i l i t y  may l e a d  t o  

l a t e r a l  i n s t a b i l i t y .  A d ive r s ion  channel t h a t  i n c r e a s e s  t h e  channel s lope  may 

change a n  o therwise  meandering channel  t o  a bra ided  p a t t e r n .  Bank p r o t e c t i o n  

measures may be needed should t h i s  occur.  Many o t h e r  e f f e c t s  can be analyzed 

by s tudying  t h e  f i g u r e .  

13.7 Sediment Transport  Equations 

Many sediment t r a n s p o r t  f o r m l a s  a r e  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  In  

dec id ing  what formula t o  use,  cons ide ra t ion  must be given t o  t he  type  of 

stream o r  r i v e r  cond i t i ons  t h a t  e x i s t .  It is important  t o  s e l e c t  a formula 

t h a t  was developed under cond i t i ons  s i m i l a r  t o  t hose  of t he  given problem. 

Considering t h e s e  f a c t o r s ,  t h e  method p re sen ted  below i s  recommended f o r  

a p p l i c a t i o n  t o  sand-bed channels  l oca t ed  i n  a r i d  regions.  

Power Rela t ionships .  This  method is  based on easy-to-apply power r e l a -  

t i o n s h i p s  t h a t  e s t ima te  t h e  sediment t r a n s p o r t  r a t e  based on t h e  v e l o c i t y  of 

flow. The power r e l a t i o n s h i p s  were developed from computer-generated d a t a  



Mean Annual Discharge ( c f s )  

Figure 13 .2 .  Slope-discharge r e l a t i o n  f o r  bra id ing o r  meandering 
i n  sand-bed streams ( a f t e r  Lane, 1957).  



obtained from s o l u t i o n  of t h e  Meyer-Peter, Muller  bed-load t r a n s p o r t  equat ion  

and E i n s t e i n ' s  i n t e g r a t i o n  of t h e  suspended bed-material  d i scharge  (Simons e t  

a l . ,  1981 ) .  The r e s u l t s  of  t h e  sediment t r a n s p o r t  equat ions a r e  p r e s e n t e d  i n  

F igures  13.3 through 13.7. The va lues  f o r  t h e  sediment t r a n s p o r t  r a t e  

ob ta ined  from t h e  f i g u r e s  a r e  i n  terms of cub ic  f e e t  p e r  second p e r  f o o t  of  

width. Therefore,  t h e s e  va lues  should be m u l t i p l i e d  by t h e  t o p  wid th  of t h e  

water s u r f a c e  t o  o b t a i n  t h e  t o t a l  sediment t r a n s p o r t  r a t e .  

When apply ing  t h e  information provided i n  F igures  13.3-13.7, a check 

should be m d e  i n  o r d e r  t o  i n s u r e  t h e  equa t ions  a r e  app l i cab le  t o  a g iven  

problem. The equa t ions  a r e  based on t h e  assumption t h a t  a l l  t h e  sediment  

s i z e s  p r e s e n t  can be moved by t h e  flow. I f  t h i s  i s  no t  t r u e ,  armoring w i l l  

t ake  p l ace  and t h e  equat ions  a r e  no longer  appl icable .  Evaluat ion of t h e  

p o t e n t i a l  f o r  armoring can be accomplished us ing  Shie lds '  c r i t i c a l  s h e a r  

s t r e s s  c r i t e r i a  ( s e e  Sec t ion  6.3.5).  The bed shea r  s t r e s s  i n  uniform f l o d  i s  

given by 

i n  which y is  t h e  u n i t  weight of  water ,  R i s  t h e  hydraul ic  r a d i u s  and. S 

i s  t h e  s lope  of energy g rad ien t .  The d iameter  of  t h e  l a r g e s t  p a r t i c l e  moving 

i s  then  

i n  which D is  t h e  diameter  o f  t h e  sediment ,  
Ys 

is t h e  u n i t  weight  of  
a 

sediment and 0.047 i s  t h e  recommended va lue  of Shie lds '  parameter. ( A l l  u n i t s  

a r e  i n  f e e t ,  pounds and seconds.) I f  no sediment of t h e  computed s i z e  o r  

l a r g e r  i s  p r e s e n t  i n  s i g n i f i c a n t  q u a n t i t i e s ,  t h e  equat ions  a r e  app l i cab le .  

Addi t iona l ly ,  s i n c e  t h e  equa t ions  were developed f o r  sand-bed channels ,  t hey  

do n o t  apply t o  cond i t i ons  when t h e  bed m a t e r i a l  has  cohesion. The equa t ions  

would ove rp red ic t  t r a n s p o r t  r a t e s  i n  a cohesive channel. 

13.8 Design Procedure 

1 .  Determine t h e  channel  c r o s s  s e c t i o n  accord ing  t o  p r i n c i p l e s  d i scussed  i n  

Chapter XII. 

2. Knowing t h e  flow v e l o c i t y ,  V , and D50 o f  t h e  bed ma te r i a l ,  o b t a i n  

va lue  f o r  
qs 

from Figures  13.3-13.7. 



Figure 1 3 . 3 .  Values f o r  sediment t r a n s p o r t  r a t e  based 
on power r e l a t ionsh ips .  



Figure  1 3 . 4 .  Va lues  f o r  sediment  t r a n s p o r t  r a t e  based 
on power r e l a t i o n s h i p s .  



Figure  13.5 .  Values f o r  sediment  t r a n s p o r t  r a t e  based 
on power r e l a t i o n s h i p s .  



Figure 13.6. Values f o r  sediment t r anspor t  r a t e  based 
on power r e l a t ionsh ips .  



Figure 1 3 . 7 .  Values f o r  sediment t r anspor t  r a t e  based 
on power r e l a t ionsh ips .  



3 .  Determine t o t a l  t r a n s p o r t  r a t e  f o r  e n t i r e  wid th  of channe l  by m u l t i p l y i n g  

qs 
by t h e  t o p  wid th  of w a t e r  s u r f a c e .  

4 .  Check t h e  p o t e n t i a l  f o r  armoring and t h e  a p p l i c a b i l i t y  of t h e  sediment  

t r a n s p o r t  e q u a t i o n s  ( Equa t ions  1  3.5 and 1  3.6 . 

13.9 Design Example 

Given t h e  n e c e s s a r y  i n f o r m a t i o n  f rom t h e  channel  d e s i g n e d  i n  S e c t i o n  

12 .9 ,  compute t h e  sediment  t r a n s p o r t  r a t e .  

b = 6 f t  Z = 3  DS0 = 0.5 mm 
W = 27 f t  V = 2.6 f t / s e c  

D85 
= 0.75 mm 

R = 2.01 S = 0.001 D15 = 0.3 mm 

E n t e r  F i g u r e  13.3  and o b t a i n  

The t o t a l  t r a n s p o r t  r a t e  becomes 

- 4 
Qs = q  W = ( 5 . 2 ~ 1 0  ) ( 2 7 )  = 0.014 c f s  

S 

Equa t ion  1  3.5 

Equa t ion  1 3.6 

There fore ,  a l l  sediment  s i z e s  w i l l  be moving, a rmor ing  w i l l  n o t  occur ,  

and t h e  sed iment  t r a n s p o r t  e q u a t i o n s  a r e  a p p l i c a b l e .  
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X I V -  BASIC DESIGN PROCEDURES FOR SANDY SOIL CHANNELS 

14.1 In t roduc t ion  

The design procedures  f o r  water  d ive r s ion  channels i n  sandy s o i l s  i nvo lve  

some of t h e  b a s i c  concepts  p re sen ted  i n  Chapter V I .  Of p a r t i c u l a r  importance 

a r e  t h e  a l l u v i a l  channel  d i s c u s s i o n s  and Sec t ion  6.2 on "Determination of 

Drainage P a t t e r n s  and Diversion Alignment." However, a s  presented  e a r l i e r  i n  

t h e  manual, t h e  h igh ly  e r o s i v e  n a t u r e  of  sandy s o i l s  a l s o  r equ i r e  s p e c i a l  con- 

s i d e r a t i o n s  when des igning  water  d i v e r s i o n  channels .  Due t o  t he  l a r g e  sed i -  

ment y i e l d s  i n  sandy s o i l  r e g i o n s ,  t h e  n a t u r a l  sediment t r a n s p o r t  ba lance  must 

be  maintained by t h e  d i v e r s i o n  channel.  This  can be accomplished by 

e s t a b l i s h i n g  t h e  p rope r  h y d r a u l i c  cond i t i ons  t o  c r e a t e  a  balanced sediment 

t r a n s p o r t  i n  t h e  channel  accord ing  t o  t h e  concepts  of dynamic equi l ibr ium.  A s  

d i scussed  below t h i s  s t a b l e  a l l u v i a l  channel  des ign  procedure r e q u i r e s  

e s t a b l i s h i n g  t h e  channel  s l o p e  such t h a t  t h e  balanced cond i t i on  e x i s t s .  I f  

t h e  des ign  channel  s l o p e  cannot  be ob ta ined  f e a s i b l y  by excavat ion,  grade  

c o n t r o l  s t r u c t u r e s  can be used. 

I f  t h i s  design approach i s  no t  f e a s i b l e ,  a  channel l i n i n g  must be used t o  

prevent  excess ive  e ros ion .  The l i n i n g  may be a complete l i n i n g  of t h e  e n t i r e  

channel bed and banks o r  a  p a r t i a l  l i n i n g  of t h e  channel banks only.  For t h e  

l a t t e r  case ,  t h e  channel  bed must t hen  be  designed f o r  sediment t r a n s p o r t  

balance accord ing  t o  t h e  concepts  of dynamic equi l ibr ium. 

Determining t h e  most f e a s i b l e  channel  design procedure ( s t a b l e  a l l u v i a l  

channel,  p a r t i a l  l i n i n g ,  complete l i n i n g )  r e q u i r e s  an  assessment of economic 

f a c t o r s ,  i nc lud ing  t h e  c o s t s  of excavat ion,  b a c k f i l l i n g ,  grade c o n t r o l  s t r u c -  

t u r e s  and r i p r a p .  For example, a p a r t i a l  l i n i n g  r e q u i r e s  extending t h e  chan- 

n e l  bank r i p r a p  i n t o  t h e  channel  bed. The c o s t s  of excavat ion and b a c k f i l l i n g  

t o  bury t h e  channel  bank r i p r a p  t o  t h e  p rope r  depth should be compared t o  t h e  

c o s t s  of r i p rapp ing  t h e  e n t i r e  channel t o  determine i f  t h e  p a r t i a l  l i n i n g  i s  

r e a l l y  t h e  most f e a s i b l e  approach. 

Information p re sen ted  below concen t r a t e s  on s t a b l e  a l l u v i a l  channel 

design u s i n g  t h e  dynamic equ i l i b r ium concept  and p a r t i a l  l i n i n g  des ign  proce- 

dures.  Design f o r  complete channel  l i n i n g s  were presented  i n  adequate d e t a i l  

i n  P a r t  1 .  Since each des ign  s i t u a t i o n  i s  unique, it i s  d i f f i c u l t  t o  provide  

genera l  gu ide l ines  on t h e  most economically f e a s i b l e  channel. The des igne r  

should cons ider  t h e  economic f a c t o r s  of a  given channel design and i t s  a l t e r -  

n a t i v e s  t o  ensure t h e  b e s t  des ign  is  be ing  recommended. Ult imately f a c t o r s  



o t h e r  than  economic c o n s i d e r a t i o n s  may govern t h e  f i n a l  d i v e r s i o n  channel 

design.  

14.2 Dynamic Equil ibr ium Concept 

S t a b l e  a l l u v i a l  channel  design i n  sandy s o i l s  i nvo lves  t h e  concept  of  

dynamic equi l ibr ium.  Dynamic equi l ibr ium e x i s t s  when t h e  channel  boundary i s  

i n  motion such t h a t  t h e  sediment  t r a n s p o r t i n g  capac i ty  i s  e q u a l  t o  t h e  sed i -  

ment supply r a t e .  According t o  Lane (19531, "A s t a b l e  channel  i s  an un l ined  

e a r t h  channel  ( a )  which c a r r i e s  water,  ( b )  t h e  banks and bed o f  which a r e  n o t  

scoured ob jec t ionab ly  by moving water ,  and ( c )  i n  which o b j e c t i o n a b l e  d e p o s i t s  

o f  sediment do no t  occur.  Th i s  d e f i n i t i o n  i s  based on dynamic equi l ibr ium 

concepts.  

Dynamic equ i l i b r ium concepts  must be appl ied  t o  sand-bed t y p e  systems. 

The s t a t i c  equ i l i b r ium des ign  approach used i n  P a r t  1 o f  t h e  Design Manual i s  

p r imar i ly  a p p l i c a b l e  t o  g r a v e l  cobble type  channel systems. A major 

c o n t r o l l i n g  f a c t o r  when a s s e s s i n g  channel response u s i n g  dynamic equi l ibr ium 

concepts  i s  t h e  upstream sediment supply. Whether a channel  bed aggrades o r  

degrades s t r o n g l y  depends on t h e  balance between t h e  incoming sediment supply 

and a r e a c h ' s  t r a n s p o r t i n g  capac i ty% This  i s  e s p e c i a l l y  t r u e  f o r  sand-bed 

channels  where armoring does n o t  occur.  Evaluation of upstream sediment 

supply i s  accomplished by apply ing  t h e  app ropr i a t e  sediment t r a n s p o r t  r e l a -  

t i onsh ip .  The recommended r e l a t i o n s h i p  % f o r  sand-bed channe l s  was p re sen ted  i n  

t h e  previous  chaptey. These equa t ions  a r e  based on t h e  assumption t h a t  a l l  

sediment s i z e s  p r e s e n t  can b e  moved by t h e  flow. I f  t h i s  i s  n o t  t r u e ,  

armoring w i l l  t a k e  p l a c e  and  t h e  equat ions  a r e  n o t  a p p l i c a b l e .  Therefore,  t h e  

sediment s i z e  i s  a l s o  a major c o n t r o l l i n g  factor .when u s i n g  dynamic 

equi l ibr ium concepts .  Las t ly ,  t h e  s l o p e  a t  which t h e  channe l ' s  sediment 

t r a n s p o r t i n g  capac i ty  equa l s  t h e  incoming sediment supply i s  important  t o  t h e  

dynamic equ i l i b r ium concept. This  s lope  i s  c a l l e d  t h e  e q u i l i b r i u m  s lope ,  and 

i s  d iscussed  i n  t h e  fo l lowing  sec t ion .  

14.3 Equil ibr ium Slope 

The equi l ibr ium s l o p e  i s  t h e  bed s lope  a t  which t h e  channe l ' s  sediment 

t r a n s p o r t i n g  capac i ty  i s  equal  t o  t h e  incoming sediment supply  f o r  t h e  des ign  

discharge.  That i s ,  



- - 
(Qs) i n  ( Q s l o u t  

where 

(QsI in  
= supply r a t e  of  sediment i n t o  t h e  channel reach 

( Q s l o u t  
= supply r a t e  of sediment o u t  of  t h e  channel reach 

Equil ibr ium s l o p e  should  be determined f o r  a  d i scharge  t h a t  w i l l  dominate t h e  

long-term degrada t ion  o r  aggrada t ion  process .  The design d ischarge  f o r  sur- 

f a c e  mining o p e r a t i o n s  must cons ider  t h e  type  of stream flow (pe renn ia l  o r  

ephemeral) and t h e  d i v e r s i o n  type  (permanent o r  temporary).  Chapter I11 pro- 

v i d e s  t h e  recommended procedures  f o r  de te rmining  t h e  design d ischarge .  

14.4 Equil ibr ium Slope Design Procedures 

Designing a  channel  by t h e  equ i l i b r ium s lope  procedure r e s u l t s  i n  a  chan- 

n e l  bed t h a t  i s  a t  dynamic equ i l i b r ium wi th  no n e t  aggrada t ion  o r  degradat ion.  

The des ign  i m p l i c i t l y  assumes t h e  channel  banks a r e  i n  s t a t i c  equi l ibr ium wi th  

no movement; otherwise,  t h e  channel would be s h i f t i n g  l a t e r a l l y  and migrat ing 

throughout  t h e  f loodp la in .  Under t h e s e  c o n d i t i o n s  a  long-term s t a b l e  design 

would b e  d i f f i c u l t ,  i f  no t  impossible ,  t o  develop. Therefore,  t h e  channel 

banks must be s t a b l e  f o r  a  succes s fu l  dynamic equi l ibr ium design.  However, 

t h e  equi l ibr ium s l o p e  design cons ide r s  only t h e  cond i t i on  of t h e  bed, no t  t h e  

banks. Due t o  t h e  s i d e  s lope  ang le  and bank m a t e r i a l  composition, t h e  banks 

a r e  u s u a l l y  l e s s  s t a b l e  t han  t h e  bed ( s e e  Sec t ion  4.6).  Therefore,  t h e  

s t a b i l i t y  of  t h e  s i d e  s l o p e s  must be checked a f t e r  des igning  a  channel  wi th  

t h e  equ i l i b r ium s lope  procedure. 

One approach t o  eva lua t e  t h e  s t a b i l i t y  of  t h e  s i d e  s l o p e s  i s  based on 

maximum pe rmis s ib l e  ve loc i ty .  I f  t h e  mean channel  v e l o c i t y  f o r  t h e  

equ i l i b r ium s lope  des ign  i s  g r e a t e r  t h a n  t h e  maximum pe rmis s ib l e  v e l o c i t y  f o r  

t h e  given bank m a t e r i a l ,  t h e  channel  banks should be l i n e d  t o  i n s u r e  s t a b i -  

l i t y .  U s e  o f  t h e  mean c ros s - sec t ion  v e l o c i t y  f o r  eva lua t ing  t h e  bank s t a b i -  

l i t y  w i l l  t y p i c a l l y  r e s u l t  i n  a conse rva t ive  des ign  s i n c e  t h e  v e l o c i t y  near  

t h e  banks i s  u s u a l l y  l e s s  t han  t h e  mean v e l o c i t y .  

I n  any case ,  t h e  ma jo r i t y  of  equ i l i b r ium s l o p e  des igns  w i l l  r e q u i r e  some 

type  of  bank l i n i n g  t o  i n s u r e  long-term s t a b i l i t y  of t h e  channel.  On su r f ace  

mine s i tes  t h e  l i n i n g  w i l l  t y p i c a l l y  be rock r i p r a p .  Rock r i p r a p  can usua l ly  

b e  designed wi th  a  2: l  s i d e  s lope  due t o  t h e  g r e a t e r  ang le  of repose than non- 

cohesive sandy s o i l .  Therefore,  u n l e s s  o t h e r  c r i t e r i a  a r e  governing, it i s  



reasonable t o  use  a des ign  s i d e  s lope  of 2 : l  f o r  any equi l ibr ium s l o p e  des ign  

under t h e  assumption t h a t  r i p r a p  w i l l  be used f o r  bank s t a b i l i z a t i o n .  

The procedures  f o r  des igning  a sand-bed channel a t  t h e  equ i l i b r ium s l o p e  

w i t h  a bank l i n i n g  a r e :  

Determine design d ischarge  ( s e e  Chapter 111). 

S e l e c t  upstream supply reach and o b t a i n  t h e  fol lowing p e r t i n e n t  

i n f  ormation: 

a. channel geometry (2:1 s i d e  s l o p e  u n l e s s  o t h e r  c r i t e r i a  r e q u i r e  

sma l l e r  ang le )  

b. channel s l o p e  

c. sediment s i z e  d i s t r i b u t i o n  

d. channel r e s i s t a n c e  ( n )  

Obtain t h e  same p e r t i n e n t  d a t a  a s  i n  S t e p  

under cons idera t ion .  

2 f o r  t h e  channel 

Ca lcu la t e  t h e  h y d r a u l i c  cond i t i ons  based on t h e  design d i scha rge  (Chapter  

X I 1 1  . 
Calcu la t e  t h e  sediment supply from t h e  upstream channel u s i n g  t h e  sed i -  

ment t r a n s p o r t  procedure d i scussed  i n  Chapter 111. The c a l c u l a t e d  sed i -  

ment supply i s  p e r  u n i t  width. The t o t a l  sediment t r a n s p o r t  r a t e  is  

obta ined  by mul t ip ly ing  t h e  r a t e  p e r  u n i t  width by t h e  top  width. 

Determine t h e  equ i l i b r ium s l o p e  of t h e  downstream channel wi th  t h e  sed i -  

ment supply r a t e  determined i n  S t ep  5. This  r e q u i r e s  a t r i a l  and e r r o r  

procedure where a given s l o p e  i s  chosen t o  compute t h e  flow cond i t i ons ,  

and from t h e  flow c o n d i t i o n s  t h e  sediment t r a n s p o r t  r a t e  is c a l c u l a t e d .  

When t h e  computed r a t e ,  
(Qs o u t  

i s  equal  t o  t h e  supply r a t e ,  
(Qs)in I 

t h e  equi l ibr ium s l o p e  has  been found. 

Based on t h e  hydrau l i c  cond i t i ons  a t  equi l ibrum s lope ,  e s t i m a t e  t h e  

l a r g e s t  p a r t i c l e  s i z e  moving f o r  armoring c o n t r o l  check (Equat ion  13.5 

and 13 .6) .  Also check t h e  design of t h e  channel f o r  reasonable shape and 

t h e  presence of  bedforms. 

Based on maximum pe rmis s ib l e  v e l o c i t y ,  check t h e  bank l i n i n g  

requirements .  

14.5 Evaluat ion of t h e  Need f o r  Rock Riprap o r  Drop S t ruc tu re s  

I f  t h e  c r o s s  s e c t i o n  determined from t h e  equi l ibr ium s lope  des ign  proce- 

du re  i s  not  economical o r  accep tab le  according t o  t h e  P/R r a t i o  ( S e c t i o n  



12.81, t h e n  a more p r a c t i c a l  c r o s s  s e c t i o n  may be  des igned  by u s i n g  a  complete 

c h a n n e l  l i n i n g .  I f  it i s  n e c e s s a r y  t o  a d j u s t  t h e  e x i s t i n g  channe l  s l o p e  t o  

t h e  e q u i l i b r i u m  s l o p e ,  drop s t r u c t u r e s  s h o u l d  be  used.  M u l t i p l e  d r o p  s t r u c -  

t u r e s  can  be  used e f f e c t i v e l y  t o  reduce  a channe l  s l o p e  which i s  t o o  s t e e p  f o r  

t h e  d e s i g n  c o n d i t i o n s .  The d e s i g n  p rocedures  f o r  channe l  l i n i n g s  and d r o p  

s t r u c t u r e s  a r e  p r e s e n t e d  i n  t h e  n e x t  two c h a p t e r s .  

14.6 Design Example 

The f o l l o w i n g  example i l l u s t r a t e s  channe l  d e s i g n  based  on t h e  dynamic 

e q u i l i b r i u m  s l o p e  concep t .  The p h y s i c a l  l a y o u t  o f  t h e  example is  g iven  i n  

F i g u r e  14.1. The upst ream c h a n n e l  h a s  been i n  e x i s t e n c e  f o r  many y e a r s  and 

h a s  n o t  s i g n i f i c a n t l y  changed. It i s  proposed t h a t  t h e  downstream channe l  

bypass  a  mine s p o i l  area and d e l i v e r  t h e  d i v e r t e d  wate r  t o  t h e  main r i v e r .  

Determine t h e  e q u i l i b r i u m  s l o p e  o f  t h e  downstream channe l  assuming a  d e s i g n  

d i s c h a r g e  o f  200 c f s .  For e a s e  i n  d e s i g n  and c o n s t r u c t i o n ,  a s i d e  s l o p e  a n g l e  

o f  3:l i s  s e l e c t e d  f o r  t h e  d i v e r s i o n  t o  match t h e  e x i s t i n g  channel .  The s tep-  

by-s tep p rocedure  g iven  i n  S e c t i o n  14.5 w i l l  be followed. 

P e r t i n e n t  In format ion :  

S t e p s  1 ,  2  and  3  

Upstream Channel Downstream Channel 

Design d i s c h a r g e  
Channel shape  

200 cis  200 c f s  
t r a p e z o i d a l  t r a p e z o i d a l  

Sediment s i z e  d i s t r i b u t i o n  D85 = 2.0 INlI D85 = 2.0 m 

Manning's n  
S i d e  s l o p e s  
Channel s l o p e  

S t e p  4. Compute t h e  h y d r a u l i c  c o n d i t i o n s  f o r  t h e  upst ream channe l  

assuming normal d e p t h  a t  Q = 200 c f s  and 



S = 0.00135 

UPSTREAM CHANNEL 
RELOCATED 

DOWNSTREAM CHANNEL 

PRESENT UPSTREAM 
CHANNEL 

PROPOSED DOWNSTREAM 
CHANNEL 

Figure 14.1. Physical layout of design example. 



The i n i t i a l  e s t i m a t e  of d  a c c o r d i n g  t o  t h e  channe l  c h a r t s  i n  Appendix C 

o f  t h e  Design Manual i s  

d  = 2.7 f t  

S o l v i n g  t h e  Manning e q u a t i o n  by a n  i t e r a t i v e  t echn ique :  

A = 14d + 3d 
2  

Equat ion 4.1 4  

T h e r e f o r e ,  normal dep th ,  d  , i s  e q u a l  t o  2.65 f e e t .  The h y d r a u l i c  c o n d i t i o n s  

a r e  

A = 58.2 f t  
2  

d  = 2.65 f t  f V - 3.4 f t / s e c  
W = 29.9 f t  Fr = 0.43 

S i n c e  t h e  sed iment  t r a n s p o r t  e q u a t i o n s  were developed f o r  a u n i t  w i d t h  chan- 

n e l ,  t h e  h y d r a u l i c  d e p t h ,  dh = A/W , is  a  b e t t e r  r e p r e s e n t a t i o n  o f  t h e  

a v e r a g e  channe l  c h a r a c t e r i s t i c s .  

S t e p  5. From F i g u r e  13.3,  t h e  upst ream sediment  supp ly  i s  

T o t a l  sed iment  supp ly  i s  t h e n  

= 0.027 c f s  

S t e p  6. Determine t h e  e q u i l i b r i u m  s l o p e  f o r  t h e  downstream channe l  based  

on  a n  upst ream sed iment  supp ly  r a t e  o f  0.027 c f s .  F i r s t ,  assume S = 0.0012 
0 

a n d  compute t h e  h y d r a u l i c  c o n d i t i o n s  of t h e  downstream c h a n n e l  u s i n g  



Q = 200 c f s  

b = 8 f t  

Qn = 5 

The i n i t i a l  estimate of  t h e  normal d e p t h  i s  o b t a i n e d  from t h e  a p p r o p r i a t e  

channe l  c h a r t  i n  Appendix C. It i s  

S o l v i n g  t h e  Manning e q u a t i o n  

Equat ion 4.1 4 

The normal d e p t h  i s  3.3 f e e t  and t h e  h y d r a u l i c  c o n d i t i o n s  a r e  

From F i g u r e  13.3, t h e  sediment  t r a n s p o r t  r a t e  is  

-4 
( Q S ) O U t  

= 27.8 (9.0 x 10 ) = 0.025 c f s  

Note t h a t  (Q ) i s  g r e a t e r  t h a n  (Q ) There fore  t h e  downstream chan 
s i n  s o u t '  

n e l  w i l l  aggrade  i f  des igned  a t  t h i s  s l o p e .  To i n c r e a s e  (Q ) t h e  channe l  
S o u t '  

s lope  s h o u l d  be i n c r e a s e d .  Try S = 0.0013. Using t h i s  v a l u e  f o r  t h e  s l o p e ,  

t h e  h y d r a u l i c  c o n d i t i o n s  become 



From Figure 13.3, t h e  sediment t r a n s p o r t  r a t e  is  

-4 
qs 

= 9.8 x 10 c f s / f t  

For  t h i s  s lope ,  
( Q s ' i n  

i s  equa l  t o  (Q and t h e  channel i s  s t a b l e .  I f  
s o u t  

(Qs) i n  
is  n o t  approximately equal  t o  (Q r e p e a t  t h e  t r i a l  and e r r o r  pro- 

s o u t ,  
cedure i l l u s t r a t e d  above. In  genera l ,  t h e  smal l  d i f f e r e n c e  between ( Q s ) i n  

and (Qs)out  i n  t h e  s t e p s  above does n o t  warrant  a r e c a l c u l a t i o n  of  t h e  

equi l ibr ium slope.  It i s  done i n  t h i s  example f o r  t h e  purpose of i l l u s t r a t i n g  

t h e  des ign  procedure. 

S tep  7 .  Check f o r  armoring con t ro l .  Compute the  l a r g e s t  p a r t i c l e  

t r a n s p o r t e d  by 

and 

Comparing t h i s  s i z e  wi th  t h e  given sediment s i z e  d i s t r i b u t i o n  i n d i c a t e s  t h a t  

a l l  sediment s i z e s  w i l l  be  moving. Therefore,  armoring w i l l  no t  occur  and t h e  

equi l ibr ium s l o p e  c a l c u l a t i o n s  a r e  v a l i d .  Checking t h e  bedform r e v e a l s  

T = 0.1 1b/ft2 (S t ep  5 )  

Therefore 

TV = 0.1 (3.46) 

From Figure 12.2, t h e  bedforms p r e s e n t  a r e  dunes. Table 12.3 shows t h a t  t h e  

i n i t i a l  e s t i m a t e  of Manning's n (0.025) f o r  t h e  d ive r s ion  channel i s  wi th in  

t h e  range of va lues  f o r  a dune bed (0.0 25 - 0.0 30 ) . Thus, t h e  equi l ibr ium 

s l o p e  c a l c u l a t i o n s  based on a Manning's n of 0 .O25 a r e  co r r ec t .  I f  t h i s  

check r e v e a l s  t h a t  t h e  i n i t i a l  e s t ima te  of Manning's n is  i n c o r r e c t ,  t h e  



equi l ibr ium s lope  must be recomputed based on t h e  va lue  l i s t e d  i n  Table 12.4 

f o r  t h e  app ropr i a t e  bedform. 

Check channel f o r  reasonable shape: 

Using equat ion 12.5, 

Therefore t h e  des ign  of t h e  channel i s  a p r a c t i c a l  design. 

S tep  8. In t h i s  example it i s  assumed t h a t  t h e  bed and bank a r e  composed 

of  sandy ma te r i a l .  From Table 6 . l a  t h e  maximum pe rmis s ib l e  v e l o c i t y  i s  2.50 

f  t / sec .  Comparing t h i s  va lue  wi th  t h e  channel v e l o c i t y  of  3.46 f t / s e c  indica-  

t e s  t h a t ,  a s  expected, a channel l i n i n g  i s  needed t o  s t a b i l i z e  t h e  s ides lopes .  

The des ign  of t h e  s ides lope  channel l i n i n g  w i l l  be d iscussed  i n  Chapter XV. 



XV. DESIGN OF RIPRAP LININGS I N  SANDY SOILS 

1 5 .1 In t roduc t ion  

The equi l ibr ium s lope  design procedure descr ibed  i n  t h e  previous chapter  

provides  a  means f o r  determinat ion of a  s lope  a t  which t h e  sediment t r a n s p o r t  

capac i ty  matches t h e  sediment supply. However, a t  t h e  equi l ibr ium s lope  flow 

v e l o c i t i e s  may exceed t h e  maximum pe rmis s ib l e  v e l o c i t y  c r i t e r i a  f o r  t h e  

m a t e r i a l  comprising t h e  channel banks ( s e e  Sec t ion  1 4 . 4 ) .  In t h i s  i n s t ance ,  

rock r i p r a p  can be u t i l i z e d  t o  p r o t e c t  t h e  channel banks. Riprap p r o t e c t i o n  

on t h e  bed i s  not  necessary when t h e  channel i s  designed a t  t h e  equi l ibr ium 

s lope ;  however, bank p r o t e c t i o n  must be extended below t h e  bed t o  prevent  

undercut t ing  of t h e  banks due t o  l o c a l  scour  and t h e  t roughs  of pas s ing  sand 

waves. 

