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ABSTRACT 

Uranium m i l l  t a i l i n g s  impoundments requ i re  long-term (200-1000 yea rs )  
s t a b i l i z a t i o n .  This repo r t  reviews c u r r e n t l y  a v a i l a b l e  methodologies f o r  
eva lua t i ng  fac to rs  t h a t  can have a s i g n i f i c a n t  i n f l u e n c e  on t a i l i n g s  s t a b i -  
1 i z a t i  on and develops methodologies i n  techn i  c a l  areas where none p resen t l y  
e x i s t .  M i l l  operators  can use these methodologies t o  a s s i s t  w i t h  (1) t h e  
s e l e c t i o n  o f  s i t e s  f o r  m i l l  t a i l i n g s  impoundments, ( 2 )  t h e  design o f  s tab le  
impoundments, and ( 3 )  t h e  development o f  rec lamat ion p lans f o r  e x i s t i n g  
impoundments . These methodologies woul d a1 so be useful  f o r  regul  a t o r y  
agency eva lua t ions  of proposals i n  permi t  o r  l i c e n s e  app l i ca t i ons .  

Methodologies were reviewed o r  developed i n  t h e  f o l l o w i n g  techn ica l  
areas: ( 1 )  p r e d i c t i o n  o f  t h e  Probable Maximum P r e c i p i t a t i o n  (PMP) and an 
accompanyi ng Probable Maximum F1 ood (PMF) ; ( 2 )  p r e d i  c t i o n  o f  t h e  s t a b i  1 i t y  
o f  l o c a l  and reg iona l  f l u v i a l  systems; (3 )  design of impoundment sur faces 
r e s i s t a n t  t o  g u l l y  erosion; ( 4 )  eva lua t i on  of the  p o t e n t i a l  f o r  surface 
sheet eros ion;  ( 5 )  design o f  r i p r a p  f o r  p r o t e c t i n g  embankments f rom channel 
f l o o d  f l ow  and over land f low;  ( 6 )  s e l e c t i o n  o f  r i p r a p  w i t h  appropr ia te  
d u r a b i l i t y  f o r  i t s  in tended use; and ( 7 )  eva lua t ion  of ove rs i z ing  requ i red  
f o r  marginal q u a l i t y  r ip rap .  
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1 . INTRODUCTION 

Unprotected uranium m i l l  t a i l i n g s  impoundments can pose a s i g n i f i c a n t  
r i s k  t o  nearby i n h a b i t a n t s  and t h e  surrounding environment i n  t h e  event o f  
a prolonged o r  ca tas t roph ic  re lease o f  contaminants from t h e  t a i l i n g s .  
Therefore, rec lamat ion plans f o r  such f a c i l i t i e s  must i nc lude  engineer ing 
designs t o  p r o t e c t  against  d i s r u p t i o n  o f  t h e  t a i l i n g s  impoundment. 
goals o f  engineer ing design should be t o  p rov ide  o v e r a l l  s i t e  s t a b i l i t y  f o r  
t h e  long-term w i t h  no planned ongoing maintenance and t o  prov ide a repos i -  
t o r y  f o r  t h e  t a i l i n g s  t h a t  w i l l  no t  p lace an undue burden o f  r e s p o n s i b i l i t y  
on f u t u r e  generations. Although a maintenance-free system should n o t  
r e q u i r e  moni tor ing,  a sho r t  pe r iod  o f  s u r v e i l l a n c e  would be reasonable. 
This per iod o f  s u r v e i l l a n c e  can prov ide t h e  assurance t h a t  t h e  rec lamat ion 
p l a n  t h a t  was imp1 emented i s  f u n c t i o n i n g  adequately. 

The purpose o f  t h i s  i n v e s t i g a t i o n  i s  t o  present a review o f  t h e  
c u r r e n t l y  a v a i l  able, s t a t e - o f - t h e - a r t  engineer ing techniques and methodolo- 
g ies f o r  t he  eva lua t i on  o f  rec lamat ion plans designed t o  prov ide long- term 
s t a b i l i t y  against  p o t e n t i a l  f a i l u r e  modes. Eva lua t i ve  techniques were 
devel oped f o r  1 ong term s t a b i  1 i zat  i o n  where methodol ogi  es d i d  not  ex i  s t  
p rev ious l y .  It i s  impor tant  f o r  t h e  user t o  recognize the  l i m i t a t i o n s  o f  
each methodol ogy presented and acknowl edge t h a t ,  i n  some cases, a d d i t i o n a l  
research may be warranted t o  expand appl i cabi 1 i t y  . 

The 

Design considerat ions f o r  long-term s t a b i l i z a t i o n  of uranium m i l l  
t a i l i n g s  impoundments were discussed i n  d e t a i l  by Nelson, e t  a1 . (1983). 
I n  t h a t  document, t h e  design parameters were defined and p o t e n t i a l  f a i l u r e  
modes were discussed. The main purpose of t h a t  r e p o r t  was t o  evaluate t h e  
importance t h a t  t he  s t a b i l i t y  pe r iod  (e.g., 200, 500, o r  1000 years)  would 
have on t h e  design c r i t e r i a .  It was shown i n  t h a t  r e p o r t  t h a t  regard less 
o f  t he  s t a b i l i t y  pe r iod  t h e  approp r ia te  design f lood would be t h e  Probable 
Maximum Flood (PMF) . The design o f  var ious elements o f  p r o t e c t i o n  systems 
f o r  t h e  d i f f e r e n t  f a i l u r e  modes should t h e r e f o r e  be based on t h e  PMF. 

The f a c t o r s  t o  be considered i n  t h e  determinat ion o f  a Probable 
Maximum P r e c i p i t a t i o n  (PMP) and t h e  subsequent PMF are discussed i n  Chapter 
2. The var ious methods commonly used t o  p r e d i c t  PMF's are discussed and 
comparisons o f  p r e d i c t e d  PMF's and h i s t o r i c a l  record r a i n f a l l s  a re  
provided. 

A methodol ogy f o r  d i  s t i  ngui s h i  ng between stab1 e and unstable f l  u v i  a1 
systems i s  presented i n  Chapter 3. It i s  impor tant  t o  recognize an 
unstable r i v e r  channel because i t s  changing f l o w  p a t t e r n  and inc reas ing  
eros ion p o t e n t i  a1 may th rea ten  the  s t a b i  1 i t y  of a t a i  1 i ngs impoundment. 

The designs o f  impoundment surfaces t o  avoid g u l l y  eros ion are d i s -  
A methodology o f  p r e d i c t i n g  when g u l l y  eros ion can cussed i n  Chapter 4. 

i n i t i a t e  i s  presented. Means o f  p r e d i c t i n g  s tab le  slopes and th resho ld  
values a t  which g u l l y  eros ion may i n i t i a t e  are developed. Also, r i p r a p  
design procedures are presented. 
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The p o t e n t i a l  f o r  sur face sheet 
A methodology f o r  eva lua t i ng  eros ion  
s u f f i c i e n t l y  f l a t  t h a t  g u l l y  eros ion 

Techniques f o r  t h e  s e l e c t i o n  of 

e ros ion  i s  evaluated i n  Chapter 5. 
p o t e n t i a l  f rom a sur face which i s  
would no t  occur i s  a l so  developed. 

r i p r a p  are  discussed i n  Chapter 6. 
Eva lua t ion  of r i p r a p  d u r a b i l i t y  and p o t e n t i a l  ove rs i z ing  o f  r i p r a p  mate- 
r i a l  i s  a l so  addressed. 

The p r o b a b i l i s t i c  r i s k  ana lys is  o f  long  te rm s t a b i l i z a t i o n  and t h e  
nature o f  t h e  r i s k  o r  hazard t h a t  i s  imposed due t o  f a i l u r e  of d i f f e r e n t  
elements o f  t h e  impoundment are discussed i n  Appendix A. 
are impor tant  i n  eva lua t i ng  r i s k  on t h e  bas is  o f  p r o b a b i l i t y  o f  f a i l u r e  a r e  
discussed i n  t h e  contex t  o f  consequences o f  f a i l u r e .  
f o r  t h e  sampling and t e s t i n g  o f  r i p r a p  a re  addressed i n  Appendix B. Sample 
c a l c u l a t i o n s  f o r  d u r a b i l i t y  and ove rs i z ing  o f  r i p r a p  are presented i n  
Appendix C. It should be noted t h a t  these appendices, which i n c l u d e  
subs tan t ive  ma te r ia l  from a v a r i e t y  o f  sources, were prepared p r i m a r i l y  as 
source documents t o  p rov ide  a d d i t i o n a l  background in fo rmat ion  f o r  t h e  use 
o f  the  authors i n  developing t h i s  r e p o r t  and f o r  t h e  reader 's  b e n e f i t  i n  
us ing  some of t h e  methodologies i n  des ign ing rec lamat ion plans. 

The f a c t o r s  t h a t  

Standard procedures 

Secondary f a i l u r e  mechanisms such as human o r  animal i n t r u s i o n  t h a t  
are n o t  c o n t r o l l e d  by na tu ra l  fo rces  are  no t  considered i n  t h i s  i n v e s t i g a -  
t i o n .  Also, r o o t  pene t ra t i on  i s  not  considered because d i s r u p t i o n  o f  t h e  
impoundment by t h i s  method would not  be expected t o  r e s u l t  i n  phys i ca l  
d i spe rs ion  o f  t h e  t a i l i n g s ,  a l though the re  would be a p o t e n t i a l  f o r  uptake 
o f  r a d i  onucl i des. 

S i t e  s e l e c t i o n  and t h e  phys ica l  l o c a t i o n  o f  an impoundment are perhaps 
t h e  most impor tant  cons idera t ions  i n  t h e  cons t ruc t i on  o f  s t a b l e  rec lamat ion  
a l t e r n a t i v e s .  Although s i t e  s e l e c t i o n  may be o f  t h e  most impor tant  consid- 
e r a t i o n  i n  e i t h e r  min imiz ing  o r  e l i m i n a t i n g  t h e  adverse impacts o f  poten- 
t i a l  f a i l u r e  modes as a r e s u l t  o f  na tu ra l  d i s r u p t i v e  forces, i t  i s  not  
inc luded i n  t h i s  repor t .  The repo r t  concentrates on t h e  engineer ing des ign 
cons idera t ions  and methodologies necessary t o  m i t i g a t e  d i s r u p t i o n  by each 
p o t e n t i a l  f a i l u r e  mode. 

It should be noted t h a t  t h e  engineer ing design cons idera t ions  d i s -  
cussed he re in  are n o t  based on any requ i red  radon re lease standard, nor on 
cos t -benef i t  eva lua t i on  o f  a l t e r n a t i v e  designs. This repo r t  i s  not  
in tended t o  se t  f o r t h  federa l ,  s ta te ,  o r  l o c a l  p o l i c y  regard ing rec lamat ion  
p lans r e l a t e d  t o  remedial ac t i on  on e x i s t i n g  s i t e s  o r  new f a c i l i t i e s .  It 
i s  on l y  in tended t o  e s t a b l i s h  a techn ica l  bas is  f o r  t h e  design o f  necessary 
rec lamat ion  p lans based on sound engineer ing design methodology. This 
repo r t  i s  in tended f o r  use by designers i n  i d e n t i f y i n g  those f a c t o r s  t h a t  
must be taken i n t o  cons idera t ion  i n  t h e  design o f  long-term s t a b i l i z a t i o n  
techniques. By p r o v i d i n g  adequate d iscuss ion  o f  t h e  va r iab les  a f f e c t i n g  
requ i red  design considerat ions,  t h e  repo r t  should be h e l p f u l  t o  p o l i c y -  
makers respons ib le  f o r  eva lua t i ng  long-term s t a b i l i z a t i o n  techniques. 
Al though t h e  r e p o r t  does not  i nc lude  l a r g e  amounts o f  q u a n t i t a t i v e  data, 
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some examples are  given, where appropr ia te ,  f o r  purposes of ill u s t r a t i o n .  
I n  a subsequent repo r t ,  t he  a p p l i c a t i o n  o f  t h e  methodologies d iscussed 
h e r e i n  t o  se lec ted  impoundments will i l l u s t r a t e  t h e i r  use by designers o r  
agency reviewers.  





2. DESIGN FLOOD ESTIMATION 

I n  a recent document on t h e  design considerat ions f o r  l ong  term s t a b i -  
1 i z a t i o n  o f  t a i l  i n g s  impoundments, Ne1 son e t  a1 . , (1983) showed t h a t  t h e  
design event f o r  eva lua t i ng  t h e  long-term s t a b i l i t y  o f  a reclaimed t a i l i n g s  
impoundment should be the  Probable Maximum Flood (PMF). The PMF has been 
def ined (COE, 1975) as " the  f l o o d  t h a t  may be expected from t h e  most severe 
combination of c r i t i c a l  meteorologic and hyd ro log i c  cond i t i ons  t h a t  a re  
reasonably poss ib le  i n  t h e  reg ion  .'I The p r e c i p i t a t i o n  associated w i t h  t h e  
PMF i s  known as t h e  Probable Maximum P r e c i p i t a t i o n  (PMP) which i s  def ined 
as " the  t h e o r e t i c a l l y  g rea tes t  depth o f  p r e c i p i t a t i o n  f o r  a given d u r a t i o n  
t h a t  i s  p h y s i c a l l y  poss ib le  over a p a r t i c u l a r  drainage bas in a t  a p a r t i c u -  
l a r  t ime o f  year" (AMS, 1959). 