Riprap has a  l a r g e r  ang le  of repose than  noncohesive sandy s o i l  ( s e e  

Sec t ion  4 . 6  1. Consequently, a s  prev ious ly  discussed,  i f  r i p r a p  i s  u t i l i z e d  a s  

bank p r o t e c t i o n ,  it is recommended t h a t  t h e  channel be cons t ruc ted  wi th  2 : l  

s i d e  s lopes  un le s s  o t h e r  c r i t e r i a  r e q u i r e  a  smal le r  s i d e  s lope .  This  i nc rease  

i n  t h e  s i d e  s lope  angle ,  from t h e  3: l  c r i t e r i a  f o r  n a t u r a l  sandy s o i l s ,  w i l l  

reduce excavat ion q u a n t i t i e s  and a s s o c i a t e d  cons t ruc t ion  c o s t s .  The volume of 

rock necessary f o r  bank p r o t e c t i o n  w i l l  a l s o  be reduced, b u t  s l i g h t l y  l a r g e r  

rock w i l l  be required.  

Adding a  channel l i n i n g  of r i p r a p  and changing t h e  channel  s i d e  s lopes  

w i l l  a f f e c t  t h e  channel roughness and geometry. These changes, i n  t u r n ,  w i l l  

n e c e s s i t a t e  r eeva lua t ion  of t h e  previous ly  computed equi l ibr ium s lope .  A new 

roughness c o e f f i c i e n t  c a l l e d  t h e  e f f e c t i v e  Manning's n, n  w i l l  be de te r -  
e  ' 

mined f o r  t h e  p a r t i a l l y  l i n e d  channel. This  chap te r  w i l l  p r e s e n t  t h e  design 

procedures  based on t h e  e f f e c t i v e  roughness c o e f f i c i e n t .  

15 .2  General Considat ions 

The gene ra l  gu ide l ines  f o r  r i p r a p  design given i n  Sec t ion  5.1 inc luding  

grada t ion ,  t h i ckness  and f i l t e r  l a y e r s  apply t o  channels  cons t ruc t ed  i n  sandy 

s o i l s .  The mild s lope  r i p r a p  des ign  procedure given i n  Sec t ion  6.6 is  t h e  

recommended method f o r  s i z i n g  t h e  rock required.  When a p a r t i a l  l i n i n g  is  

requi red ,  it i s  recommended t h a t  t h e  bank p r o t e c t i o n  be extended below t h e  

channel bed t o  a  depth equal  t o  t h e  normal depth  of flow (F igu re  15.1 ) . 



Figure 15.1. Bank protection w i t h  rock riprap. 



15.3 Channel Roughness Coe f f i c i en t  

When p o r t i o n s  of  t h e  wetted per imeter  i n  a  cana l  s e c t i o n  a r e  composed of 

d i f f e r e n t  ma te r i a l s  having d i f f e r e n t  roughness c o e f f i c i e n t s ,  it i s  usua l ly  

necessary t o  determine an  e f f e c t i v e  channel roughness f o r  u se  i n  hydraul ic  

computations. Determination of  an  equ iva l en t  Manning roughness c o e f f i c i e n t  

( n  i s  of p a r t i c u l a r  importance when t h e  ma te r i a l s  forming a  composite l i n i n g  
e  

have s i g n i f i c a n t l y  d i f f e r e n t  p r o p e r t i e s  of r e s i s t a n c e  t o  flow. Riprap typ i -  

c a l l y  has  a  va lue  of Manning's n  i n  a  range from 0.0 3  t o  0.045 depending on 

t h e  r i p r a p  s i z e .  However, Manning's n  f o r  channels  wi th  sand bed and banks 

usua l ly  ranges from 0.02 t o  0.0 3  depending on t h e  flow p r o p e r t i e s  and D of 
50 

t h e  sand ( s e e  Table 12.2) . 
L o t t e r  (1933) presented  an  equat ion  f o r  c a l c u l a t i o n  of  a n  equ iva l en t  

roughness c o e f f i c i e n t  of t h e  form (Chow, 1959) 

where P = wetted per imeter  of  t o t a l  s e c t i o n  

R = hydrau l i c  r a d i u s  of t o t a l  s e c t i o n  

P = wetted per imeter  of channel  subsec t ion  
N 

R = hydrau l i c  r ad ius  of channel  subsec t ion  
N 

n = Manning roughness c o e f f i c i e n t  of channel subsec t ion  
N 

Thi s  equat ion  i s  based on t h e  assumption t h a t  t h e  t o t a l  d i scharge  i s  equal  t o  

t h e  sum of d ischarges  through i n d i v i d u a l  components of  a  subdivided area .  

For a  symmetrically shaped t r a p e z o i d a l  channel wi th  r i p r a p  on t h e  s i d e  

s l o p e s  and a  sand bed, t h e  channel  c r o s s  s e c t i o n  can be subdivided a s  shown i n  

F igure  15.2. Since subareas  1  and 3  a r e  i d e n t i c a l ,  Equation 15.1 can be w r i t -  

t e n  wi th  two terms i n  t h e  denominator a s  



Figure 1 5 . 2 .  Subareas f o r  de te rmina t ion  of an e q u i v a l e n t  
roughness c o e f f i c i e n t .  



Here P I ,  R1 , and n r e l a t e  t o  t h e  r ip rapped  p o r t i o n s  and 
1 ' P2, R2 , and n 2 

a r e  p r o p e r t i e s  of t h e  subarea.  Equations f o r  P and R f o r  each s e c t i o n  

assuming 2:l s i d e  s l o p e s  a r e  

S u b s t i t u t i n g  t h e s e  va lues  i n t o  Equation 15.2 y i e l d s  

F i n a l l y ,  r ea r r ang ing  t h i s  equa t ion  t o  o b t a i n  a r a t i o  of n t o  n 
1 2 

produces 

T h i s  equa t ion  h a s  been so lved  g r a p h i c a l l y  i n  F igures  15.3 t o  15.5 f o r  d i f -  

f e r e n t  r a t i o s  of n t o  n and channel base widths.  The des ign  example a t  
1 2 

t h e  end of t h e  chap te r  w i l l  i l l u s t r a t e  t h e  use  of  t h e s e  f i g u r e s .  

15.4 Design Procedures Summary 

15.4.1 C r i t e r i a  f o r  Riprap Design 

The des ign  of  r i p r a p  bank p r o t e c t i o n  f o r  channels  where maximum 

pe rmis s ib l e  v e l o c i t y  c r i t e r i a  a r e  exceeded fo l lows  t h e  procedures  descr ibed  

below. This  des ign  procedure assumes t h a t  sediment t r a n s p o r t  t o  t he  channel ,  

equi l ib r ium s lope ,  and t h e  hyd rau l i c  p r o p e r t i e s  o f  t h e  n a t u r a l  sand bed chan- 

n e l  have been eva lua t ed  p rev ious ly  u s ing  methods presen ted  i n  Chapter X I V .  

1 .  Evaluate  equi l ib r ium s lope  and t h e  hyd rau l i c  p r o p e r t i e s  ( d l  A, P, R, V, 

e tc.)  f o r  t h e  n a t u r a l  sand m a t e r i a l  w i th  2:l channel s i d e  s lopes .  

Equi l ibr ium s lope  i s  eva lua ted  f o r  t h e  sediment supply r a t e  of  an 

upstream supply reach. When t h e  computed t r a n s p o r t  r a t e  (Q 1 i s  equa l  
s o u t  

t o  t h e  supply r a t e  ( Q s I i n ,  t h e  equi l ib r ium s lope  has  been found. 
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Figure 15.4. Graph for determining n ten-foot base width. 
e ' 



Figure 15.5. Graph for determining n 14-foot base wiuth. e ' 



U s e  t h e  v a l u e s  f o r  V and  R o b t a i n e d  i n  S t e p  1 t o  compute v ~ / R ~ * ~ ~ .  U s e  

t h i s  v a l u e  t o  o b t a i n  a n  i n i t i a l  e s t i m a t e  f o r  t h e  r i p r a p  s i z e  r e q u i r e d  

f rom T a b l e s  6.4 and 6.5. 

E s t i m a t e  t h e  Manning roughness  c o e f f i c i e n t  f o r  t h e  r i p r a p  

n  = 0.0395 (Km) 1  /6 Equat ion 4.1 8 
1  

C a l c u l a t e  n1/n2, where n  e q u a l s  t h e  Manning roughness  c o e f f i c i e n t  
2  

' f o r  t h e  assumed bed form. T h i s  v a l u e  was e s t i m a t e d  d u r i n g  t h e  d e s i g n  

e v a l u a t i o n  i n  Chapter  X I I .  

Using F i g u r e s  15.3-1 5.5,  recompute t h e  h y d r a u l i c  p r o p e r t i e s  based  on  a n  

e q u i v a l e n t  roughness  c o e f f i c i e n t .  T h i s  p rocedure  i n v o l v e s  a t r i a l  and  

e r r o r  p r o c e s s  i n  which a  d e p t h  i s  chosen t o  Compute t h e  d e s i g n  d i s c h a r g e  

based  on t h e  e q u i v a l e n t  roughness  c o e f f i c i e n t .  

For t h e  f low c o n d i t i o n s  computed i n  S t e p  5 ,  u s e  t h e  v e l o c i t y ,  V and t h e  
2  0.33 

h y d r a u l i c  r a d i u s ,  R t o  compute V /R . Check t h e  r i p r a p  r e q u i r e d  

( T a b l e  6 .4)  w i t h  t h e  i n i t i a l  assumption ( S t e p  2 ) .  I f  t h e  assumed v a l u e  

i s  i n c o r r e c t ,  r e t u r n  t o  S t e p  2  w i t h  a  new e s t i m a t e  f o r  K . 
m 

Using t h e  recomputed v a l u e  f o r  V, check t h e  sed iment  t r a n s p o r t  r a t e  

( Q s l o u t  
( F i g u r e s  13.3-13.7). I f  (QsIin i s  n o t  e q u a l  t o  ( Q  ) 

S o u t '  
r e p e a t  s t e p s  1  t o  5 and r e p l a c e  Manning's n  w i t h  t h e  p r e v i o u s l y  com- 

p u t e d  v a l u e  f o r  n  . 
e 

Compute s t ream power, TU, and check bed forms u s i n g  F i g u r e  12.4. 

Determine i f  t h e  assumed v a l u e  f o r  roughness,  n  was c o r r e c t  ( T a b l e  
2 ' 

12 .2) .  I f  n2 i s  s i g n i f i c a n t l y  d i f f e r e n t ,  r e t u r n  t o  S t e p  4  w i t h  a  new 

v a l u e  f o r  n  . 
2 

Check Froude Number t o  i n s u r e  a p p l i c a b i l i t y  o f  t h e  method. 

Determine r i p r a p  g r a d a t i o n  ( T a b l e  6 . 5 ) ,  t h i c k n e s s  and  dep th .  

Eva lua te  f i l t e r  r equ i rements  ( S e c t i o n  5 .2 .8)  

Es t imate  f r e e b o a r d  r e q u i r e m e n t s  from Equat ion 12.2. 

15.4.2 Design Procedure  f o r  R i p r a p  L ined  Channel Bends 

E v a l u a t e  r i p r a p  r e q u i r e m e n t s  f o r  s t r a i g h t  channe l  s e c t i o n  ( S e c t i o n  

15.5.1 ) .  

Determine channe l  r a d i u s  o f  c u r v a t u r e  r and t o p  w i d t h  w and 
C 

compute r c / w .  

E v a l u a t e  s h e a r  r a t i o  f o r  s p e c i f i c  v a l u e  o f  r c / w  from F i g u r e  6.8. 



4. Mult iply va lue  of  $/R0*33 f o r  a s t r a i g h t  channel by shea r  stress 

r a t i o .  
2 0.33 5. Use a d j u s t e d  va lue  of V /R t o  s i z e  r i p r a p  i n  bend from Table 6.4. 

I f  bend r i p r a p  s i z e  is  d i f f e r e n t  from r i p r a p  i n  s t r a i g h t  channel reaches,  

eva lua t e  need f o r  d i f f e r e n t  

a. grada t ion  of r i p r a p  

b. t h i ckness  o f  r i p r a p  

c.  f i l t e r  requirements 

15.5 Design Examples 

15.5.1 Riprap Design Example - Use S t e p  by S t e p  Procedure i n  Sec t ion  
15.5.1 

S tep  1. Since r i p r a p  w i l l  be  used f o r  t h e  bank l i n i n g ,  t h e  channel s i d e  

s l o p e  can be assumed t o  be 2:1, un le s s  o t h e r  c r i t e r i a  a r e  governing. P r i o r  t o  

des ign  of t h e  r i p r a p  l i n i n g ,  t h e  equi l ibr ium s lope  f o r  a sand bed channel ( n o  

r i p r a p )  wi th  2: 1 s i d e  s lopes  must be evaluated.  Assuming S = 0 .OO28 and given 

Q = 250 c f s r  D = 0.5 b = 10 f t  and (Q 1 = 0.35 cf  s, hydrau l i c  con- 
5 0 s i n  

d i t i o n s  a r e :  

Therefore,  nonnal depth equals  2.85 f e e t .  

From Figure 1 3.3 



Since  
(Qs ) i n  

does not  equal  
(Qs )ou t  

a d i f f e r e n t  va lue  f o r  equi l ibr ium 

s l o p e  must be  assumed and checked. Assume a s lope  of 0.0025: 

v =  2 , - =  246 5.4 f p s  
A 45.8 

w = 21.6 f t  

From Figure  13.3 

-2 
(Qs 'ou t  

= qSw = (1.6 x 10 l(21.6)  = 0.35 C ~ S  

For  t h i s  s l o p e  (S  = 0.0025) t h e  t r a n s p o r t  capac i ty  of t h e  channel reach is 

equa l  t o  t h e  sediment inflow. Checking t h e  armoring p o t e n t i a l  r e v e a l s  

r = yRS = 62.4(1 .99) (0 .OO25) = 0.31 l b / f t  
2 

Equation 1 3.5 

0.311 
= 0.06 f t  = 19.6 Equation 13.6 

Da = 0.047(1.65) (62.4) 

Thus armoring w i l l  n o t  occur  and t h e  equi l ibr ium s l o p e  is 0.0025. 

S t ep  2. Using t h e  va lues  o f  V and R determined f o r  t h e  sand bed 

channel,  a n  e s t i m a t e  f o r  t h e  mean r i p r a p  s i z e  
Km i s  



T a b l e  6.4 i n d i c a t e s  a Type L r i p r a p  w i t h  
Km 

= 9 i n  ( T a b l e  6 . 5 ) .  

S t e p  3. Es t imate  r i p r a p  roughness  

Equa t ion  4.1 8 

T h i s  v a l u e  f o r  nl/n2 i s  used  i n  F i g u r e  15.4 t o  de te rmine  a ne/nl f o r  a spe- 

c i f i c  dep th  d. 

S t e p  5 .  Eva lua te  t h e  h y d r a u l i c  p r o p e r t i e s  

v - S t e p  6 .  - - 5.3L 
0.33 

= 22.2 
R 2.05 

0 .33 

The i n i t i a l  assumption f o r  t h e  r i p r a p  s i z e  was c o r r e c t  ( T a b l e  6 .4 ) .  

S t e p  7 .  Using F i g u r e  13.3,  check sediment  t r a n s p o r t  r a t e .  

q s  = 0.015 c f s / f t  



(Qs ) o u t  
= ( 0 . 0 1 5 ) ( 2 2 )  = 0.33 c f s  - 0.35 c f s  

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

Thus, t h e  e q u i l i b r i u m  s l o p e  i n  t h e  channe l  w i t h  r i p r a p  p r o t e c t i o n  i s  t h e  same 

a s  t h e  s l o p e  computed i n  S t e p  1 f o r  t h e  s a n d  bed channe l  a l o n e .  

S t e p  8. Check channe l  bedforms 

1 b - f t  
TV = 0.32(5.3)  = 1.7 

ft2-sec 

From F i g u r e  1 2.2 w i t h  TV = 1 .7 
l b - f t  

and  D50 = 0.5 mm, t h e  bed form i s  
f t c s e c  

a n t i d u n e s .  Table  12.2 i n d i c a t e s  a range  o f  n v a l u e s  f o r  a n t i d u n e s  from 0.020 

t o  0.0 25. Thus t h e  v a l u e s  of n = 0.022, u s e d  on  t h e  d e s i g n ,  w a s  a v a l i d  

assumption.  

S t e p  9. Froude Number 

There fore ,  t h e  u s e  o f  t h e  m i l d  s l o p e  p rocedure  f o r  r i p r a p  d e s i g n  i s  v a l i d .  

S t e p  10. From Table  6.5 t h e  r e q u i r e d  g r a d a t i o n  i s  

P e r c e n t  Smal le r  Maximum D i a m e t e r  - i n c h e s  

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  b e  2.0 D = 1.5 f t  which i s  a l s o  
50 

e q u a l  t o  t h e  maximum recommended r i p r a p  s i z e ,  D . Riprap  s h o u l d  b e  
max 

ex tended  below t h e  channe l  bed t o  a d e p t h  e q u a l  t o  t h e  d e p t h  o f  f low,  d = 

3.0 f t .  

S t e p  11.  E v a l u a t e  f i l t e r  r e q u i r e m e n t s  as d i s c u s s e d  below. 

S t e p  12. Freeboard.  For a r i p r a p  l i n e d  c h a n n e l  on a m i l d  s l o p e ,  Tab le  

4 . 4  i n d i c a t e s  c e q u a l s  0.25. 
f b  

c d = 0 . 2 5 ( 3 )  = 0.75 < 1.0;  t h e r e f o r e  u s e  1.0 f t  
f b  

Ant idune h e i g h t  

Equat ion 1 2.1 

S u p e r e l e v a t i o n  - f o r  a n  assumed r a d i u s  o f  c u r v a t u r e  e q u a l  t o  100 f t  



Equation 4.19 

1 1 
F.B. = C d + - ha + - A Z  = 1.0  + 0 . 3 8  + 0 .10  

f b  2  2  
Equation 12 .2  

F . B .  = 1 . 4 8  f t  ; use 1 . 5  f t  

The f ina l  channel dimensions are  shown in  Figure 1 5 . 6 .  

15 .5 .2  Design Example for  Granular F i l t e r  Layer 

This example detai ls  procedures for determination and selection of an 

appropriate 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 re  used because the limits are  somewhat less  r e s t r i c t ive  than the Terzaghi 

f i l t e r  c r i t e r i a .  The character is t ics  of the channel base material are assumed 

t o  be: 

D = 1 . 4 m m  
85 

DS0 = 0 . 5  mm 

D = 0 . 1 6 m m  
15 

Riprap properties are  determined by plotting the recommended gradation on  

semi-log paper (Figure 1 5 . 7 )  

D = 3 7 0 m m  
85 

D = 2 3 0 m m  
50 

D = 75mm 
15 

1 .  Evaluate the need for a f i l t e r  layer. 

Dl (riprap) - - -  - 75 - 54 ; 5 4  > 5  
Ds5 (base) 1 . 4  

2 .  Properties of the f i l t e r  relat ive t o  the base material are: 

Ds0 ( f i l t e r )  
< 40, S O D  ( f i l t e r )  < 4 0 ( 0 . 5 )  = 20 mm 

Ds0 (base) 50 



Figure 15.6. Cross  s e c t i o n  of d i v e r s i o n  channel.  



l oO 10' 

PARTICLE SIZE - mm 

Figure 15.7. P a r t i c l e  s i z e  d i s t r i b u t i o n  f o r  base mater ia l ,  r i p r a p  
and f i l t e r  layer .  



D l  5 ( f i l t e r )  
< 40, so D ( f i l t e r )  < 4 O ( O  .16) = 6.4 mm 

Dl (base) 15 

Dl ( f i l t e r )  
< 5 ,  so D ( f i l t e r )  < S(1.4) = 7.0 mm 

DB5 (base) 15 

Dl ( f i l t e r )  
> 5, so D15(f i l te r )  > 5(0.16) = 0.8 mm 

Dl (base) 

With respect t o  the base material, the f i l t e r  must sa t i s fy  

0.8 m < D ( f i l t e r )  < 6.4 nun 
15 

D50 
( f i l t e r )  < 20 rnm 

3. Considering the riprap and f i l t e r  material 

D (riprap) 
5  0 

5  0 
230 - 5.8 mm < 40, so D ( f i l t e r )  > - -  

D50 ( f i l t e r )  4  0 

Dl ( r iprap) 
75 < 40, so D ( f i l t e r )  > - =  1.9 nun 

Dl ( f i l t e r )  15 40 

Dl ( r iprap)  7 5  < 5, so D ( f i l t e r )  > - = 15 mm 
Ds5 (f  i l t e r )  85 5  

D (riprap) 
15 75 < 5, so Dlg( f i l t e r )  < - = 15 rma Dl ( f i l t e r )  5  

With respect t o  the riprap layer, the f i l t e r  must sa t i s fy  

1.9 mm < DI5(f i l ter)  < 15 am 

DS0 ( f i l t e r )  > 5 .8 mm 

D85 
( f i l t e r )  > 15 mm 

4. Figure 15.7 shows the l i m i t s  of t h  a1 with respect t o  

both the base and riprap material. The gradation curves for  the f i l t e r  layer 

have been extrapolated somewhat a rb i t ra r i ly  beyond the computed points. The 

ranges of sui table  f i l t e r  for  both the riprap and the base have been 

crosshatched; any f i l t e r  material tha t  f a l l s  within the region where the 

ie f i l t  e r  materi 



c r o s s h a t c h i n g  o v e r l a p s  w i l l  meet t h e  c r i t e r i a  f o r  b o t h  t h e  r i p r a p  and t h e  b a s e  

m a t e 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 l a n k e t .  

5 .  The t h i c k n e s s  of t h e  f i l t e r  l a y e r  can be  de te rmined  f o r  an  assumed 

v a l u e  o f  
Dmax 

of t h e  f i l t e r .  The t h i c k n e s s  o f  t h e  f i l t e r  is  e q u a l  t o  
Dmax 

i f  more t h a n  9 inches .  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  h a s  a  g r a d a t i o n  

shown by t h e  d o t t e d  l i n e  i n  F i g u r e  15.7 t h e n  
Dmax 

= 75 mm Z 3  i n c h e s .  

T h e r e f o r e  u s e  9 i n c h e s .  

15.5 - 3  P l a s t i c  F i l t e r  C l o t h  Design Example 

I t  i s  d e s i r e d  t o  d e s i g n  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  b a s e  m a t e r i a l  hav ing  t h e  g r a d a t i o n  shown i n  F i g u r e  15.7 .  S ince  minimal 

f i n e s  a r e  p r e s e n t  i n  t h e  b a s e  m a t e r i a l  t h e  d e s i g n  c r i t e r i a  a r e :  

85  p e r c e n t  s i z e  o f  m a t e r i a l  (nun) > 1 
EOS (mm)  

Open a r e a  n o t  t o  exceed 36 p e r c e n t .  

S o l u t i o n  

1 .  F r o m F i g u r e  15.7,  DB5 = 1.6 mm 

2. A f i l t e r  c l o t h  s h o u l d  be  chosen t h a t  has :  

E q u i v a l e n t  Opening S i z e  (EOS) < 1.6  mm 

4 p e r c e n t  - < Open Area 5 36 p e r c e n t  

3 .  A l a y e r  o f  g r a v e l  s h o u l d  be  p l a c e d  o v e r  t h e  f i l t e r  c l o t h  t o  p r o v i d e  pro- 

t e c t i o n  d u r i n g  r i p r a p  placement .  

15.5.4 Design Example f o r  Riprap  Bend P r o t e c t i o n  

E v a l u a t e  r i p r a p  needed i n  a  bend hav ing  a  r a d i u s  o f  c u r v a t u r e ,  r e q u a l  c ' 
t o  1 0 0  f t .  The bend i s  p a r t  o f  t h e  channe l  des igned  i n  S e c t i o n  5.5.1 . 

From F i g u r e  6 .8  f o r  

t h e  r a t i o  o f  s h e a r  s t r e s s  on t h e  o u t s i d e  o f  a  bend t o  t h e  mean s h e a r  s t r e s s  i s  

1.63.  M u l t i p l y i n g  t h i s  f a c t o r  by t h e  V2/R0.33 v a l u e s  f o r  a  s t r a i g h t  channel  

r e a c h  y i e l d s :  



Table 6.4 i n d i c a t e s  t h a t  Type L r i p r a p  wi th  Km = 9 i n  is required.  As 

t h i s  r i p r a p  grada t ion  is  i d e n t i c a l  t o  t h a t  s p e c i f i e d  f o r  t h e  s t r a i g h t  reaches ,  

no a d d i t i o n a l  p r o t e c t i o n  i s  r equ i r ed  i n  t h e  bend. 
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X V I  DESIGN OF DROP STRUCTURES 

The u s e  of d r o p  s t r u c t u r e s  p e r m i t s  a d j u s t m e n t  o f  a  channe l  s l o p e  which is 

t o o  s t e e p  f o r  d e s i g n  c o n d i t i o n s .  I n  o t h e r  words, d r o p  s t r u c t u r e s  can be  used 

t o  a c h i e v e  t h e  r e q u i r e d  dynamic e q u i l i b r i u m  s l o p e .  The s t r u c t u r e s  can  be  

e i t h e r  v e r t i c a l  d r o p s  o r  s l o p e d  d r o p s  and can  range  i n  complexi ty  from s imple  

r o c k  r i p r a p  t y p e  s t r u c t u r e s  t o  c o n c r e t e  s t r u c t u r e s  w i t h  b a f f l e d  a p r o n s  and 

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

e x p e c t e d  on  a  s u r f a c e  mine s i t e ,  and  c o n s i d e r i n g  t h e  c o n s t r u c t i o n  t e c h n i q u e s  

t y p i c a l l y  employed, o n l y  t h e  d e s i g n  o f  rock r i p r a p  s t r u c t u r e s  i s  covered  i n  

t h i s  manual. 

16.1 S i t e  S e l e c t i o n  

The s t r u c t u r e  s h o u l d  be  l o c a t e d  i n  a  r e a s o n a b l y  s t r a i g h t  s e c t i o n  o f  chan- 

n e l  w i t h  n e i t h e r  upst ream nor  downstream c u r v e s  w i t h i n  1 0 0  t o  200 f e e t  of t h e  

s t r u c t u r e .  Where l a r g e  q u a n t i t i e s  o f  e x c a v a t i o n  a r e  r e q u i r e d  t o  reduce  t h e  

e x i s t i n g  p r o f i l e  of t h e  l a n d  s u r f a c e  t o  t h e  e q u i l i b r i u m  s l o p e ,  drop s t r u c t u r e s  

s h o u l d  be  l o c a t e d  t o  minimize e x c a v a t i o n  c o s t s .  

16.2 Type of S t r u c t u r e  

The t y p e  of rock  r i p r a p  d r o p  s t r u c t u r e  recommended can  be  c l a s s i f i e d  as a 

l o o s e  rock s l o p e d  d r o p  s t r u c t u r e .  Loose rock  d r o p  s t r u c t u r e s  are e a s i l y  

c o n s t r u c t e d  by mechanized equipment and g e n e r a l l y  r e s u l t  i n  r e l a t i v e l y  low 

c o s t  i n s t a l l a t i o n s .  Sloped d r o p s  can  a l s o  b e  des igned  t o  f i t  t h e  channe l  

topography needs w i t h  l i t t l e  d i f f i c u l t y .  The d e s i g n  of t h i s  structure w i l l  be 

p r e s e n t e d  i n  t h e  remainder  of t h i s  c h a p t e r .  

16.3 Heigh t ,  Number, and Spacing o f  S t r u c t u r e s  

The h e i g h t  o f  drop s t r u c t u r e s  i s  u s u a l l y  governed by a  q u a n t i t a t i v e  

assessment  o f  t h e  a v a i l a b l e  c o n s t r u c t i o n  m a t e r i a l ,  r e q u i r e d  e x c a v a t i o n  quan- 

t i t i e s ,  and  c o s t .  Smal l  d r o p  s t r u c t u r e s  a r e  u s u a l l y  more economical  t h a n  

l a r g e  s t r u c t u r e s ;  however t o  a c c o u n t  f o r  t h e  same o v e r a l l  d r o p  i n  a  g iven  

channe l  r e a c h  more s t r u c t u r e s  would be  r e q u i r e d .  T h i s  may i n c r e a s e  t h e  

c o n s t r u c t i o n  c o s t s  depending on t h e  l o c a t i o n  of a v a i l a b l e  s i t e s  and t h e  rock 

r i p r a p  and  e x c a v a t i o n  q u a n t i t i e s  r e q u i r e d  a t  e a c h  si te.  Consequently,  a  dec i -  

s i o n  on t h e  h e i g h t  o f  t h e  s t r u c t u r e s  must c o n s i d e r  a l l  p o s s i b l e  a l t e r n a t i v e s .  



The number of  drop s t r u c t u r e s  requi red  t o  achieve  t h e  equi l ibr ium s lope  

i s  based on ana lyz ing  t h e  t o t a l  drop he igh t  r equ i r ed  and t h e  he igh t  of  t h e  

i n d i v i d u a l  drop s t r u c t u r e s .  The combined h e i g h t  of  a l l  t h e  drop s t r u c t u r e s  

must equal  t h e  t o t a l  drop he igh t .  

Spacing of t h e  drop s t r u c t u r e s  is a func t ion  of s i t e  a v a i l a b i l i t y .  They 

should be spaced t o  minimize t h e  excavat ion and cons t ruc t ion  cos t s .  

16.4 Local Scour 

The v e l o c i t y  o f  flow on t h e  downstream s i d e  o f  a  drop s t r u c t u r e  can be 

q u i t e  high,  c r e a t i n g  t h e  p o t e n t i a l  f o r  l o c a l  scour  a t  t h e  t o e  and p o s s i b l e  

unde rcu t t i ng  of  t h e  s t r u c t u r e .  Consequently, p r o t e c t i o n  i s  requ i r ed  i n  a  

t r a n s i t i o n  l eng th  between t h e  s t e e p  s lope  of t h e  r iprapped  drop s t r u c t u r e  and 

t h e  mild s loped  channel. P ro t ec t ion  i s  a l s o  r equ i r ed  a t  t h e  en t rance  t o  t h e  

drop  s t r u c t u r e  due t o  t h e  drawdown and increased  v e l o c i t y  t h a t  r e s u l t s  a s  flow 

t r a n s i t i o n s  from a mild t o  a s t e e p  s lope .  For s i m p l i c i t y ,  t h e  l eng th  of pro- 

t e c t i o n  es t imated  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  

en t r ance  p ro t ec t ion .  Model s t u d i e s  and f i e l d  observa t ions  of sand-bed chan- 

n e l s  conveying r e l a t i v e l y  small d ischarges  i n d i c a t e  t h e  depth  of l o c a l  scour  

i s  genera l ly  no l a r g e r  t han  t h e  uniform flow depth computed f o r  t h e  downstream 

channel s ec t ion .  Therefore,  a  genera l  r u l e  f o r  t h e  l eng th  of p ro t ec t ion  

r equ i r ed  i s  t h a t  t r a n s i t i o n  l eng th  should be equal  t o  f i v e  t imes t h e  down- 

stream uniform flow depth; however, i n  no case  should t h i s  be l e s s  t han  15 f t .  

Addi t iona l  energy d i s s i p a t i o n  measures a r e  u sua l ly  no t  r equ i r ed  a t  t h e  base of 

rock r i p r a p  drop s t r u c t u r e s  s i n c e  t h e  flow v e l o c i t y  i s  t y p i c a l l y  n o t  very 

l a r g e .  The s i z e  of r i p r a p  p ro t ec t ion ,  g rada t ion  and th i ckness  w i l l  be  t h e  

same a s  t h a t  d i scussed  f o r  t h e  drop s t r u c t u r e  i n  t h e  next  s ec t ion .  

16.5 Design of Rock Riprap Drop S t ruc tu re s  

A r i p r a p  drop s t r u c t u r e  e f f e c t i v e l y  a c t s  a s  a  s t e e p  s lope  conveyance. 

Therefore,  t h e  design of r i p r a p  f o r  drop s t r u c t u r e s  i s  based on t h e  procedures  

provided i n  Chapter V of P a r t  1 .  C r i t e r i a  given t h e r e  regard ing  grada t ion ,  

t h i ckness  and f i l t e r  l a y e r s  should be folluwed i n  designing loose  rock, s loped  

drop  s t r u c t u r e s .  

Five s e t s  of design curves  (F igu res  5.3-5.7) were developed t o  s imp l i fy  

r i p r a p  design f o r  s t e e p  conveyance channels.  They a r e  a l s a  u t i l i z e d  t o  design 

t h e  r i p r a p  f o r  t h e  drop s t r u c t u r e s .  The design curves were developed f o r  t r a -  



pezoida l  channels  wi th  two t o  one s i d e  s lopes .  However, f o r  drop s t r u c t u r e  

design t h e s e  curves can a l s o  be used f o r  t h r e e  t o  one s i d e  s lopes .  The 

r e s u l t s  ob ta ined  a r e  reasonably accu ra t e  and t h e  design becomes conserva t ive  

i n  nature.  

Once t h e  he igh t  of t h e  drop s t r u c t u r e  has  been determined, t h e  o v e r a l l  

design procedure can be i n i t i a t e d .  Given t h e  design d ischarge ,  t h e  graphs i n  

F igures  5.3-5.7 a r e  en t e red  t o  determine t h e  median r i p r a p  necessary t o  

s t a b i l i z e  a given s lope .  The s lope  of t h e  drop s t r u c t u r e  w i l l  be s e l e c t e d  

based on an  eva lua t ion  of cons t ruc t ion  and excavat ion c o s t s  a s  we l l  a s  r i p r a p  

a v a i l a b i l i t y .  Local scour depths  upstream and downstream of t h e  s t r u c t u r e  

w i l l  be assumed equal  t o  t h e  normal depth of flow i n  t h e  downstream channel. 

Knowing t h e  design s l o p e  and t h e  downstream normal flow depth,  t h e  l eng th  of 

t h e  s t r u c t u r e  w i l l  be 

where LU = 5 x downstream normal flow depth,  d (15 f t  minimum) 

L = h/S 
S 

Ld = 5 x downstream normal flow depth, d (15 f t  minimum) 

h = t h e  h e i g h t  of t h e  drop. 

S = s lope  of t h e  drop s t r u c t u r e  ( f t / f t )  

The f reeboard  requirements  w i l l  be based o n ' a  s t e e p  s l o p e  des ign  wi th  

r i p r a p  l i n i n g .  With t h a t  assumption, Table 4.4 g ives  c equal  t o  1.0 and 
f b  

t h e  equat ion  f o r  f reeboard  becomes 

1 1 
F.B. = d + - AZ + - h 

2 
Equation 1 2.2 

2 a 

The depth of  flow, d , i n  t h i s  equat ion i s  given i n  F igures  5.3-5.7. A def i 

n i t i o n  ske tch  and c r o s s  s e c t i o n  of  t h e  drop s t r u c t u r e  des ign  i s  given i n  

F igure  16.1 . 

16.6 Summary of t h e  Design Procedure f o r  Drop S t r u c t u r e  

1 .  Based on an  eva lua t ion  of  f e a s i b l e  s i t e  l o c a t i o n s ,  a v a i l a b l e  cons t ruc t ion  

ma te r i a l ,  excavat ion q u a n t i t i e s  requi red ,  and drop he igh t ,  determine t h e  

he igh t ,  number, and spacing of drop s t r u c t u r e s .  

2 .  Enter  F igures  5.3-5.7 t o  determine t h e  s lope  of t h e  drop  s t r u c t u r e  and 

t h e  D of t h e  r i p r a p  l i n i n g .  The dec i s ion  a s  t o  which s l o p e  and D 
50 50 
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Figure 16.4. Drop structure design. 



t o  u s e  must c o n s i d e r  r i p r a p  a v a i l a b i l i t y  and c o n s t r u c t i o n  and e x c a v a t i o n  

c o s t s .  

Determine r i p r a p  g r a d a t i o n  and t h i c k n e s s  ( S e c t i o n  5.2.5 and 5 .2 .6)  . 
Evalua te  f i l t e r  r equ i rements  ( S e c t i o n s  5 .2 .7)  . 
Evalua te  downstream normal f low dep th .  

Determine l e n g t h  of t h e  d r o p  s t r u c t u r e  (Equa t ion  1 6 . 1 ) .  

E v a l u a t e  f r e e b o a r d  requ i rements  (Equa t ion  1 2 . 2 ) .  

16.7 Design Example 

T h i s  example d e t a i l s  t h e  p rocedure  f o r  d e s i g n i n g  a rock  r i p r a p  drop 

s t r u c t u r e .  The drop s t r u c t u r e s  w i l l  b e  des igned  f o r  a t r a p e z o i d a l  channe l  

(3 : l  s i d e s l o p e s )  and  w i l l  account  f o r  a t e n - f o o t  d rop  h e i g h t .  The f o l l o w i n g  

i n f o r m a t i o n  i s  prov ided  f o r  t h e  t r a p e z o i d a l  channe l :  

Q = 200 c f s  

b = 6 f t  

2 = 3  

n = 0.0 25 

D = 0.1 i n .  
5 0 

D = 0.27 i n .  
8 5 

D~~ = 0.036 i n .  

s = 0.001 ( b e d  s l o p e )  

Two f i v e - f o o t  drop s t r u c t u r e s  spaced a c c o r d i n g  t o  t h e  cri teria o f  S e c t i o n  

16.3 w i l l  account  f o r  a d r o p  h e i g h t  of t e n  f e e t .  

From F i g u r e  5.3,  t h e  f o l l o w i n g  i n f o r m a t i o n  i s  o b t a i n e d :  

D = 1.72 f t  D > 3 f t  D > 3 f t  
50 50 50 

Choose S = 0.10 

D50 = 1.72 it U s e  D = 1.75 f t  ( T a b l e  5 .2 )  
5 0 

Riprap g r a d a t i o n  

< 1.25 D50 = 26 i n .  
Dmax - 

D5 0 p - -  

D10-20 - 3.5 
- 6 i n .  

R iprap  t h i c k n e s s  = 1.25 x D = 26 i n c h e s  
5 0 

Eva lua te  f i l t e r  r e q u i r e m n t s  a s  p r e v i o u s l y  i l l u s t r a t e d  

E v a l u a t i o n  o f  downstream f low d e p t h  i s  based  on 



Q = 200 c f s  b = 6 f t  

z = 3  n = 0.025 

S = 0.001 

Solve Manning's equation 

Equation 4.14 

by f i r s t  en te r ing  t h e  appropriate c h a r t  i n  Appendix C and obta in ing d = 

4.0 f e e t .  Using t h i s  value a s  t h e  i n i t i a l  est imate,  t h e  i t e r a t i v e  tech- 

nique i l l u s t r a t e d  i n  Section 12.9 provides d = 3.7 f e e t .  

6. Length of drop s t r u c t u r e  

L = L  + L  + L d  Equation 1 6.1 
u s 

where L = LU = 5 4  = 5 (3 .7 )  = 18.5 f t  

Therefore L = 18.5 + 50 + 18.5 = 8 7  f t  

7. Freeboard requirements 

From Figure 5.4,  t h e  depth of flow i n  t h e  drop s t r u c t u r e  i s  1.1 f e e t .  

Theref o re  

1 1 
F.B. = C f b  d + - AZ + - h 

2 
Equation 1 2.2 

2 a 

= 1.1  f e e t  

Figures 16.2 and 16.3  present  t h e  design of t h e  rock r i p r a p  drop 

s t ruc tu re .  The design of a  granular  f i l t e r  l aye r  would be accomplished 

according t o  t h e  procedures presented i n  Section 5 . 2 . 7 .  



Riprap Thickness = 2.2' 

Gravel Filter ( 0 . 8 3 '  thick) 

Figure 16.2. Design of Drop St ructure .  



Gravel Filter 

Figure 16.3. Drop structure design cross-sectional view. 



X V I  I. TRANSITION DESIGN 

1 7.1 Basic Considerat ions 

T r a n s i t i o n  design f o r  d ive r s ion  channels and r e l o c a t i o n s  i n  sandy s o i l s  

w i l l  be i d e n t i c a l  t o  t h e  procedures  given i n  Chapter V I i ,  P a r t  1 .  However, an  

a d d i t i o n a l  cons ide ra t ion  i n  sandy s o i l  reg ions  i s  t h e  need f o r  d ikes .  Dikes 

a r e  o f t e n  needed t o  prevent  t h e  flow of a  meandering s t ream from circumventing 

t h e  i n l e t  t r a n s i t i o n  t o  t h e  d ive r s ion  channel. Information presented  below 

d e t a i l s  t h e  des ign  of  d ikes  f o r  t h i s  purpose. 

17.2 Design of Dikes 

The f i r s t  s t e p  i n  t h e  des ign  of a  d ike  i s  t o  consider  t h e  r i v e r  p a t t e r n .  

Determination of  channel s i n u o s i t y  and cons ide ra t ion  of F igure  13.2 can a i d  i n  

t h i s  eva lua t ion .  I f  it i s  determined t o  be a  meandering stream, a  d ike  w i l l  

b e  needed and should be designed i n  conjunct ion wi th  t h e  i n l e t  t r a n s i t i o n .  

The des ign  of t h e  d ike  w i l l  inc lude  c a l c u l a t i o n s  t o  determine l eng th ,  he ight ,  

width,  and embankment s i d e  s l o p e  and p ro t ec t ion .  

17.2.1 Length 

The l eng th  of  t h e  d ike  must consider  t h e  fo l lowing  f a c t o r s :  meander 

width of  t h e  stream, l o c a t i o n  of  t h e  i n l e t  t r a n s i t i o n ,  p r o j e c t i o n  angle  of t h e  

d ike  and degree of  p r o t e c t i o n  des i r ed .  I f  maximum p r o t e c t i o n  i s  d e s i r e d  and 

t h e  i n l e t  t r a n s i t i o n  i s  loca t ed  i n  t h e  c e n t e r  of t h e  meander width, t h e  d ike  

must be extended t o  a l low f o r  one-half t h e  meander width. Should t h e  i n l e t  

t r a n s i t i o n  be loca t ed  near  t h e  meander bend, t h e  d ike  must be extended t o  

al low f o r  t h e  e n t i r e  meander width. Or ig ina t ing  a t  t h e  upstream end of t h e  

i n l e t  t r a n s i t i o n ,  t h e  d i k e  should be p ro j ec t ed  a t  an  ang le  n o t  t o  exceed 45 

degrees wi th  t h e  c e n t e r l i n e  of t h e  i n l e t  t r a n s i t i o n .  It may be composed of a  

s e r i e s  of  s t r a i g h t  segments o r  one s t r a i g h t  segment where p r a c t i c a l .  Figure 

17.1 i l l u s t r a t e s  t h e  r e l a t i o n s h i p  between d ike  length ,  p r o j e c t i o n  ang le  and 

meander width. 

Although t h e  l eng ths  may vary,  d i k e s  a r e  genera l ly  p laced  on both s i d e s  

of  t h e  i n l e t  t r a n s i t i o n .  There a r e  i n s t ances ,  however, when one o r  both of 

t h e  d ikes  may be  el iminated.  For example, a f t e r  t h e  p o i n t  of  d ive r s ion ,  t h e  

channel may be a l igned  perpendicular ly  t o  t h e  r i v e r  and e l i m i n a t e  t h e  need f o r  

one of  t h e  d ikes .  I f  t h i s  i s  t h e  case ,  p roper  cons ide ra t ion  must be given t o  

concen t r a t ing  t h e  flow and b r ing ing  it i n  a t  s e l e c t e d  loca t ions .  Addition- 



Figure 17.1. Rela t ionship  between dike l eng th ,  
p r o j e c t i o n  angle  and meander 
width. 



a l l y ,  geologica l  c o n t r o l s ,  such a s  rock outcroppings,  may r e s t r i c t  t h e  meander 

movement and e l imina te  t h e  need f o r  one o r  both of t h e  d ikes .  

17.2.2 Height 

The minimum e l e v a t i o n  of t h e  top  of t h e  d i k e  i s  recommended t o  be t h r e e  

f e e t  above t h e  water  s u r f a c e  i n  t h e  upstream end of  t h e  i n l e t  t r a n s i t i o n  with 

t h e  d ive r s ion  channel f lowing a t  design depth. A t  no t ime should t h e  d ike  be 

l e s s  t han  2.0 f e e t  above design f lood  s tage .  

17.2.3 Width 

The minimum top  width of  t h e  d ike  s h a l l  n o t  be  l e s s  t han  

where h is t h e  he igh t ,  i n  f e e t ,  of t h e  d i k e  a s  measured f r o m t h e  dawnstream 

toe .  

17.2.4 Sideslope 

The s i d e  s lopes  of t h e  d ike  s h a l l  n o t  be l e s s  than  1:5 ( v e r t i c a l  t o  

h o r i z o n t a l ) ,  w i th  n e i t h e r  s lope  s t e e p e r  than  1:2. Refer t o  Sec t ion  12.2 f o r  

a n  eva lua t ion  of s t a b l e  s i d e  s lopes  i n  sandy s o i l s .  

17.2.5 P ro t ec t ion  

To s t a b i l i z e  t h e  upsteam s i d e  s l o p e s  of  t h e  d ike ,  it i s  recommended t h a t  

r i p r a p  p r o t e c t i o n  be  provided. The r i p r a p  w i l l  b e  designed according t o  t h e  

procedures  d iscussed  i n  Chapter V I .  The va lues  f o r  t h e  flow v e l o c i t y  ( V )  and 

hydrau l i c  r a d i u s  ( R )  w i l l  be  obta ined  from t h e  n a t u r a l  r i v e r  and used i n  t h e  

parameter 3 / R 0 * 3 3 .  The r i p r a p  th i ckness  w i l l  b e  2 x Il above t h e  
50 

ground su r f ace ,  and doubled f o r  t h e  p o r t i o n  loca t ed  below t h e  ground sur face .  

S ince  t h e  d i k e  i s  cons t ruc t ed  on t h e  e x i s t i n g  ground su r f ace ,  t h e  depth o f  

r i p r a p  must account  f o r  t h e  depth of  flow of t h e  stream p l u s  t h e  l o c a l  scour  

depth.  In t h i s  ca se  a maximum scour  depth equal  t o  t he  depth of f l w  i s  recom- 

mended. The r i p r a p  depth becomes 

dr iprap  = dflow + dscour 

A schematic diagram of t h e  d ike  c r o s s  

- 
- dflow 

(1 7.2) 

s e c t i o n  is  provided i n  F igure  17.2. 



Figure 17.2. Schematic diagram of dike cross section. 



1 7.3 Design Examples 

17.3.1 Example of T r a n s i t i o n  Design 

The fol lowing example i l l u s t r a t e s  t h e  t r a n s i t i o n  des ign  procedure. It i s  

requ i r ed  t o  des ign  a t r a n s i t i o n  between two t r apezo ida l  channels of  3:l s i d e  

s lope  wi th  bottom widths. Given a flow r a t e  of  150 c f s ,  t h e  c h a r a c t e r i s t i c s  

of  each channel a re :  

Upstream Channel Sec t ion  

Natura l  smooth e a r t h  channel 
Base width b = 20 f t  

A = 37.5 
d = 1.5 f t  

Downstream Channel Sec t ion  

Riprap l i n e d  
Base width b = 6 f t  

A = 30 f t 2  
d = 2.3 f t  

So = 0.008 

1 .  Compute t h e  flow v e l o c i t y  i n  each channel 

- 8 = - -  - 150 - 5 f t / s e c  
'downstream A 30 

2. Compute change i n  water  s u r f a c e  p r o f i l e  (Equation 7.5a) 

3. C o q u t e  necessary change i n  bed e l eva t ion  (AB.E.) between t r a n s i t i o n  

en t r ance  and e x i t  (Equation 7.6a) 

4. Compute l eng th  of  t r a n s i t i o n  us ing  maximum included ang le  of convergence 

equal  t o  25O f o r  t h e  water  sur face .  

Upstream water s u r f a c e  width: 

Downstream water  su r f ace  width: 

Therefore,  from geometry 
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t a n  (12.5) = 
(29.0/2 - 19.8/2L 

L 

5. Determine t h e  s lope  of t h e  t r a n s i t i o n .  

The Froude number i s  

Therefore,  design t h e  r i p r a p  t r a n s i t i o n  according t o  t h e  procedures 

e s t a b l i s h e d  i n  Chapter V I .  Figure 17.3 i l l u s t r a t e s  t h e  design.  

17.3.2 Example of Dike Design 

The fol lowing example i l l u s t r a t e s  t h e  des ign  of a d ike  a t  t h e  en t rance  t o  

a n  i n l e t  t r a n s i t i o n .  Given a flow r a t e  of 250 c f s ,  t h e  c h a r a c t e r i s t i c s  of t h e  

upstream channel and i n l e t  t r a n s i t i o n  a r e :  

Upstream Channel Sec t ion  I n l e t  T rans i t i on  

Meander width w = 200 f t  
A = 37.5 f t 2  
d = 1.5 f t  
R = 1.27 
V = 4 f t / s e c  

Assume maximum p r o t e c t i o n  des i red .  

Top of Bank = 1.5 f t  above 
water  s u r f a c e  
a t  en t rance  

Location: c e n t e r  of meander 
width 

Determine t h e  l eng th  of each d i k e  by t h e  s c a l e d  drawing i n  F igure  17.4. 

The p r o j e c t i o n  ang le  of t h e  d i k e  i s  equal  t o  45O 

E a s t  Dike = 120 f t  

West Dike = 147 f t  

Ca lcu la t e  t h e  h e i g h t  of t h e  d i k e  

Minimum e l e v a t i o n  = 3 f t  above water  s u r f a c e  

Height of d ike  = 3 - 1.5 = 1.5 f t  < 2.0 f t  

Therefore,  use 2.0 f t  

Evaluate d ike  width us ing  Equation 17.1 

W =  ( h  + 35) - - 2 + 35 = 7.4 f t  
5 5 

Select a side slope of  2:l 



Scale: I"= 133' 

West 

Dike 

Figure 17 .4 .  Scale drawing of meander width and dike length. 



5. Riprap p r o t e c t i o n  i s  determined us ing  

According t o  Table 6.4, Type VL r i p r a p  should be used. From Table 6.5 

i t s  grada t ion  i s  

D 
100 

= 9 inches 

D5 0 
= 6 inches  

0 
= 2 inches 

Thickness of  t h e  r i p r a p  p r o t e c t i o n  w i l l  be 

2D = 12 inches  (above ground) 
5 0 

4D = 24 inches  (below ground) 
5 0 

A g rave l  f i l t e r  designed according t o  t h e  procedures  of  Chapter V I  would 

a l s o  be designed and u t i l i z e d .  

The depth of r i p r a p  i s  

d - - + d 
r i p r a p  dflow scour  df l o w  

= 2 x 1.5 = 3.0 f e e t  

F igure  17.5 i l l u s t r a t e s  t h e  c ros s - sec t iona l  design of  t h e  dike. 



v 
4 
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0 

Figure 17.5. Cross-sectional view of dike. 



X V I I I .  ROCK DURABILITY CONSIDERATIONS FOR WESTERN COAL REGIONS 

18.1 General 

The d u r a b i l i t y  o r  wea the rab i l i t y  of  rock i s  a c r i t i c a l  f a c t o r  whether a 

d ive r s ion  is  be ing  cons t ruc t ed  wi th  a channel  i n  unl ined  bedrock o r  l i n e d  wi th  

r ip rap .  To f a c i l i t a t e  proper  choice  and use  of durable  r i p r a p  ma te r i a l ,  a 

rock d u r a b i l i t y  eva lua t ion  procedure was descr ibed  i n  d e t a i l  i n  Sec t ion  8.2. 

It i s  e s s e n t i a l l y  a t h r e e f o l d  procedure based p r imar i ly  on f i e l d  observa t ions ,  

f i e l d  t e s t s ,  and s e l e c t e d  l abo ra to ry  t e s t s .  The recommended procedure i s  

based on conserva t ive  va lues  designed f o r  a probable  lengthy  in - se rv i ce  per- 

formance of r i p rap .  

The d u r a b i l i t y  t e s t  procedure was designed predominantly f o r  sedimentary 

rock  types  which o v e r l i e  c o a l  seams i n  t h e  e a s t e r n  c o a l  region.  Because sedi-  

mentary rocks  a r e  a l s o  t h e  a s s o c i a t e d  rock types  i n  western c o a l  r eg ions ,  t h e  

procedure given i n  P a r t  1 i s  a s u i t a b l e  and adap tab le  method f o r  eva lua t ing  

rock  d u r a b i l i t y  i n  western U.S. 

18.2 Addi t iona l  Cons idera t ions  Applicable  t o  Western Coal Regions 

The c l i m a t i c  cond i t i ons  p r e v a i l i n g  w i t h i n  t h e  western coa l  a r e a s  must be 

taken  i n t o  cons ide ra t ion  when e v a l u a t i n g  t h e  choice  of  t e s t s ,  topographic 

express ion  of rock types ,  and weathering c h a r a c t e r i s t i c s .  For example, 

freeze-thaw t e s t s  may be very  r e l e v a n t  t o  a s s e s s i n g  d u r a b i l i t y  i n  t h e  nor thern  

reg ion ,  whi le  wet-dry o r  ab ra s ion  t e s t s  may have more bea r ing  i n  semi-arid 

reg ions .  Consul ta t ion  wi th  mining engineers  provide  informat ion  on t e s t s  

which have been shown t o  be use fu l  under c e r t a i n  c l i m a t i c  cond i t i ons  f o r  a 

p a r t i c u l a r  mining area .  

In  c e r t a i n  l oca l e s ,  igneous and metamorphic rocks  may be a v a i l a b l e  a s  a 

p o t e n t i a l  r i p r a p  source ,  a s  w e l l  a s  t h e  sedimentary rock types  descr ibed  i n  

P a r t  1 .  Although t r a n s p o r t a t i o n  c o s t s  may make t h e  use  of  i n t r u s i v e  rocks  

economically i n f e a s i b l e ,  they  a r e  considered he re  i n  t he  event  t h a t  a l o c a l  

source  i s  a v a i l a b l e  and i f  sedimentary rocks  a t  a p a r t i c u l a r  s i t e  a r e  n o t  

s u i t a b l e  a s  r i p r a p .  

I n t r u s i v e  rock types  can be  eva lua ted  us ing  t h e  Flow Char t  given i n  

F igure  8.1 of P a r t  1 (e .g .  t h e  "Limestone" Flow Char t ) ,  b u t  p a r t i c u l a r  a t t en -  

t i o n  should be given t o  f r a c t u r e  p a t t e r n s  observed i n  t h e  f i e l d  and in-serv ice  

performance. 



The f r a c t u r e d  block dimensions of t h e  rock outcrops  must be g r e a t e r  

t han  t h e  r i p r a p  design dimensions t o  be s u i t a b l e .  In o t h e r  words, f o r  a given 

channel  s i z e  and flow, r i p r a p  m a t e r i a l  should n o t  e x h i b i t  d i s c o n t i n u i t i e s  wi th  

spac ings  l e s s  t han  t h e  predetermined r i p r a p  dimension. F rac tu re  p a t t e r n s  a r e  

more o f t e n  s p a t i a l l y  v a r i a b l e  compared t o  sedimentary rocks,  so  a t t e n t i o n  

should be given t o  f r a c t u r e  d e n s i t y  and d i s t r i b u t i o n  when observing outcrops.  

A key f o r  a s s e s s i n g  weathering c h a r a c t e r i s t i c s  and f r a c t u r i n g  of i n t r u -  

s i v e  rock types  i s  def ined  by Clayton and Arnold (1972) (Table 18 .1 ) .  The 

gu ide l ine  i s  a p r a c t i c a l  t o o l  f o r  c l a s s i f y i n g  s i g n i f i c a n t  f a c t o r s  r e l e v a n t  t o  

degrees  of weathering. The d u r a b i l i t y  of  igneous o r  metamorphic rocks cannot 

b e  def ined  by t h i s  information a lone ,  b u t  t h e  seven c l a s s e s  may be of va lue  

when accompanied by t h e  f i e l d  flow c h a r t s  t o  a s s e s s  in-serv ice  performance. 

C la s ses  1 and 2 (Table 18.1 ) a r e  probably s u i t a b l e  rock types ,  depending on i f  

accep tab le  r e s u l t s  a r e  ob ta ined  from t h e  flow c h a r t  ana lys i s .  

A s  mentioned previous ly  and s t r e s s e d  i n  P a r t  1 ,  i n - se rv i ce  performance is  

a n  important  cons ide ra t ion  and i s  p a r t i c u l a r l y  va luable  i n  r e l a t i n g  f i e l d  and 

l abo ra to ry  t e s t s  t o  t h e  a c t u a l  s e r v i c e  l i f e  of r i p r a p  channels.  It i s  impor- 

t a n t  i n  t h e  western c o a l  r eg ions  t o  cons ider  each rock type  and i t s  expressed 

landform on a s i t e  s p e c i f i c  bas i s .  For example, t h e  s lope  and a spec t  of i n  

s i t u  rock types  i n  t h e  no r the rn  montane r eg ions  can g r e a t l y  modify i t s  

wea the rab i l i t y ;  t h e r e f o r e ,  a conserva t ive  approach t o  a s s e s s i n g  p o t e n t i a l  

r i p r a p  m a t e r i a l  i s  t o  cons ider  t h e  most weathered rock exposure a s  represen- 

t a t i v e  of t h e  in - se rv i ce  performance of  a c e r t a i n  rock type.  

A f i n a l  cons ide ra t ion  i s  t h a t  l abo ra to ry  da t a ,  when requi red ,  must be  

used i n  conjunct ion  wi th  t h e  f i e l d  d a t a  t o  make a judgement on t h e  q u a l i t y  of 

t h e  p o t e n t i a l  r i p r a p  ma te r i a l .  No one parameter  by i t s e l f  i s  adequate  t o  

q u a l i f y  a p a r t i c u l a r  rock type  b u t  a l l  parameters,  q u a l i t a t i v e  and quan- 

t i t a t i v e ,  must be considered toge the r  (L ienha r t  and Stransky,  1981) .  

18.3 Summary 

I n  summary, d u r a b i l i t y  t e s t s  of some type  a r e  necessary  t o  adequately 

eva lua t e  rocks  s u i t a b l e  f o r  use  a s  r i p r a p .  The d u r a b i l i t y  eva lua t ing  proce- 

du re  a s  descr ibed  i n  P a r t  1 i s  a p p l i c a b l e  t o  t h e  western c o a l  reg ions .  I t  

should be used t o  methodically eva lua t e  d u r a b i l i t y  u s ing  f i e l d  and l abo ra to ry  

t e s t i n g  dur ing  t h e  mining and reclamation s t a g e s  of a mining opera t ion .  

A t t r i b u t e s  of a rock type t o  be i d e n t i f i e d  inc lude  outcrop  massive, c l i f f -  



Table 18 .1 .  Classes  of Rock Weathering (from Clayton and Arnold, 1972) .  

Class  1 ,  Unweathered Rock.--Unweathered rock w i l l  r i n g  from a hammer 
blow; cannot be dug by t h e  p o i n t  of a rock hammer; j o i n t  s e t s  a r e  t h e  only 
v i s i b l e  f r a c t u r e s ;  no i r o n  s t a i n s  emanate from b i o t i t e s ;  j o i n t  s e t s  a r e  
d i s t i n c t  and angular ;  b i o t i t e s  a r e  black and compact; f e l d s p a r s  appear t o  be 
c l e a r  and f r e s h .  

Class  2 ,  Very Weakly Weathered Rock.--Very weakly weathered rock is  s i m i -  
l a r  t o  c l a s s  1, except  f o r  v i s i b l e  i r o n  s t a i n s  t h a t  emanate from b i o t i t e s ;  
b i o t i t e s  may a l s o  appear  "expanded" when viewed through a hand l ens ;  f e l d s p a r s  
may show some opac i ty ;  j o i n t  sets a r e  d i s t i n c t  and angular .  

Class  3 ,  Weakly Weathered Rock.--Weakly weathered rock g ives  a f u l l  r i n g  
from a hammer blow; can be broken i n t o  "hand-sized" rocks  wi th  moderate d i f -  
f i c u l t y  u s ing  a hammer; f e l d s p a r s  a r e  opaque and milky; no r o o t  pene t r a t ion ;  
j o i n t  s e t s  are subangular.  

Class  4 ,  Moderately Weathered Rock.--t4oderately weathered rock may be 
weakly s p a l l i n g ;  except  f o r  t h e  spa11 r i n d ,  if p r e s e n t ,  rock cannot be broken 
by hand; no r i n g  o r  d u l l  r i n g  from hammer blow; f e l d s p a r s  a r e  opaque and 
milky; b i o t i t e s  u sua l ly  have a golden yellow sheen; j o i n t  s e t s  i n d i s t i n c t  and 
rounded t o  subangular.  

Classes  5, 6,  and 7; Moderately Well Weathered t o  Very Well Weathered 
Rock.--Can be broken by hand; f e l d s p a r s  a r e  powdery and weathered t o  c l a y  - 

minerals ;  b i o t i t e  appears  s i l v e r  o r  white;  j o i n t s  a r e  weakly v i s i b l e ,  well-  
rounded o r  hard  t o  i d e n t i f y ;  r o o t  p e n e t r a t i o n  wi th in  f r a c t u r e s  o r  throughout 
rock mass. 



forming c h a r a c t e r i s t i c s ,  g ra in  s i z e ,  cementation, e a s e  of manual breakdown, 

and d i s c o n t i n u i t i e s .  Because c l i m a t i c  cond i t i ons  a r e  v a r i e d  over  t h e  western 

c o a l  reg ions ,  t h e  e f f e c t s  of c l ima te  should be c a r e f u l l y  a s se s sed  a t  each mine 

p r i o r  t o  f i e l d  i n v e s t i g a t i o n s  and s e l e c t i o n  of  l abo ra to ry  t e s t s  ( i f  r e q u i r e d ) .  