Nelson e t  a1 . (1983) i n d i c a t e d  t h a t  f o r  a p a r t i c u l a r  impoundment, two 
d i f f e r e n t  s i t u a t i o n s  r e l a t e d  t o  t h e  PMF must be considered. For an 
impoundment l oca ted  i n  t h e  f lood p l a i n  of a major stream or  wash, t h e  PMF 
o f  concern would be t h a t  caused by an occurrence o f  t h e  PMP over appro- 
p r i a t e  drainage areas upstream o f  t h e  impoundment. The impact on t h e  t o e  
or  face o f  t he  impoundment depends on t h e  magnitude o f  t h e  PMF and t h e  
l o c a t i o n  o f  t he  impoundment r e l a t i v e  t o  t h e  main channel . On t h e  o the r  
hand, some s i t e s  are l oca ted  on h igh  ground beyond t h e  in f luence o f  t h e  PMF 
o f  a major stream. For these cases, t h e  PMF of concern i s  t h a t  correspond- 
i n g  t o  occurrence o f  t h e  PMP on on ly  t h e  drainage area on and above t h e  
impoundment s i t e .  

A PMF due t o  t h e  PMP o c c u r r i n g  on t h e  watershed above t h e  impoundment 
would p r i m a r i l y  i n f l u e n c e  sur face eros ion o f  t h e  impoundment cover i f  f lows 
are no t  d i v e r t e d  around t h e  impoundment. When these storm f lows a re  
d i v e r t e d  around t h e  reclaimed impoundment, t h e  cover design and d i v e r s i o n  
s t r u c t u r e  must wi thstand the  PMF caused on ly  by the  o n s i t e  PMP. 
reg ional ,  l o c a l  and o n - s i t e  PMF's must be evaluated i n  t h e  comprehensive 
1 ong-term s t a b i  1 i ty  ana lys i s  o f  t a i l  i n g s  impoundment designs. 

Therefore, 

2.1 DESIGN STORM 

2.1.1 PMP Design Storm 

The design storms t h a t  are t r a d i t i o n a l l y  used t o  est imate t h e  PMF are 
a set  o f  maximi zed i ntens i  t y - d u r a t i o n  Val ues formulated f o r  mountainous and 
non-mountainous regions across t h e  Uni ted States.  Each reg ion can be 
evaluated by t h e  i n f l u e n c e  o f  t h e  type o f  storm t h a t  c h a r a c t e r i s t i c a l l y  
impacts a s p e c i f i c  area. 
l o c a t i o n ,  topograhic  i n f l uences ,  p o t e n t i a l  f o r  convergence, moisture poten- 
t i a l  and meteroro logocia l  t r a n s p o r t a t i o n .  Commonly, t h e  l o c a l  thunderstorm 
and general storm are transposed over a reg ion o r  s i t e  f o r  PMF est imates.  

The types o f  storms considered depend upon 

A s e r i e s  o f  genera l ized p r e c i p i t a t i o n  cha r t s  have been prepared by t h e  
Nat ional  Weather Serv ice t o  r a p i d l y  determine design storm values f o r  any 
s p e c i f i c  area i n  t h e  Uni ted States. The design storm values represent a 
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conservat i ve upper li m i  t o f  potent  i a1 p r e c i p i t a t i o n  . 
values have been compiled i n  Hydrometeorological  Report (HMR) Nos. 43, 49, 
51, and 55 f o r  both general t ype  storms and thunderstorms i n  areas west o f  
t h e  103" meridian, bu t  on l y  f o r  general t ype  storms i n  areas east o f  t h e  
103" mer id ian  (NWS, 1961, 1977, 1979, and 1984). Values of t h e  l oca l - s to rm 
PMP, de f ined by t h e  Nat iona l  Wea h e r  Serv ice as one hour d u r a t i o n  over a 

char ts  p o r t r a y i n g  t h e  PMP thunderstorm values and PMP general  -type s torm 
values were o r i g i n a l l y  der ived  f o r  t h e  U.S. Army Corps o f  Engineers f rom 
Hydrometeor01 og i  c a l  Report (HMR) No. 33 (NWS, 1956) . Hydrometeorologi c a l  
repo r t s  w i t h  ad justed p r e c i p i t a t i o n  est imates have been pub l ished f o r  
var ious reg ions throughout t h e  Un i ted  States. F igu re  2.2 presents t h e  
reg ions i n  which updated PMP s tud ies  have been conducted and t h e  HMRs i n  
which these p r e c i p i t a t i o n  est imates a re  publ ished. It i s  recommended t h a t  
values presented i n  these repo r t s  be used t o  es t imate  t h e  PMP. 

The 1-hr, 1 - m i 2  PMP values presented i n  F igu re  2.1 a re  d i r e c t l y  
app l i cab le  t o  l o c a t i o n s  between sea l e v e l  and 5000 foot  e leva t i on .  
However, t h e  1-hr, 1 - m i 2  r a i n f a l l  should be decreased by 5 percent  per  
1000 f e e t  o f  a d d i t i o n a l  e leva t i on  over 5000 feet. 

General i zed storm 

one square m i l e  area (1-hr, l - m i  5 ), are presented i n  F igu re  2.1. The 

Depending upon t h e  drainage areas, reg ions east o f  t h e  103" mer id ian  
i n  t h e  Un i ted  States genera l l y  use t h e  s ix-hour  general- type storm as t h e  
design storm f o r  PMF ana lys is .  The general- type storm i s  der ived  from an 
ex tens ive  data base and i s  commonly extended f o r  per iods o f  72 hours t o  96 
hours. The general- type storm y i e l d s  l a r g e  volumes o f  runoff.  The 
general- type s torm w i l l  u s u a l l y  y i e l d  peak r u n o f f  and runof f  volume values 
g rea te r  than t h e  thunderstorm ( l - h r )  i n  t h e  eastern Un i ted  States,  depend- 
i n g  upon t h e  s i z e  o f  t h e  drainage area. 

Regions west o f  t h e  103' mer id ian  i n  t h e  Un i ted  Sta tes  should eva lua te  
t h e  PMF w i t h  both t h e  general- type storm and t h e  thunderstorm. A p p l i c a t i o n  
o f  the  general- type storm i n  areas west o f  t h e  103" mer id ian  w i l l  u s u a l l y  
y i e l d  a PMF peak discharge lower than t h a t  est imated by t h e  thunderstorm, 
y e t  y i e l d  a volume o f  r u n o f f  g rea ter  than t h e  thunderstorm. The thunder-  
storm w i l l  genera l l y  produce a PMF w i t h  peak r u n o f f  g rea ter  than t h e  
general- type storm f o r  small watersheds. However, i f  t h e  volume o f  r u n o f f  
i s  a considerat ion,  i t  i s  recommended t h a t  PMF values f o r  both storm types 
be est imated as t h e  r u n o f f  volume f o r  t h e  general- type storm genera l l y  
exceeds t h e  r u n o f f  volume from t h e  thunderstorm. 

Based upon t h e  southwestern r a i n f a l  I s ,  a depth-area re1 a t i o n  was 
adopted as presented i n  F igure  2.3. 
bas in  area increases, t h e  PMP decreases. Therefore, t h e  PMP depths should 
be adjusted t o  r e f l e c t  the  drainage bas in s ize.  

It i s  apparent t h a t  as t h e  dra inage 

2.1.2 PMP R a i n f a l l  I n t e n s i t y  

The 1-hr, 1 - m i 2  loca l -s to rm PMP values presented i n  F igu re  2.1 a re  
based on r a i n f a l l  data c o l l e c t e d  by t h e  Nat ional  Weather Serv ice t h a t  i s  
ad jus ted  f o r  du ra t i ona l ,  areal  and atmospheric va r ia t i ons .  However, t h e  
Nat ional  Weather Serv ice determined t h a t  t h e  PMP l o c a l  storm could l a s t  up 
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Fig. 2.1. Local-storm PMP for a one-square-mile area and a one-hour duration applicable for 
locations between sea level and 5000 ft. Source: NWS, 1977. 
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t o  s i x  hours a l though t h e  m a j o r i t y  o f  t h e  p r e c i p i t a t i o n  f a l l s  w i t h i n  t h e  
f i r s t  t h r e e  hours o f  t h e  storm. I n  order t o  r e f l e c t  t h e  d u r a t i o n a l  and 
geographical d i f f e r e n c e s  between s i t e s ,  r a t i o s  between t h e  6-hour general 
t ype  storm and t h e  l -hour  thunderstorm (6/1-hr r a t i o s )  were determined and 
a re  presented i n  F igure 2.4 f o r  t h e  southwest Uni ted States. S i m i l a r  
i n f o r m a t i o n  i s  a v a i l a b l e  i n  HMR 51  and HMR 55 (NWS, 1979 and 1984). 
2.4 i n d i c a t e s  t h a t  t h e  6/1-hr  r a t i o s  range from 1.1 t o  2.0 and t h a t  a 
s i n g l e  depth-durat ion r e l a t i o n  i s  not  r e g i o n a l l y  appl icable.  Therefore, 
t h e  6/1-hr  r a t i o  i s  s i t e  s p e c i f i c  and va r ies  w i t h  drainage bas in  area. 
Furthermore, t h e  lower  t h e  6/1-hr r a t i o ,  t h e  g rea te r  t h e  l o c a l - s t o r m  PMP 
percentage t h a t  f a l l s  i n  t h e  i n i t i a l  pe r iod  o f  t h e  storm. 

F igu re  

For determin ing t h e  PMF f o r  a watershed o r  reclaimed s i t e  wi th small  
drainage areas, t h e  r a i n f a l l  i n t e n s i t y  corresponding t o  t h e  t ime  o f  concen- 
t r a t i o n  must be determined. I n  order t o  determine t h e  PMP r a i n f a l l  i n t e n -  
s i t y ,  t h e  incremental  PMP r a i n f a l l  depths f o r  a s p e c i f i c  s i t e  must f i r s t  be 
der ived. The PMP r a i n f a l l  depths can be est imated as a percent o f  t h e  PMP 
values f o r  both t h e  l - h o u r  thunderstorm and t h e  6-hour general- type storm. 
Table 2.1 presents the  r a i n f a l l  d u r a t i o n  and percent PMP values ( thunder -  
storms ranging i n  d u r a t i o n  from 2.5 t o  60 minutes) f o r  determin ing appro- 
p r i a t e  r a i n f a l l  depths i n  the  Colorado R ive r  bas in  (NWS, 1977 and NRC, 
1985) . 
developed f o r  t h e  northwest s ta tes  (HMR 43), f o r  t h e  midwestern and eas te rn  
s t a t e s  (HMR 51) and f o r  t h e  reg ion between t h e  con t inen ta l  d i v i d e  and the  
103' mer id ian (HMR 55) as shown i n  F i g u r e  2.2. 

S i m i l a r  r a i n f a l l  d u r a t i o n  and PMP percentage r e l a t i o n s  can be 

Table 2.1 Percent o f  Probable Maximum P r e c i p i t a t i o n  f o r  Var ious 
R a i n f a l l  Durat ions i n  t h e  Colorado R i v e r  Drainage Area. 

R a i n f a l l  Du ra t i on  
min. % o f  l - h o u r  PMP* 

2.5 
5 

10 
15 
20 
30 
45 
60 

27.5 
45 
62 
74 
82 
89 
95 

100 

* The l -hour ,  1 square m i l e  l o c a l  storm i s  de r i ved  using 6/1-hour r a t i o s  
from 1.2 t o  1.3. 

Source: NWS, 1977 and NRC, 1985. 
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Fig. 2.4. Analysis of the 6/l-bour ratios for averaged maximum station data plotted at midpoints 
of a 2 O  latitude-longitude grid. Source: NWS, 1977. 
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The r a i n f a l l  depth f o r  a s p e c i f i c  s i t e  i s  est imated by 
r a i n f a l l  d u r a t i o n  and/or appropr ia te  t ime o f  concentrat ion.  
r a i n f a l l  depth i n  inches, i s  

PMP r a i n f a l l  depth = ( %  PMP) x (PMP) 

determi n i  ng the  
The resu 1 t i  ng 

where t h e  percent  PMP i s  obta ined from Table 2.1 and t h e  PMP i s  ob ta ined 
from t h e  appropr ia te  PMP design storm presented i n  Sect ion 2.1.1. 