Also, igneous and metamorphic rocks  may be  a v a i l a b l e  l o c a l l y  and may prove t o  

b e  a  v i a b l e  r i p r a p  source i f  sedimentary rocks a r e  n o t  s u i t a b l e .  The durabi- 

l i t y  eva lua t ion  flow c h a r t s  can be used t o  a s s e s s  t h e s e  rock types  wi th  spe- 

c i a l  cons ide ra t ion  given t o  f r a c t u r e  d e n s i t y  and weathering c h a r a c t e r i s t i c s .  
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X M COMPREHENSIVE M AMPLE 

Provided i n  t h i s  chapter  i s  an  a p p l i c a t i o n  of t h e  design concepts pre- 

v ious ly  discussed.  These concepts  w i l l  be used t o  so lve  a drainage problem 

a s s o c i a t e d  wi th  a proposed s u r f a c e  mine loca t ed  i n  a semi-arid western 

s t a t e .  

The scope of t h e  problem involves  de te rmina t ion  of  t h e  s u r f a c e  water and 

sediment runoff  f o r  t h e  app ropr i a t e  des ign  storm. Addi t iona l ly ,  it w i l l  

involve p rov i s ion  of  conceptual  des igns  of new s t r u c t u r e s  t o  meet requirements  

r ega rd ing  water  and sediment runoff .  A major p o r t i o n  of  t h i s  p r o j e c t  i nc ludes  

t h e  design of a d ive r s ion  t o  t r a n s f e r  t h e  flow from North B a t t l e  Creek, around 

t h e  proposed mining ope ra t ions  and back i n t o  t h e  o r i g i n a l  c reek  ( s e e  Figure 

19 .1) .  Diversion of North B a t t l e  Creek i s  requ i r ed  because t h e  i n i t i a l  box 

c u t  and s p o i l s  w i l l  block t h e  p r e s e n t  dra inage  systems. 

For t h e  purposes of t h i s  design example, North B a t t l e  Creek i s  considered 

a n  ephemeral c reek  and t h e  d ive r s ion  w i l l  be  permanent. The dominant d i s -  

charge w i l l  be  generated from t h e  ten-year 24-hour storm and is  determined t o  

be  250 cf s. 

The s o l u t i o n  t o  t h e  drainage problem and t h e  d ive r s ion  of North B a t t l e  

Creek involves  computation and des ign  of t h e  following. 

1 .  Channel alignment 

2. Hydraulic cond i t i ons  of  n a t u r a l  and d ive r s ion  channel 

3 .  Equil ibr ium s l o p e  of d ive r s ion  channel 

4. Channel l i n i n g  

5. Design depth of d ive r s ion  channel 

6. Drop s t r u c t u r e s  

7. Channel en t r ance  

8. Channel o u t l e t  

A step-by-step procedure i s  presented  t o  a i d  t h e  u s e r  i n  understanding and 

us ing  t h e  design concepts .  A l l  information p e r t i n e n t  t o  t h e  d ive r s ion  design 

w i l l  be provided. 

19.1 Design of Diversion Channel Using Equil ibr ium Slope Concept 

The phys i ca l  l ayou t  of t h e  system i s  given i n  Figure 19.2 .  The step-by- 

s t e p  procedure given i n  Sec t ion  14.4 w i l l  be followed. 
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Figure 19.1. Schematic diagram of proposed mining operat ion.  



North Battle Creek 

S= 0.0035 
Diversion Channel 

North Battle Creek: A= 30d +3de 

~=30+2.J ibd 

Diversion Channel: A: 10d+3de 

P- 10 + 2 m d  

Figure 19.2. Physical layout of comprehensive example. 



Steps  1 ,  2 and 3 .  Assemble b a s i c  information r equ i r ed  f o r  design.  

Natural  Channel Diversion Channel 

Dominant d i scharge  250 c f s  

Sediment s i z e  d i s t r i b u t i o n  
D85 

= 1 . 0  mm 

Channel r e s i s t a n c e  
(Manning' s n) 

S ide  s l o p e s  

Channel s lope  

250 c f s  

D = l . O m m  
8 5 

D = 0 . 5  mm 
50 

D = 0 . 2 5 m m  
15  

0 . 0  22 ( i n i t i a l  
. es t ima te )  

2 : l  

0 . 01  

S e l e c t  alignment of d ive r s ion  channel. The d ive r s ion  channel must be 

wi th in  t h e  l e a s e  boundary and a l s o  circumvent t h e  proposed mining a c t i v i t i e s .  

I n  add i t i on ,  an  alignment must be chosen t h a t  w i l l  minimize t h e  excavat ion 

q u a n t i t i e s  r equ i r ed  f o r  t h e  d ive r s ion  channel.  It i s  important  t o  avoid any 

l o c a t i o n  t h a t  would r e q u i r e  cons t ruc t ion  of  t h e  channel  above t h e  e x i s t i n g  

l and  s u r f a c e  a s  s t a b i l i t y  problems would r e s u l t  due t o  t h e  sandy na tu re  of  t h e  

s o i l .  Based on t h e s e  cons idera t ions ,  t h e  channel alignment was s e l e c t e d  a s  

i n d i c a t e d  on Figure  19.1  . 
Step  4 :  Compute t h e  hydrau l i c  cond i t i ons  f o r  t h e  n a t u r a l  channel 

assuming normal depth a t  Q = 250 c f s .  Solving t h e  Manning equat ion  by an  

i t e r a t i v e  technique r e v e a l s  

Equation 4.1  4 

The hydrau l i c  cond i t i ons  a r e  

S tep  5 :  Calcu la t e  t h e  upstream sediment supply us ing  Figure 1 3 . 3 .  With 

V = 4 . 8 0  f t / s e c  and D = 0 . 5 0  mm, 
50 



- 3 
= 39.1 x ( 9  x 10 1 

= 0.35 c f s  

S t e p  6: Based on a t r a p e z o i d a l  channe l  w i t h  2:l s i d e  s l o p e s ,  de te rmine  

t h e  e q u i l i b r i u m  s l o p e .  With S = 0.0028, t h e  h y d r a u l i c  c o n d i t i o n s  a r e  

From F i g u r e  13.3,  

- 2 
qs 

= 2 x 10 c f s / f t  

-2 
(Qs ) o u t  

= qs W = ( 2  X 10 

Note  t h a t  (QsIout i s  g r e a t e r  t h a n  
(Qs i n  

and t h e  c h a n n e l  w i l l  degrade.  

Decreas ing  t h e  cnanne l  s l o p e  w i l l  d e c r e a s e  (Q ) Try S = 0.0025. 
s o u t '  

V = 5.4 f t / s e c  Fr = 0.65 

From F i g u r e  1 3.3, 



-2 
( Q s l o u t  

= q, W = (1 .6 x 10 ) ( 2 1 . 6 )  = 0.35 c f s  

F o r  t h i s  s l o p e ,  ( Q s I i n  e q u a l s  (QsIout .  

S t e p  7. A check o f  t h e  a rmor ing  p o t e n t i a l  r e v e a l s  

T = yRS 

= 62.4 x 1.99 x 0.0025 

= 0.31 l b / f t 2  

A comparison o f  t h i s  v a l u e  and t h e  s i z e  d i s t r i b u t i o n  of t h e  bed m a t e r i a l  i n d i -  

cates a rmor ing  w i l l  n o t  occur .  

Check t h e  Manning's n v a l u e  e s t i m a t e d  f o r  t h e  d i v e r s i o n  channe l .  From 

S t e p  6, 

From F i g u r e  12.2,  t h e  bedforms p r e s e n t  are a n t i d u n e s .  Checking Tab le  

12.2 r e v e a l s  t h a t  t h e  Manning's n of 0.022 is  w i t h i n  t h e  r a n g e  o f  v a l u e s  

s e l e c t e d  f o r  a n t i d u n e s .  The c a l c u l a t i o n s  based  on a Manning's n of 0.022 

are c o r r e c t  and  d e s i g n  of t h e  channe l  l i n i n g  w i l l  b e g i n  w i t h  a n  e q u i l i b r i u m  

s l o p e  o f  0.0025. 

19.2 Design o f  Channel L i n i n q  

Dete rmina t ion  o f  a n  a p p r o p r i a t e  l i n i n g  f o r  t h e  d i v e r s i o n  channe l  w i l l  

b e g i n  w i t h  t h e  f o l l o w i n g  i n f o r m a t i o n  ( S t e p  1 , S e c t i o n  15.5 .1 ) : 

D i v e r s i o n  Channel: V = 5.4 f t / s e c  

R = 1.99 it 

d = 2.9 f t  

S i d e  Slope:  2:l 

S o i l  C h a r a c t e r i s t i c s :  

D 
50 

= 0.5 nun 



D 
100 

= 1 .0  mm 

5  
= 0.25 mm 

F = 0 . 6 5  
r 

The s i z e  of r i p r a p  w i l l  be  designed according t o  t h e  mi ld  s lope  procedure 

descr ibed  i n  Sec t ion  6 . 6 .  

Step  2:  Estimate t h e  r i p r a p  s i z e  needed t o  s t a b i l i z e  t h e  s i d e s  of t h e  

channel . 

According 

S tep  

t o  Table 6 . 4 ,  Type L r i p r a p  i s  se l ec t ed .  The median diameter  is  

D = 9  inches  = 0 . 7 5  f t  
50 

3: Determine t h e  Manning's n va lue  f o r  t h e  r i p r a p  - 

n = n = 0 . 0  395 DS0 1 /6 
1 r i p r a p  

S teps  4  and 5 .  Determine equ iva l en t  Manning's n and hydrau l i c  

p r o p e r t i e s  

n = n  
2  

= 0 . 0 2 2  
channel 

The equ iva l en t  Manning's n va lue  is  obta ined  wi th  t h e  a i d  of F igure  15.4  a s  

fol lows:  

The equ iva l en t  Manning's n l ,  n i s  equal  t o  0 . 0 2 3  and t h e  hydrau l i c  charac- 
e ,  

t e r i s t i c s  a r e  



d = 3.0 f t  W = 22 f t  

V = 5.3 f t / s e c  41 = 2 . 2  

A = 48 f t 2  

S t e p  6: Using 
"el 

check t h e  r i p r a p  s i z e  and t h e  t o t a l  sed iment  

t r a n s p o r t  r a t e .  

From T a b l e  6 .4 ,  Type L r i p r a p  i s  s e l e c t e d  and t h e  s i z e  remains  t h e  same. 

S t e p  7 .  From F i g u r e  13.3 ,  t h e  sediment  t r a n s p o r t  r a t e  i s  

- 2 
(Qs Iou t  = qs W = (1 .5 x 10 ) ( 2 2 )  = 0.33 c f s  s 0.35 c f s  

The computed sediment  t r a n s p o r t  r a t e  i s  approximately  e q u a l  t o  t h e  

e q u i l i b r i u m  s l o p e  sed iment  t r a n s p o r t  rate, ( Q s ) i n l  computed i n  S t e p  2  of 

S e c t i o n  19.1. I f  t h e s e  v a l u e s  were n o t  e q u a l ,  a  new e q u i l i b r i u m  s l o p e  would be 

determined based on  a n  e q u i v a l e n t  Manning's n of 0  .O23. 

S t e p  8. Check streampower and bedforms 

From F i g u r e  12.2 t h e  bedform i s  a n t i d u n e s .  Checking Tab le  12.2 shows t h e  

assumed n = 0.022 is  w i t h i n  t h e  range  of a n t i d u n e s .  

S t e p  9.  Check Froude number. 

There fore ,  u s e  of t h e  mi ld  s l o p e  d e s i g n  p rocedure  is  v a l i d .  

S t e p  10: Determine t h e  g r a d a t i o n  and t h i c k n e s s  of t h e  r i p r a p .  From 

Table  6 .6 ,  t h e  v a l u e s  f o r  Type L r i p r a p  a r e  



The maximum riprap size should not exceed 

D50 = 460 

According t o  the procedures i n  Chapter V I ,  the thickness of riprap i s  twice 

the median diameter or  

2 X D = 1.5 f t  
50 

Step 11: Determine i f  a f i l t e r  i s  required for  s t a b i l i t y  of the channel 

reaches. The riprap character is t ics  a re  determined graphically by plot t ing 

the recommended gradation on semi-log paper (Figure 1 9 . 3 ) .  

Riprap: D = 2 3 0 m m  
5 0 

Ds5 = 300 mm 

D '  = 75mm 
1 5  

The base material gradation i s  

SandBase: D = 0.5 mm 
5 0 

To assure tha t  a f i l t e r  i s  needed, 

D15 (Riprap) 
- - - 

D (Base) 
75 = 75 > 5 

8 5 
1 

D (Riprap) 
15 = - =  

(Base) 75 300 > 40 
5 

0.25 

Therefore a f i l t e r  is necessary. The properties of the f i l t e r  re lat ive t o  the 

base material a re  determined by 

D ( F i l t e r )  
5 0 
D (Base) < 40 , so D ( F i l t e r )  < 40 x 0.5 = 20 mm 

5 0 
5 0 

Dl ( F i l t e r )  
< 40 , so D ( F i l t e r )  < 40 x 0.25 = 10 mm 

5 
(Base) 15 

D ( F i l t e r )  
15  

< 5 , so D I 5  ( F i l t e r )  < 5 x 1 = 0.5 mm 
Ds5 (Base) 





D15 ( F i l t e r )  

D15 (Base) 
> 5 , so D15 ( F i l t e r )  > 5 x 0 .Z5 = 1.25 mm 

With respect t o  the base, the f i l t e r  must sa t i s fy  

1 .25 mm < D ( F i l t e r )  < 5 mm 
1 5  

and D50 ( F i l t e r )  < 20 mm 

Considering the riprap and f i l t e r ,  the properties must sa t i s fy  

Ds0 ( Riprap) 
< 40 , so D ( F i l t e r )  > - -  

D50 ( F i l t e r )  50 230 - 5.8 mm 
40 

D15 (Riprap) 
7 5 

Dl ( F i l t e r )  
< 40 , so D ( F i l t e r )  > - =  1.9 mm 

15 4 0 

Dl ( Riprap 
7 5 

D85 ( F i l t e r )  < 5 , So D85 ( F i l t e r )  > - = 15 mm 
5 

Dl ( Riprap) 

D ( F i l t e r )  
> 5 , so D15 ( F i l t e r )  < - 75 = 15 mm 

1 5  5 

With respect t o  the riprap, the f i l t e r  exhibits the following 

1 . 9  mm < D15 ( F i l t e r )  < 15 mm 

D50 ( F i l t e r )  > 5.8 mm 

and D85 ( F i l t e r )  > 15 mm 

The limits of the f i l t e r  material with respect t o  the riprap and base material 

a re  plotted on Figure 19.3. The resu l t s  indicate tha t  one gravel f i l t e r  is  

adequate for channel s tab i l ty .  The dashed l ine  indicates the selected s ize  

distribution. Its gradation i s  

D50 = 10 mm = 0.39 in. 

5 
= 4 nun = 0.16 in. 



The th i ckness  o f  t h e  f i l t e r  l a y e r  should be equal  t o  D ( F i l t e r )  b u t  n o t  
max 

l e s s  than  6-9 inches.  Therefore,  use  9 inches a s  th ickness .  

Determine t h e  depth of  r i p r a p  p ro t ec t ion .  Riprap should be extended 

below t h e  

The width 

channel bed t o  a d i s t a n c e  equal  t o  t h e  depth of flow. Therefore,  

d - - = 3.0 f t  
r i p r a p  dflow 

of p r o t e c t i o n  below t h e  channel bed w i l l  be 

S t ep  12: Determine t h e  h e i g h t  of r i p r a p  p ro t ec t ion .  The r i p r a p  he igh t  

w i l l  extend t o  t h e  t o p  of  t h e  d ive r s ion  channel, t he re fo re ,  t h e  design depth 

o f  t h e  d ive r s ion  channel must be  computed. It is  composed of t h e  flow depth, 

one-half t h e  an t idune  he ight ,  one h a l f  t h e  supere leva t ion  and freeboard. 

Antidune he ight :  From S tep  5 of Sec t ion  19.1, an t idunes  a r e  p re sen t .  

The i r  wave h e i g h t  can be computed by: 

Equation 1 2.1 

I n  t h i s  case ,  t h e  flow depth,  3.0 f e e t ,  i s  g r e a t e r  t han  t h e  an t idune  he ight ;  

t he re fo re ,  t h e  accepted an t idune  h e i g h t  i s  0.77 f e e t .  

Superelevat ion:  Superelevat ion is  considered a s p e c i a l  problem a t  t h e  

upstream end of  t h e  channel and a t  t h e  in te rmedia te  channel  bends. A bend is  

needed t h a t  w i l l  t r a n s i t i o n  t h e  flow i n t o  t h e  d ive r s ion  channel.  It w i l l  be 

cons t ruc t ed  wi th  a 100-foot r ad ius  of curva ture .  The in te rmedia te  channel 

bends w i l l  have a r a d i u s  o f  cu rva tu re  of  75 f e e t .  The r a d i u s  of  curva ture  i s  

measured from t h e  c e n t e r l i n e  of t h e  channel. A t  t h e  upstream bend, t h e  

supere leva t ion  i s  computed t o  be: 

Equation 4.1 8 

while  a t  t h e  in te rmedia te  channel bends, 



Freeboard: According t o  S t e p  2, t h e  Froude Number i s  equal  t o  0.63 and 

t h e  flow i s  s u b c r i t i c a l .  From Table 4.4, c  i s  0.25 and t h e  f reeboard  
f b  

f o r  t h e  s t r a i g h t  reaches  becomes 

For t h e  channel  bends, f reeboard  i s  

Equation 1 2.2 

1  .O (Use 1.0 f o o t )  

1.48 f t  (Upstream bend) 

1.52 f t  ( In te rmedia te  bends) 

The design depth f o r  t h e  l i n e d  d ive r s ion  channel w i l l  be based on t h e  s e c t i o n  

having t h e  l a r g e s t  des ign  depth. In  t h i s  case ,  t h e  l a r g e s t  design depth is a t  

t h e  in te rmedia te  bends. The des ign  depth of t h e  d ive r s ion  channel i s  

i n d i c a t e d  i n  Table 19.1. Riprap p r o t e c t i o n  w i l l  be extended t o  t h e  t o p  of t h e  

des ign  depth. Figure 19.4 i l l u s t r a t e s  a  r e p r e s e n t a t i v e  c r o s s  s e c t i o n  of t h e  

d ive r s ion  channel.  

Evaluate Riprap Requirements i n  Bends. 

Check t h e  r i p r a p  s i z e  f o r  s t a b i l i z a t i o n  of t h e  channel bends. For t h e  

upstream bend, r is 100 f e e t  and 
C 

From Figure  6.8 

' bend - -  - 1.6 
T 



Table 19.1. Design Depth of Diversion Channel. 

Norma 1 One-Half One-Half Free Design =fbd 
Depth Antidune Height Superelevation Board Depth 
( f  t) ( f  t)  (ft)  ( f t )  ( f  t )  (f t) 

Note: The design depth w i l l  be rounded t o  4 . 5  f t .  



Figure 19.4.  Representat ive c r o s s  s ec t ion  of d ive r s ion  channel. 



1n s t e p  3, f o r  t h e  s t r a i g h t  reaches 
R 
0.33 

is  22. The parameter a t  

t h e  bend i s  

According t o  Table 6.4, Type L r i p r a p  should be used. This i s  the  same 

s i z e  a s  t h e  r i p r a p  i n  t h e  s t r a i g h t  reaches. For a l l  o ther  bends, t h e  r ad ius  

of curvature i s  75 f e e t .  Then 

T 
bend- - - 1.75 
T 

A s  before,  Type L r i p r a p  should be used. Thus, f o r  a l l  channel bends and 

s t r a i g h t  reaches, t h e  s i z e  of r i p r a p  w i l l  be t h e  same. 

19.3 Design of Drop Stxuctures (us ing Step-by-step Procedure Given i n  
Section 1 6.6 1 - 

Step 1. To reduce t h e  e x i s t i n g  p r o f i l e  t o  t h e  proposed channel p r o f i l e ,  

grade c o n t r o l  s t r u c t u r e s  a r e  required. A s  i nd ica ted  i n  Figure 19.5, t h e  grade 

con t ro l  s t r u c t u r e s  must account f o r  a  t o t a l  drop of 32 f e e t .  An evaluat ion of 

flow r a t e ,  ava i l ab le  mater ia ls ,  cons t ruct ion  c o s t s ,  and channel topography 

determined sloped drop s t r u c t u r e s  t o  be t h e  most f eas ib le .  The loca t ion  of 

t h e  drop s t r u c t u r e s  indica ted  i n  Figure 19.5 is  based on minimizing excavation 

q u a n t i t i e s .  One 12 f o o t  and two 1 0  f o o t  drop s t r u c t u r e s  were se lec ted  t o  

allow f o r  t h e  32 f o o t  drop. Lining is  necessary due t o  t h e  nature of the  

sandy s o i l ,  increased flow v e l o c i t y  and change i n  slope. To minimize c o s t  and 

blend with t h e  n a t u r a l  landscape, r i p r a p  l i n i n g  w i l l  be used. The cross- 

sec t ion  of a l l  drop s t r u c t u r e s  w i l l  be t h e  same a s  t h e  channel cross-sect ion.  

Step 2: From Figure 5.4, determine t h e  s lope  of t h e  drop s t r u c t u r e  and 

r i p r a p  s i z e  needed f o r  s t a b i l i z a t i o n .  Given t h e  flow r a t e ,  250 c f s ,  base width, 

10 f e e t ,  and s i d e  slope,  2:1, t h e  following information i s  assembled 
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Figure 19.5. Profile view of proposed diversion channel. 



For s = 0.10 

F o r  S = 0.25 

For S = 0.40 The v e l o c i t y  o f  f low i s  15 f t / s e c  and i s  n o t  prac-  

t i c a l  t o  des ign .  
\ 

A r i p r a p  s i z e  o f  2.45 f e e t  i s  n o t  a v a i l a b l e  on s i t e  and would be  d i f f i c u l t  

and  expens ive  t o  f i n d .  There fore ,  s e l e c t  

D = 1.75 f t  (Tab le  6 .1)  
5 0 

S = 0.10 

S t e p  3: Determine t h e  s p e c i f i c a t i o n s  o f  t h e  r i p r a p  l i n i n g .  According t o  

S e c t i o n  5 .2 .6 ,  t h e  r i p r a p  t h i c k n e s s  is  

From S e c t i o n  5.2.5, t h e  r i p r a p  g r a d a t i o n  s h o u l d  be  

S t e p  4: Determine i f  a f i l t e r  i s  r e q u i r e d  f o r  s t a b i l i t y  of t h e  d rop  s t r u c -  

t u r e s .  For  a sandy b a s e  m a t e r i a l ,  t h e  s i z e  d i s t r i b u t i o n  i s  

Riprap  p r o p e r t i e s  a r e  de te rmined  by p l o t t i n g  t h e  g r a d a t i o n  g iven  i n  S t e p  3 

on  semi-log paper ;  s e e  F i g u r e  19.6. The r i p r a p  c h a r a c t e r s i t i c s  are 

D5 0 
= 1.75 f t  = 534 mm 





To ensure t h a t  a f i l t e r  i s  needed 

D (Riprap) 
1 5  - - -  - 

D85 (Base) 
180 - 180 > 5 

1 

Dl (Riprap) 
= - -  

Dl (Base) 
180 - 7 2 0  > 40 
0 25 

Therefore, a f i l t e r  is  necessary. The p r o p e r t i e s  of t h e  f i l t e r  with r e spec t  

t o  t h e  sandy base ma te r i a l  a r e  the  same a s  determined previously (S tep  11 ,  

Sect ion  19.2)  . They a r e  

1 .25 mm < D F i l t e r  < 5 mm 
15 

and D F i l t e r  < 
50 

Considering t h e  r i p r a p  

Dso (Riprap) 

D50 ( F i l t e r )  

Dl (Riprap) 

5 
( F i l t e r )  

D85 ( F i l t e r )  

D15 (Riprap) 

D15 ( F i l t e r )  

20 mm 

and a f i l t e r ,  t h e  p r o p e r t i e s  of t h e  f i l t e r  must s a t i s f y  

< 40 , s o  D ( F i l t e r )  > - - 
15 

534 - 13.3 mm 
4 0 

< 40 , s o  Dl ( F i l t e r )  > - 180 - - 4.5  mm 
40 

1 80 < 5 , so  D ( F i l t e r )  > - - 
8 5 5 

- 36 mi 

> 5  , s o  D ( F i l t e r )  < - =  
15 

180 3 6 m m  
5 

With re 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  

4.5 mm < D ( F i l t e r )  < 36 mm 
15 

D ( F i l t e r )  > 13.3 mm 
5 0 

and D ( F i l t e r )  > 36 mm 
8 5 

The l i m i t s  of t h e  f i l t e r  mater ia l  with r e spec t  t o  the  r i p r a p  and base mater ia l  

a r e  p l o t t e d  on Figure 19.6,  where t h e  curves have been ext rapola ted  beyond the  

computed po in t s .  The range of s u i t a b l e  f i l t e r s  f o r  both t h e  r i p r a p  and base 

has been cross-hatched. The r e s u l t s  of t h e  cross-hatching overlaps ind ica te  



that  more than one f i l t e r  i s  required for  channel s t ab i l i t y .  The f i r s t  f i l t e r  

layer w i l l  be selected from the limits of the f i l t e r  material with respect t o  

the base material. The dashed l ine  indicates the selected s ize  distribution. 

Computations for  the second f i l t e r  layer begin with the following information. 

Riprap: D = 5 3 4 m m  
50 

D = 650 nun 
85 

D15 = 180 mm 

s t  
1 F i l t e r  Layer: 

D50 
= 7.5 mm 

Ds5 = 1 4  mm 

D15 = 3 mm 

Considering the f i r s t  f i l t e r  layer as  a base, the properties of the second 

f i l t e r  layer must sa t i s fy  

D50 ( F i l t e r )  
< 40 , so DS0 ( F i l t e r )  < 40 x 7.5 = 300 mm 

D50 (Base) 

Dl ( F i l t e r )  
< 40 , so 

5 
( F i l t e r )  < 40 x 3 = 120 mm 

5 
(Base) 

D ( F i l t e r )  
1 5  

(Base) 
< 5 , so D15 ( F i l t e r )  < 5 x 14 = 70 mm 

D85 

D15 ( F i l t e r )  
> 5 , so D15 ( F i l t e r )  > 5 x 3 = 15 mm 

D15 (Base) 

Therefore with respect t o  the f i r s t  f i l t e r  layer, the second f i l t e r  must 

sa t i s fy  

15 mm < D ( F i l t e r )  < 70 mi 
15 

and D50 ( F i l t e r )  < 300 mm 

with respect t o  the riprap, the second f i l t e r  layer must sa t i s fy  

4.5 mm < D ( F i l t e r )  < 36 mm 
1 5  

and 

D ( F i l t e r )  > 13.3  rnrn 
5 0 

D ( F i l t e r )  > 36 mm 
8 5 



The l i m i t s  o f  t h e  second f i l t e r  l a y e r  w i t h  r e s p e c t  t o  t h e  r i p r a p  and t h e  f i r s t  

f i l t e r  l a y e r  a r e  p l o t t e d  on F i g u r e  1 9 . 7 .  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 t h i n  t h e  r e g i o n  where t h e  c r o s s - h a t c h i n g  o v e r l a p s  w i l l  meet t h e  c r i t e r i a  o f  

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

f o r  t h e  second f i l t e r  l a y e r  i s  i n d i c a t e d  by t h e  dashed l i n e .  The charac- 

t e r i s t i c s  o f  t h e  second  f i l t e r  l a y e r  a r e  

The t h i c k n e s s  of e a c h  f i l t e r  l a y e r  w i l l  be  9 i n c h e s .  

Although f e a s i b l e ,  t h e  d e s i g n  f o r  g r a v e l  f i l t e r s  may n o t  be  t h e  most prac-  

t i c a l  s o l u t i o n  s i n c e  t h e  a d d i t i o n a l  e x c a v a t i o n  requ i rements  f o r  o n l y  t h e  f i l t e r s  

i s  1 . 5  f e e t .  The b e s t  a l t e r n a t i v e  i s  t h e  u s e  o f  f i l t e r  c l o t h .  The p r o p e r t i e s  

o f  t h e  f i l t e r  c l o t h  a r e  de te rmined  by 

EOS < DB5 (Base)  = 0 . 9  mm = 0 . 0 3 5  i n c h e s  

I n  t h i s  c a s e ,  t h e  E q u i v a l e n t  Opening S i z e  o f  t h e  f i l t e r  c l o t h  must be  less 

t h a n  0 . 9  mm. Furthermore,  t h e  open a r e a  of t h e  f i l t e r  c l o t h  shou ld  n o t  be  i n  

e x c e s s  o f  36 p e r c e n t .  A 6  i n c h  g r a v e l  l a y e r  w i l l  b e  p l a c e d  o v e r  t h e  f i l t e r  

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

S t e p s  5 ,  6 .  Determine t h e  l e n g t h  o f  t h e  drop s t r u c t u r e .  The d e p t h  o f  

f low downstream o f  t h e  d rop  s t r u c t u r e s  is  3.0  f e e t .  From Equa t ion  16 .1  

For  t h e  10 f o o t  d rop  s t r u c t u r e s  

For  t h e  d rop  s t r u c t u r e s  w i t h  a  1 2  f o o t  drop 





S t e p  7: Determine f r e e b o a r d  requ i rements .  Table  4.4 i n d i c a t e s  t h a t  

c i s  1 . O .  There fore ,  w i t h  f low dep th  i n  t h e  d r o p  s t r u c t u r e s  e q u a l  t o  1.25 
f  b 

f t ,  t h e  f r e e b o a r d  i s  

Equat ion 2.7 

F i g u r e s  19.8 and 19.9 p r e s e n t  t h e  d rop  s t r u c t u r e  des ign.  

19.4 Design of Channel I n l e t  

S p e c i a l  problems must b e  c o n s i d e r e d  a t  t h e  upst ream end o f  t h e  channe l ,  

where t h e  f low e n t e r s  t h e  d i v e r s i o n  from North  B a t t l e  Creek.  Without cor rec -  

t i o n ,  t h e  f low would e n t e r  a t  a r i g h t  a n g l e ,  c a u s i n g  s i g n i f i c a n t  p r e s s u r e  f o r -  

ces and  s u p e r e l e v a t i o n  on t h e  o p p o s i t e  s i d e  o f  t h e  d i v e r s i o n  channel .  T h i s  

problem s h o u l d  be  c o r r e c t e d  by t r a n s i t i o n i n g  t h e  flow w i t h  a bend i n  t h e  

channel .  A bend w i t h  a 100 f o o t  r a d i u s  o f  c u r v a t u r e  i s  recommended. The 

s u p e r e l e v a t i o n  was c a l c u l a t e d  t o  be  0.1 9 f e e t  (see S t e p  6, S e c t i o n  19 .2 )  . I n  

a d d i t i o n  t o  t h e  channe l  bend, a d i k e  w i l l  be c o n s t r u c t e d  t h a t  w i l l  a l low f o r  

t h e  la tera l  m i g r a t i o n  o f  North  B a t t l e  Creek. T h i s  w i l l  p r e v e n t  t h e  f low from 

c i rcumvent ing  t h e  d i v e r s i o n  channel .  It i s  o n l y  n e c e s s a r y  t o  p r o v i d e  a d i k e  

t o  t h e  w e s t  o f  North  B a t t l e  Creek. Should a n  eas tward  p r o g r e s s i o n  o f  t h e  

meander be  r e a l i z e d ,  t h e  f low w i l l  n a t u r a l l y  d r a i n  i n t o  t h e  d i v e r s i o n  channel .  