The r a i n f a l l  i n t e n s i t y ,  i, i n  inches per  hour can be computed as 

60 

r a i n f a l l  du ra t i on  (minutes)  
i = r a i n f a l l  depth ( inches)  x ( 2 4  

The r a i n f a l l  i n t e n s i t y  determined f rom Equat ion 2.2 i s  genera l l y  a conser- 
v a t i v e  value and represents t h e  peak r a i n f a l l  i n t e n s i t y  o f  t h e  design 
storm. 

To compute t h e  r a i n f a l l  i n t e n s i t y  f o r  any r a i n f a l l  dura t ion ,  i t  i s  
recommended t h a t  a r a i n f a l l  i n t e n s i t y  versus r a i n f a l l  d u r a t i o n  curve be 
p l o t t e d  on semi logar i thmic  paper. 
r a i n f a l l  i n t e n s i t y  values obta ined f o r  shor t  durat ions,  i t  i s  recommended 
t h a t  the  minimum r a i n f a l l  du ra t i on  be 2.5 minutes. R a i n f a l l  depths should 
be ex t rac ted  from t h e  appropr ia te  Hydrometeor01 og i  c a l  Report 

Because o f  t h e  extremely conserva t ive  

2.2 PMP COMPARISON STORMS 

A comparison o f  est imates o f  t h e  PMP w i t h  g rea tes t  observed r a i n f a l l  
and est imates o f  t h e  100-year events f o r  areas both east  and west o f  t h e  
105" mer id ian  was prepared (NWS, 1980). In fo rmat ion  f rom 6500 p r e c i p i t a -  
t i o n  r e p o r t i n g  s t a t i o n s  i n  t h e  eas tern  U.S. and about 2100 s t a t i o n s  i n  t h e  
west was used. I n c l u d i n g  storm dura t ions  o f  6 t o  72 hours, t h e  study i n d i -  
cated t h a t  177 separate storm events have been recorded i n  which t h e  r a i n -  
f a l l  was grea ter  than o r  equal t o  50 percent  o f  t h e  PMP f o r  s t a t i o n s  east  
o f  t h e  105" meridian. Only 66 separate storm events were recorded west o f  
t h e  105" mer id ian  where r a i n f a l l s  were grea ter  than o r  equal t o  50 percent  
o f  t h e  PMP. 

The Nat ional  Weather Serv ice a lso  repor ted  t h e  number of storm events 
which met o r  exceeded t h e  100-year r a i n f a l l  values and compared them w i t h  
t h e  reg iona l  PMP values (NWS, 1980). Table 2.2 summarizes these r a i n f a l l  
events f o r  6 and 24-hour storms occu r r i ng  over a 10 square m i l e  area. It 
i s  i n t e r e s t i n g  t o  note t h a t  a storm has not  been o f f i c i a l l y  recorded west 
o f  t h e  Cont inenta l  D iv ide  t h a t  exceeds 90% o f  t h e  PMP value. However, i t  
i s  ev ident  t h a t  a number o f  storms approach t h e  PMP values, thereby sub- 
s t a n t i a t i n g  t h a t  t h e  prescr ibed PMP values are not  extremely conservat ive.  
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Table 2.2 Comparison o f  Probable Maximum P r e c i p i t a t i o n  (PMP) 
w i t h  100-Year R a i n f a l l s  

East o f  105th 
Meri d ian  59 32 19 7 3 

West of Cont. 77 39 13 4 0 
D i  v i  de 

Source: NWS, 1980 

A comparison o f  t h e  6-hour, 10-square m i l e  PMP t o  t h e  100-year r a i n -  
f a l l  depth i s  presented f o r  areas west of t h e  Cont inenta l  D iv ide  i n  F igu re  
2.5. The map i n d i c a t e s  t h a t  t h e  mountains and o the r  topographic masses 
s i g n i f i c a n t l y  a f f e c t  t h e  reg iona l  v a r i a t i o n  i n  r a i n f a l l  magnitudes. The 
r a t i o  o f  t h e  6-h0ur, 10-square m i l e  PMPs t o  t h e  100-year r a i n f a l l  range 
from 3 t o  8. Rat ios o f  3 t o  5 p r e v a i l  i n  t h e  uranium min ing areas. 

2.3 PMF ESTIMATION 

The Probable Maximum Flood (PMF) i s  an es t imate  o f  the  r a i n f a l l - r u n o f f  
r e l a t i o n s h i p  f o r  a p a r t i c u l a r  drainage basin w i t h  s i t e  s p e c i f i c  cond i t ions .  
The de terminat ion  o f  t h e  volume and du ra t i on  o f  t h e  PMF i s  determined 
through an ex tens i  ve assessment of t h e  watershed parameters and a p p l i c a t i o n  
o f  t h e  appropr ia te  PMP (Sect. 2.1). 

I n p u t  parameters commonly used i n  a PMF determinat ion  inc lude,  bu t  are 
not  l i m i t e d  t o ,  t h e  watershed area, average slope, e leva t i on  d i f f e rences ,  
l eng th  o f  watercourse, s o i l  t ype  and runof f  p o t e n t i a l ,  t ype  and amount o f  
cover, antecedent mois ture cond i t ions ,  s o i l  i n f i l t r a t i o n  ra tes  and s o i l  
compaction. The f l o o d  hazard should a l so  be determined. It i s  recommended 
t h a t  a h igh  hazard analys is ,  as discussed i n  Design o f  Small Dams (DOI, 
1977), be used f o r  eva lua t i ng  t h e  long term s t a b i l i t y  f o r  t h e  rec lamat ion 
o f  uranium m i l l  t a i l i n g  impoundments due t o  t h e  r a d i o a c t i v e  na ture  of t h e  
t a i l i n g s  and Environmental P ro tec t i on  Agency regu la t i ons  which q u a n t i f y  t h e  
t ime pe r iod  o f  s t a b i l i t y  (EPA, 1983). 

It i s  recommended t h a t  s ta te -o f - the -a r t  procedures be used t o  es t imate  
t h e  PMF. One o f  t h e  most commonly accepted procedures i s  t h e  t r i a n g u l a r  
Hydrograph Procedure developed by t h e  Soi 1 Conservat ion Serv ice  (SCS) as 
presented i n  Design o f  Small Dams (DOI, 1977) f o r  moderate s ized  water-  
sheds. The SCS procedure i s  r e a d i l y  a v a i l a b l e  and i s  incorpora ted  as a 
design op t i on  i n  HEC-1  (COE, 1974). 
s p e c i f i e d  procedure ANS 2.8 f o r  es t ima t ing  t h e  PMF f o r  major stream systems 
(ANSI, 1985). 

The American Nuclear Society has a l s o  
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Fig. 2.5. Ratios of PMP for a lO-square-miIe-area and Chow duration to actual 100-year 
rainfalls. Source: NWS, 1980. 
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The Rat ional  Method (Chow, 1964) can be app l ied  t o  determine t h e  PMF 
peak discharge f o r  drainage basins o r  covers wi th areas l e s s  than approx i -  
mate ly  one square mi le .  However, it i s  recommended t h a t  one o f  t h e  s ta te -  
o f - the -a r t  procedures be used when poss ib le  s ince  t h e  Rat ional  Method may 
no t  d i r e c t l y  account f o r  many of t h e  bas in parameters. 
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3. FLUVIAL GEOMORPHIC INFLUENCES 

Several o f  t h e  o lde r  t a i l i n g s  impoundments such as Grand Junct ion,  
R i f l e ,  Gunnison and Durango are l oca ted  i n  areas where an e x i s t i n g  stream 
may i n t r u d e  upon the  t a i l i n g s  s i t e  i f  changes i n  t h e  stream channel should 
occur. To assess t h e  ex ten t  and e f f e c t  o f  channel i n t r u s i o n  i t  i s  neces- 
sary t o  evaluate t h e  s t a b i l i t y  o f  t he  f l u v i a l  system under considerat ion.  
A major area o f  concern i s  t he  p o t e n t i a l  f o r  f l o o d  i n t r u s i o n .  

Schumn (1977) considers an i d e a l  f l u v i a l  system t o  c o n s i s t  o f  t h r e e  
d i s t i n c t  zones [upper ( l ) ,  middle (Z), and lower (3)] as i n d i c a t e d  i n  
F igu re  3.1. I n  zone 1, a channel 's l o c a t i o n  i s  genera l l y  stable.  Down 
c u t t i n g  and eros ion o f  t h e  channel f l o o r  are dominant and the  f l o o d - p l a i n  
i s  poo r l y  developed. 
unstable.  Side c u t t i n g  dominates over down c u t t i n g ,  and eros ion on the 
ou ts ide  o f  meander loops i s  more o r  l e s s  balanced by depos i t i on  on t h e  
i n s i d e  o f  meander loops. Meander loops are o f t e n  cu t  o f f  and abandoned as 
the  main channel migrates across a wel l  developed f l oodp la in .  I n  Zone 3, a 
channel becomes more o r  l e s s  bra ided o r  breaks up t o  form a se r ies  o f  d i s -  
t r i b u t a r i e s  i n  forming a de l ta .  Deposi t ion i s  dominant and eros ion i s  more 
l o c a l i z e d .  Channel l o c a t i o n  i s  genera l l y  s t a b l e  except dur ing a f l o o d  when 
t h e  channel may break through a na tu ra l  levee. 

I n  Zone 2, a channel 's l o c a t i o n  i s  genera l l y  

With t h e  emphasis on min imiz ing the  upstream drainage area above 
uranium m i l l  t a i l i n g s  impoundments, most o f  t he  s i t e s  developed a f t e r  1975 
are l oca ted  i n  Zone 1. The i n a c t i v e  s i t e s  may be i n  e i t h e r  Zone 1 o r  
Zone 2. With t h e  poss ib le  except ion o f  south Texas, t h e r e  are no uranium 
m i l  1 t a i l  i n g s  impoundments i n  Zone 3. 

I n  Zone 1, t h e  major f a c t o r  of concern i s  eros ion and i n s t a b i l i t y  of  
t he  system such t h a t  l o c a l i z e d  eros ion o r  g u l l y i n g  could encroach on t h e  
impoundment. These cons ide ra t i ons  are covered i n  Chapter 4 where g u l l y  
format ion and geomorphic s t a b i l i t y  o f  t h e  s i t e  are discussed. 

I n  Zone 2, a major concern would be f lood- induced changes i n  the  r i v e r  
channel t h a t  r e s u l t s  i n  i n t r u s i o n  o f  t h e  r i v e r  on an impoundment. A b r i e f  
d i scuss ion  o f  methods o f  f i e l d  i n v e s t i g a t i o n  t o  est imate r i v e r  s t a b i l i t y  
was prepared by S.A. Schumm [Appendix D o f  Nelson, e t  a1 . (1983)l based on 
a r e p o r t  by S.A. Schumm and R.J. Chorley (1983). Three d i s t i n c t  phases o f  
i n v e s t i g a t i o n  are noted the re in .  

The f i r s t  phase o f  i n v e s t i g a t i o n  i s  reconnaisance both upstream and 
downstream f o r  several  m i l e s  away from the  s i t e  under considerat ion.  
purpose o f  t h i s  reconnaissance i s  t o  observe ongoing eros ion and depos i t i on  
and i d e n t i f y  p o t e n t i  a1 unstable c h a r a c t e r i  s t i  cs a1 ong t h e  r i v e r  channel . 
These f a c t o r s  can i n f l u e n c e  a r i v e r ' s  s t a b i l i t y  by changing i t s  slope o r  
a1 t e r i  ng t h e  sediment load. 

The 

The second phase invo lves  d e t a i l e d  s i t e  inspect ions i n  t h e  immediate 
area o f  the impoundment s i t e .  
morpho1 ogy , bank eros ion sediment cha rac te r i  s t i c s  and vegetat ion type f o r  

This would i n v o l v e  a study o f  t h e  channel 
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ZONE 1: Upper dra inage bas in,  
down-cutt i  ng and eros ion  , 
immature f l  ood p l  a i  n 

ZONE 2: Middle dra inage bas in,  
s i d e - c u t t i n g  wi th  balanced 
eros ion  and d e p o s i t i o n  , mature 

Zone 3: Lower dra inage bas in,  
d i s t r i b u t a r y  channel cons t ruc t i on ,  
d e p o s i t i o n  dominates over e ros ion  

__---- f lood p l a i n  

Fig. 3.1. Idealized fluvial system. 
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a sho r t  d i s tance  upstream and downstream. 
i n c l u d i n g  channel dimensions, pat tern,  slope, and s t a b i l i t y  o f  t h e  banks 
should be i nves t i ga ted .  

C h a r a c t e r i s t i c s  o f  t h e  r i v e r  

The t h i r d  phase cons is t s  o f  a h i s t o r i c a l  study which would compare t h e  
past and present channel behavior. This phase inc ludes a review o f  t h e  
h i s t o r y  of nearby br idges. Channel w id th  changes can be est imated by com- 
pa r ing  the  present r i v e r  channel cross-sect ion w i t h  those i n d i c a t e d  t o  have 
been i n  ex is tence when t h e  o l d  b r i dge  was designed and constructed. Old 
photographs and r e c o l l e c t i o n s  o f  long-t ime res iden ts  o f  t h e  area p rov ide  
i n d i c a t i o n s  o f  t h e  past behavior o f  t he  r i v e r .  Newspaper repor ts ,  r a i l r o a d  
company f i l e s ,  gauging s t a t i o n  records and o l d  a e r i a l  photographs are a l s o  
use fu l  resources. Rates o f  channel s h i f t  can a l so  be assessed by detennin- 
i n g  t h e  age o f  vegetat ion and t r e e s  on t h e  f l oodp la in .  

3.1 IDENTIF ICATION OF FLUVIAL INSTABILITY 

A q u a n t i t a t i v e  method f o r  assessing f l u v i a l  s t a b i l i t y  can be developed 
on the  bas is  of equat ions and cha r t s  presented by Schumm (1977). 
i n f l  uenci ng r i v e r  morpho1 ogy i n c l  ude bed-materi a1 load, mean water d i  s- 
charge, medi an sediment s ize,  channel s l  ope, and o the r  external  geomorpho- 
l o g i c a l  c o n t r o l s  on t h e  o v e r a l l  r i v e r  system. 

Factors 

Rivers can be c l a s s i f i e d  i n t o  t h r e e  types o f  channels: s t r a i g h t ,  
meandering, and bra ided channels (F igu re  3.2) . 
type o f  channel i n c l u d e  slope, mean annual discharge, amount o f  sediment 
load, and whether t h e  channel sediment i s  character ized as bed load, mixed 
load, o r  suspended load. 

Factors i n f l  uenci ng t h e  

I n  assessing the  p o t e n t i a l  f o r  t he  r i v e r  channel t o  i n t r u d e  upon t h e  
t a i l i n g s  impoundment, it i s  necessary t o  consider factors  a f f e c t i n g  b o t h  
h o r i z o n t a l  and v e r t i c a l  channel s t a b i l i t y .  Table 3.1 summarizes t h e  
changes t h a t  can occur i n  o r  along r i v e r  channels, i n c l u d i n g  changes i n  
channel type. 

3.1.1. Hor izonta l  S t a b i l i t y  

Hor i zon ta l  s t a b i l i t y  r e f e r s  t o  the  p o t e n t i a l  f o r  a r i v e r  t o  change 
from one type t o  another w i t h  accompanying change i n  l oca t i on .  F i g u r e  3.3 
shows t h e  general e f f e c t  o f  slope on t h e  s i n u o s i t y  (Schumm def ines sinuos- 
i t y  as t h e  r a t i o  o f  channel l e n g t h  t o  v a l l e y  l e n g t h )  f o r  experiments t h a t  
were conducted i n  a f lume under c o n t r o l l e d  condi t ions.  
ments t h e  sediment l oad  and discharge r a t e  were con t ro l l ed .  

I n  these exper i -  

A t  low slopes t h e  r i v e r  i s  j u s t  capable o f  c a r r y i n g  t h e  sediment load. 
I f  the  slope were t o  decrease due t o  development o f  a meander, t h e  f l o w  
r a t e  ( v e l o c i t y )  would decrease and t h e  meander channel would begin t o  f i l l  
w i t h  sediment. 
o r i g i n a l  s t r a i g h t  channel . As a r e s u l t ,  t he  stream would probably r e t u r n  t o  t h e  
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ided 

Fig. 3.2. Principal types .of river channels. Numbers refer to metamorphic changes in river 
channels as given in Table 3.1. 
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Table 3.1 Types o f  Changes Occurr ing Along R ive r  Channels 

Eros ion 
1. Degradation and scour 
2. N ickpo in t  m i g r a t i o n  

Deposi t  i on 
3. Aggradation and f i l l  
4. Down f i l l i n g  and back f i l l i n g  

Pattern-change 
5. Meander growth and s h i f t  
6. Channel bars and i s l a n d s  
7. Cu to f f s  
8. Avuls ion 

R i  ver-metamorphosi s 

10. S t r a i g h t  t o  b ra ided 
11. Braided t o  meandering 
12. Braided t o  s t r a i g h t  
13. Meandering t o  s t r a i g h t  
14. Meandering t o  b ra ided 

9. S t r a i g h t  t o  meandering 

Source: Ne1 son, e t  a1 . 1983 and Shen and Schumm, 1981. 

As t h e  slope o f  t h e  channel increases, t h e  r i v e r  i s  capable o f  t r a n s -  
p o r t i n g  more sediment and meanders can develop, thus inc reas ing  t h e  sinuos- 
i t y .  However, i f  t h e  s i n u o s i t y  increase< t o  a p o i n t  t h a t  i s  too  great ,  t h e  
r i v e r  may become unstable again. As t h e  s lope increases, t h e  stream can 
become bra ided and depending upon f l ow  cond i t i ons  and sediment l o a d  
changes, t h e  r i v e r  can f l  uc tua te  between bra ided and meandering . Schumm 
(1977) notes t h a t  ''....if one can i d e n t i f y  t h e  range o f  pa t te rns  along a 
r i v e r ,  then w i t h i n  t h a t  range t h e  most appropr ia te  channel p a t t e r n  and 
s i n u o s i t y  probably can be i d e n t i f i e d .  I f  so, t h e i r  engineer can work w i t h  
t h e  r i v e r  t o  produce i t s  most e f f i c i e n t  o r  most s tab le  channel. Obviously 
a r i v e r  can be forced i n t o  a s t r a i g h t  c o n f i g u r a t i o n  o r  i t  can be made more 
sinuous, but  t h e r e  i s  a l i m i t  t o  t h e  changes t h a t  can be induced beyond 
which t h e  channel cannot f u n c t i o n  w i thout  a r a d i c a l ,  morphological  
adjustment .. ..'I. 

Changes i n  t h e  sediment load w i l l  a lso  in f luence t h e  type o f  r i v e r  
channel t h a t  forms. F igu re  3.4 shows t h e  e f f e c t  o f  s lope and sediment l o a d  
on channel type  f o r  a g iven d ischarge rate.  These data have been combined 
i n  F igure  3.5 which shows s i n u o s i t y  as a f u n c t i o n  o f  stream power. Stream 
power i s  t h e  product o f  t r a c t i v e  f o r c e  and v e l o c i t y ,  and v e l o c i t y  depends 
on hyd rau l i c  rad ius,  channel slope, and s p e c i f i c  weight o f  t h e  f l u i d .  
Thus, stream power i s  a f u n c t i o n  o f  t h e  same hydro log ic  var iab les .  
F igure  3.5, t h e  p o r t i o n  o f  t h e  data curve t h a t  would represent s t r a i g h t ,  
meandering, and bra ided streams are  t h e  same as i nd i ca ted  i n  F igure  3.3. 

I n  
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Slope vs. mean annual d ischarge i s  shown i n  F igure 3.6. The exper i -  
mental p o i n t s  suggest t h a t  t h e  lower l i n e  d e f i n i n g  t h e  th resho ld  between 
b ra ided  and meandering channels may be t h e  appropr ia te l i n e  t o  use. Thus, 
t h e  h o r i z o n t a l  s t a b i l i t y  o f  t h e  r i v e r  can be assessed by p l o t t i n g  t h e  para- 
meters o f  t h e  r i v e r  on F igures 3.5 and 3.6 f o r  comparison w i t h  th resho ld  
values. This w i l l  p rov ide  an i n d i c a t i o n  o f  t h e  s t a b i l i t y  of t h e  r i v e r .  
For actual  r i v e r s ,  d i f f e r e n t  r e l a t i o n s h i p s  w i l l  e x i s t  f o r  mean annual d i s -  
charge, mean annual f lood, e t c .  (Schumm, 1977). 

s p e c i f i c  f a c t o r s  t h a t  a re  independent o f  t h e  channels own f low regime. 
Main channels are t y p i c a l l y  d i v e r t e d  away from t h e  confluence o f  d e l t a -  
forming t r i b u t a r i e s  whose energy has been d i s s i p a t e d  by t h e  slower moving 
main channel. The d e l t a  i s  b u i l t  outward, thus c r e a t i n g  a l a r g e  and 
s t e a d i l y  growing bend i n  t h e  r i v e r .  Geologic s t r u c t u r e  a l s o  p lays  a 
s i g n i f i c a n t  r o l e  i n  determin ing t h e  h o r i z o n t a l  s t a b i l i t y  o f  a stream 
channel. 
c o n t r o l  1 ed by j o i  n t  o r  f a u l t  systems. T r e l l  i s  (para1 1 e l  ) d r a i  nage pa t te rns  
suggest t h a t  long, p a r a l l e l  t rends o f  e a s i l y  eroded s t r a t a  c o n t r o l  t h e  
p o s i t i o n s  o f  stream channels. M i l l  t a i l i n g s  impoundments l oca ted  i n  
eros ion r e s i s t a n t  s t r a t a  and away from j o i n t  o r  f a u l t  systems a re  l e s s  
l i k e l y  t o  be threatened by s t r u c t u r a l l y  c o n t r o l l e d  streams. 

The h o r i z o n t a l  s t a b i l i t y  o f  a r i v e r  channel i s  a l s o  c o n t r o l l e d  by s i t e  

Streams d i s p l a y i n g  an angular f l o w  p a t t e r n  are l i k e l y  t o  be 

3.1.2 V e r t i c a l  S t a b i l i t y  

V e r t i c a l  s t a b i l i t y  r e l a t e s  t o  t h e  p o t e n t i a l  f o r  t he  s lope t o  change 
which can r e s u l t  i n  down c u t t i n g .  Down c u t t i n g  can lead t o  eros ion a t  t h e  
impoundment s i t e  o r  cause a channel t o  change from one t ype  t o  another. 

Rivers may be c a t e g o r i  zed as bedrock-control1 ed channels o r  a1 1 u v i  a1 
channels depending upon t h e i r  freedom t o  ad jus t  t h e i r  shape and gradient .  
Bedrock-control1 ed channels a re  those where t h e  slope o f  t h e  r i v e r  i s  
c o n t r o l l e d  by n i c k p o i n t s  (sharp breaks i n  channel slope, o f t e n  t h e  r e s u l t  
o f  v a r i a t i o n  i n  e ros ion  res i s tance )  and bedrock outcrops. The v e r t i c a l  
s t a b i l i t y  o f  a bedrock-contro l led channel i s  dependent p r i m a r i l y  upon t h e  
eros ion res i s tance  o f  t h e  bedrock forming t h e  n i ckpo in ts .  General ly, 
bedrock-contro l led channels are v e r t i c a l l y  stable.  

The stream bed and banks o f  a l l u v i a l  channels are composed o f  sediment 
t ranspor ted  by t h e  r i v e r  under present f l o w  condi t ions.  
s t a b i l i t y  o f  a l l u v i a l  channels v a r i e s  widely,  depending upon a more complex 
s e t  o f  parameters, i n c l u d i n g  t h e  percent o f  s i l t  and c l a y  i n  t h e  channel 
sediment and t h e  percentage o f  t o t a l  l oad  t h a t  i s  c a r r i e d  as bedload by t h e  
stream. 
s t a b i  1 i t y  o f  a1 1 u v i  a1 channels based on channel c h a r a c t e r i s t i c s  and t ype  
and amount o f  sediment load. 

The v e r t i c a l  

Table 3.2 prov ides an i n d i c a t i o n  of t h e  r e l a t i v e  v e r t i c a l  

3.2 IMPACT OF FLOOD INTRUSION 

The impact o f  f l o o d  i n t r u s i o n  on a t a i l i n g s  impoundment w i l l  depend t o  
a l a r g e  ex ten t  upon t h e  v e l o c i t y  o f  t h e  r i v e r  f low, and t h e  ex ten t  t o  which 
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by Lane (1957), Leopold and Wolman (195% and Ackers and Cbarlton (1971). Symbols show 
position of experimental channels. Source: from Schumm and Khan, 1972. 



Table 3.2 R e l a t i v e  v e r t i c a l  s t a b i l i t y  o f  a l l u v i a l  channels based on channel c h a r a c t e r i s t i c s  and sediment load. 