A schemat ic  diagram o f  t h e  channe l  and North  B a t t l e  Creek is  prov ided  i n  

F i g u r e  19.10. 

S t e p  1 :  Design t h e  i n l e t  t r a n s i t i o n  t o  t h e  d i v e r s i o n  channel .  The 

c h a r a c t e r i s t i c s  needed f o r  North  B a t t l e  Creek and t h e  d i v e r s i o n  channe l  a r e :  

North Bat t le  Creek 

Q = 250 c f s  

b = 30 f t  

d = 1 .5  it 

V = 4.8 f t / s e c  

W = 39 f t  

R = 1.32 f t  

D i v e r s i o n  Channel 

Q = 250 c f s  

b = 10 f t  

d = 3.0 f t  

V = 5.3  f t / s e c  

W = 22 f t  

R = 1.99 f t  



Riprap Thicknes ~ 2 . 2  ft. /=I Gravel Layer: 0.5 f l .  

Vertica l Scale Exaggerated 

Riprap Thickness : 2.2 ft. 

Gravel Layer '0 .5 ft. 

t-' 
w 
N 
ul 

Figure 19.8. Profile view of drop structure. 



Figure 19.9. Cross section of drop structure. 



Scale : I"= 100' 

Figure 19.10. Schematic diagram of channel inlet. 



The t r a n s i t i o n  w i l l  be designed t o  reduce t h e  backwater e f f e c t s  t h a t  could 

over top  t h e  n a t u r a l  channel banks. C r i t e r i a  e s t a b l i s h e d  i n  Sec t ion  7.3 w i l l  be 

f o l l w e d .  

a. Compute t h e  change i n  water  s u r f a c e  p r o f i l e  

Equation 7.5a 

b. Compute t h e  change i n  bed e l eva t ion  (AB.E.) between t r a n s i t i o n  

en t r ance  and e x i t .  

AB-E. d - dl + AW.S. 
2 Equation 7.6a 

c. Compute l eng th  o f  t r a n s i t i o n .  A s  p resented  i n  Chapter V I I ,  t h e  l eng th  

o f  t h e  t r a n s i t i o n  depends on t h e  inc luded  angle  between t h e  upstream and 

downstream c r o s s  s ec t ions .  Using t h e  maximum value  of t h i s  angle ,  25 degrees,  

t h e  l eng th  of t h e  t r a n s i t i o n  becomes (F igure  19.1 1 ) 

L = 38 f t  

d. Determine 

L 

( U s e  40 f t )  

s lope  of  i n l e t  t r a n s i t i o n  (F igure  19.1 2 ) .  

e.  Determine i f  r i p r a p  p r o t e c t i o n  i s  needed. The s lope  of t h e  i n l e t  

t r a n s i t i o n  is  g r e a t e r  t han  t h e  equi l ibr ium s l o p e  of t h e  d ive r s ion  channel and 

degrada t ion  o f  t h e  t r a n s i t i o n  bed w i l l  occur.  This  can a l s o  be explained by 

Lane's r e l a t i o n ,  QS QsDs0. The discharge,  Q, and t h e  median diameter,  

D50' 
do n o t  change. With an inc rease  i n  s lope,  S, t h e r e  w i l l  be  a i nc rease  

i n  sediment t r a n s p o r t ,  QS, and degradat ion of t h e  bed occurs.  Consequently, a 

l i n i n g  of r i p r a p  w i l l  be r equ i r ed  on t h e  bed. The banks of t h e  i n l e t  t r a n s i -  



SECTION A-A SECTION 9-9 

Figure 19.11. Transition design for channel inlet. 



TOP OF BANK ( lining) 
I 

Vertical Scale Exagerated 

Figure 19.12. Transit ion des ign  for channel i n l e t .  



t i o n  a l s o  need r i p r a p  p r o t e c t i o n  because  t h e  maximum p e r m i s s i b l e  v e l o c i t y ,  2.5 

f t / s e c ,  i s  less t h a n  e i t h e r  4.8 o r  5 .3  f t / s e c .  

f .  Determine s i z e  o f  r i p r a p  r e q u i r e d  f o r  s t a b i l i z a t i o n  o f  bed and  bank. 

Based on  t h e  s t e e p  t r a n s i t i o n  s l o p e ,  t h e  r i p r a p  w i l l  be  d e s i g n e d  i n  accordance 

w i t h  t h e  p r o c e d u r e s  p r e s e n t e d  f o r  d rop  s t r u c t u r e s  i n  Chapter  XVI. The most 

c r i t i c a l  s e c t i o n  f o r  r i p r a p  p r o t e c t i o n  w i l l  be a t  t h e  e x i t  of t h e  i n l e t  

t r a n s i t i o n ;  t h e r e f o r e ,  a b a s e  w i d t h  of 10 f e e t  w i l l  be u s e d  f o r  t h e  r i p r a p  

des ign .  Using t h e  c u r v e  f o r  S = 0.10, F i g u r e  5.5 p r o v i d e s  

D~~ = 1.57 f t  ( U s e  1.75 f t )  

The r i p r a p  t h i c k n e s s  and  g r a d a t i o n  w i l l  be 

1 .25 x D = 2.2 f t  ( t h i c k n e s s )  
5 0 

The f i l t e r  r e q u i r e m e n t s  are e x a c t l y  t h e  same as de te rmined  i n  S t e p  5 o f  

S e c t i o n  19.3. Consequently,  a p l a s t i c  f i l t e r  c l o t h  w i t h  a n  e q u i v a l e n t  opening 

s i z e  (EOS) less t h a n  0.9 mm w i l l  be  used.  A s i x  i n c h  g r a v e l  l a y e r  w i l l  be 

p l a c e d  o v e r  t h e  c l o t h  t o  p r e v e n t  punc ture .  To p r e v e n t  l o c a l  s c o u r  damage t o  

t h e  bed,  p r o t e c t i o n  s h o u l d  e x t e n d  upst ream and downstream o f  t h e  t r a n s i t i o n  a t  

l e a s t  e q u a l  t o  f i v e  t i m e s  t h e  downstream f low d e p t h  o r  a minimum of 15 f e e t .  

The d e p t h  o f  p r o t e c t i o n  w i l l  be e q u a l  t o  t h e  r i p r a p  t h i c k n e s s  computed f o r  t h e  

t r a n s i t i o n .  

g.  Check t h e  f r e e b o a r d  a t  t h e  upst ream end of t h e  i n l e t  t r a n s i t i o n .  

Keeping t h e  t o p  of t h e  channe l  a t  a uniform h e i g h t  from t h e  downstream s e c t i o n  

t o  t h e  i n l e t  e n t r a n c e  r e v e a l s  

d e s i g n  d e p t h  - A B . E .  = 4.5 - 1 .59  = 2.91 f t  

which is t h e  d e s i g n  d e p t h  a t  t h e  i n l e t  e n t r a n c e .  S u b t r a c t i n g  t h e  upst ream f low 

d e p t h ,  1.5 f t ,  from t h i s  v a l u e  g i v e s  a f r e e b o a r d  h e i g h t  e q u a l  t o  1 .4  f t .  From 

Equa t ion  12.2, t h e  minimum f r e e b o a r d  h e i g h t  would be 

c d = 1 . 0 ( 1  .25)  = 1.25 (1.0 f t  i s  minimum) 
f b  



= 1.25 f e e t  

Therefore,  t h e  f reeboard  h e i g h t  of t h e  1.4 f e e t  i s  more conserva t ive  and t h e  

des ign  depth becomes 2.9 f e e t .  F igures  19.11 and 19.12 p r e s e n t  t h e  r e s u l t s  of  

t h e  i n l e t  t r a n s i t i o n  design. 

S tep  2: Design t h e  d ike  a t  t h e  channel i n l e t .  A s  mentioned previous ly ,  

a d ike  w i l l  be  provided only t o  t h e  w e s t  of t h e  i n l e t .  The i n l e t  i s  loca t ed  

a t  t h e  c e n t e r  of  t h e  meander bend and maximum p r o t e c t i o n  is  required.  

Therefore,  t h e  d ike  w i l l  encompass t h a t  p o r t i o n  of t h e  meander width t o  t h e  

w e s t  o f  t h e  i n l e t .  

a .  Determine t h e  l eng th  of  t h e  dike.  The p r o j e c t i o n  ang le  i s  45 

degrees.  From Figure  19.10, t h e  d ike  is  measured t o  be 140 f e e t .  

b. Ca lcu la t e  t h e  he igh t  of  t h e  dike.  The minimum e l e v a t i o n  of  t h e  d ike  

i s  t h r e e  f e e t  above t h e  water  s u r f a c e  a t  t h e  en t r ance  t o  t h e  i n l e t .  From 

Figure  19.1 2, t h e  t o p  of  t h e  bank i s  1.4 f e e t  above t h e  water  sur face .  Thus, 

t h e  h e i g h t  of  t h e  d ike  becomes 

However, t h e  d i k e  w i l l  n o t  be  less than  two f e e t  a t  any loca t ion ;  t he re fo re ,  u se  

two f e e t  a s  t h e  d i k e  he ight .  

c .  Ca lcu la t e  width of  dike.  

Equation 17.1 

d. S e l e c t i n g  a s i d e  s lope  of 2:1, design r i p r a p  f o r  t h e  dike.  For t h e  

upstream channel,  R is 1.32 f t  and V is  4.8 i t / s e c .  

According t o  Table 6.4, Type L r i p r a p  should be used and i t s  grada t ion  i s  

(Table  6.5) 



The th i ckness  of  t h e  r i p r a p  w i l l  be  2D50 above t h e  ground and 4D5 below 

t h e  ground su r f ace .  The g rave l  f i l t e r  w i l l  be i d e n t i c a l  t o  t h a t  designed i n  

S t ep  11 of Sec t ion  19.2. Its grada t ion  and th i ckness  a r e  

t h i c k n e s s  = 0.75 f t  

The depth of r i p r a p  becomes 

d - - + d 
r i p r a p  d i l o w  scour  = 2dflow 

Equation 17.2 

F igure  19.1 3 provides  a c ros s - sec t iona l  view of t h e  d ike  design. 

19.5 Design of  Channel O u t l e t  

A major concern i n  t h e  d ive r s ion  des ign  i s  t h e  capac i ty  of North B a t t l e  

Creek downstream o f  t h e  d ivers ion .  I n  i ts  n a t u r a l  condi t ion ,  North B a t t l e  

Creek d r a i n s  a n  a r e a  l a r g e r  t han  t h e  a r e a  d ra ined  by t h e  d ive r s ion  channel. 

The proposed mining ope ra t ions  would c u t  o f f  flow t o  t h i s  channel,  g r e a t l y  

reducing  i t s  d ischarge  ( s e e  F igu re  19.1 1 .  Thus t h e  flow e n t e r i n g  North B a t t l e  

Creek, i nc lud ing  t h a t  from t h e  d ive r s ion ,  i s  l e s s  t han  its n a t u r a l  condi t ion ,  

caus ing  no problems wi th  c a p a c i t y -  A t  t h e  p o i n t  of  p o s s i b l e  i n t e r s e c t i o n  with 

t h e  d ive r s ion  channel,  North B a t t l e  Creek is  bounded on t h e  west by a 30 f o o t  

c l i f f  of sandstone.  The e a s t  bank i s  composed of t h e  f i n e  sands exh ib i t ed  i n  

much of  t h e  dra inage  a r e a  and most of t h e  d i v e r s i o n  channel.  A c ross -sec t ion  

o f  North B a t t l e  Creek a t  t h e  p o i n t  of  i n t e r s e c t i o n  wi th  t h e  d ive r s ion  i s  pro- 

vided i n  F igure  19.14. With t h e  proposed mining ope ra t ions ,  t h e  maximum 

discharge  expected i n  North B a t t l e  Creek upstream of t h e  d ive r s ion  o u t l e t  i s  75 

c f s .  A t  t h e  p o i n t  of  i n t e r s e c t i o n ,  North B a t t l e  Creek e x h i b i t s  t h e  following: 

S = 0.0035 s i d e  s lope ,  z = 2 ( e a s t  bank) 

n = 0.022 bank h e i g h t  = 2.5 f t  ( e a s t  bank) 



Figure  19.13. Cros s - s ec t i ona l  view of  d i k e  f o r  channe l  i n l e t .  



Figure 19.14. Cross section of North Battle Creek at 
point of intersection with diversion 
channel. 



There a r e  no a v a i l a b l e  n a t u r a l  o r  e x i s t i n g  channels  t o  t r a n s i t i o n  t h e  

d i v e r t e d  flow from t h e  d ive r s ion  channel i n t o  North B a t t l e  Creek. Consequently, 

a channel junc t ion  w i l l  be designed f o r  t h e  d ive r s ion  channel o u t l e t .  

S tep  1: Determine ang le  of i n t e r s e c t i o n  wi th  North B a t t l e  Creek. The 

d i v e r s i o n  channel should i n t e r s e c t  North B a t t l e  Creek a t  channel i n v e r t  grade. 

The junc t ion  ang le  should be l e s s  t han  o r  equal  t o  55 degrees.  Figure 19.15 

shows a p l a n  view of t h e  channel  junc t ion  and a junc t ion  angle  of 40 degrees.  

S t ep  2: Check t h e  capac i ty  of North B a t t l e  Creek. With a d ive r t ed  

d ischarge  of 250 c f s ,  t h e  t o t a l  d i scharge  becomes 325 c f s .  Solving 

Equation 4.1 4 

by t r i a l  and e r r o r  r evea l s  

Therefore 

A check of  t h e  flow regime w i l l  p rovide  t h e  information needed t o  determine i f  

an t idunes  a r e  p re sen t .  

From Figure 12.2, an t idunes  a r e  present .  Thei r  h e i g h t  can be computed by 

Equation 1 2.1 



North Battle Creek 

Diversion 
Channel 

Figure 19.15. Plan view of channel junction. 



For a d ischarge  of  325 c f s ,  t h e  he igh t  of  t h e  n a t u r a l  channel ( e a s t  bank) must 

account  f o r  t h e  depth of  flow p l u s  one-half t h e  an t idune  he ight .  The h e i g h t  of 

t h e  bank must be  

Comparing t h i s  va lue  wi th  t h e  bank he igh t  of 2.5 f e e t  i n d i c a t e s  t h a t  t h e  n a t u r a l  

channel  w i l l  s a f e l y  p a s s  t h e  combined discharge.  

S t ep  3: Determine t h e  need f o r  bank p ro t ec t ion .  The primary l o c a t i o n  f o r  

l o c a l  scour  and e ros ion  i s  t h e  p o i n t  where t h e  flow from t h e  d ive r s ion  channel 

d i r e c t l y  impinges on t h e  bank. As can be seen from Figure 19.15,  t h e  west bank 

o f  North B a t t l e  Creek i s  t h e  most suscep t ib l e .  Ord ina r i l y ,  bank s t a b i l i z a t i o n  

measures would be necessary b u t  i n  t h i s  case,  t h e  bank i s  composed of sandstone, 

h igh ly  r e s i s t a n t  t o  e ros ion .  Therefore,  no s t a b i l i z a t i o n  measures w i l l  be 

requi red .  



XX.  RESEARCH NEEDS 

One of t h e  most s i g n i f i c a n t  problems t o  designing e f f e c t i v e  water  diver-  

s i o n  channels  i n  t h e  Eas te rn  Coal Province i s  t h e  lack  of s t e e p  s lope  r i p r a p  

des ign  procedures.  A d e t a i l e d  sea rch  of t h e  l i t e r a t u r e  revea led  t h a t  t he  com- 

monly accepted design methodologies f o r  dumped r i p r a p  a r e  l i m i t e d  t o  modera- 

t e l y  s loped  condi t ions .  I f  t h e s e  methods a r e  i nd i sc r imina te ly  app l i ed  t o  t h e  

s t eep  s lope  a r e a s  of t h e  Eastern Coal Province, a s u b s t a n t i a l  amount of t he  r iprap  

w i l l  l i k e l y  f a i l .  Due t o  t h e  widespread use  of r i p r a p  f o r  s t e e p  channel s ta -  

b i l i z a t i o n ,  it was considered e s s e n t i a l  t o  p r e s e n t  an  app l i cab le  design metho- 

dology i n  o r d e r  t o  develop an e f f e c t i v e  design manual. 

Therefore,  t h e  t ime and e f f o r t  was spen t  t o  develop a  s t e e p  s lope  r i p r a p  

design procedure under t h i s  con t r ac t .  Chapter V presented  t h e  r e s u l t s  of t h i s  

development a s  e a s i l y  app l i ed  nomographs. The method i s  based on sound 

t h e o r e t i c a l  p r i n c i p l e s  and l i m i t e d  experimental  d a t a ,  and provides  reasonable 

r e s u l t s ;  however, phys i ca l  model t e s t i n g  is  s t r o n g l y  recommended t o  v a l i d a t e  

t h e  procedure. U n t i l  such t e s t i n g  i s  performed, t h e  r e s u l t s  should be care- 

f u l l y  app l i ed  u t i l i z i n g  engineer ing  judgment and experience t o  i n s u r e  s a t i s -  

f a c t o r y  performance. The b a s i c  problem of designing a  s t a b l e  r i p r a p  f o r  a  

s l o p e  cond i t i on  nea r  t h e  angle  of repose would sugges t  t h a t  t h e  use  of rock 

r i p r a p  may n o t  be phys i ca l ly  r e a l i s t i c  f o r  long-term app l i ca t ion .  Addition- 

a l l y ,  i n  any s t e e p  s l o p e  condi t ion ,  it i s  extremely d i f f i c u l t  t o  proper ly  

p l a c e  t h e  r i p r a p .  There appears  t o  be no s imple s o l u t i o n  t o  t h i s  problem. 

The r i p r a p  channel  can be cons t ruc ted  i n  s t a g e s ,  f o r  example a s  each l i f t  of a  

s p o i l  f i l l  i s  completed; however, placement w i l l  s t i l l  be d i f f i c u l t .  

Therefore,  even wi th  a  proper  s t e e p  s l o p e  r i p r a p  des ign  procedure, r i p r a p  

f a i l u r e  can s t i l l  occur  i f  adequate placement techniques  a r e  no t  developed and 

employed. 

The a l t e r n a t i v e s  t o  rock r i p r a p  channels  f o r  s u r f a c e  mine a p p l i c a t i o n  a r e  

l imi ted .  The use  of concre te  channels o r  c losed  condui t  s t r u c t u r e s  a r e  no t  

economically f e a s i b l e  on a  l a r g e  s c a l e .  Addi t iona l ly ,  c lo sed  condui t  s t ruc -  

t u r e s  a r e  no t  considered maintenance f r e e .  The b e s t  a l t e r n a t i v e  t o  rock 

r i p r a p  channels i n  s p o i l  f i l l  a p p l i c a t i o n s  may be t h e  i n t e r n a l  rock co re  

d ra in .  However, t h e r e  a r e  no s tandard ized  methods of design c u r r e n t l y  

ava i l ab l e .  Addi t iona l ly ,  t h e i r  long-term funct ioning  has  no t  been 

e s t ab l i shed .  Limited f i e l d  observa t ion  has  shown some problems of f i n e  sedi-  

ment depos i t i on  t h a t  can plug t h e  d ra in .  



Therefore, i n  summary t h e  research  needs are :  

1.  Physical  model t e s t i n g  of t h e  s t e e p  s lope  r i p r a p  design procedure t o  
v e r i f y  i ts  appl ica t ion .  

2. Inves t iga t ion  of equipment and placement techniques f o r  cons t ruct ion  of 
r i p r a p  channels on s t e e p  slopes.  

3 .  Research i n t o  t h e  long-term funct ioning of i n t e r n a l  rock core d ra ins .  

4. Development of  s tandardized design and const ruct ion  methods f o r  i n t e r n a l  
rock core  dra ins .  
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Chart f o r  2-year 1-hour r a i n f a l l  ( i nches ) .  



Chart for 10-year 1-hour rainfall (inches). 



Chart for 100-year 1-hour rainfall (inches). 
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Chart for 2-year 24-hour rainfall (inches). 



Chart f o r  10-year 24-hour r a i n f a l l  ( i n c h e s ) .  
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PEAK RATES OF DISCHARGE FOR SMALL WATERSHEDS 
TYPE II STORM DISTRIBUTION 

SLOPES - FLAT 
CURVE NUMBER - - 60 
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PEAK RATES OF DISCHARGE FOR SMALL WATERSHEDS 
TYPE II STORM DISTRIBUTION 

SLOPES - FLAT 
CURVE NUMBER 6! 

24 HOUR RAINFALL F R O M  US WE TP-4t 

DRAINAGE AREA IN ACRES 



PEAK RATES OF DISCHARGE FOR SMALL WATERSHEDS 
TYPE II STORM DISTRIBUTION 

SLOPES - FLAT 
CURVE NUMBER - 70 

24 HOUR RAINFALL FROM US W B  TP-40 

DRAINAGE AREA IN ACRES 



PEAK RATES OF DISCHARGE FOR SMALL WATERSHEDS 
TYPE II STORM DISTRIBUTION 

SLOPES - FLAT 
CURVE NUMBER - 7 5  

24 HOUR RhlKFALL F R O M  US W B  TP-4( 

DRAINAGE AREA IN ACRES 



PEAK RATES OF DISCHARGE FOR SMALL WATERSHEDS 
TYPE I I  STORM DISTRIBUTION 
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PEAK RATES OF DISCHARGE FOR SMALL WATERSHEDS 
TYPE II STORM DISTRIBUTION 

SLOPES - FLAT 
CURVE NUMBER -85 

2 4  HOUR RAINFALL FROM US W B  TP-40 

DRAINAGE AREA IN ACRES 



PEAK RATES OF DISCHARGE FOR SMALL WATERSHEDS 
TYPE I I  STORM DISTRIBUTION 

SLOPES - FLAT 
CURVE NUMBER - 90 - 

2 4  HOUR RAINFALL FROM US W B  TP-40  

DRAINAGE AREA IN ACRES 



PEAK RATES OF DISCHARGE FOR SMALL WATERSHEDS 
TYPE II STORM DISTRIBUTION 

SLOPES - MODERATE 

CURVE NUMBER - 6C - 

24 H O U R  R A I N F A L L  FRC!d U S  W E  TP-4  

DRAINAGE AREA IN ACRES 
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DRAINAGE AREA IN ACRES 
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PEAK RATES OF DISCHARGE FOR SMALL WATERSHEDS 
TYPE I I  STORM DISTRIBUIION 

SLOPES - MODERATE 

CURVE NUMBER -70 

2 4  HOUR RAINFALL FROM US W B  T P - 4 0  

DRAINAGE AREA IN ACRES 



PEAK RATES OF DISCHARGE FOR SMALL WATERSHEDS 
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i 

TYPE II STORM DISTRIBUTION 

SLOPES - MODERATE 
CURVE N U M B E R  - 75 

24 HOUR RAINFALL FROM US W 8  TP-40 

DRAINAGE AREA I N  ACRES 



PEAK RATES OF DISCHARGE FOR SMALL WATERSHEDS 
TYPE II STORM DISTRIBUTION 

SLOPES - MODERATE 

CURVE N U M B E R  -80 

24 HOUR RAINFALL FROM US W B  T P - 4 0  

DRAINAGE AREA I N  ACRES 



PEAK RATES OF DISCHARGE FOR SMALL WATERSHEDS 
TYPE II STORM DISTRIBUTION 

SLOPES - MODERATE 
CURVE NUMBER -85 

24 HOUR RAINFPLL FROM US W B  TP-40 

DRAINAGE AREA IN ACRES 



PEAK RATES OF DISCHARGE FOR SMALL WATERSHEDS 
TYPE II STORM DISTRIBUTION 

SLOPES - MODERATE 

CURVE NUMBER - 90 - 
2 4  HOUR RAINFALL FROM US WE TP-40  

DRAINAGE AREA I N  ACRES 



PEAK RATES OF DISCHARGE FOR SMALL WATERSHEDS 
TYPE II STORM DISTRIBUTION 

SLOPES - STEEP 
CURVE NUMBER - - 60 

24 H O U R  R A I N F A L L  F R O M  US W B  TP-40  

DRAINAGE AREA IN ACRES 
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PEAK RATES OF DISCHARGE FOR SMALL WATERSHEDS 
TYPE I1 STORM DISTRIBUTION 

SLOPES - STEEP 
CURVE NUMBER - - 65 

24 HOUR RAINFALL FROM US W B  TP-40 

DRAINAGE AREA IN ACRES 



PEAK RATES OF DISCHARGE FOR SMALL WATERSHEDS 
TYPE II STORM DISTRIBUTION 

SLOPES - STEEP 
CURVE NUMBER - 70 

2 4  HOUR RkINFALL FROM US W B  TP-40 

DRAINAGE AREA I N  ACRES 



PEAK RATES OF DISCHARGE FOR SMALL WATERSHEDS 
TYPE I1 STORM DISTRIBUTION 

SLOPES - STEEP 

CURVE NUMBER - 75 - 
24 HOUR RAINFALL FROM US W B  TP-40 

DRAINAGE AREA IN ACRES 



PEAK RATES OF DISCHARGE FOR SMALL WATERSHEDS 
TYPE li STORM DISTRIBUTION 

SLOPES - STEEP 

CURVE NUMBER - 80 

24  HOUR RAINFALL F R O M  U S  W 8  TP-40 

DRAINAGE AREA IN ACRES 



PEAK RATES OF DISCHARGE FOR SMALL WATERSHEDS 
TYPE II STORM DISTRIBUTION 

SLOPES - STEEP 
CURVE NUMBER -85 

DRAINAGE AREA IN ACRES 

4 H O U R  R A l k F A L L  F R O M  US W B  TP-43 



PEAK RATES OF DISCHARGE FOR SMALL WATERSHEDS 
TYPE I I  STORM DISTRIBUTION 

SLOPES - STEEP 
CURVE NUMBER - 90 
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DRAINAGE AREA IN ACRES 
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1 Table C.1. Manning Roughness Coef f i c i en t s ,  n. 

IV. HLghrrt channel. and e r r l a  ,with nuln(.ined met.Uoa a 
(values shown are for velocltles of 2 and 6 f.p.8.): 

A. De t h  of flow up  b 0.7 foot: 
1. germudamsss. Kentucks. b luenr . .  budalogm-. !%3' I. Closcd condulu: n r a n 0 1  

A. Concrete pipe ...................... .-.. ................... 0.0114.013 
B. Corrugated-metal plpe or pipe-arcb: 

I .  236 by 54-in. wmgat ion (rlveted pipe):# 
a. Plain or fully coated ............................... 0 . W  
b. Pared lnvert (range values are for 25 and 50 percent 

of circumference paved): 
(1) Flow full depth ............................... 0.0214.018 
(2) Flow 0.8 devth ................................ 0.0214.016 

- - .  -. 
a.  MOW^ to  2 inches ...................... I .....I... 0.074.045 ................................. b. Lcnpth 4-6 inches 0.004.05 

2. Oood stand any prs: ......... a. ~ e n p t h  ;bout 12 inch- ............... ... 
b. Lenpth about 24 Inches ............................ 

3. Fair stand. any grau: ........................ a. Ltnpth about 12 Incbes .... 
b. Length a b u t  24 inches ............................ 

B. De t h  of flow 0.7-1.5 fcet: 
1. germudanass, Kentucky bluegmss, buda lopm:  

a. Mowed to 2 inches.. .............................. ........... b. Length 4 to 6 inches ...-.........-.---.. 
2. Good srand any grass: 

a. Lenrth dbout 12 h c h w  ..................... 

. . 
(3) Flow 0.6 depth ................................ 0.01W.013 

2. 6 by %In. cornfation (fleld bolwd) ................... 0.03 
C. Vltrifled clay pipe ...................................... 0.01W.014 
D. Cast-iron plpe, uncoated- ............................... 0.013 
E. Steel pipe ............................................... 0.008-0.011 
F. Brick ................................................. 0.01M.Ol7 
0. Monolithic concrete: 

1. Wood forms, rough ................................... 0.01W.017 
2. Wood forma, smooth ................................. 0.012-0.014 
3. 6teel fnrms~ .......................................... O.OlW.013 

0.030.  OSb 
0. OM. M 

0.124.07 
0. m. 10 

O.lo0.06 
0 .174 .  OP 

- -  . . - - - - - - 
b. Length about 24 inches ............................ 

3. Fair stand, m y  ~ a s s :  
a. Lcnrth about 12 inches ............................ ............. b. Length about 24 Inches .... ............ B, Cemen;ed ; ~ ~ j ; - ~ - ~ ~ b G y - ~ : s ~ :  

1. Concrete floor and top ............................... 0.0174. On 
2. floor ...................................... 0.01W.025 

I. Laminated treated wood ................................ 0.015-0.017 
1. Vltrlfied clay liner plates ................................ 0.015 

V. Street and exprcsnray gutterh: ......................... A. Concrrte gutter, troweled flnlsh 0.012 
B. As halt pavement: .................................... 1. gmooth texture.. 0.013 ...................................... 2. Rough texture. 0.010 
C. Concrete gutter with asphalt pavement: 

.............................................. 1. Smooth 0.013 
.............. ............................. 2. Rouph .. 0.015 

D. Concrrte pavement: 
............. ....................... 1. Float ilnish .... 0 014 ......................................... 2. Broom finkb 0.016 

E. For gutters wlth small slope, where sediment may a m -  ................. mulste, incrrrrse above values of 11 by 0 wt 

Open channcla. Ilned 4 (straiebt nlinement): 1 
A. Concrete. wlth surfaces as indicated: .................................... 1. Formed. no finlsb 

......................................... 2. 'howel finish 
.......................................... 3. Float b l s h  

4. Float finkh, some navel on bottom .................. 
................................. 5. Ounite, aood seclion 
.............................. 6. Ounite kavy sectlon.. 

B. ~oncrete,'bottom float finished, sides as indicated: 
1. Dressed stone in mortar .............................. 

............................. 2. Random stone in mortar 
........................... 3. Cement rubble maronry.. 

4 Cement rubble maronry, plastered ................... 
.................................. 5. Dry rubble (rlprap) 

C. Oravel bottom. sides as indicated: 
1. Formed conere to ..................................... 
2. Rsndorn stone In mortar ............................. 
3. Dry rubble (riprap) .................................. 

D. Brick ................................................... 
E.  Asohslt: 

0.015-0.017 
0 . 0 1 7 4  020 
0. o m .  025 
0.01 W. om 
0. o m .  030 

VI. Natural &ram channcl.:l 
A. Mlnor stlearns 1 (surfam width a t  flood stage less than 100 

ft.\. 
I.-FBUIY rewlar section: 

........... a. Some prrrss and weeds. little or no brush 0 0304 035 
b. Dense r ros th  of weeds, depth of flow mntrrhllr .. ...................... eaterihan weed helpht. ... 0.- 05 
c. rome werds. lirht brush oo banks n n;u, ns .......... 

.............................................. 1. fimooth 
2. Rough ............................................... 
Wood planeh clean .................................... 
connbte-lined ezcavated rock: 
1 .  Good section ......................................... 
2. Irrepular section ...................................... 