Mode o f  
sediment Channel v e r t i c a l  s t a b i l i t y  
t r a n s p o r t  Suspended 
and t y p e  1 oad Bed1 oad S tab l  e D e p o s i t i n g  E rod ing  
o f  channel ( p e r c e n t  o f  t o t a l  l o a d )  (graded st ream) (excess 1 oad ) ( d e f  i c i  ency o f  1 oad ) 

Suspended >20 t3 S t a b l e  suspended l o a d  D e p o s i t i n g  suspended Erod ing  suspended-1 oad 
1 oad channel. W i  d t h l d e p t h  l o a d  channel. Major  channel. Streambed 

r a t i o  <lo; s i n u o s i t y  d e p o s i t i o n  on banks e r o s i o n  predominant 
u s u a l l y  Q.0; g r a d i e n t  cause narrowing o f  i n i  t i  a1 channel 
r e l a t i v e l y  g e n t l e  channel ; i n i t i a l  w iden ing  minor  

streambed deposi t i  on 
m i  no r  

M i  xed 
1 oad 

5-20 

Bed l o a d  >5 

3-11 Stab le  m i  xed- load Oepos i t i  ng m i  xed -1 oad 
channel .  Width/depth channel. I n i t i a l  major  channel. I n i t i a l  
r a t i o  >lo, >40; d e p o s i t i o n  on banks streambed e r o s i o n  
s i n u o s i t y  u s u a l l y  (2.0; f o l l o w e d  by streambed f o l l o w e d  by channel 
>1.3; g r a d i e n t  deposi t i  on w i  deni  ng 
moderate 

E rod ing  m i  xed-1 oad 

<11 Stabl  e bed-1 oad channel . Depos i t i n g bed -1 oad Erod ing  bed- load 
W i  d th /dep th  r a t i o  >40; channel. Streambed channel . L i t t l e  
s i n u o s i t y  u s u a l l y  t1.3; deposi t i  on and i s l a n d  streambed e ros ion ;  
g r a d i e n t  , r e 1  a t i  v e l y  f o r m a t i o n  channel w iden ing  
s teep predominant 

N 
cn 



26 

down c u t t i n g  can occur. 
channel comes i n t o  contac t  w i t h  t h e  impoundment, l o c a l i z e d  e ros ion  w i l l  
occur and re lease o f  t a i l i n g s  i s  poss ib le .  Therefore, i f  i t  can be shown 
t h a t  t h e  main channel may encroach upon an impoundment, t h e  s i t e  should be 
considered unacceptable. I f  f l o o d  waters w i t h  r e l a t i v e l y  low v e l o c i t i e s  
encroach upon t h e  impoundment, t h e  s i t e  may be acceptable wi th approp r ia te  
p r o t e c t i o n  o f  t h e  impoundment t o  minimize erosion. 
f u r t h e r  i n  Chapter 4. 

I n  general ,  i t  i s  assumed t h a t  i f  t h e  r i v e r  

This w i l l  be dicussed 

3.3 MIT IGATIVE PROCEDURES 

I f  v e r t i c a l  s t a b i l i t y  i s  quest ionable,  s t a b l e  base l e v e l s  ( t h e o r e t i -  
c a l l y ,  t h e  lowest  l e v e l  o f  e ros ion  o f  a p o r t i o n  o f  t h e  e a r t h ' s  sur face)  can 
be manufactured o r  created a r t i f i c i a l l y .  A base l e v e l  must r e s i s t  l a r g e  
f lows t h a t  may occur under PMF cond i t ions .  Creat ion  o f  base l e v e l s  must 
a l s o  take i n t o  cons ide ra t i on  t h e  p o t e n t i a l  f o r  ho r i zon ta l  i n s t a b i l i t y  t o  
occur which would cause t h e  r i v e r  channel t o  bypass t h e  a r t i f i c i a l l y  
c rea ted  s t a b l e  base l e v e l .  

I f  h o r i z o n t a l  i n s t a b i  1 i t y  i s  a concern, s t r u c t u r e s  may be cons t ruc ted  
t o  d i v e r t  t h e  r i v e r  around t h e  impoundment, even under PMF cond i t i ons .  
S tab le  d i v e r s i o n  channels can on ly  be developed where t h e  PMF f l o w  and 
v e l o c i t i e s  are o f  reasonably small s ize.  For l a r g e  f lows, on major  r i v e r s  
i n  t h e  western Un i ted  States,  a s t a b l e  d i v e r s i o n  channel would be v i r t u a l l y  
impossib le  t o  achieve. D ivers ion  channel s t a b i l i t y  i s  determined i n  t h e  
same manner as t h a t  f o r  na tu ra l  channels as p rev ious l y  presented. 

On t h e  o ther  hand, i f  t h e  r i v e r  i s  no t  la rge ,  t h e  r i v e r  channel migh t  
be rerouted. I n  so doing, however, t h e  engineer must be cognizant  o f  t h e  
va r iab les  p rev ious l y  discussed so as t o  c rea te  a r i v e r  channel which w i l l  
be s tab le .  I n  add i t i on ,  t h e  e f f e c t  o f  these changes on p o t e n t i a l  v a r i a -  
t i o n s  i n  such v a r i a b l e s  must be considered so as t o  avoid t h e  occurrence of 
channel i n s t a b i l i t y  a t  a l a t e r  t ime. 

3.4 SUMMARY 

Appl i c a t i o n  o f  t h e  methodology d i  scussed above would consi s t  o f  
i n i t i a l  ga the r ing  of data i n  accordance w i t h  recommendations o f  S.A. Schumm 
(Appendix 0, Nelson e t  a1 ., 1983). A f te r  t h i s  has been accomplished, t h e  
ho r i zon ta l  s t a b i l i t y  of t h e  s i t e  can be determined by p l o t t i n g  t h e  appro- 
p r i a t e  parameters (s lope,  s i n u o s i t y ,  and discharge) i n  Figures 3.3, 3.5, o r  
3.6. I f  t h e  na ture  o f  t h e  r i v e r  channel d isagrees w i t h  t h a t  shown by t h e  
reg ions on which i t  p l o t s  i n  these f i gu res ,  t h e  r i v e r  may be considered t o  
be unstable.  I f  t h e  data p o i n t s  i n d i c a t e  an unstable cond i t ion ,  t h e  na tu re  
of  t h e  i n s t a b i l i t y  should be assessed and t h e  p o t e n t i a l  f o r  r i v e r  i n t r u s i o n  
i n t o  t h e  t a i l i n g s  impoundment must be determined. I n  add i t ion ,  t h e  
i n f l u e n c e  o f  t r i b u t a r i e s  on channel morpho1 ogy should be considered. 

An impor tan t  parameter t h a t  w i l l  be u t i l i z e d  i n  p l o t t i n g  t h e  above 
da ta  w i l l  be t h e  s lope o f  t h e  r i v e r .  Th is  w i l l  p robably  be c o n t r o l l e d  t o  a 
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l a r g e  ex ten t  by n i c k p o i n t s  and s tab le  base l e v e l s  a t  l o c a t i o n s  bo th  above 
and below t h e  impoundment. 
a b i l i t y  o f  t h e  r i v e r  t o  migra te  l a t e r a l l y  and bypass t h e  n i ckpo in ts  must be 
determined by a competent geol ogi  s t  . 

The s t a b i l i t y  o f  these n i ckpo in ts  and t h e  

Those parameters which d e f i n e  t h e  s t a b i l i t y  o f  a f l u v i a l  system have 
been de f ined and o u t l i n e d  by Schumm (1977). However, t h e  i n t e r p r e t a t i o n  of  
t h e  data and a p p l i c a t i o n  o f  t h e  methodology w i l l  r equ i re  considerable 
engineer ing and geo log ica l  judgement. The concepts presented above a re  
based upon th resho ld  cons idera t ions  and some judgement must be exerc ised i n  
d e f i n i n g  those thresholds.  
streams may exper ience r a d i c a l  s h i f t s  i n  channel l o c a t i o n  w i thout  t r a n s i -  
t i o n  t o  s t r a i g h t  o r  b ra ided courses. 
gradual dur ing  normal f l ow  but  may be ca tas t roph ic  dur ing  extreme f l o o d  
f l  ows. 

It must a l so  be recognized t h a t  meandering 

Channel s h i f t i n g  i s  l i k e l y  t o  be 

F i n a l l y ,  t h e  i n f l u e n c e  o f  geolog ic  s t r u c t u r e  upon stream channels 
should be considered. M i  11 t a i  1 i ngs impoundments 1 ocated away from channel 
c o n t r o l l i n g  geologic  fea tures  are l e s s  suscept ib le  t o  f l o o d  i n t r u s i o n  and 
are u n l i k e l y  t o  be a f f e c t e d  by e i t h e r  a temporary o r  a permanent channel 
s h i f t  under non-f lood cond i t ions .  





4. GULLY EROSION ESTIMATION AND PROTECTION 

Gully erosion i s  the development of deep gullies by the dislodging and 
Nelson, e t  a l .  (1983) transporting of soil particles by concentrated flow. 

extensively discussed gully erosion and emphasized the h i g h  potential for  
the gully t o  intrude upon the impoundment. This form of gully erosion i s  
caused by concentrated runoff and f l  oods resulting fran preci pi  t a t  ion 
events occurring on the major watersheds near the impoundment area. 
add i t ion  t o  the potential for gully intrusion fran offsite activity, gully 
erosion can also occur directly on the impoundment surface and,  as  such, i s  
a potential failure mode because i t  can cut t h r o u g h  the embankment and/or  
the cover material and disperse tailings downstream. Erosion on the 
impoundment i s  caused by runoff from tributary catchment areas immediately 
adjacent t o ,  and a t  higher elevations t h a n ,  the impoundment area. 

In 

The development of gullies on the impoundment i s  associated with ero- 
sional forces on immature surfaces. 
composed of locally derived materials t h a t  were stockpiled or  removed from 
an adjacent s i te ,  the cover is immature and may require extensive periods 
of time t o  mature. I t  i s  generally assumed t h a t  the reclaimed cover will 
be more vulnerable t o  gully intrusion t h a n  an i n  situ material. 

Since recl aimed impoundment covers are 

A gully i s  a relatively deep, recently formed, eroding channel t h a t  
forms on valley sides and on valley floors where no ~11-def ined  channel 
previously existed. (1) the 
valley-side gully, which i s  an extension of the valley network and which i s  
incising into soil colluvium and weak bedrock and ( 2 )  the valley-floor 
gully which may be discontinuous or continuous and which i s  incising into 
alluvium. 

Two major gully types have been recognized: 

The development of incised channels of all types, including gullies, 
can be considered an aspect of drainage-network adjustment. The drainage 
patterns t h a t  develop are assumed t o  reflect modern climatic and hydrologic 
conditions. In many areas the channel network does not completely f i l l  the 
valley network, and i t  is capable of expansion by gullying if  erosional 
conditions change. 

topographical features such as slope angle and slope length, the existence 
of stable base levels on or near the s i te ,  erodibility of the soi l ,  and the 
f lood  flow velocity. Stable base levels, or  stable slope, are levels below 
which no further erosion would be expected. Specific geomorphic and 
hydro1 ogic conditions t h a t  increase the potenti a1 for gull yi ng i ncl ude 
steep slopes, narrow flow wid th  and large runoff volume as related t o  the 
drainage basin area. Site-specific information concerning these parameters 
i s  needed in order t o  determine the potential for gullying on the valley 
sides and Val 1 ey floor areas near the impoundment. 

Major site-specific parameters t h a t  influence gully devel opment are 

Water flowing over a surface will tend t o  dislodge and transport soil 
particles fran the preferred flow paths on the surface, which ultimately 
causes formation of a gully. Because gul ly  erosion is usually rap id  and 
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progressive, i t  is essential t o  prevent gully init iation t o  assure long-  
term stabi l i ty  of an area. 
measures based on runoff from a Probable Maximum Precipitation (PMP) event 
should prevent gully formation for periods of up t o  1000 years and should 
provide adequate protection for the cumulative effects associated w i t h  the 
mean annual flows. Since the PMP i s  based on physical constraints and i s  
not time-dependent, protection against gully formation for 200 years i s ,  
therefore, the same as providing s tabi l i ty  for 500 and 1000 years. 
true as long as a stable base level i s  maintained a t  some p o i n t  t o  prevent 
gully formation as a result of downstream infl uences. 

Nelson, e t  a1 . (1983) indicated t h a t  protective 

T h i s  i s  

I t  i s  evident, therefore, t h a t  protection against gul ly  formation for 
200, 500, or 1000 years entails the same mechanisms and design procedures 
for each period. The time frame over which stabil i ty can be assured will 
be governed by the d u r a b i l i t y  of the materials used t o  provide erosion pro- 
tection and establish the base levels. 

4.1 GULLY INTRUSION PREDICTION PROCEDURE 

In order t o  determine the g u l l y  intrusion potential of an impoundment 
cover, an extensive field investigation was conducted by F a l k ,  e t  a1 
(1985). A series of reclaimed tailings s i tes  were surveyed in which gul lys  
developed into and in some instances t h r o u g h  the cover material. Data 
col lect ion included cover soil samples, gu l ly  dimensions, pile dimensions, 
preci p i  t a t  ion records, age and maintenance records for each s i te .  

Based upon the extensive analysis performed by F a l k ,  e t  a l .  (1985), a 
gu l ly  intrusion prediction procedure was developed t o  estimate the maximum 
depth of gu l ly  incision, the loca t ion  of the maximum intrusion from the toe 
of the slope, and the approximate gu l ly  t o p  w i d t h  a t  the p o i n t  of maximum 
intrusion. 