-." .p.." --., --.r ..-. -..-.. r - -  

2. lrrecular sections. with nook. slicht cham ................. ininmeare ralues given in Is-e about 0.0l-O.Of 
3. h¶ountaln streams, no ve etatron in chsmel. banks 

usually steep. trees an% brush along beaks sub 
mereed a t  hiah stage: ....... a. Boitom of gavel ,  cobbles, and few boulders 0.044 .05  

........... b. Bottom of cobbles. a l t h  large boulders. 0. W . 0 7  
F l w d  plains (adjacent to natural streams): 111. Open chnnnelu. excavated 4 (straight alinement,l natural 

Imlnn): 1. Pazture. no brush: 
a. Short grass ........................................ 0. m(c0.OJ5 

........................................ b. H i ~ h  prass 0. W . 0 5  
2. Cultlrated areas: 

A ~ a c h ,  unlform sectlon: 
1 Clem, recently completed ............................ 0.0164.018 
2. Clean, after weathering .............................. 0.0184.0#) 
3. With short pass. k w  weeds .......................... 0.02'2-0.027 

................ 4. In  pr8vellv sd1. uniform section. clean 0 . 0 m . 0 2 5  

-. - -  

........................................... a. T o  crop 0.02-0.04 
................................ b. Xlsture row crops. 0.0354.0(5 
................................. c. 5lat11re field crops 0.044.05 

...................... 3. Hears  weeds, scattered brush 0.0.M1.07 
B 1:a~ th', faul<uniform section: 

I. Ko vr~etntion .................................... 0.0224.025 
2. Grass. some weds.. ................................. 0.02W.030 

...... 3. Der~se weeds or aquatic plants In deep channels 0.030-0.035 
4 Sldes clean, gravel bottom ............................ 0.0'254.030 
5 Ciries clean. cobble bottom ........................... 0.0304.040 

a. 'Winter ............................................ 
b. Summer. ......................................... 

5. Medium to dense brush: I @  
i':. I,rnpluir rxrsrsted or dredged: 

1 G O  reeetntion ........................................ 0 . 0 2 0 . 0 3 3  
................................ 2. Liphl b:r~rl~ or! banks 0.035-0.050 

R. Winter ............................................ 
...................................... h. Summer. 

6. Dense willows, summer, not bent over by current .... 
7. Cleared lmd  mlth tree stumps. 100-150 per acre: 

a. S o  sprouts ...................... .. ...... 
b. Wlth heavy vowth  of sprouts ..................... 

8. I i e a r  stand of timber. a few down trees, llttlc uoder- 
month. 

U. Ilock. 
1. H ~ r e d  on desipn section. ............................. 0.035 
t. Ewed on actual mean sectlon: 

.............................. a Gmooth and uniform 0.03M.040 
............................... b lappet: and irre~ular 0 04LM.045 

k.. Chsiqr~r!? not  maintained, weeds and brush uncut: 
..................... 1 ! j;;t?r ~!ds, hiph as flow depth 0.08-0.12 

.................... .. 2 t nn bottom, brush on sides. ... 0 . 0 W  08 
3 .  C l r o : ~  botr~m,  brush on sides. highest stape of flow.-. 0.07-0.11 
4 Ilrri.w h t a h ,  high stage .............................. 0.10-4.14 

..................... a. -~ lood  depth below branches. Q10.0.12 

..................... b. Flwd depth rcaches branches 0 124.  16 
C. Major streams (surface width nt flood stare more thnn . -  ~ - ~ ~ -  

100 ft.): Roughness cocficient is usually less than for 
minor streams of similar description on account of I e s  
eflective resistance offered by irrcpular banks or Tepc- 
tation on hanks. Values of n may be somewhat rr- 
duced. Follow recommendntlon in puhlicntlon dted 1 
If possible. The value of n for larprr streams of mwt 
remlar section. with no bouldersor brush, may b In the 



Table C. 1 (continued) 

I Estimates are by Bureau of Puhlic Roads unlea  otherwise noted. 
1 Ranges indicated for closed mndults and for open channels. lined Qr e lm- 

mted. u r  for mod to fair wnstruction (unless othermse stated). For Poor -. - . -~~ 

mnstrietion. use larqer value? of n. 
8 Fridion Factors in Corrupdtd Afctal Pipe. by hf. J. Wctster y d  L. R. 

MetcsU Corps of Engineers. Department of the Army; published in Journal 
of the ~ ~ d r a u l i c s  Dlvlsion. Proceedings of the American Society of Civil 
Engineers vol ~3.5. So .  BY9 Sept. 1959. Paper No. 2148. pp. 35-67, 

8 For lm'por&nt work and'where accurate determination of water proflles 
is neoessary, the designer 1s urned to consult the following references and to 
select n by cornpartson of the specific conditions with the channels tested: 

Flow of lthlcr in Irrlpation and Slmilar Channcla, by F. C. Bcobey, Division 
of hipation. Soil Conservation Service. V.S. Department of Agriculture. 
Tech. Bull. 9 0 .  652. Feb. 1939; and 

Flow of Ithltr In Dramage Channcla, by C. E. Ramser. Division of Am/- 
cultural Enulnrcrme. Bureau of Public Roads, U.S. Department of Am]- 
culture. Tecb. Bull. S o .  129. S o r .  1929. 

a With channelof an alinement other than straiabt, loss of head by resistance 
forces alll be incrrmed. A small increase in value of n may be made, to allow 
for the additional loss of energy. 

8 Handbwk of Channel Dtaiqn for Sod and lVdtr Consercdion, prepared by 
the Stillwater Outdoor Hydraulic Laboratory in cooperation with the Okh-  
bomr aplcultural Experiment Station; publisbed by the Soil Conservstion 
Service, C.S. Depprtment of Agriculture. Publ. No. SCS-TPdl, M u .  
1947, rev. June 1954. 

r Row of R'dtr in Channrl~ Protcdtd b# Cipcidirc Lining#, hy W. 0. Rea 
and V. J. Palmer. Divuion of Dramage and Water Control. Research. Soil 
Cooservatlon Service. U.S. Department of Aprculture. Tecb. Bull No. 987. 
Feb. 1949. 

8 For arlculatlon of staae or discharge in natural stream channels. It b 
recommcnded that the des~mer consult the local Dutrict O f f i e  of the Burfaw 
Water Branch of the U.S. Oeologiml Survey, to obtain data reeardiI1~ r a luu  
of n applicable to streams of any speciflc locality. \Vbere thu procedure b 
not followed the table may be used as a wide. The values of n tnbulated 
have been d h v e d  from data reported by C. E. Ramser (see footnote 4) and 
from other incomplete data. 

The tentative values of n cited are principally derived from mesuremenu 
made on fairly short but straight reaches of natural streams. Where slopes 
calculated from flood elevations along a considerable length of chsnnel. 
Involving meanders and bend% are to be used in velocity calculations by the 
Manning formula, the value of n must be increased to provide for the addl- 
tionsl lou of energy caused by bends. The inc rme  may be in the range 
of perhaps 3 to I5 percept. 

lo The presence of follage on trees and brush under flood stwe will mate- 
rially increate the value of n. Therefore. rouehness coelhcients for reeerntlon 
in Leaf will be larger than for bare branches. For treea UI channel or on banks. 
and for brush on banks where submergence of branches increases u.itb depth 
of flow. n will increase wlth rising stage. 
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APPENDIX D 

DEVELOPMENT O F  THE DESIGN EQUATIONS FOR S T A T I C  
E Q U I L I B R I U M  SLOPE COMPUTATIONS 
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The design and placement of grade control structures on the static 

equilibrium slope concept involves the Shield's parameter (Equation 6.3) and 

the Manning equation (Equation 4.13). Shield's parameter can be expressed in 

equation form as 

T = yRS = 0.047 (y - y) d50 S 
(D. 1) 

where S is the bed slope, y and ys are the specific weights of water and 

sediment, respectively, 
D5 0 

is the median diameter of the bed material and 

R is the hydraulic radius. 

This equation represents that combination of channel configuration and 

bed material size that will result in static equilibrium at the slope S. 

For a given design flow Q, and known particle size distribution, it is 

required that Equation D.l be solved for slope S. However, the value of 

hydraulic radius is also unknown in this equation. Rearranging the equation 

in terms of slope S yields 

where, 
Gs 

is the specific gravity of the bed and bank material, often 

assumed to equal 2.65. Substitution of Equation D.2 for S in the Manning 

equation produces 

Since the design discharge (Q) is known (from hydrologic analysis) it is more 

appropriate to express the preceeding equation in terms of Q 

Equation D.4 in terms of the cross-sectional area A and hydraulic 

radius R is 

'Since hydraulic radius R equals area A divided by wetted perimeter P I  

the preceeding equation can be expressed as 



For a t r a p e z o i d a l  channel t h e  geometric equat ions  de f in ing  a r e a  A and wetted 

per imeter  P a r e  

( D .  7a )  

( D .  7b) 

where b is t h e  channel base width, d i s  the '  depth of flow and z is  t h e  

channel s i d e  s lope  i n c l i n a t i o n  ( 2 : l ) .  Thus equat ion D . 6  becomes 

The r i g h t  s i d e  of t h i s  equat ion is  a cons tan t  f o r  a given combination of 

n , Q , and D50 o r  

2 7 
(bd  + d z )  Qn 

= K Where K = [ 1 J (D.9) 

b + zd /-?T 0 . 3 2 3 4 ( ~ ~  - 1 ) ~ ~ ~  

So lu t ion  of t h i s  equat ion  f o r  d r equ i r ed  a t r i a l  and e r r o r  approach. Af te r  

e s t a b l i s h i n g  d , t h e  hydraul ic  r ad ius  R (A/P) can be determined and used t o  

e v a l u a t e  t h e  armor s lope .  To a i d  i n  s o l u t i o n  graphs 6.11a-e were developed 

f o r  t r apezo ida l  channels  with base widths 6, 10 o r  14 f e e t  and 2 t o  1 s i d e  

s lopes .  Using t h e s e  f i g u r e s ,  t h e  computation of a K va lue  f o r  t h e  given 

cond i t i ons  al lows f o r  s o l u t i o n  of t h e  hydraul ic  r ad ius  i n  a t r apezo ida l  chan- 

ne l .  I f  t h e  computed K value  is  ou t s ide  t h e  range given i n  t h e  f i g u r e s ,  

Equation D.9 must be solved d i r e c t l y .  



APPENDIX E 

BIOLOGIC& STREAM INVESTIGATION PROCEDURES 



 
 
 
 
 
 
 

This page intentionally left blank. 



CHAPTER 22 STUDY PROCEDURES 

SECTION I V  

CHAPTER 22 

STREAM STUDY PROCEDURES 

by D. G.  Huggins 

Many types  of water  q u a l i t y  s t u d i e s  may be  under taken,  w i th  t h e  ob- 
j e c t i v e ( ~ )  of t h e  s tudy determining t h e  des ign.  I t  i s  imposs ib le  t o  
over-emphasize t h e  n e c e s s i t y  f o r  a  c l e a r  s t a t emen t  of o b j e c t i v e s  a t  t h e  
s t a r t  of any s tudy .  Neglec t  of t h i s  e s s e n t i a l  p re l imina ry  s t e p  may 
r e s u l t  i n  f a i l u r e  t o  o b t a i n  c e r t a i n  c r i t i c a l  i n fo rma t ion ,  o r  conve r se ly ,  
i n  expend i tu re  of need le s s  and was t e fu l  amounts of t ime, e f f o r t ,  and 
money. 

The o b j e c t i v e s  of any s t ream s tudy  should be  pu t  i n  w r i t i n g  ( p r i o r  
t o  i n i t i a t i n g  t h e  s tudy)  f o r  s e v e r a l  reasons:  (1) the  mere a c t  of 
p u t t i n g  them on paper  r e q u i r e s  c a r e f u l  cons ide ra t ions  of t h e  a c t u a l  ob- 
j e c t i v e s ;  ( 2 )  t h e  w r i t t e n  word i s  f a r  l e s s  l i k e l y  t o  be misunderr :~od 
by those  involved i n  t h e  ope ra t ions  than i s  a  v e r b a l  s t a t emen t ;  ( 3 )  
t hey  f i x  t h e  r e s p o n s i b i l i t y  of those  charged wi th  s u p e r v i s i o n  o f  t h e  
s tudy ;  (4)  t hey  provide  a  b a s i s  f o r  judging t h e  e x t e n t  t o  which t h e  
r e s u l t s  of t h e  studjr met t h e  needs t h a t  originally j u s t i f i e d  t h e  under- 
t a k i n g .  Add i t i ona l ly ,  w r i t t e n  o b j e c t i v e s  should d e f i n e  n o t  on ly  t h e  
purposes of t h e  s tudy  bu t  a l s o  t h e  limits, thus  d i scourag ing  t h e  p u r s u i t  
of n o n e s s e n t i a l  s i d e p a t h s .  

Ca tegor i e s  of Stream Water Q u a l i t y  S tud ie s  

Most s t u d i e s  f a l l  i n t o  one of two gene ra l  c a t e g o r i e s .  One type  of 
s t u d y  is des igned t o  determine water  q u a l i t y  and/or  b i o l o g i c a l  q u a l i t y  
a t  a  s i n g l e  p o i n t  o r  a t  i s o l a t e d  p o i n t s .  This  i nvo lves  one o r  more un- 
r e l a t e d  sampling s t a t i o n s  on a  s t ream system. Sampling may be  oc- 
c a s i o n a l ,  perhaps  a t  weekly, monthly, o r  even q u a r t e r l y  i n t e r v a l s ,  b u t  
u s u a l l y  con t inues  over  a  p r o t r a c t e d  pe r iod .  Samples may be  of a  quan- 
t i t a t i v e  o r  q u a l i t a t i v e  n a t u r e  and may inc lude  p h y s i c a l ,  chemical,  and 
b i o l o g i c a l ,  d a t a .  The fo l lowing a r e  some o b j e c t i v e s  of s i n g l e  p o i n t  i n -  
v e s t i g a t i o n s :  

1. Establ ishment  of a  base  l i n e  record  of 
s t ream q u a l i t y .  

2.  I n v e s t i g a t i o n  of s u i t a b i l i t y  f o r  propaga- 
t i o n  of a q u a t i c  l i f e ,  i nc lud ing  f i s h .  
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3. Monitoring e f f e c t s  of  waste d i scha rge  o r  
environmental a l t e r a t i o n s .  . 

4. Surve i l l ance  t o  d e t e c t  adherence t o  o r  
v i o l a t i o n  of  water q u a l i t y  s t anda rds .  

5. Detect ion of  sudden changes i n  water  
caused by s l u g s  of  contaminants r e s u l t i n g  
from s p i l l s ,  d e l i b e r a t e  d i scha rges ,  o r  
t rea tment  p l a n t  f a i l u r e s .  

The second category of  stream s t u d i e s  a r e  those  designed t o  d e t e r -  
mine changing water q u a l i t y  cond i t ions  a s  t h e  water  t r a v e l s  downstream. 
These types  of  s t u d i e s  o f t e n  r e q u i r e  a  s e r i e s  of r e l a t e d  sampling s t a -  
t i o n s .  These s t a t i o n s  a r e  s e l e c t e d  t o  r e f l e c t  bo th  in s t an taneous  
changes i n  water  q u a l i t y  a t  waste d i scha rge  p o i n t s  (o r  where major 
t r i b u t a r i e s  e n t e r ) ,  and slower changes t h a t  r e s u l t  from n a t u r a l  
p u r i f i c a t i o n .  Samples a r e  u s u a l l y  c o l l e c t e d  a t  f r equen t  i n t e r v a l s ,  
poss ib ly  even s e v e r a l  t imes a  day, f o r  a  l imi t ed  per iod.  Laboratory 
determinat ions  a r e  preformed on those  water  q u a l i t y  parameters  t h a t  
r e f l e c t  changes i n  c o n s t i t u e n t s  r e s u l t i n g  from n a t u r a l  p u r i f i c a t i o n  and 
those  t h a t  r evea l  e f f e c t s  of  wastes d ischarged i n t o  the  reach. The f o l -  
lowing a r e  some o b j e c t i v e s  of r e l a t e d  p o i n t  i n v e s t i g a t i o n s .  

Determinations' o f  p a t t e r n s  of  p o l l u t i o n  
downstream of  environmental a l t e r a t i o n s  
and waste d i scha rges  and e f f e c t s  of water  
u ses .  
Determination of  adherence t o  o r  v io l a -  
t i o n  of  water q u a l i t y  s t anda rds .  
Determination of  c h a r a c t e r i s t i c s  and 

r a t e s  o f  n a t u r a l  water  p u r i f i c a t i o n  i n  
streams. 
P r o j e c t i o n  of  e f f e c t s  o f  p o l l u t i o n  t o  
cond i t ions  o f  flow and temperature o t h e r  
than  those  occur r ing  dur ing  s tudy.  
Determination of  causes of  f i s h  k i l l s  o r  
o t h e r  d i s a s t e r s  involving d e t e r i o r a t i o n  
i n  water  q u a l i t y .  
Determination of  e x i s t i n g  water  q u a l i t y  
before  some change i n  cond i t ions ,  such a s  
a  new o r  inc reased  waste d i scha rge .  

S i t e  I d e n t i f i c a t i o n  

I d e n t i f y i n g  t h e  s i t e  is an important s t e p  i n  conducting t h e  s t ream 
i n v e s t i g a t i o n .  There a r e  two primary purposes f o r  s i t e  i d e n t i f i c a t i o n :  
(I)  c l a r i f i c a t i o n  of  the  a rea  of  impact;  and (2 )  s tudy s i t e  de l imi t a -  
t i on .  Add i t iona l ly ,  proper  s i t e  i d e n t i f i c a t i o n  o f t e n  f a c i l i t a t e s  t h e  
c o l l e c t i o n  o f  considerable  "on the  she l f "  informat ion p r i o r  t o  a c t u a l  
stream sampling. 
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A b a s i c  t o o l  of  t h e  s i t e  i d e n t i f i c a t i o n  i s  a  r ecen t  a e r i a l  
~ h o t o g r a p h  of t h e  a r e a .  These can be obta ined a t  USDA o f f i c e s  of t he  
s o i l  Conservation Se rv ice ,  (SCS) and A g r i c u l t u r a l  S t a b i l i z a t i o n  and Con- 
s e r v a t i o n  Se rv ice ,  (ASCS). Both agencies  usua l ly  have o f f i c e s  i n  t h e  
county s e a t .  Before con tac t ing  these  o f f i c e s ,  mark t h e  gene ra l  a rea  of 
t h e  s t ream s i t e  on a  county map. This w i l l  a s s i s t  i n  l o c a t i n g  t h e  same 
a r e a  on t h e  a e r i a l  photo. 

ASCS pbotographs a r e  normally t h e  most r ecen t  a e r i a l  records  
a v a i l a b l e .  Photo s c a l e s  a r e  usua l ly  8 inches  = 1 mile ( o r  1 inch  = 660 
f e e t ) .  I f  t ime permits  d u p l i c a t e  photographs can-be ordered and pur- 
chased from t h e  ASCS o f f i c e  i n  S a l t  Lake C i t y ,  Utah f o r  a  small  fee .  
General ly  it w i l l  t ake  about s i x  weeks t o  o b t a l n  t h e  maps from S a l t  Lake 
Ci ty .  ASCS a l s o  has p h o t o s t a t i c  copies  of t h e  photographs a v a i l a b l e .  
They a r e  no t  t o  s c a l e  bu t  w i l l  u sua l ly  provide  adequate coverage of  t h e  
s i t e .  One copy can be obta ined f r e e ,  while ASCS charges a  modest charge 
f o r  m u l t i p l e  copies .  

S o i l  Conservation Se rv ice  o f f i c e s  have s e v e r a l  yea r s  of f l i g h t  
coverage f o r  t h e i r  region. Some o f f i c e s  have f l i g h t s  da t ing  back t o  t h e  
1930s. Hap s c a l e s  a r e  4 inches  = 1 mile  o r  8 inches  = 1 mile.  This 
provides  f o r  a  good h i s t o r i c a l  p i c t u r e  of p a s t  s t ream impacts such a s  
stream d i v e r s i o n s  and a l t e r a t i o n s .  Another r e source  t h a t  should be con- 
s u l t e d  i n  t h e  SCS o f f i c e  a r e  s o i l  surveys .  Valuable i n t e r p r e t a t i o n s  a s  
t o  type  of  s t ream,  and l o c a t i o n s  of sp r ings  and wet a r e a s  can be made 
from t h e  s o i l  survey a e r i a l  photographs. Seve ra l  d i f f e r e n t  types  of 
surveys  may be  a v a i l a b l e ,  s o  look a t  a l l  of them. 

I n  a d d i t i o n  t o  t h e  above, U.S. Geological Survey quadrangle maps 
a r e  an  e x c e l l e n t  t o o l  f o r  conducting stream i n v e s t i g a t i o n s .  Phys ica l  
f e a t u r e s  such a s  stream g r a d i e n t ,  sp r ings ,  and s t ream c l a s s i f i c a t i o n s  
can be r e a d i l y  obta ined wi th  f a i r  accuracy.  County engineers  and SCS 
eng inee r s  normally have copies  a v a i l a b l e  b u t  it i s  b e s t  t o  o rde r  your 
o m  s h e e t .  S t a t e  geo log ica l  agencies  should be a b l e  t o  provide  o rde r ing  
informat ion o r  i f  necessary ,  f u r t h e r  informat ion may be obta ined by con- 
t a c t i n g  t h e  United S t a t e s  Geological Survey o f f i c e  i n  Denver, Colorado. 

Once t h e  b a s i c  informat ion concerning your s i t e  (photo and quad 
s h e e t )  is  c o l l e c t e d ,  a  reconnaissance of  t h e  a rea  by v e h i c l e  and/or  f o o t  
i s  adv i sab le .  Key access  p o i n t s  and impact f e a t u r e s  such a s  s o i l  
d i s tu rbance ,  sediment d i scha rge  p o i n t s ,  g raz ing ,  " p r i s t i n e "  reaches ,  
e t c .  should  be  noted. I f  t ime permits ,  pe r sona l  i n t e rv iews  wi th  lan-  
downers, game wardens, and o the r s  concerning t h e  stream can y i e l d  a  
weal th  of  informat ion.  

Survey Design 

Survey des ign should be i n  response t o  t h e  i n v e s t i g a t o r ' s  objec-  
t i v e s .  B a s i c a l l y  t h e  i n v e s t i g a t o r ' s  r e s p o n s i b i l i t i e s  w i l l  most l i k e l y  
include:  (1 )  t h e  i d e n t i f i c a t i o n  of a  s t ream with  a  b i o l o g i c a l  com- 
munity; (2) t h e  i n v e s t i g a t i o n  and/or i d e n t i f i c a t i o n  of a  p o s s i b l e  v i o l a -  
t i o n ;  and (3) a  check on t h e  r e s u l t s  of rec lamat ion e f f o r t s .  
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I n v e s t i g a t i o n s  i nvo lv ing  t h e  d e f i n i n g  of a  b i o l o g i c a l l y  a c t i v e  
s t ream may n e c e s s i t a t e  t h e  sampling o f  a  s t ream s e c t i o n  t h a t  may con- 
t a i n i n g  t h e  t h r e e  b a s i c  s t ream h a b i t a t s  ( r i f f l e ,  poo l ,  r u n s ) ,  i f  
p r e s e n t .  Study s i t e s  should be  r e p r e s e n t a t i v e  o f  t h e  s t ream a r e a s  most 
l i k e l y  t o  be a f f e c t e d  o r  impacted by mining a c t i v i t y .  Stream cond i t i on  
must be considered  s i n c e  w u s u a l  s t ream cond i t i ons  such a s  h igh water  
can make b i o l o g i c a l  sampling i m p r a c t i c a l  and/or  l ead  t o  er roneous  con- 
c l u s i o n s  based on l i m i t e d  o r  incomplete samples.  Extremely low water 
s t a g e s  can a l s o  make t h e  r e s u l t s  o f  sampling e f f o r t s  o f  l i m i t e d  value .  
I n  gene ra l ,  i n  t h i s  a r e a  t h e  g r e a t e s t  measurable a q u a t i c  i n v e r t e b r a t e  
family  d i v e r s i t i e s  w i l l  be  found i n  l a t e  s p r i n g  and summer. For a  long- 
term b i o l o g i c a l  survey program i t  is  b e s t  t h a t  c o l l e c t i o n s  be  made a t  
l e a s t  once du r ing  each of t he  annual seasons .  Of t en  t h e  choice  of loca- 
t i o n  o f  survey s i t e ( s )  o r  s t a t i o n ( s )  can be  reasonably  f l e x i b l e .  This  
may a l low t h e  i n v e s t i g a t o r  t o  cons ide r  o t h e r  f a c t o r s ,  such a s  t r a v e l  
t ime and a c e s s i b i l i t y ,  when reaching a  d e c i s i o n  concerning sampling s i t e  
s e l e c t i o n .  

The s e r i e s  approach is used t o  e s t a b l i s h  t h e  course  o f  p o l l u r i o n ,  
o r  t o  document water  q u a l i t y  and b i o l o g i c a l  changes throughout  a  reach 
of r i v e r  o r  stream. Th i s  t ype  of des ign  is g e n e r a l l y  needed t o  
e s t a b l i s h  t h e  p o s s i b i l i t y  o f  a  v i o l a t i o n  o r  t o  e v a l u a t e  t h e  r e s u l t s  o f  
rec lamat ion e f f o r t s .  The p a t t e r n  o f  changing q u a l i t y  r e f l e c t e d  by t h e  
r e l a t i o n s h i p  among t h e  s e v e r a l  s t a t i o n s  i s  more impor tant  than t h e  
i s o l a t e d  b i o l o g i c a l  o r  physiochemical q u a l i t y  a t  any one s t a t i o n .  The 
assessment of t h e  r e l a t i o n s h i p  among t h e  s t a t i o n s  t h e r e f o r e  depends on 
t h e  c o l l e c t i o n  o f  d a t a  representative of t h e  s t ream a t  each s t a t i o n .  

Es tabl ishment  o f  s i t e s  t h a t  a r e  p h y s i c a l l y  s i m i l a r  is d e s i r a b l e .  
However, when d i s s i m i l a r  s i t e s  a r e  t o  be  compared, c a r e  should be  t a r e n  
s o  t h a t  d a t a  comparisons do n o t  l e a d  t o  f a l s e  conclus ions  concerning the  

- b i o l o g i c a l  communities occu r r ing  i n  t hese  s tudy  s i t e s  ( s ee  Chapter 24).  
The e s t ab l i shmen t  of one o r  more c o n t r o l  s t a t i o n s  can a l low f o r  t h e  com- 
p a r i s o n  of water  and b i o l o g i c a l  q u a l i t y  above and below t h e  p o i n t  o f  
p o l l u t i o n  o r  source  o f  a l t e r a t i o n .  A c o n t r o l  s t a t i o n  upstream o f  t h e  
source  of impact i s  a s  impor tant  a s  t h e  s t a t i o n s  w i th in  o r  below t h e  i m -  
p a c t  a r e a  and should be chosen wi th  equal  c a r e  t o  ensu re  r e p r e s e n t a t i v e  
r e s u l t s .  The d i s t a n c e  between t h e  sampling s i t e s  should  be  s u f f i c i e n t  
t o  pe rmi t  a c c u r a t e  measurement o f  p o t e n t i a l  changes. Sampling o f  a  
t r i b u t a r y  stream may be meaningful,  however, i f  t h e  flow is  l e s s  t han  10 
t o  20 pe rcen t  of t h e  main s t ream,  t h e  t r i b u t a r y  need n o t  t o  be  sampled. 
The s t a t i o n  o r  s i t e  on a  t r i b u t a r y  should be  a s  nea r  t o  t h e  main s t ream 
a s  f e a s i b l e .  

Bridges should be  avoided when sampling f o r  bottom organisms. Ben- 
t h i c  popula t ions  may have been a l t e r e d  o r  des t royed  by b r idge  cons t ruc -  
t i o n  a c t i v i t i e s .  I n  a d d i t i o n ,  t h e  p h y s i c a l  environment of t h e  s t ream 
nea r  b r idges  is o f t e n  a l t e r e d  and maybe un rep resen ta t ive  of t h e  stream 
i n  gene ra l .  I f  sampling near  a  b r idge  is neces sa ry ,  t hen  it  should  be 
l i m i t e d  t o  t h e  upstream s i d e .  Bridges f r e q u e n t l y  shade t h e  stream 
beneath  them and reduce l i g h t  exposure and p e n e t r a t i o n .  
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The same considerations concerning sampling time and stream condi- 
tion should be given to related series stations when investigating 
possible violations and/or recovery situations. 

Stream Survey Field Sheet 

The following survey sheet has been developed so that the in- 
vestigator may accurately and concisely document the physical, chemical, 
and biological properties observed at each sampling site or locality. 
Individual survey sheets allow the investigator to record the precise 
stream conditions at each station or site at the time of survey. The 
field sheets are used to document, in a comparative manner, the changes 
that occur from site to site at any given sample date or' at one site 
over an extended time period. The following detailed instructions and 
suggestions for completing these survey sheets are included so that some 
consistency might be obtained when data is recorded by the user. In' 
some of the survey sections the methodology is given so that the user 
can calculate the appropriate answer(s). Often the appropriate aerial 
or topographic map of the sample site area may be photo-duplicated on 
the back of the survey sheet. 

DETAILED STREAH SURVEY FIELD SHEET INSTRUCTIONS 

HINE - 
Official mine name and/or mining company name. 

osn 
. Reference # 

STATE - 
Do not abbreviate. 

c o r n  
Do not abbreviate. 

LOCATION 
T a l  description (to the 114 Section) 

Write out the month. (day-month-year) 

tlilitary or indicate AH or PH. 

WEATHER 
General conditions (e-g., sunny and clear, cloudy and windy) 



Nine: OSU Reference  No. 

Scare :  County: Locac ion: 

h r e :  Time: Weacher: Photo 

Scream Name: Scac ion:  

Length (fC.1 Sumeyed:  Scream Fa11 ( fc . )  p e r  Nile:  

Scream Flow c.f.s.: Scage: 

Scream CaCegory - Ephemeral. Incermic tanc .  P e r e n n i a l  ( C i r c l e )  

RIFFLES . (wxlxo) POOLS (YXLXD) - RUNS (WxlxD) - 

AVE. Avg. Avg . 
I R i f f l e s  I Pools #Runs 

Rel. R i f f l e / P o o l l R u n  R a t i o  (in t e n c h s )  

S u b s c r a t e  Composit ion (in t e n t h s )  

RIFFLES S U t / C l a y S ~ d ~ S n v e l ~ P e b b l c / C o b b l e ~ B o u l d e r / B e d r o c k ~  

POOLS S i l c / C l a y S r n d ~ C r a v e l P e b b l e / C o b b l e ~ B o u l d e r / ~ e d r o c k ~  

RUNS S i l c / ~ l a ~ ~ S a n d ~ r a v e l P e b b l e / C o b b l e ~ B o u l d e r / B c d r o c k ~  

Predominant bank c ype 

Approx. X C a o p y  Major F loodpla in  Land Use: 

Dominant r a p a r  i a n  vegecac ion  

Wacer T e m p e r a c u r e : A i r  T e r n p e r a ~ u r e : p H : ~ W a c e r  C l a r i c y :  

Ocher: 

Observed a q u a t i c  fauna/ f l o r a :  

F ish :  

Benchos : 

Ocher: 

Survey Performed by: 
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PHOTO # 
The s e c t i o n  number i s  u s u a l l y  p r e s e n t  

t h e  i n v e s t i g a t o r  may wish t o  g ive  t h e  
responds t o  a  s t a t i o n  number, sample s i t e ,  

STREAH NAtlE -- 
Countv maps o r  USCS maps a r e  t h e  b e s t  

on SCS maps bu t  i n  a d d i t i o n  
map a  unique number t h a t  cor- 
e t c .  

sources  f o r  o f f i c i a l  s t ream 
names. 1f nbt named, w k t e  unnamed t r i b u t a r y  of s t ream,  o r ,  
j u s t ,  "unnamed creek".  