( a )  

This procedure i s  based on the assumptions t h a t :  

the toe of the slope i s  relatively stable over time, 

( b )  the  rate of gu l ly  erosion and slope degradation decreases w i t h  
time, 

( c )  the material used t o  reclaim the s i te  is homogeneous and remains 
relatively homogeneous over time, 

( d )  di fferenti a1 settl ement wi 11 be canpl eted within short-term 
periods and does not pose a long-term concern, 

( e )  the effects of vegetation are considered negligible for vegeta- 
tive covers of 30% or less. 

The gully intrusion prediction procedure i s  discussed in the fol1 owing 
subsections. 
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4.1.1 S i t e  S p e c i f i c  Information 

I t  is necessary t o  determine the s i te  s p e c i f i c  c h a r a c t e r i s t i c s  of the 
reclaimed s lope  a s  shown i n  Figure 4.1. 
m i n i m u m :  

These c h a r a c t e r i s t i c s  include a s  a 

( a )  Cover o r  cap s o i l  parameters of median p a r t i c l e  d iameter ,  

(b)  

dS0, i n  m, and uniformity c o e f f i c i e n t ,  Cu. 

Pile dimensions i n c l u d i n g  the side s lope  l eng th ,  L ,  slope h e i g h t ,  
H, and the g rad ien t  of the i n i t i a l  o r  proposed s lope ,  Si  p r i o r  
t o  gu l ly ing .  

( c )  P r e c i p i t a t i o n  records  of the s i t e  o r  nea res t  gaging s t a t i o n .  
i s  recommended t h a t  a t  l e a s t  30 yea r s  of p r e c i p i t a t i o n  r eco rds  be 
obta ined  where poss ib l e .  

I t  

( d )  Estimate the time, i n  y e a r s ,  over which the po ten t i a l  g u l l y  inci- 
s ion  is  t o  be eval uated. 

4.1.2 Tr ibu ta ry  Drainage Area 

I t  i s  necessary t o  determine the area  t r i b u t a r y  o r  p o t e n t i a l l y  t r i b u -  
t a r y  t o  any poin t  where flows may concent ra te .  
the na tura l  terrain often requires contouring. A1 though sheet fl ows a r e  
d e s i r a b l e ,  flow concen t r a t ions  o f t e n  occur a s  described i n  S e c t i o n  4.9 of 
th is  r e p o r t .  Because incipient gu l ly  i n i t i a t i o n  and subsequent g u l l y  
development a r e  a func t ion  of the dra inage  a r e a ,  an e s t ima te  of the a rea  i s  
requi red .  The t r i b u t a r y  a rea  may be determined by one of the following 
procedures : 

In t eg ra t ion  of a cover i n t o  

( a )  Estimate the l a r g e s t  d ra inage  a rea  t r i b u t a r y  t o  any po in t  along 
the side s lope  which m i g h t  serve a s  a dra inage  o u t l e t  derived 
from the reclamation plan contour map. 

(b )  Define the 1 ongest po ten t i  a1 watercourse t h a t  traverses a c r o s s  
Compute the approximate t r i b u t a r y  the cover t o  the s lope  toe .  

a rea  f r a n  the Drainage Density equation presented by Mosley 
(1971) a s  

D = 0.909 + 22.418 (S i )  (4.1) 

where D i s  the d e n s i t y  of dra inage  a rea  per u n i t  l ength  ( f t z / f t )  of chan- 
nel and S .  i s  the des ign  o r  i n i t i a l  s lope  of t h e  cover before  gul ly ing .  
Equation 4.1 should be appl ied  t o  each segment of the watercourse w i t h  
s i m i l a r  slope.  
s lope  i s  es t imated  by 

The t o t a l  t r i b u t a r y  a rea  t o  the o u t l e t  a t  the t o e  of the 
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(4.2) 

where L j  i s  t h e  p o t e n t i a l  watercourse l e n g t h  a t  a s lope o f  S i  f o r  
d r a i  nage dens i t y  D j  . 
4.1.3 Maximum Depth o f  I n c i s i o n  

Once t h e  s i t e  s p e c i f i c  c h a r a c t e r i s t i c s  and drainage area are de te r -  
mined, it i s  poss ib le  t o  es t imate  t h e  maximum depth o f  g u l l y  i n c i s i o n ,  t h e  
l o c a t i o n  on t h e  s lope o f  t h e  maximum i n t r u s i o n  referenced t o  t h e  s lope toe, 
and t h e  t o p  w id th  o f  t h e  g u l l y  a t  t h e  p o i n t  o f  maximum i n c i s i o n .  The s lope 
l i m i t s  are t h e  i n i t i a l  s lope grad ien t ,  S i ,  and t h e  s t a b l e  s lope (Ss) 
grad ien t  which can be p red ic ted  as 

where A i s  t h e  t r i b u t a r y  drainage area i n  square fee t ,  P i s  t h e  average 
annual number o f  p r e c i p i t a t i o n  events g rea te r  than o r  equal t o  0.5 inches 
and D50 i s  t h e  median p a r t i c l e  s i z e  o f  t h e  rec lamat ion s lope i n  mn. 
Equation 4.3 i s  der ived  f rom F igure  4.2 (Falk ,  e t  a l .  1985). It i s  
observed i n  F igure  4.2 t h a t  t h e  x - i n te rcep t  i s  t h e  p o i n t  a t  which eros ion  
degradat ion ceases. 
s t a b l e  slope. The est imated s t a b l e  s lopes genera l l y  agree w i t h  t h e  s lope- 
drainage area r e l a t i o n s h i p s  de r i ved  by Schumm as pesented by Nelson e t  a1 . 
(1983). 

Dur ing t h e  pe r iod  o f  evaluat ion,  t h e  s ide  s lope o f  t h e  p i l e  w i l l  most 
l i k e l y  be between t h e  i n i t i a l  slope, S i ,  and t h e  s t a b l e  slope, Ss. The 
i n t e r i m  o r  t r a n s i t i o n a l  slope, S t ,  s h a l l  be de f ined as t h e  s lope o f  t h e  
tangent extending from t h e  toe-of - the-s lope t o  t h e  deepest p o i n t  i n  t h e  
g u l l y  as shown i n  F igure  4.1. 
a des i red  p o i n t  i n  t ime  and can be ca l cu la ted  as 

The g rad ien t  where eros ion  ceases i s  de f ined as t h e  

The t r a n s i t i o n a l  s lope can be determined a t  

where G i s  a c o e f f i c i e n t  and t i s  t h e  est imated t ime  i n  years. The c o e f f i -  
c i e n t ,  G, was determined t o  be a f u n c t i o n  o f  t h e  s t a b l e  slope, Ss, as 
presented i n  F igure  4.3. The exponent ia l  i s  a decaying f u n c t i o n  t h a t  
accounts f o r  t h e  decreasing r a t e  o f  eros ion t h a t  i s  assumed t o  occur as t h e  
g u l l y  s lope decreases over t ime.  
p e r i o d  o f  200 years  be used f o r  t h i s  analys is .  
i t  i s  poss ib le  t o  est imate t h e  l o c a t i o n  o f  t h e  maximum depth o f  i n c i s i o n  
measured from t h e  toe-of- the-slope. 

It i s  recommended t h a t  a maximum t ime  
Knowing t h e  s t a b l e  slope, 

The maximum depth o f  g u l l y i n g  was 
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Fig. 4.2. Relation of variables to the average rate of gully incision on reclaimed slopes. 
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found t o  be a f u n c t i o n  o f  t h e  t r a n s i t i o n a l  slope, S t ,  and t h e  s o i l  
u n i f o r m i t y  c o e f f i c i e n t ,  Cu, as presented i n  F igure  4.4. 

The maximum depth o f  g u l l y  i n c i s i o n ,  Dmax, i s  est imated as 

where Dmax i s  t h e  maximum depth o f  g u l l y  i n c i s i o n ,  LD/L i s  t h e  
occurrence o f  D 
d is tance from tKgxtoe-of - the-s lope t o  t h e  c r e s t  o f  t h e  reclaimed embank- 
ment. Since t h e  maximum g u l l y  depth and t h e  l o c a t i o n  o f  occurrence can be 
estimated, it i s  poss ib le  t o  determine whether t h e  g u l l y  can pene t ra te  t h e  
cap and cover i n t o  t h e  t a i l i n g s .  

f rom t h e  toe-of - the-s lope and X i s  t h e  h o r i z o n t a l  

Once t h e  maximum depth o f  i n c i s i o n  i s  computed, t h e  g u l l y  t o p  w id th  
can be est imated a t  t h e  p o i n t  where D ax occurs. 
t h e  g u l l y  t o p  w id th  r e l a t i o n s h i p  t o  t 8 e  p red ic ted  maximum depth o f  i n c i s i o n  
and u n i f o r m i t y  c o e f f i c i e n t .  
mated as 

F igure  4.5 presents  

The approximate g u l l y  t o p  width can be e s t i -  

WT = 4.936 i- 2.923 LOG( Dmax/Cu) (4.6) 

where 'T is the top width at Dmax and Cu i s  t h e  u n i f o r m i t y  coef-  
f i  c i e n t  o f  t h e  cover mater1 a1 . 
4.1.4 L i m i t a t i o n s  

The g u l l y  e ros ion  es t ima t ion  procedure presented was developed under 
t h e  assumptions as s t a t e d  i n  Sect ion 4.1 and formulated w i t h  a l i m i t e d  da ta  
base from s i t e s  i n  t h e  a r i d ,  western Un i ted  Sta tes  (Fa1 k, e t  a1 ., 1985). 
Care must be taken t o  n o t  apply t h i s  procedure t o  s i t e s  where t h e  
assumptions are  n o t  app l i cab le .  The i n t e n t  o f  t h i s  procedure i s  t o  p rov ide  
a rough es t imate  o f  g u l l y  development p o t e n t i a l  app l i ed  t o  reclaimed 
t a i l i n g s  p i l e s .  It i s  recommended t h a t  t h e  t ime  o f  ana lys is  not  extend 
beyond 200 years. 

4.1.5 Example Problem 

A uranium t a i l i n g s  p i l e  i s  t o  be reclaimed. It i s  proposed t o  cover 
t h e  p i l e  w i t h  a s o i l  such t h a t  t h e  s ide  slopes o f  t h e  p i l e  a long t h e  main 
embankment w i l l  be reclaimed a t  a 1V:5H slope. The t o p  o f  t h e  p i l e  w i l l  be 
contoured so t h a t  t h e r e  w i l l  n o t  be any area t r i b u t a r y  t o  t h e  embankment 
above t h e  c res t .  The s o i l  was analyzed and found t o  have median g r a i n  
d iameter  (d5 ) of 1.2 mm and a un i fo rm i t y  c o e f f i c i e n t  (C,) o f  10. 

l e n g t h  o f  220 f e e t  around t h e  per imeter.  
The h e i g h t  o P t h e  embankment a t  t h e  c r e s t  i s  43.1 fee t  r e s u l t i n g  i n  a s lope 

The area receives an average o f  
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2.8 p r e c i p i t a t i o n  events annual ly  i n  which 0.5 inches  o r  g r e a t e r  of  r a in -  
f a l l  i s  expected. The s i te  will be revegeta ted  where 25% o f  the a rea  i s  
expected t o  be covered and s t a b i l  i zed .  

Given these proposed reclamation parameters, determine the g u l l y  
incision p o t e n t i a l  a f t e r  200 y e a r s .  

4.1.5.1 Drainage Path 

S ince  there is  not a t r i b u t a r y  dra inage  a rea  above the s lope ,  i t  i s  
assumed t h a t  the longes t  dra inage  path will be d i r e c t l y  down the f a c e  o f  
the slope. Therefore ,  the dra inage  path is  approximately 220 f e e t  long. 

4.1.5.2 Tr ibu ta ry  Area 

The t r i b u t a r y  dra inage  a rea  can be determined using the Mosley r e l a -  
t i o n  presented i n  Equation 4.1. The dra inage  dens i ty  can be es t imated  a s  

D = 0.909 + 22.418 (0.2) (4.7) 

therefore, 

The p o t e n t i a l  d ra inage  a rea  is the product of t h e  dra inage  d e n s i t y  and 
longes t  dra inage  path and is c a l c u l a t e d  a s  

Drainage Area (A) = 5.39 x 220 (4.9) 

A = 1186 f t 2  (4.10) 

4.1.5.3 S t a b l e  Slope 

The  s t a b l e  s lope ,  Ss,  o r  s l o p e  a t  which g u l l y  e ros ion  is  not 
expected t o  occur can be estimated using Equation 4.3 where 

(41.2)(1 + 1.2) 

(1186)(2.8) 
- 

s s  - (4.11) 

and 
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Ss = 0.027 (4.12) 

Therefore, t h e  s tab le  s lope i s  est imated t o  be approximately 2.795. 