LENGTH SURVEYED -- 
Approximate. Length surveyed should be r e s t r i c t e d  t o  on ly  t h a t  

a r e a  on t h e  survey s h e e t  used.  

STREAH F W  PER MILE ---- 
Stream g r a d i e n t  may be  a v a i l a b l e  on e x i s t i n g  maps o r  from o t h e r  

s t u d i e s .  Measurement of s t ream l eng th  between contour  l i n e s  of USGS 
topograph ica l  map w i l l  g ive  a  rough e s t i m a t e  of g r a d i e n t .  

g r a d i e n t  = contour  i n t e r v a l / s t r e a m  l e n g t h  

STREAH FLOW (C.q.2.) -- 
The v e l o c i t y  of a  cana l  o r  stream, and hence i t s  d i s cha rge ,  may be  

roughly  determined by the  use  of s u r f a c e  f l o a t s  and channel c ros s  sec-  
t i o n s .  

A s t r e t c h  of t h e  channel ,  s t r a i g h t  and uniform i n  c r o s s  s e c t i o n  and 
g rade ,  w i th  a  minimum of s u r f a c e  waves, should be  chosen f o r  t h i s  
method. Su r face  v e l o c i t y  measurements should be made on a  windless  day, 
f o r  even under t h e  b e s t  cond i t i ons  t h e  f l o a t s  a r e  o f t e n  d i v e r t e d  from a 
d i r e c t  course  between measuring s t a t i o n s .  

I f  t h e  width  of t h e  s t ream i s  more than  3 o r  4 f e e t  t h e  cana l  
should  be  d iv ided i n t o  segments, and t h e  average  dep th  determined f o r  
each segment. The segments should be narrower i n  t h e  o u t e r  t h i r d s  of 
t h e  cana l  t han  i n  t h e  c e n t r a l  t h i r d .  F l o a t  cou r ses  should be  l a i d  o u t  
i n  t h e  middle of t h e  s t r i p s  def ined by t h e  segments. For regular -shaped 
channels  f lowing i n  a  s t r a i g h t  course  under f avo rab le  c o n d i t i o n s ,  t h e  
mean v e l o c i t y  o f  a  s t r i p  i n  t h e  channel i s  approximate ly  0.85 t imes  i t s  
s u r f a c e  v e l o c i t y .  Th i s  va lue  i s  an average  of many obse rva t ions .  For 
any p a r t i c u l a r  channel  it may be a s  low a s  0.80 o r  a s  h igh  a s  0.95. The 
v e l o c i t y  of t h e  f l o a t  i n  each s t r i p ,  a f t e r  be ing  ad jus t ed  t o  mean 
v e l o c i t y ,  m u l t i p l i e d  by t h e  c r o s s  s e c t i o n a l  a r ea  of t h e  s t r i p ,  w i l l  g i v e  
t h e  d i scha rge .  The sum of t h e  d i scha rge  of t h e  s t r i p s  i s  t h e  t o t a l  
d i s cha rge .  

On a  smal l  s t ream r a t h e r  than d iv id ing  t h e  s t ream i n t o  segments,  a  
number o f  f l o a t  runs  can be made and an average o f  t hese  used f o r  t h e  
s u r f a c e  v e l o c i t y  of t h e  stream. The f l o a t  method i s  an  approximate 
method and should be used only  wi th  i t s  l i m i t a t i o n s  i n  mind. Genera l ly ,  
make a t  l e a s t  3 runs  w i th  t h e  f l o a t  along a  100 f o o t  s e c t i o n .  Compute 
t h e  average  f t . / s c c .  and mul t ip ly  by c r o s s  s e c t i o n a l  a r ea  of t h e  s t ream 
t o  o b t a i n  t h e  flow i n  cubic  f e e t  p e r  second. 

- 
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Sometimes stream flow o r  s u r f a c e  water  d i scha rge  measurements may 
be  a v a i l a b l e  f o r  t h e  a r ea  of s tudy  from t h e  Water Resources D iv i s ion  of 
t h e  U. S.  Geologica l  Survey o r  s t a t e  g e o l o g i c a l  agenc ie s .  Always check 
t o  s e e  i f  an e x i s t i n g  gauging s t a t i o n ( s )  occu r s  i n  o r  nea r  your s tudy  
a r e a  of t h e  s t ream.  When more a c c u r a t e  measurements o f  s t ream flow a r e  
d e s i r a b l e ,  and t h e  use  of flow meters  and more t e c h n i c a l  f low measure- 
ment techniques  should be  u t i l i z e d .  

STAGE 
o b v i o u s  s t ream cond i t i on ,  such a s  f l o o d i n g ,  d r y ,  i n t e r m i t t e n t ,  nor- 
mal. 

STREAM CATEGORY 
See d e f i n i t i o n s  on Survey Shee t  

RIFFLE, POOL AKD RUN UEASUREHENTS 
Haximum width,  l eng th ,  and dep th  should  be  ob ta ined  where p o s s i b l e .  

Depth measurements could be a  problem and may have t o  be  es t imated.  Ten 
spaces  have been provided f o r  w r i t i n g  r i f f l e ,  poo l ,  and run measurements 
so  a n  average  can be obta ined.  I f  many r i f f l e s  o r  pools  a r e  p r e s e n t ,  
randomly s e l e c t  a r e a s  from throughout t h e  s t u d y  s e c t i o n .  

" R i f f l e  areas ' '  a r e  cha rac t e r i zed  by s w i f t  t u r b u l e n t  water  and 
uneven bottom s u b s t r a t e s ,  u sua l ly  g r a v e l  o r  rubb le .  "Pool a r eas"  should 
be  considered  a s  t hose  stream reaches where unusua l ly  deep water  i s  
l o c a t e d ,  w i th  dep th  d i f f e r i n g  d r a s t i c a l l y  and a b r u p t l y  from ad jacen t  
a r e a s .  Stream "run a reas"  a r e  those  a r e a s  where normal shal low s t r e a a  
wa te r  e x i s t s ,  a r eas  cha rac t e r i zed  by c o n s i s t e n t ,  unbroken flow ana 
f a i r l y  even o r  s t a b l e  bottom. 

SUBSTRATE COtlPOSITION 

Mineral  p a r t i c l e s  on t h e  beds of r i v e r s  and s t reams e x h i b i t  a  wide 
range of s i z e s ,  from l a r g e  boulders  through f i n e  s i l t  and c l ay .  While 
most b i o l o g i s t s  have been content  t o  be merely d e s c r i p t i v e  about  t h e  na- 
t u r e  o f  t h e  s u b s t r a t e  they have worked.upon, r e c e n t l y  t h e r e  has been a  
t r e n d  toward more q u a n t i t a t i v e  measurements of s t ream s u b s t r a t e s .  Ac- 
co rd ing ly ,  t h e  two methods p re sen ted  h e r e  w i l l  g i v e  "quan t i t a t i ve"  
e s t i m a t e s  o f  s u b s t r a t e  composit ions.  nethod one is  convenient ly  em- 
ployed i n  t h e  f i e l d  wi thout  t h e  need f o r  acces so ry  equipment. Method 
two r e q u i r e s  equipment and is more t ime consuming, b u t  y i e l d s  more 
p r e c i s e  e s t i m a t e s  than method one. Time and r e sou rces  should d i c t a t e  
t h e  cho ice  of method t o  be employed. 

Method 1 F i v e  c a t e g o r i e s  f o r  s u b s t r a t e  composit ion a r e  p r e s e n t  on 
t h e  Stream Survey F i e l d  Sheet .  The p e r c e n t  of t h e  t o t a l  s u b s t r a t e  
r ep re sen ted  by each o f  t h e  f i v e  c l a s s e s  is e s t ima ted  and recorded t o  t h e  
n e a r e s t  t e n t h  t o  t h e  r i g h t  of t h e  r e s p e c t i v e  c l a s s .  The p a r t i c l e  s i z e  
range f o r  t h e  c l a s s e s  is 0.0625 mm and s m a l l e r  f o r  s i l t /  c l a y ,  0.0626 t o  
2.0 rnm f o r  sand,  2 . 1  mm t o  16.0 mm f o r  g r a v e l ,  16 .1  mm t o  256.0 mm f o r  
pebb le l cobb le ,  and g r e a t e r  t han  256.0 mm f o r  boulder /bedrock.  

Method 2 Th i s  method, proposed by Cumins  (1962). u se s  t h e  s i z e  
c a t e g o r i e s  g iven i n  Table 1. Samples of s t ream s u b s t r a t e  a r e  c o l l e c t e d  
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and t h e  sand and s i l t  f r a c t i o n s  a r e  e l u t r i a t e d .  The s i l t  is allowed t o  
s e t t l e  o u t  of t h e  e l u t r i a t e  and t h e  c l a y  i s  t hen  cen t r i fuged  from a l i -  
q u a t s .  The remainder of t h e  sample i s  d r i e d  and poured through a s e r i e s  
of s i e v e s ,  each of dec reas ing  a p e r t u r e  s i z e .  The s i e v e s  a r e  shaken on a 
mechanical  shaker .  A f t e r  shaking,  t h e  s i z e  c l a s s e s  a r e  weighed and each 
ca t ego ry  i s  expressed a s  a pe rcen t  on t h e  b a s i s  of dry weight. The s i z e  
c l a s s e s  a r e  der ived from a modified Vent-dorth s c a l e  of p a r t i c l e  s i z e s  
and a r e  recorded on t h e  b a s i s  of a l i n e a r  p h i - s c a l e  ("phi" = t h e  nega- 
t i v e  logar i thm t o  t h e  base  2 of t h e  s m a l l e s t  d iameter  i n  each p a r t i c a l  
s i z e  ca t ego ry ) .  

Table  1 

Terminology, c a t e g o r i e s  and methods f o r  p a r t i c l e  s i z e  a n a l y s i s .  
Modified f r a n  Cummins (1962) and Hynes (1970). 

Mesh, s i z e .  (4 and methods 
of r c u u r l r n c  

R ~ g e  of phi- 
Waw of par t i c l e  s i z e  of -. sca le  I. 

U.S. Tylrr 
s i e v e  no. s i eve  no. 

Boulder 
Cobble 
Pebble 

Very coarse *and 
Corrac sand 
m d i u  *and 
Tine sand 
V - q  l i n e  ~d 
S l I I  
Clay 

Direct .u.uremac 
Individual wire square 
lndividurl wire square 
16 
8 
4 
2 

1 
0.5 
0.25 
0.125 
0.00625 

7 . 8  Scparacrd by s e t t l i a s  
Separated by c m c r i f u ~ e  
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PREDOMINANT BANK TYPE 
Type of bank i n  terms of  s l o p e ,  cover ,  and composition. 

APPROX % CANOPY 
Percentage f o r  s tudy s e c t i o n .  The u s e r  must consider  the  pe rcen t  

o f  canopy over  t h e  stream along t h e  t o t a l  s t ream reach wi th in  the  s tudy  
a rea .  

W O R  FLOODPLAIN LAMI USE - -- 
Use a p p r o p r i a t e  terminology ( e .g . ,  cropland, pas tu re l and ,  

grazingland,  f o r e s t r y ,  r e s i d e n t i a l ,  indust r ia l /commercia l ) .  

DOMINANT RIPARIAN VEGETATIAN 
I f  p o s s r b l c ,  i d e n t i f y  dominant t r e e s ,  shrubs  and/or non-woody cover  

v e g e t a t i o n  a long stream banks and determine approximate width and r e l a -  
t i v e  d e n s i t y  of  r i p a r i a n  vege ta t ion .  

WATER AND AIR TEMPERATURE --- 
I n d i c a t e  whether cen t ig rade  o r  f ah renhe i t .  

I!!! 
Use most appropr i a t e  methodology. 

WATER CLARITY -- 
General s t a t emen t  concerning c l a r i t y  of  water (e .g . ,  very c l e a r ,  

c l e a r ,  t u r b i d ,  ve ry  muddy, e t c . ) .  

OTHER 
P e r t i n e n t  phys ica l  o r  chemical da t a  

OBSERVED AQUATIC FAUNA/FLORA 
ninimum i n f o n n a t i o n u l d  c o n s i s t  o f  presence o r  absence da ta .  

F i s h  may be observed i f  shal low water  o r  c l e a r  water  a reas  a r e  ap- 
proached q u i e t l y  and c a r e f u l l y .  Benthos, molluscs and a q u a t i c  p l a n t  
samples may be taken t o  l a b  f o r  i d e n t i f i c a t i o n  and recorded l a t e r .  

COMNTS 
P e r t i n e n t  obse rva t ions  concerning t h e  s tudy  a r e a  and i ts  immediate 

environments.  
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CHAPTER 23 

BIOLOGICAL SAMPLING TECHNIQUES 

by P. H. L i e c h t i  

C o l l e c t i o n  

The s i m p l e s t  method o f  sample c o l l e c t i o n  is band p i ck ing  of t h e  o r -  
ganisms from rocks and d e b r i s  submerged i n  t h e  water .  A number of 
a q u a t i c  i n v e r t e b r a t e s  a r e  found on t h e s e  s u b s t r a t e s  and can be  e a s i l y  
p icked o f f  t h e  m a t e r i a l  w i t h  fo rceps  a f t e r  removal from t h e  water .  

A D-net-wi th  f i n e  mesh O i g .  23.1) can be  used f o r  q u a l i t a t i v e  
sampling of shal low r i f f l e s  o r  edges o f  pools  w i th  overhanging vegeta-  
t i o n .  I n  r i f f l e s  o r  o t h e r  f lowing water  t h e  f l a t  s u r f a c e  of t h e  n e t  is 
p l aced  a g a i n s t  t h e  s u b s t r a t e .  Upstream from t h e  n e t ,  rocks ,  and d e b r i s  
a r e  d i s t u r b e d  o r  kicked by f o o t  a l lowing t h e  d is lodged organisms t o  f l o v  
i n t o  t h e  n e t .  The m a t e r i a l  c o l l e c t e d  can e i t h e r  be hand picked  direct,,^ 
i n t o  specimen c o n t a i n e r s ,  f l o a t e d  i n  a whi te  pan and specimens picked 
o u t ,  o r  t h e  e n t i r e  con ten t s  can  be p l aced  i n  a con ta ine r  w i th  a p r e s e r -  
v a t i v e  and s o r t e d  l a t e r .  The D-net can be swept through v e g e t a t i o n  when 
sampling a long t h e  edges  o f  pools  w i th  overhanging and/or  emerging 
v e g e t a t i o n .  The a r e a  can a l s o  be  d i s t u r b e d  by f o o t  and backwashed i n t o  
t h e  n e t  o r  t h e  v e g e t a t i o n  can be  p u l l e d  and washed i n t o  t h e  n e t .  Again 
s o r t i n g  can e i t h e r  be done immediately o r  t h e  sample can be p re se rved  
and s o r t e d  l a t e r .  

The k i ck  n e t  (F ig .  23.2) i s  b e s t  s u i t e d  f o r  sampling shal low 
f lowing water .  I t  can be purchased complete o r  hand made by a t t a c h i n g  a 
s u i t a b l e  p i ece  o f  s c reen  wi th  1 mm squa re  mesh t o  two dowels o r  p o l e s .  
Like t h e  D-net, it is placed i n  t h e  s t ream below t h e  a r ea  t o  be  sampled 
( u s u a l l y  a r i f f l e ) .  The a r e a  upstream is then d i s tu rbed  by f o o t  a l -  
lowing dis lodged i n v e r t e b r a t e s  t o  become ent rapped by t h e  doms t r eam 
n e t .  The n e t  i s  t hen  s imu l t aneous ly  moved upstream and p u l l e d  from t h e  
water  t o  prevent  l o s s  o f  t h e  c a t c h .  The D-net and t h e  k i ck  n e t  d i f f e r  
i n  t h a t  t h e  former can be handled e f f i c i e n t l y  by one i n d i v i d u a l ,  whereas 
t h e  k i ck  n e t  u s u a l l y  r e q u i r e s  two i n d i v i d u a l s .  In. a d d i t i o n ,  t h e  k ick  
n e t  has t h e  advantage of sampling a l a r g e r  a r ea  than t h e  D-net b u t  has  a 
l a r g e r  mesh s i z e  and t h e r e f o r e  does n o t  r e t a i n  t he  sma l l e r  organisms. 

Three devices  s p e c i f i c a l l y  des igned f o r  sampling i n  f lowing water  
a r e  t h e  Surber  sampler (F ig .  23 .3 ) ,  t h e  Po r t ab l e  I n v e r t e b r a t e  Box 
Sampler (PIBS) (Fig .  23.41, and d r i f t  n e t  (Fig .  23.5). The f i r s t  two 
a r e  q u a n t i t a t i v e  samplers f o r  use  i n  r i f f l e s  o r  f lowing v a t e r  l e s s  t han  
one f o o t  deep. The Surber  and t h e  PIBS have bottom openings o f  one 
squa re  f o o t  and one- tenth  o f  a squa re  meter ,  r e s p e c t i v e l y .  The 
procedure  is t o  r a p i d l y  p l ace  t h e  sampler a g a i n s t  t h e  s t ream s u b s t r a t e .  
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Then, by hand o r  by u s i n g  a  smal l  implement, mix, s t i r  o r  o therwise  
d i s t u r b  t h e  a r ea  w i t h i n  t h e  sample a r e a  t o  a  dep th  of about  10 cen- 
t i m e t e r s .  Th i s  a c t i o n  r e s u l t s  i n  t h e  organisms be ing  washed i n t o  a  f i n e  
mesh n e t  t h a t  t r a i l s  behind t h e  sampler.  The e n t i r e  c o n t e n t s  o f  t h e  n e t  
a r e  t hen  preserved f o r  s o r t i n g  a t  a  l a t e r  t ime.  Usual ly ,  m u l t i p l e  
samples a r e  taken randomly through a  r i f f l e  a r e a  t o  o b t a i n  s t a t i s t i c a l l y  
ana lyzab le  numbers and d i v e r s i t y  of organisms. One d i f f e r e n c e  between 
t h e  two samplers i s  t h a t  t h e  Su rbe r  has  no f r o n t  s c reen ,  t hus  a l lowing 
d r i f t i n g  organisms t o  e n t e r  t h e  sample. The PIBS has  a  sponge a long t h e  
bottom edge f o r  a  t i g h t  f i t  a g a i n s t  t h e  s u b s t r a t e .  Gene ra l ly ,  t h e  
Su rbe r  i s  more convenient t o  c a r r y  s i n c e  it f o l d s  e a s i l y  and i s  l i g h t e r  
weight.  The t h i r d  f lowing water  sampling dev i se  i s  t h e  d r i f t  n e t .  I t s  
b a s i c  func t ion  i s  t o  c o l l e c t  t hose  organisms f l o a t i n g  downstream. Use 
of d r i f t  n e t s  v a r i e s  depending on t h e  in tended purpose of t h e  s tudy  and 
t h e  type  of stream o r  r i v e r  be ing  sampled. The n e t  i s  p l acen  wi th  mouth 
f a c i n g  upstream i n  shal low water  and is held  i n  p l a c e  wi th  metal  rods 
fo rced  i n t o  t h e  stream s u b s t r a t e .  The d r i f t  n e t  i s  cone-shaped and of 
f a i r l y  smal l  s i zed  mesh wi th  a  smal l  de t achab le  bucket ,  a l s o  wi th  f i n e  
mesh. The con ten t s  of t h e  bucket  a r e  normally washed i n t o  a  sample 
b o t t l e  and preserved f o r  s o r t i n g  a t  a  l a t e r  t ime. D r i f t  n e t s  can be 
used s i n g l y  o r  i n  a  s e r i e s  a c r o s s  t h e  e n t i r e  width  of a  s t ream and 
samples can be c o l l e c t e d  from them a t  any d e s i r e d  t ime i n t e r v a l .  D r i f t  
samples a r e  q u a n t i f i a b l e  i f  p r o p e r  s t ream flow measurements and water  
volumes pas s ing  through t h e  n e t s  a r e  c a l c u l a t e d  f o r  t h e  sample s i t e .  

Co l l ec t ing  samples from s t i l l  wa te r ,  p o o l s ,  and/or  leep water 
sometimes r e q u i r e s  d i f f e r e n t  procedures  and equipment. The aforemen- 
t i o n e d  D-net works w e l l  f o r  l i t t o r a l  zones i n  s t i l l  water  y e t  i s  l e s s  
e f f e c t i v e  on sediments i n  s t i l l  wa te r .  The most commonly used bottom 
sampler i s  one of a  v a r i e t y  of g rab  samplers .  They a r e  a v a i l a b l e  i n  
v a r i o u s  s i z e s  and d i f f e r  somewhat i n  t h e i r  ope ra t ing  mechanisms bu t  a11 
f u n c t i o n  s i m i l a r l y .  They a l l  have a  c l o s i n g  mouth t h a t ,  when placed on 
t h e  s u b s t r a t e ,  can be s h u t  t o  t r a p  a  c e r t a i n  a r ea  of bottom m a t e r i a l  
w i th  organisms. Two commonly used g rab  samplers a r e  i l l u s t r a t e d  (Fig .  
2 3 . 6  and 2 3 . 7 ) .  They can be  ope ra t ed  remotely f o r  use from a  boa t  o r  
o f f  b r idges .  I f  it i s  n o t  neces sa ry  t o  r e t a i n  t h e  s u b s t r a t e  from grab 
samples,  t h e  m a t e r i a l  can be  washed through a  s i e v i n g  bucket  (F ig .  2 3 . 8 )  
o r  a  s e r i e s  of s t anda rd  s i e v e s  which r e t a i n  any organisms. 

Other types  of samplers and sampling techniques  can be  employed 
such a s  t h e  s tovepipe  method (F ig .  2 3 . 9 ) .  A l e n g t h  o f  p ipe  i s  pushed 
i n t o  t h e  s u b s t r a t e  and i t s  c o n t e n t s  e i t h e r  t aken  ou t  and r e t a i n e d  o r  
s i eved  f o r  specimens. The use  of a hand d ippe r  (F ig .  2 3 . 1 0 )  i s  employed 
t o  e i t h e r  t ake  smal l  f l o a t i n g  specimens wi th  a  q u a n t i t y  of wa te r ,  o r ,  i f  
a t t a c h e d  t o  t h e  end of a  p o l e ,  t o  t a k e  a  sample of s u b s t r a t e  from a  pool 
of water  t h a t  i s  o t h e r v i s e  unacces s ib l e .  

Another sampling technique  r e q u i r e s  t h e  u se  of a r t i f i c i a l  sub- 
s t r a t e s .  Two commonly used dev ices  a r e  t h e  baske t  sampler ( F i g .  2 3 . 1 1 )  
and t h e  m u l t i s l e - p l a t e  sampler (F ig .  2 3 . 1 2 ) .  In  e s sence ,  t hey  func t ion  
a s  an a r ea  of co lon iza t ion  f o r  i n v e r t e b r a t e s .  Both samplers  have a  c a l -  
c u l a t a b l e  su r f ace  a r ea  o r  volume so  t h a t  t h e  number and lo r  k inds  of in-  
d i v i d u a l s  obta ined can be  determined p e r  u n i t  of measuremenL, thus  
making t h e  samplers u s e f u l  i n  q u a n t i t a t i v e  sampling.  The samplers a r e  



FIGURES: 23.1 D-net; 23.2 kicknet; 23.3 Surber sampler; 23.4 Porrable 
invertebrate box sampler; 23.5 Dri f tne t .  
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u s u a l l y  suspended i n  t h e  w a t e r ,  e i t h e r  i n  poo l s  o r  Elowin3 v a t e r .  and 
a r e  removed a t  v a r i o u s  t ime i n t e r v a l s  (3 weeks appears  b e s t  i n  t h i s  re- 
g ion) .  

The type  o f  b i o l o g i c a l  sampling one adopts  is  always planned i n  ac- 
cordance wi th  t h e  i n fo rma t ion  d e s i r e d .  When an  a r e a  o r  stream is f i r s t  
c o l l e c t e d  t h e  e a s i e s t  and q u i c k e s t  methodology i s  employed ( e .g . ,  hand 
p i ck ing  rocks and d e b r i s  and use  o f  t h e  D-net) .  Once a  genera l  know- 
ledge  of fauna i s  e s t a b l i s h e d  a  sampling regime is designed t o  
methodica l ly  e v a l u a t e  t h e  fauna.  Th i s  may inc lude  t h e  use of many 
sampling techniques  w i th  r epea t ed  samplings over  a  des igna ted  per iod of 
t ime o r  may o n l y  r equ r re  t h e  u se  o f  one technique ,  such a s  Surber  
sampling,  t o  survey organisms dwe l l i ng  w i t h i n  a  s p e c i f i c  a r ea  of the 
stream. kbatever  method o r  methods a r e  decided upon, one should always 
sample i n  a  c o n s i s t e n t  manner t o  d e r i v e  r e s u l t s  t h a t  a r e  t h e  b e s t  ob- 
t a i n a b l e  from t h e  equipment u t i l i z e d  and a r e  r e p e a t a b l e  from sample s i t e  
t o  sample s i t e .  

S o r t i n g  

Regardless o f  t h e  c o l l e c t i n g  technique ,  samples i n v a r i a b l y  have t o  
be  s o r t e d  i n  some manner. Hand p i ck ing  i n  t h e  f i e l d  i s  simple and easy 
i f  t h e  specimens being s o r t e d  a r e  l a r g e .  I f  b e n t h i c  o r  q u a n t i t a t i v e  
samples a r e  taken,  t h e  job is  more d i f f i c u l t .  Usual ly  f i e l d  s o r t i n g  i s  
e a s i e s t  when samples a r e  p laced i n  a  wh i t e  p l a s t i c  o r  enamel pan. Other 
f i e l d  techniques  can be used t o  make l a b o r a t o r y  s o r t i n g  l e s s  t ed ious .  
Samples can be washed through a  graded s e t  of s i e v e s  t o  remove l a r g e  
p i e c e s  of d e b r i s  and rocks and t o  a r r ange  t h e  organisms i n t o  approximate 
s i z e  c l a s s e s .  When dea l ing  wi th  l a r g e  somewhat s i l t y  o r  muddy ben th i c  
o r  q u a n t i t a t i v e  samples it is wise  t o  s o r t  a  sample by d iv id ing  it i n t o  
sma l l e r  more manageable subsamples.  Labora tory  s o r t i n g  i s  u sua l ly  car -  
r i e d  o u t  by p l a c i n g  t h e  samples o r  subsamples i n  a  white pan f o r  hand 
p i ck ing .  I f  a  sys t ema t i c  approach i s  used i n  t h e  subsampling of a  quan- 
t i t a t i v e  sample,  t h e  need f o r  p i ck ing  an e n t i r e  sample, may be 
e l imina t ed .  For example, one subsampling method is t o  p l ace  a  g r i d  i n  
t h e  bottom o f  a  s o r t i n g  pan and randomly p i ck  from ha l f  o f  the  
quadra t e s ,  t hen  double t h e  number o f  specimens.  Doing t h i s  f o r  a l l  sub- 
samples would i n  e f f e c t  c u t  t h e  s o r t i n g  t ime i n  h a l f  y e t  y i e l d  a  r e l a -  
t i v e l y  accu ra t e  e s t i m a t i o n  o f  t h e  number and kinds  o f  organisms i n  t he  
e n t i r e  sample. Th i s  method i s  n o t  foolprooE and i s  meant only  a s  an ex- 
ample o f  what Can be  done t o  o b t a i n  t h e  i n fo rma t ion  f o r  t he  l e a s t  amount 
o f  e f f o r t .  Regardless  of t h e  method u t i l i z e d ,  it should  be decided upon 
p r i o r  t o  s o r t i n g ,  and c a r r i e d  o u t  i n  such a  manner a s  t o  be  c o n s i s t e n t  
and reproducible  throughout t h e  s tudy .  

P re se rva t ion  

With few except ions  a l l  a q u a t i c  i n v e r t e b r a t e s  should  be  preserved 
in a  f l u i d  medium. The two most commonly used p r e s e r v a t i v e s  a r e  a lcohol  
and formal in ,  v i t h  a l coho l  be ing  t h e  p r e f e r r e d  choice .  For f i e l d  



- FIGURES: 2 3 . 6  Ekman grab sampler; 23.7 Peterson grab sampler; 23 .8  
Bucket s i e v e ;  2 3 . 9  Stovepipe sampler; 23 .10  Dipper 23 .11  Basket a r t i f i -  
c i a l  substrate  sampler; 23 .12  Mult iple-plate  a r t i f i c i a l  substrate  
sampler. 
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p r e s e r v a t i o n  of smal l  numbers of organisms, 80% e t h y l  a l c o h o l  i s  u s u a l l y  
recommended b u t  i t s  a v a i l a b i l i t y  i s  r e s t r i c t e d  due t o  f e d e r a l  government 
l i c e n s i n g .  An adequate  s u b s t i t u t e  i s  i so-propyl  o r  rubbing a l coho l  
which i s  r e a d i l y  a v a i l a b l e  and r e l a t i v e l y  inexpensive .  I t  should  be  
used wi thou t  d i l u t i o n .  Formalin i s  most f r e q u e n t l y  used t o  p r e s e r v e  
b e n t h i c  samples t h a t  con ta in  q u a n t i t i e s  of o rgan ic  m a t t e r .  Samples t h a t  
a r e  i n i t i a l l y  preserved i n  formal in  should be switched t o  a l c o h o l  w i th in  
a  day o r  two. Formalin t ends  t o  make specimens hard and b r i t t l e  and i f  
n o t  bu f f e red  t u r n s  a c i d  which d i s s o l v e s  t he  s h e l l s  of mol luscs .  For- 
mal in  i s  normally d i l u t e d  t o  10% of t h e  commercial fo rmula t ion  f o r  use  
a s  a  p r e s e r v a t i v e .  

Long term s t o r a g e  of specimens should be done wi th  70 t o  80% a l -  
cohol a s  a  p r e s e r v a t i v e .  I t  is adv i sab le  t o  add g l y c e r i n  t o  t h e  a l coho l  
(1% of t o t a l  volume) i n  t h e  event  of a l coho l  evapora t ion .  The g l y c e r i n  
w i l l  n o t  evapora te  and p reven t s  t h e  specimens from d ry ing  o u t  com- 
p l e t e l y .  Conta iners  u t i l i z e d  f o r  specimen s t o r a g e  should  j e  s e a l a b l e  
( t o  p reven t  evapora t ion ) ,  should no t  have metal  caps  o r  l i d s ,  and be  of 
adequate  s i z e  t o  p reven t  crowding of specimens. Conta iners  w i t h  screw 
caps r e q u i r e  p e r i o d i c  a t t e n t i o n  and r e f i l l i n g  because t h e  l i d s  t end  t o  
"back o f f "  due t o  hea t ing  and cool ing .  Optimum s t o r a g e  i s  c a r r i e d  o u t  
u s ing  e i t h e r  g l a s s  v i a l s  w i th  neoprene rubber o r  ano the r  i n e r t  m a t e r i a l  
s t o p p e r s  o r  smal l  c o t t o n  s toppered v i a l s  t h a t  a r e  p l aced  i n t o  l a r g e r  
g l a s s  j a r s ,  both  of which a r e  f i l l e d  wi th  a l coho l .  

A v a i l a b i l i t y  u s u a l l y  d i c t a t e s  t h e  type  of c o n t a i n e r  used f o r  s h o r t  
term s t o r a g e  of specimens. However, con ta ine r s  f o r  i n i t i a l  p r e s e r v a t i o u  
i n  t h e  f i e l d  should be  t h e  snap cap v a r i e t y  ( g l a s s  o r  p l a s t i c . ,  o r  smal l  
screw cap v i a l s .  For l a r g e r  specimens o r  e n t i r e  b e n t h i c  samples,  h a l f -  
p i n t  o r  p i n t  j a r s  w i th  p l a s t i c  screw caps ,  o r  g l a s s  cap j a r s  w i th  a  
rubber  gaske t  and meta l  b a i l  should be used. Other accep tab le  t ypes  of 
s t o r a g e  c o n t a i n e r s  a r e  baby food j a r s ,  commercial g l a s s  j a r s  and canning 
glassware .  

One o f  t h e  most impor tant  a s p e c t s  of c o l l e c t i o n ,  s t o r a g e  and 
p r e s e r v a t i o n  of specimens i s  proper  l a b e l i n g .  A l l  c o l l e c t i o n s  should be 
accompanied by a  l a b e l  c a r r y i n g  a l l  necessary  informat ion r ega rd ing  t h e  
p l a c e  and d a t e  of c o l l e c t i o n  and t h e  c o l l e c t o r ' s  name. The s a f e s t  
method o f  l a b e l i n g  i s  t o  p l a c e  t h e  l a b e l  d i r e c t l y  i n t o  t h e  c o n t a i n e r  
w i th  t h e  specimens. Label ing  m a t e r i a l  must be of high q u a l i t y ,  h igh r ag  
con ten t  paper .  Labels should be w r i t t e n  wi th  a  permanent ink  ( e . g . ,  In-  
d i a  i n k ) .  Various o t h e r  methods such a s  s t i c k  on l a b e l s ,  t a p e ,  o r  wax 
p e n c i l s  and permanent i nk  markers can a l s o  be used t o  mark c o n t a i n e r s  
b u t  should only  be  considered  a s  s h o r t  term i d e n t i f i e r s  s i n c e  con ten t s  
of c o n t a i n e r s  can be  switched o r  t h e  l a b e l s  smeared o r  washed o f f  
through t ime. 

SELECTED REFERENCES 

L a t t i n ,  J. D. 1956. "Equipment and Technique, p. 50-67. &: R .  L. 
Usinger ,  ed.  Aquatic I n s e c t s  of C a l i f o r n i a .  Univ. C a l i f o r n i a  
P r e s s ,  Berkeley.  



CHAPTER 23 SlVtPLING TECHNIQUES 

M e r r i t t ,  R. W . ,  K. V. Cumins  and V. A. Resh. 1978. Co l l ec t ing ,  
Sampling, and Rearing nethods f o r  Aquat ic  I n s e c t s ,  p. 13-28. In:  
R. W. M e r r i t t  and K. W .  Cummins, eds.  An In t roduc t ion  t o  s e  
Aquatic I n s e c t s  of North America. Kendall/Hunt Publ. Co., Dubuque. 

Weber, C. I . ,  ed. 1973. B io log ica l  f i e l d  and l abora to ry  methods f o r  
measuring t h e  q u a l i t y  of  s u r f a c e  wa te r s  and e f f l u e n t s .  Environ. 
t loni t .  S e r i e s ,  EPA-67014-73-001. Environ. Monit. Sup. Lab., Of- 
f i c e  of  Res. and Develop., USEPA, C i n c i ~ a t i .  



IMPACTS 

CHAPTER 24 

CHAPTER 24 

DETECTION AND DOCUKENTATION OF IMF'ACTS 

by L. C. Ferrington 

Introduction 

As indicated in the preface, the basic intent of this manual is to 
assist the inspector in the recognition and determination of commonly 
occurring freshwater invertebrates inhabiting various aquatic ecosystems 
within the Kansas City District (OSM) and to provide additional informa- 
tion that will broaden the investigator's understanding of the impacts 
of surface mining on aquatic life. This section is concerned 
specifically with (1) the relationship between water quality deteriora- 
tion resulting from surface mining operations (i.e., impacts) and the 
concommitant response by stream invertebrates, and (2) the methodology 
for the detection and documentation of impacts upon stream invertebrate 
communities. 

It is assumed at this point that the reader is already familiar 
with the sections describing Stream Study Procedures (Chapter 22) and 
Biological Sampling Techniques (Chapter 23). Detection and docurnenta- 
tion are the last in a series of steps performed when attempting to as- 
sess the impact of surface mining activities upon aquatic life. One 
cannot overemphasize the need for careful planning and execution of all 
preceeding steps. These steps are covered in detail in the above men- 
tioned chapters and include a concise statement of objectives, accurate 
site identification, appropriate survey design, correct choice of 
sampling technique, and careful attention to field data collection. 
Poor planning and/or execution at any point may result in an inability 
to detect or sufficiently document the presence or magnitude of the im- 
pact upon an aquatic community. 

Background Perspective 

Extensive research has been performed with regard to the effect of 
surface mining upon aquatic organisms. Current areas of particular im- 
portance include; (1) the effects on water quality, terrestrial wild- 
life, and aquatic life,, (2) wetlaod resource management, (3) impact 
abatement techniques, and (4) mined land reclamation techniques. For an 
excellent comprehensive coverage of the broad spectrum of problems which 
have arisen as a result of surface mining in the West Virginia, Ohio, 
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Pennsylvania,  V i rg in i a  region t h e  reader i s  r e f e r r ed  t o  a  recent  
p u b l i c a t i o n  of t h e  U.S. Department of t he  I n t e r i o r ,  "Surface Hining and 
F i sh /Wi ld l i f e  Needs i n  t h e  Eas tern  United S t a t e s ,  Proceedings of a  Sym- 
posium" (Samuel, e t  a l . ,  1978). This pub l i ca t ion  w i l l  s e rve  a s  a  
s t a r t i n g  p o i n t  f o r  t h e  reader  who i s  i n t e r e s t e d  i n  acqu i r ing  a  more 
t e c h n i c a l  knowledge o f  su r f ace  mining impacts.  

With regard  t o  e f f e c t s  upon aqua t i c  communities, t h e  major in- 
f l uence  of s u r f a c e  mining is d i r e c t l y  r e l a t e d  t o  d e t e r i o r a t i o n  o f  water 
q u a l i t y .  Acid mine dra inage  is  perhaps i n i t i a l l y  t h e  most severe  s t r e s s  
placed upon a q u a t i c  communities a s  a  r e s u l t  o f  su r f ace  mining opera t ions  
and is c e r t a i n l y  one of t h e  more common problems encountered during 
rec lamat ion e f f o r t s .  I n  add i t i on  t o  ac id  mine dra inage ,  increased s i l -  
t a t i o n  ( a s  a  r e s u l t  o f  increased su r f ace  e ros ion ) ,  changes i n  stream 
thermal regime, and decreases  i n  food a v a i l a b i l i t y  a l s o  occur.  

A s  i nd i ca t ed ,  ac id  mine drainage i s  one of t h e  most common problems 
a s s o c i a t e d  wi th  su r f ace  mining ope ra t ions  and should be  considered i n  
more d e t a i l .  Acid mine dra inage  is formed when p y r i t i c  ma te r i a l  (FeS.) 
a s soc i a t ed  wi th  coa l  bear ing s t r a t a  i s  exposed t o  oxygen and water.  
These r e a c t a n t s  undergo a  complex s e r i e s  of r eac t ions  which r e s u l t  i n  
t h e  format ion o f  f e r r i c  hydroxide and s u l f u r i c  ac id .  The n e t  e f f e c t  
upon a  stream rece iv ing  t h e  products of t h e  r e a c t i o n  a r e  a  reduct ion  i n  
t h e  pH and inc reases  i n  f r e e  minera l  a c i d i t y  and non-carbonate hardness.  
Extreme inc reases  i n  t h e  concentra t ions  of s u l f a t e ,  i r o n ,  manganese, 
aluminum, magnesium, and calcium ions  a l s o  occur.  Any of t h e s e  changes 
e i t h e r  i n d i v i d u a l l y  o r  i n  concer t  may quickly  a f f e c t  t h e  a q u a t i c  com- 
munity o f  t h e  r ece iv ing  stream. 

Concurrent w i th  t hese  i n i t i a l  changes i n  water chemis t ry ,  changes 
i n  phys i ca l  cond i t i ons  of stream h a b i t a t  occur r ap id ly .  The low pH of 
a c i d  mine dra inage  causes p r e c i p i t a t e s  t o  form on t h e  stream bottom sub- 
s t r a t e s .  I n  p a r t i c u l a r ,  f e r r i c  hydroxide tends  t o  p r e c i p i t a t e  and form 
a  hard  yellow t o  da rk  red c r u s t  on a l l  rock su r f aces  exposed t o  t h e  
s t ream water.  Some p r e c i p i t a t e s  may be very conspicuous i n  many streams 
and a r e  o f t e n  r e f e r r e d  t o  a s  "yellow boy" i n  c e r t a i n  regions .  These 
p r e c i p i t a t e s  k i l l  t h e  dense periphyton cover which i s  gene ra l ly  p re sen t  
on most s t ream s u b s t r a t e s ,  thereby reducing food a v a i l a b i l i t y  f o r  many 
a q u a t i c  i n v e r t e b r a t e  spec i e s .  Addi t ional ly ,  many i n v e r t e b r a t e  spec i e s  
e x h i b i t  a  marked avers ion t o  coloniz ing p r e c i p i t a t e  covered s u b s t r a t e s .  

Continued su r f ace  run-off from mine t a i l i n g s  a l s o  inc reases  t h e  
d e t e r i o r a t i o n  o f  water q u a l i t y  i n  receiv ing streams. Heavy meta ls  such 
a s  z inc ,  copper,  aluminum, a r sen ic ,  and cadmium may be leached from 
t a i l i n g s  and can occur i n  l e t h a l  concentra t ions  i n  stream water .  In- 
t e r a c t i o n  (synergism) between var ious  meta ls ,  s p e c i f i c a l l y  z i n c  wi th  
copper,  z i n c  wi th  cadmium, and copper with cadmium, w i l l  cause inc reases  
i n  t o x i c i t i e s .  The lowered pH of streams a f f e c t e d  by a c i d  mine dra inage  
a l s o  tends  t o  i nc rease  t h e  t o x i c i t y  of i ron ,  copper, and z i n c  i n  so lu-  
t i o n .  

The s p e c i f i c  e f f e c t s  t h a t  surface  mining a c t i v i t i e s  can (may) have 
upon a q u a t i c  communities depend upon var ious  f a c t o r s  and it i s  not  a l -  
ways p o s s i b l e  t o  p r e d i c t  t h e  type of response t h a t  aqua t i c  i n v e r t e b r a t e  
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communties will exhibit. To fully understand the complexities in- 
volved, it must be kept in mind that biotic communities are dynamic en- 
tities and as such are highly varible in time and space. Groups of 
species which form communities tend to be those that are well adapted to 
the physical and chemical factors which occur in a specific habitat. In 
so far as habitats differ, for instance a river versus a spring fed 
stream, or a riffle in a stream versus a pool area in the same stream, 
the aggregate of species that comprize the "community" will also differ. 
The specific effects that surface mining activities actually &I have 
upon any given community therefore depend upon the extent to which the 
physical/chemical make-up of the existing habitat are altered. When al- 
terations are severe, severe stress is placed upon the species and ex- 
treme changes can result. When alteration of the physical/chemical 
make-up of the existing habitat are less severe, subtle or even imper- 
ceptable changes may result. 

From the standpoint of a single habitat, the following factors are 
related to the degree of impact upon aquatic organisms; ( 1 )  magnitude of 
acid mine drainage input and associated leacheate, (2) distance of 
habitat from point of input, and (3) pre-impact physical/chemical condi- 
tions. 

Factor number one is intuitively obvious. If the amount of input 
is great, the changes in the habitat will usually be more pronounced. 
Conversely, if very little acid drainage and leacheate enter the system 
only small changes in the habitat may occur. 

Factor number two is also rather obvious. As one travels down- 
stream from the initial point of input the effects of the impact upon 
the existing habitats are lessened, at least when point source input is 
considered. Increases in the amount of stream flow due to springs, con- 
fluences with other streams, and surface water run-off dilute the con- 
centrations of acid, other ions and heavy metals. In addition to the 
dilution effect, many of these contaminants tend to undergo chemical 
reactions, forming salts and other compounds which precipitate out of 
the water column, thus decreasing their concentrations. 

Factor number three, the pre-impact physical/chemical condition of 
the habitat, also influences to a great extent the degree to which the 
aquatic community will be affected. As already indicated, communities 
tend to be composed of species which are well adapted to their habitat. 
The pre-impact physical/chemical conditions therefore govern, to a large 
extent, the species which will be present. Thus, one would expect sur- 
face mining activities to have a lesser impact upon an aquatic community 
present .in a stream which naturally has low pH, high turbidity and high 
concentrations of heavy metals than upon a stream which, in its unim- 
pacted state, has high pH, low turbidity and low concentrations of heavy 
metals. 
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Community Responses To Surface Iljning Impacts 

Biological communities by definition are composed of populations of 
species occurring in a given area. By this definition then, a community 
has the following two basic characteristics; (1) a certain number of 
species, and (2) each species has a certain population size. These two 
characteristics have been termed "species richness" and "relative abun- 
dance", and tend to differ from community to community. With regard to 
relative abundance, empirically it has been found that in most unim- 
pacted communities a small number of species will be very abundant 
(i.e., have large population sizes) while a large number of species will 
be represented by intermediate to small population sizes. Figure 24.1 
is a graph of a typical unimpacted community and provides information 
concerning the species richness (i.e., this community has nine species) 
and the relationship of the relative abundance of those species. 

When exposed to deteriorating water quality conditions the response 
of a community varies, depending upon factors previously discussed. 
Typical responses, however, include: 

(A) decreases in absolute abundances of all 
species 

(B) decreases in species richness 
(C) shifts in relative abundances of species 
(D) decreases in species richness combined 

with decreases in absolute abundance of 
all remaining tolerant species 

(E) decreases in species richness combined 
with shifts in relative abundances 

(F) Complete or partial replacement of pre- 
impact species by species not present 
before impact. 

(G) death of all organisms and subsequent 
denuding of the impact area 

Response F may also include shifts in relative abundances of the 
remaining pre-impact species. Responses A through F are illustrated in 
graphic form in figure 24.2. 

In addition to the effects upon communities in the immediate area 
of the impact, changes in community composition and structure may be 
detected downstream of the impact area. Figures 24.3 and 24.4 il- 
lustrate the relationship of silt pollution and toxic pollution (i.e., 
toxic concentrations of leached materials) to distance from point of im- 
pact. It can be seen from these figures that the effects are not 
restricted to the immediate impact area, but are manifested in 
decreasing severity downstream of the impact area. Dilution, precipita- 
tion, and decreases in turbidity are three examples of natural changes 
which occur in streams and act as mitigating factors downstream of the 
impact point. 
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Figure 24.3 also approximates the relationship between community 
response and post-impact recovery. By changing the X axis to an elapsed 
time axis, it can be seen that species richness and total population 
size tend to approach pre-impact conditions given sufficient time. The 
time period for such changes to begin to occur depends upon the persis- 
tent effects of the initial impact and upon the type of post-impact 
reclamation efforts. If no impact abatement or restorative precedures 
are initiated, increases in the number of species and total population 
size may still gradually occur, however it is often the case that 
species other than the pre-impact species are responsible for the ob- 
served increases. In essence the community response is of the type il- 
lustrated in figure 24.2F. 

Detection of Impacts 

Of the seven community responses decribed, the first two and the 
last are rather obvious and easy to detect. The remaining four 
responses are more subtle changes that occur when communities are 
stressed by changes originating from surface mining operations. These 
four responses generally require extensive field sampling effort and 
personel with expertise in identifying aquatic invertebrates to the 
genus or even species level before impacts can be detected. Because of 
this, most of the subsequent discussion will be directed toward 
detecting the A, B and G types of community responses. It should be 
kept in mind, however, that the other four responses also may indicate 
serious habitat degradation as a result of surface mining operations, 
and, if the situation so dictates, attempts should be made to detect 
these types of changes. In such instances various state agencles and/or 
universities could be petitioned for assistance. In Kansas the Stare 
Biological Survey is one qualified agency. 

There are basically three approaches to detecting impacts upon 
aquatic invertebrate communities. All approaches require a comparison 
of the community structure of the suspected impacted area with an unim- 
pacted community standard. The three approaches are: 

comparison of pre-impact species composi- 
tion and relative abundance with post- 
impact (or current) species composition 
and relative abundance for the exact same 
habitat area. 
comparison of species composition and 
relative abundance of areas upstream from 
the impact zone with the species composi- 
tion and relative abundance of areas in 
or just downstream of the impact zone. 
Comparison of species composition and 
relative abundance of an impacted stream 
with an adjacent stream of similar 
physiognomy but not impacted. 



FIGURE 2 4 . 1 .  Species richness and relative abundance relationships in a 
"typical" unirnpacted community setting. 

24.2 a-f 

species 
FIGURE 24.2a-f. Various community response modes to impacts: (a) 
decreases in absolute abundance; (b) decreases in species richness; (c) 
shifts in relative abundances; (d) decreases in species richness and 
absolute abundances; (e) decreases in species richness with shifts in 
relative abundances; (f) replacement of pre-impact species by impact 
tolerant species. 
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POINT OF POLLUT 

SPECIES 

POINT OF POLLUTION A STREAM MILES 

FIGURE 24.3. Community responses to silt (inert) pollution in relation 
to distance from point of impact in lotic environments. 

FIGURE 24.4. Community responses to toxic pollution in relation to 
distance from point of impact in lotic environments. 

208 



CHAPTER 24 

Of these  t h r e e ,  approach number 1 i s  p r e f e r a b l e .  By comparing the  
pre-  and pos t -  cond i t i ons  a t  t he  exact  same s i t e ,  changes observed i n  
community s t r u c t u r e  a r e  u sua l ly  d i r e c t l y  a t t r i b u t a b l e  t o  t h e  impact. 
When t h i s  method of d e t e c t i o n  i s  employed, post-impact samples should be 
c o l l e c t e d  a s  near  t o  t h e  pre-impact sample d a t e  as  poss ib l e ,  and iden- 
t i c a l  f i e l d  c o l l e c t i n g  methods should be employed. A disadvantage  of 
t h i s  method i s  t h a t  it r e q u i r e s  extens ive  pre-impact base l i n e  informa- 
t i o n  be fo re  it can be employed. In  many cases ,  e s p e c i a l l y  when new su r -  
f ace  mining ope ra t ions  a r e  a n t i c i p a t e d ,  t he  pre-impact informat ion may 
be  a v a i l a b l e  i n  t h e  form o f  an  environmental impact s ta tement .  I n  o t h e r  
s i t u a t i o n s ,  u sua l ly  when impacts a r e  t he  r e s u l t  of acc iden ta l  o r  unan- 
t i c i p a t e d  even t s ,  base  l i n e  da t a  w i l l  be s p a r s e  o r  e n t i r e l y  l ack ing  and 
t h i s  d e t e c t i o n  method w i l l  be  unacceptable.  

Approach number 2 is we l l  s u i t e d  f o r  impacts r e s u l t i n g  from acc i -  
den t s  o r  unan t i c ipa t ed  events .  The b a s i c  assumption of t h i s  method is 
t h a t  a r e a s  of s i m i l a r  h a b i t a t  i n  c lo se  proximity t o  each o t h e r  on t h e  
same stream w i l l  have a q u a t i c  i n v e r t e b r a t e  communities w i th  equ iva l en t  
s t r u c t u r e s .  By comparing t h e  upstream community s t r u c t u r e ,  where no i m -  
p a c t  e f f e c t s  have been manifested,  with t h e  downstream (o r  impacted) 
community s t r u c t u r e ,  one can d e t e c t  d i f f e r ences  which a r e  a t t r i b u t a b l e  
t o  t h e  impact. A t  both  sample s i t e s  t h e  c o l l e c t i n g  methods employed 
should be i d e n t i c a l ,  and i f  p o s s i b l e ,  c o l l e c t i o n s  should be  made on t h e  
same day o r  w i th in  a  s h o r t  per iod  of each o t h e r .  Sample s i t e s  should 
a l s o  be  s e l e c t e d  such t h a t  they a r e  s i m i l a r  i n  appearance and a r e  n o t  
s epa ra t ed  from each o t h e r  by g r e a t  d i s t ances  along the  stream. However, 
c a r e  should be taken t o  ensure t h a t  one s i t e  i s  e n t i r e l y  o u t  of t h e  i m -  
p a c t  zone and t h e  o t h e r  s i t e  c l e a r l y  wi th in  t h e  zone. 

The t h i r d  approach t o  de t ec t ing  impacts is t h e  l e a s t  d e s i r a b l e  
because it  r e q u i r e s  t h e  comparison of community,structures of two d i f -  
f e r e n t  s t reams,  bu t  may i n  some in s t ances  be t h e  only  approach which is 
f e a s i b l e .  When impacts occur a t  o r  near t he  source of s t reams,  s u i t a b l e  
upstream h a b i t a t  may no t  be a v a i l a b l e  t o  a c t  a s  a  comparison s t anda rd .  
I f  no pre-impact da t a  a r e  a v a i l a b l e  t he  only recourse  i s  t o  compare t h e  
community s t r u c t u r e  of t h e  impacted a rea  with t he  community s t r u c t u r e  of 
an  unimpacted stream. As i n  t h e  o the r  approaches,  ca re  should be taken 
t o  ensure  t h a t  s i m i l a r  h a b i t a t s  a r e  chosen f o r  comparison, s i m i l a r  f i e l d  
methods a r e  employed, and samples a r e  taken wi th in  a  s h o r t  t ime i n t e r v a l  
of each o t h e r ,  p r e f e r r a b l y  on t h e  same day. I n  add i t i on ,  a  stream of 
equ iva l en t  d ischarge  and d ra in ing  a  s i m i l a r  geophysical  watershed should 
be chosen f o r  comparison. 

I n  a l l  t h r e e  approaches q u a n t i t a t i v e  da t a  should be  gathered .  
Refer  t o  t h e  chapter  on B io log ica l  Sampling Techniques (Chapter 23) f o r  
a  d e t a i l e d  d i scuss ion  o f  q u a n t i t a t i v e  techniques.  Some o f  t h e  more com- 
monly used methods would inc lude  Surber o r  PIBS samplers,  d r i f t  n e t s ,  
s tove-pipe  samplers,  o r  va r ious  grab samplers o r  co r ing  dev ices .  

I f  time o r  l ack  of resources  d i c t a t e  t h a t  only  q u a l i t a t i v e  sampLes 
can be gathered ,  one should employ an equa l - e f fo r t  mode t o  reduce in-  
v e s t i g a t o r  a s soc i a t ed  e r r o r .  Equal e f f o r t  mode simply means t h a t  equal  
e f f o r t  i s  expended, i n  terms of man hours,  i n  both t h e  unimpacted and 
impacted a reas .  The assumption here i s  t h a t  i f  equal  e f f o r t  is expended 
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in the two areas under consideration, any differences in the observed 
community structures of the two areas are related to the effect of the 
impact. It should be emphasized, however, that this approach, while nst 
being a desirable substitute, may be used when strictly quantitative 
methods are not feasible. 

After field sampling and sample sorting are completed, all or- 
ganisms should be classified to family using the taxonomic keys provided 
in the initial sections of this manual. The next step in detecting im- 
pact related community responses is to determine, based upon the or- 
ganisms in the samples, if there is a difference in community structure 
between the unimpacted and impacted areas. If the magnitude of an im- 
pact is so great that it has resulted in the death of all organisms in 
the impact zone and subsequent denuding of sections of the impact area, 
very little additional effort is needed to detect the impact. If 
however, organisms are found in the impacted area the problem of 
detecting community responses becomes more time consuming. In very 
general terms the following protocol can be used to check for evidence 
of typical community response patterns. 

When quantitative or qualitative collections have been taken the 
following questions should be asked: (1) Do decreases in species rich- 
ness (i.e., fewer types of organisms) occur in the impact zone? ( 2 )  
Are some species which are common in the samples from the unimpacted 
zone rare or even entirely lacking from the samples gathered from the 
impacted area? (3)  Are some species which are rare in the samples from 
the unimpacted area extremely abundant in the samples from the impacted 
area? ( 4 )  Are there species present in the samples from the impacted 
area which are not present in samples from the unimpacted area? 

When strictly quantitative samples have been taken, the following 
question should also be asked. (5) Are large decreases in the absolute 
abundances of all or many species detectable in the impact area? 

If the answer to any one of these questions is yes then you may 
suspect that there has been some alteration of the aquatic invertebrate 
community in the impact area. If two or more of these questions receive 
an affirmative answer then there is strong evidence that the community 
structure has been altered. 

In addition to the above protocol, one should always read the sec- 
tion on biology after identifying an organism to family. Occasionally 
upon reading about the biology one will find that specific groups are 
intolerant to certain types of pollution, or conversely, are very 
tolerant to'severe pollution. If samples from a suspected impact area 
lack intolerant groups but contain many groups regarded as highly 
tolerant to acid mine drainage, further evidence of the presence of com- 
munity structure alteration is present. This type of evidence is rather 
weak by itself and should only be considered from the perspective of ad- 
d i t b m l  supportive evidence. 
- .  7'. : 1. 

Host often quantitative data is required to detect the more subtle 
responses of communities that are of the type C through type F. V e y  
sensitive data analysis techniques which are beyond the scope of this 
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manual can be used f o r  d e t e c t i n g  s t a t i s t i c a l l y  s i g n i f i c a n t  t r ends .  The 
following i s  a l i s t  of va r ious  d a t a  summary techniques  t h a t  a r e  cur.- 
r e n t l y  being employed by e c o l o g i s t s  t o  e l u c i d a t e  t he  underlying f a c t o r s  
determining community response modes. 

Species  D ive r s i t y  Ind ices  
Analys is  o f  Variance 

C l u s t e r  Analysis 
Fac to r  Analysis 

B i o t i c  Index Ca lcu la t ions  

Deta i led  d i scuss ions  of t hese  techniques  a r e  p re sen t  i n  t h e  l i t e r a t u r e  
( s ee  s e l e c t e d  r e f e rences ) .  

Documentation of Impacts 

As i n  t h e  ca se  of d e t e c t i n g  impacts,  t h e  ea se  o f  documenting an i m -  
pac t  i s  r e l a t e d  t o  t h e  degree  o f  community response.  I f  t h e  impact i s  
s eve re ,  documentation i s  s t r a i g h t  forward and u s u a l l y  r equ i r e s  l i t t l e  i f  
any ou t s ide  a s s i s t a n c e .  The documentation procedure which follows i s  
s u i t a b l e  f o r  community responses of t h e  types  A ,  B and G .  Occasionally,  
however, when an impact i s  l e s s  s eve re ,  s t a t i s t i c a l  a n a l y s i s  of sample 
data  may be required ,  combined wi th  genus o r  spec i e s  l e v e l  i d e n t i f i c a -  
t i o n s  and concise  records  of i nd iv idua l  s p e c i e s  t o l e r ance  i n  order  t o  
adequate ly  document t h e  magnitude of t h e  impact. 

The f i r s t  s t e p  i n  documenting impacts i s  t o  compile s epa ra t e  da ta  
shee t s  l i s t i n g  the  organisms found according t o  sample. Categor ies  of 
organisms should be l i s t e d  a long t h e  l e f t  margin o f  t h e  d a t a  shee t  wi th  
t h e  corresponding number of organisms f o r  each ca tegory  ind ica t ed  t o  t he  
r i g h t .  Groups of c a t e g o r i e s  should occur i n  s i m i l a r  o rde r s  on a l l  da t a  
s h e e t s ,  f o r  i n s t ance  i f  t h e  f i r s t  c a t e g o r i e s  f o r  t h e  unimpacted a rea  
l i s t  a r e  t h e  f a m i l i e s  of Odonata followed by f a m i l i e s  o f  Ephemeroptera, 
t h e  f i r s t  c a t ego r i e s  f o r  t h e  impacted a r e a  l i s t  should be f ami l i e s  of 
Odonata followed by Ephemeroptera, and so  f o r t h  down t h e  da t a  shee t .  

The next  s t e p  i s  t o  condense t h e  ca tegory  names of t h e  i nd iv idua l  
sample l i s t s  i n t o  one comprehensive l i s t .  A l l  c a t e g o r i e s  of organisms 
found i n  both sample a r e a s  w i l l  now be represented  on one shee t  ( o r  s e t  
of s h e e t s ) .  A t  t h e  t op  of t h i s  l i s t  t h e  words "Sample S i t e "  followed by 
a blank space should be typed.  This comprehensive l i s t  i s  then 
dup l i ca t ed  and l a b e l l e d  wi th  t h e  app ropr i a t e  sample des ignat ion .  
T rans fe r  t h e  data  from t h e  i n i t i a l  da t a  s h e e t s  t o  t h e  corresponding 
ca t ego r i e s  on the  comprehensive l i s t .  A b lank should be l e f t  o r  zero 
should be placed i n  any ca tegory  f o r  which specimens have no t  been col -  
l e c t e d  i n  t h e  i nd ica t ed  sample. By following t h i s  procedure one ends up 
with a s e t  of da ta  s h e e t s  f o r  each sample s e t  such t h a t  corresponding 
ca t ego r i e s  can be matched and quick  comparisons can be made with regard 
t o  presence/absence c r i t e r i a  o r  r e l a t i v e  abundance. I 

The second s t e p  i s  t o  r e r ead  t h e  d r s c r i p t i o n  of t h e  b io logy of t h e  
groups of organisms p r e s e n t  a t  each s i t e .  Once a l l  t h e  background 
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biology is considered, notes should be made indicating any general 
trends in the data. For instance, are there several pollution tolerant 
species present in one set of samples, but absent from the other set? 
Are there large discrepancies in relative abundances? Are some groups 
of organisms conspicuously absent? Answers to these questions should be 
carefully formulated and additional notes made regarding any other 
unusual data trends or personal observations. These notes, in conjunc- 
tion with detailed field notes will form the justification for your 
final decision regarding the effects of surface mining activities upon 
the aquatic community under consideration. 

At this point it is also recommended that the field data regarding 
the physical/chemical characteristics of the two sample sites be 
reevaluated. If there are large differences in specific data values for 
the two sites, they should be noted. If no differences exist for 
several values, this too should be briefly stated. Field charac- 
teristics that were not measured, but which upon field observation ap- 
peared to differ to a large degree between sample sites should also be 
noted and, if necessary, background information given. 

Before concluding it should be pointed out that documentation is 
not restricted only to cases where an actual impact has been detected. 
If it appears, after field investigation and subsequent detection ef- 
forts have been completed, that no change in community structure has OC- 
curred in the presumed "impact area", the aforementioned documentation 
procedures should still he followed. In essence, documentation is 
simply the procedure whereby one assembles and organizes in a logical 
order all the evidence which has been gathered in the field and upon 
which a decision has been based regarding the presence or absence of an 
impact. It is only through careful documentation that one can confi- 
dently present to another party the evidence upon which a final decision 
has been based. 

In many instances, even with careful documentation, the in- 
vestigator may not feel confident in rendering a decision. As in- 
dicated, the documentation procedure which has been given is only 
suitable for detecting gross community responses of the types A, B and 
G. Many times community responses will be of the more subtle type 
(i.e., type C through type F) and the inspector may "feel" that a change 
has occurred but cannot quite find enough evidence in the data which has 
been gathered to warrant an "impacted" designation. When this type of 
situation arises outside assistance should be solicited. 
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