4.1.5.4 T r a n s i t i o n a l  Slope 

The t r a n s i t i o n a l  s lope can be est imated a f t e r  200 years o f  e ros ion  and 
p o t e n t i a l  g u l l y i n g .  
u t i l i z i n g  F igu re  4.3. The G cons tan t  f o r  a s t a b l e  s lope o f  2.7% i s  approx- 
ima te l y  0.31. 
s lope as 

However, t h e  G constant  must f i r s t  be determined 

Equat ion 4.4 can be solved t o  est imate t h e  t r a n s i t i o n a l  

St = (0.20) e -[0.31 (0.027) 2003 

Therefore,  t h e  t r a n s i t i o n a l  s l  ope i s  

St = 0.038 

( 4  -13) 

(4.14) 

4.1.5.5 Depth o f  I n c i s i o n  

The p o t e n t i a l  maximum depth o f  g u l l y  i n c i s i o n  can be approximated 
us ing  Equat ion 4.5. 
from Figu re  4.4. Knowing t h e  t r a n s i t i o n a l  slope, S t ,  and the  soil uni -  
f o r m i t y  c o e f f i c i e n t ,  Cu, t h e  occurrence o f  D ax from t h e  t o e  
( L D / L )  i s  0.74. 
depth o f  headcut t ing  as 

However, t h e  l o c a t i o n  o f  t he  headcut must be est imated 

Equat ion 4.5 can be solved 70 determine t h e  maximum 

Dmax = [Os741 c43.1 - (215.7)(0.038 + 0.02701 (4.15) 

and 

Omax = 21.5 f t  (4.16) 

which occurs a t  a p o i n t  LD, where 

LD = 0.74 x 220 = 162.8 f t  (4.17) 

from t h e  toe-o f - the-s l  ope. 
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4.1.5.6 Gu l l y  Width 

The w id th  o f  t h e  g u l l y  across t h e  top  o f  the  g u l l y  a t  t he  p o i n t  o f  
maximum depth can be est imated from F i g u r e  4.5. Having computed t h e  maxi- 
mum depth, %ax, and knowing the  un i fo rm i t y  c o e f f i c i e n t ,  Cu, t h e  top  
w id th  i s  est imated t o  be approx imate ly  5.6 fee t .  However, t h e  g u l l y  w id th  
w i l l  widen over t ime t o  where t h e  g u l l y  s ide  wa l l  stands a t  an angle l e s s  
than t h e  angle o f  repose o f  t h e  cover ma te r ia l  

4.2 EMBANKMENT AND SLOPE STABILIZATION USING RIPRAP 

Rock r i p r a p  i s  one o f  t h e  most economical m a t e r i a l s  t h a t  i s  commonly 
used t o  p rov ide  f o r  cover and slope p ro tec t i on .  Factors t o  consider  when 
des ign ing rock r i p r a p  are: (1) rock d u r a b i l i t y ,  densi ty ,  s ize,  shape, 
a n g u l a r i t y ,  and angle o f  repose; (2)  water  v e l o c i t y ,  depth, shear s t ress,  
and f l o w  d i r e c t i o n  near t h e  r i p r a p ;  and (3) the  s lope o f  t h e  embankment o r  
cover t o  be protected. 
on any impoundment cover, r i l l  and g u l l y  e ros ion  can be minimized t o  ensure 
l ong  term s t a b i l i z a t i o n .  

Through t h e  proper s i z i n g  and placement o f  r i p r a p  

The pr imary f a i l u r e  mechanism of concern i s  t h e  removal o f  ma te r ia l  
from t h e  impoundment due t o  shear fo rces  devel oped by water f l ow ing  para1 - 
l e 1  and/or ad jacent  t o  t h e  cover as descr ibed by Nelson e t  a1 . (1983). One 
purpose o f  t h e  cover i s  t o  expedi te  t h e  removal o f  p r e c i p i t a t i o n  and t r i b u -  
tary waters away from the  cover t o  minimize seepage and perco la t ion .  
However, when sur face  waters are not  p roper l y  managed, extreme eros ion  may 
r e s u l t  and endanger t h e  impoundment s t a b i l  i ty . For exampl e, s l  opes are  
o f t e n  designed and const ructed t o  develop sheet f l o w  cond i t ions .  A f t e r  
many years o f  exposure, sheet and r i l l  erosion, and l o c a l  i z e d  set t lement ,  
t h e  hyd rau l i c  cond i t i ons  have s i g n i f i c a n t l y  a l t e r e d  causing f lows t o  merge 
o r  concentrate i n t o  drainage channels. The g rea te r  t he  concent ra t ion  o f  
f l o w  i n t o  t h e  drainage channels, t h e  grea ter  t h e  eros ion  p o t e n t i a l  

4.2.1 Zone P r o t e c t i o n  

The des ign requirements f o r  p lac ing  r i p r a p  rock on a cover vary 
depending upon cover l oca t i on .  
t h e  cover i n  which d i f f e r e n t  f a i l  u re  mechanisms can r e s u l t  from t r i b u t a r y  
drainage. The fou r  areas o r  zones o f  concern are presented i n  F i g u r e  4.6 
and inc lude:  

It i s  suggested t h a t  f o u r  areas e x i s t  on 

1. Zone I :  This  zone i s  considered the  toe-of - the-s lope o f  t h e  
rec la imed impoundment. The r i p r a p  p r o t e c t i n g  t h e  s lope t o e  must 
be s ized  t o  s t a b i l i z e  t h e  s lope due t o  f l o o d i n g  i n  t h e  major 
watersheds and d i s s i p a t e  energy as t h e  f l o w  t r a n s i t i o n s  from t h e  
impoundment s lope i n t o  the  na tura l  t e r r a i n .  Zone I i s  considered 
a zone o f  f requent  s a t u r a t i o n  . 

2. Zone 11: Th is  i s  t h e  area along t h e  s ide  slope which renains i n  
t h e  major watershed f l o o d  p l a i n  (PMF). The rock p r o t e c t i o n  must 
r e s i s t  no t  o n l y  t h e  f l o w  o f f  t h e  cover, bu t  a lso  f loods.  The 
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Fig. 4.6. Zoaes of a reclaimed impoundment requiring riprap protection. 
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r i p r a p  must serve as embankment p r o t e c t i o n  s i m i l a r  t o  r i v e r  and 
canal banks. Zone I 1  i s  considered a zone of occasional  satura-  
ti on. 

3. Zone 111: Riprap should be designed t o  p r o t e c t  steep slopes and 
embankments f rom p o t e n t i a l  h igh  over topping v e l o c i t i e s  and exces- 
s i v e  erosion. Flows i n  Zone I 1 1  are  der ived  from t r i b u t a r y  
drainage and d i r e c t  r u n o f f  f rom t h e  reclaimed s i t e .  Zone I 1 1  i s  
considered a seldom sa tura ted  zone. 

4. Zone IV: Rock p r o t e c t i o n  f o r  Zone I V  i s  genera l l y  designed f o r  
f l ows  from m i l d  slopes. Zone I V  w i l l  u s u a l l y  be charac ter ized  by 
sheet f l o w  w i t h  low f l o w  v e l o c i t i e s .  Zone I V  i s  considered a zone 
o f  se l  dom sa tu ra t i on .  

Since t h e  rock p r o t e c t i o n  requirements a re  s i g n i f i c a n t l y  d i f f e r e n t  on 
var ious l o c a t i o n s  on t h e  cover, i t  should be apparent t h a t  each r i p r a p  
des ign procedure avai 1 ab1 e was formul a ted  t o  address a s p e c i f i c  appl i ca- 
t i o n .  Since a s i n g l e  r i p r a p  design procedure does not  necessa r i l y  meet a l l  
o f  t h e  cover p r o t e c t i o n  requirements, recommendations w i l l  be made i n d i c a t -  
i n g  which zone(s) each r i p r a p  design procedure best addresses. 

Because t h e  frequency o f  w e t t i n g  o r  s a t u r a t i o n  var ies  by zone, t h e  
d u r a b i l i t y  requirements o f  the  r i p r a p  may vary by zone. The concept o f  
d u r a b i l i t y  and o v e r s i z i n g  w i l l  be addressed i n  Chapter 6 o f  t h i s  repor t .  

4.2.2 Design Procedures 

Present ly ,  severa l  methods are a v a i l a b l e  t o  a s s i s t  t h e  designer i n  
determin ing the  appropr ia te  rock s i z e  f o r  p r o t e c t i o n  o f  impoundment covers, 
embankments and unprotected slopes f rom t h e  impact of drainage waters. 
A l t e r n a t i v e  r i p r a p  design methods summarized he re in  a re  

1. Safety  Factors  Method 
2. The Stephenson Method 
3. Corps o f  Engineers Method 
4. The U.S. Bureau o f  Reclamation Method 

These r i p r a p  design procedures are but  examples o f  t h e  many methods 
ava i l ab le .  

4.2.2.1 Safety  Factors  Method 

The Sa fe ty  Factors  Method (Richardson e t  a1 ., 1975) f o r  s i z i n g  rock 
r i p r a p  i s  q u i t e  v e r s a t i l e  i n  t h a t  i t  a l lows t h e  designer t o  evaluate rock 
s t a b i l i t y  f rom f l o w  p a r a l l e l  t o  t h e  cover and adjacent  t o  t h e  cover. The 
Safety  Factors Method can be used by assuming a rock s i z e  and then 
c a l c u l a t i n g  t h e  s a f e t y  f a c t o r  (S.F.) o r  a l l o w i n g  t h e  designer t o  determine 
a S.F. and then computing t h e  corresponding rock s ize.  
g rea te r  than un i t y ,  t h e  r i p r a p  i s  considered safe f rom f a i l u r e ;  i f  t h e  S.F. 
i s  u n i t y ,  t h e  rock i s  a t  the  c o n d i t i o n  o f  i n c i p i e n t  motion; and i f  S.F. i s  
l e s s  than un i t y ,  t h e  r i p r a p  w i l l  f a i l .  

If t h e  S.F. i s  
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The following equat ions  are provided f o r  rock r i p r a p  placed on a s i d e  
slope or embankment where the flow has a non-horizontal (downslope) 
v e l o c i t y  vec tor .  The s a f e t y  f a c t o r ,  S.F., is: 

cos e t a n  d 

7' t a n  d + sin e cos B 
S.F. = 

where 

21 T O  

(Ss-l )YO 
v '=  

and 

1 B = tan' 

(4.18) 

(4.19) 

(4.20) 

(4.21) 

(4.22) 

The ang le ,  A ,  i s  shown i n  Figure 4.7 and is the angle  between a hori-  
zontal l i ne  and the v e l o c i t y  vec to r  component measured i n  the plane of the 
s i d e  s lope .  The angle ,  e ,  i s  the s i d e  s lope  angle  shown i n  Figure 4.7 and 
B i s  the angle  between the vec to r  component o f  the w e i g h t ,  W,, d i r e c t e d  
down the s i d e  s lope  and the d i r e c t i o n  of p a r t i c l e  movement. The ang le ,+  , 
i s  the angle  of repose of the rock r i p r a p ,  r 0  i s  the bed shear stress 
(Simons and Senturk ,  1977) ,  D i s  the r e p r e s e n t a t i v e  rock size, Ss i s  the 
s p e c i f i c  weight of the rock, d i s  t h e  depth of flow, Y i s  the specific 
weight of the l i q u i d ,  s i s  the slope of the channels, and 'I' and v a r e  
s t a b i l i t y  numbers. 
drag f o r c e s ,  and the moment arms of t h e  var ious  forces a r e  ind ica t ed  by the 
va lue  ei as i = 1 t h r o u g h  4. 
for r iprap mater ia l  sizes. 

In Figure 4.7, the f o r c e s  F and Fd a r e  the l i f t  and 

Figure 4.8 i l lustrates the angle of repose 
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Horizontal Line 
Direction of Velocity, v, // 

/ 

( a )  General View 

W,sin8 a Stream 1 1  ne 

R, Direction of vA 
Particle Movement 

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

Fig. 4.7. Riprap stability conditions as described in the Safety Factors Method. 
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Fig. 4.8. Angle of repose as a function of mean rock diameter and shape. 
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Riprap i s  o f t e n  placed along s ide  slopes where the  f l ow  d i r e c t i o n  i s  
c lose t o  ho r i zon ta l  o r  t he  a n g u l a r i t y  o f  t h e  v e l o c i t y  component w i t h  t h e  
ho r i zon ta l  i s  sma l l  (i.e., Y = 0). For t h i s  case, t h e  above equations 
reduce t o :  

'I t a n  d 

2 s i n  8 
t a n  B = 

and 

where 

t a n  d 

t a n  8 
- s, - - 

(4.23) 

(4.24) 

(4.25) 

The term Sm i s  t he  sa fe ty  f a c t o r  o f  t he  rock p a r t i c l e s  against  r o l l i n g  
down the  slope w i t h  no f low. 
may be expressed as: 

The sa fe ty  fac to r ,  S.F., f o r  ho r i zon ta l  f l o w  

(4.26) 

Riprap may a lso  be placed on the  cover o r  s ide  slope. For a cover 
s lop ing  i n  t h e  downstream d i r e c t i o n  a t  an angle, a, w i t h  the  h o r i z o n t a l ,  
equat ions reduce t o :  

cos a t a n  9 

'I t a n  4 s i n  a 
S.F. = (4.27) 

H i s t o r i c  use o f  t he  S a k t y  Factors  Method has i nd i ca ted  t h a t  a minimum 
S.F. o f  1.5 f o r  non-PMF a p p l i c a t i o n s  ( i .e .  100-year events) provides a s ide  
s lope w i t h  r e l i a b l e  s t a b i l i t y  and p r o t e c t i o n  (Simons and Senturk , 1977). 
However, a S.F. o f  s l i g h t l y  g rea ter  than 1.0 i s  recommended f o r  PMF o r  
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maximum credible f lood  circumstances. I t  i s  recommended t h a t  the rock 
riprap thickness be a minimum of 1.5 times the d50. 
or  f i l t e r  layer should underlay the rock riprap. 
minimally range from 6 inches t o  1 2  inches i n  thickness. 
the Safety Factors Method i s  used t o  design riprap along embankments or 
slopes steeper t h a n  4H:1V, i t  i s  recommended t h a t  the toe be firmly stabi- 
lized. The Safety Factors Method i s  ideally suited for Zone I and Zone I1 
riprap design. 

Also, a bedding 
The f i l t e r  layer should 

In cases where 

4.2.2.2 Stephenson Method 

The Stephenson Method for sizing rockfill t o  stabilize slopes and 
embankments is  an empirically derived procedure devel oped for emerging 
flows (Stephenson, 1979).  The procedure is applicable to  a relatively even 
layer of rockfill acting as a resistance t o  th rough  and surface flow. 
i s  ideally suited for the design and/or  evaluation of embankment gradients 
and rockfill protection for flows parallel t o  the embankments, cover or 
sl ope. 

I t  

The sizing of the stable stone or rock requires the designer t o  deter- 
mine the maximum flow rate per u n i t  w id th  ( q ) ,  the rockfill porosity ( n ) ,  
the acceleration of gravity ( g ) ,  the re1 a t i v e  density of the rock ( s ) ,  the 
angle of the slope measured fran the horizontal ( e ) ,  the angle of fr iction 
(+), and the empirical factor ( C ) .  The u n i t  discharge can be estimated as 
ind ica t ed  in Section 4.8 of this  report. 

The stone or rock size, d ,  i s  expressed by Stephenson as 

where the factor C varies from 0.22 for  gravel and pebbles t o  0.27 f o r  
crushed granite. The stone size calculated i n  Equat ion  4.28 i s  the repre- 
sentive diameter, d50 a t  which rock movement i s  expected for u n i t  
discharge, q. The representative median rock diameter ( d ) ,  i s  then m u l t i -  
p l i e d  by 01 iviers '  constant t o  insure stabil i t y .  01 iviers'  constants are 
1.2 for gravel and 1.8 for crushed rock. The rockfil l  layer should be well 
graded and a t  least two times the d50 i n  thickness. 
or f i l t e r  should be placed under the rockfill.  

A bedding layer 

The Stephenson Method does n o t  account for uplift of the stones due t o  

Therefore, i t  i s  recommended t h a t  the Stephenson 
emerging flow. This procedure was developed for flow over and t h r o u g h  
rockfill on steep sl opes. 
Method be applied as an embankment stabilization for overflow or sheetflow 
conditions. Alternative r iprap  rockfill design procedures should be con- 
sidered for  toe and stream bank stabilization. The Stephenson Method i s  
best suited for Zone I11 protection and i s  considered an acceptable design 
procedure for overtopping flow conditions i n  this zone. 
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4.2.2.3 Corps o f  Engineers Method 

The U.S. Army Corps o f  Engineers has developed perhaps the  most 
comprehensi ve methods and procedures f o r  s i  z i  ng r i  prap revetment. Thei r 
c r i t e r i a  are based on extens ive f i e l d  experience and p r a c t i c e  (COE, 1970 
and 1971). The Corps o f  Engineers Method i s  p r i m a r i l y  app l i cab le  t o  
embankment toe  and bank p r o t e c t i o n  and has been developed t o  p r o t e c t  t he  
embankment from 1 ocal shear forces and 1 ocal  i zed ve l  o c i  t i es. 

The toe  o f  a slope or  embankment i s  genera l l y  subjected t o  the  grea- 
t e s t  concentrat ion o f  e ros i ve  forces and t h e r e f o r e  must be protected. The 
e f f e c t i v e  stone s ize,  d o, can be est imated a f t e r  the depth o f  f low,  
y, i s  determined. The ?oca1 boundary shear, F0 can be computed as 

. .  - -  
7 -  

(32.6 l o g  m ) 2  10 k 

(4.29) 

where Y i s  t h e  u n i t  weight o f  water i n  pounds per cubic foot ,  V i s  t h e  
average cross-sect ional  v e l o c i t y  i n  fps,  k i s  t h e  equiva lent  channel boun- 
dary sur face roughness i n  f e e t ,  and y i s  the  depth o f  f l ow  i n  ft. By 
s u b s t i t u t i n g  d50 f o r  k, t h e  l o c a l  boundary shear a t  any p o i n t  on t h e  
wetted per imeter can be determined. The design shear s t ress,  70, should 
be based on c r i t i c a l  l o c a l  v e l o c i t i e s  and s h a l l  serve as the  design shear 
f o r  t h e  toe  and channel bottom. A graphic  s o l u t i o n  t o  Equation 4.29 i s  
presented i n  F igu re  4.9. 

The design shear f o r  r i p r a p  placed on t h e  channel slope o r  bank can be 
determined as 

as 

(4.30) 

(4.31) 

where d i s  t h e  angle o f  t h e  s ide slope w i t h  t h e  ho r i zon ta l ,  8 i s  t he  angle 
o f  repose o f  t h e  r i p r a p  (no rma l l y  about 40°), y s  i s  t h e  u n i t  weight o f  
sur face dry, bu t  sa tu ra ted  stone and t h e  value o f  a i s  0.04. The s i d e  
slope shear, 70, i s  t h e  design shear f o r  s i z i n g  t h e  r i p r a p  revetment. 
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Basic Equation 
ro = K2V2 

d50 

v where 
I - 

K2 - [32.6Log$. 2 , ~ / d ~ ~ ) ]  
Y = -Specif ic Weight of  Water 

y = Flow Depth 

d50 = T h e o r e t i c a l  Spherical  Diameter of  Average 
Stone S i z e  

Fig. 4.9. Graphical solution to Ekp 4.29. Source: COE, t 970. 
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The average stone s i ze  can then be determined as 

T 

d50 - 0.04 ( ~ ~ - 7 )  

f o r  t he  toe and channel b o t t a n  and 

(4.32) 

(4.33) 

f o r  t h e  channel s ide  slopes where yS and Y are  the  s p e c i f i c  weights o f  
t h e  stone and water, respec t i ve l y .  
p r o t e c t i o n .  
F igu re  4.10. 

The Corps o f  Engineers Method was devel oped f o r  channel i zed f l  ows. 
Therefore, t h i s  procedure should be used t o  evaluate and/or design rock 
p r o t e c t i o n  f o r  t he  p o r t i o n s  o f  t h e  cover o r  embankment t h a t  a re  i n  the  
f l oodp la in .  Th is  method i s  i dea l  f o r  s t a b i l i z i n g  cover and embankment toes 
and i s ,  t he re fo re ,  best  app l ied  f o r  Zone I and Zone I1 pro tec t i on .  

The same procedure can be used fo r  bank 
A graph ic  rep resen ta t i on  o f  Equation 4.33 i s  prov ided i n  

Riprap Layer Thickness 

weights and gradat ions.  
terms o f  d e s c r i p t i o n s  W1 
g i ven  source weigh l e s s  ?!an o r  equal t o  W ~ O O ,  50% o f  t h e  stones w i g h  
l e s s  than o r  equal t o  W ~ O ,  e tc .  The ranges o f  acceptable W ~ O O ,  
W50, e tc .  weight g radat ions  are  described i n  terms o f  upper and lower 
1 i m i t s .  A graphica l  rep resen ta t i on  r e l a t i n g  rock weight t o  rock spher i ca l  
d iameter was presented by Nelson e t  a1 . (1983). 

Riprap l a y e r  th ickness  c r i t e r i a  a re  based on ranges o f  acceptable rock 
The gradat ion  o f  stone weight may be expressed i n  
, W50, etc., wherein a l l  stones from a 

The Corps o f  Engineers Method (COE, 1970) presents c r i t e r i a  based on 
stone weight t o  determine the  r i p r a p  l a y e r  thickness. 

1. The th ickness  should not be l e s s  than the  spher ica l  d iameter o f  
t h e  upper l i m i t  W 

i n  t h e  g rea te r  th ickness .  

stone o r  l e s s  than 1.5 t imes the  spher i -  
c a l  d iameter o f  t Aoo e upper l i m i t  W50 stone, whichever r e s u l t s  

2. The th ickness  should no t  be l e s s  than 12  inches. 

3. The th ickness  determined i n  1 o r  2 should be increased by 50% when 
t h e  r i p r a p  i s  placed underwater. 

The th ickness  should be increased by 6-12 inches and an appro- 
p r i a t e  increase i n  stone s izes  should be prov ided where r i p r a p  
w i l l  be sub jec t  t o  a t tack  by l a r g e  f l o a t i n g  debr is .  

4. 
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d50 * f t  

Basic Equation 
T ~0.040 ( y S - y  1 d50 
where 

r = Design Shear Stress on Bottom of Channel 
yS = Specific Weight of Stone 
Y = Specific Weight of Water (62.4 Ib/ft 3 ,  
d5* = Theoretical Spherical Diameter of 

Average Size Stone 

Fig. 4.10. Sizing of riprap as a function of design shear stress. Source: COE, 1970. 
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The r i p r a p  l a y e r  th ickness  should be under la in  w i t h  a gravel  f i l t e r  
f o r  channel , toe  and s ide  slope app l i ca t i ons .  
s t a b i l i z e  t h e  rock l a y e r ,  a l l o w  drainage and prevent the  movement o f  f i n e  
embankment ma te r ia l s .  
r e p o r t .  

The f i l t e r  w i l l  serve t o  

F i l t e r  c r i t e r i a  are presented i n  Sec t i on  4.4 of t h i s  

Rock Gradat ion 

res is tance t o  erosion. The stone should be reasonably we l l  graded 
throughout t h e  1 ayer th ickness.  
f o r  e s t a b l i s h i n g  gradat ion  l i m i t s .  

The gradat ion  o f  rocks i n  r i p r a p  revetment a f f e c t s  t h e  r i p r a p ' s  

The f o l  1 owi ng c r i t e r i a  prov ide guide1 i nes 

1. The lower l i m i t  o f  W50 rock should no t  be l e s s  than t h e  
weight o f  rock requ i red  t o  wi thstand t h e  design shear forces.  

2. The upper l i m i t  o f  W 0 rock should not  exceed t h a t  weight 
which can be ob ta ine  8 economical ly frm 
which w i l l  s a t i s f y  l a y e r  th ickness  requ 

t h e  quarry o r  t h a t  s i z e  
rement s. 

3 .  The lower l i m i t  o f  Wloo rock should not  
t imes t h e  lower  l i m i t  o f  W50 rock. 

be l e s s  than two 

4. The upper l i m i t  o f  Wloo rock should not  exceed: 
t imes t h e  lower  l i m i t  o f  W50 rock, ( b )  
obtained economical ly frm the  quarry, o r  (c )  t h a t  s i z e  which w i l l  
s a t i s f y  l a y e r  th ickness  requirements. 

The lower  l i m i t  o f  W 5 rock should not  be l e s s  than one- 

The upper l i m i t  o f  W15 rock s b  u l d  be l e s s  than the  upper 
l i m i t  o f  W50 rock as requ i red  LO s a t i s f y  c r i t e r i a  f o r  graded 
stone f i 1 t e r s  . 

(a)  f i v e  
h a t  s ize  h i c h  can be 

5. 
s i x t e e n t h  the  upper t i m i t  o f  WIOn rock. 

6 .  

7. The bu lk  volume of rock l i g h t e r  than the  W rock should not  
exceed the  volume o f  voids i n  t h e  revetmen t5 wi thout  t h i s  l i g h t e r  
rock.  

8. Wo t o  W25 rock may be used ins tead o f  W 
c r i t e r i a  5 ,  6, and 7 i f  des i rab le  t o  be e r  u t i l i z e  a v a i l a b l e  rock  
s izes.  
permiss ib le  stone gradat ion  l i m i t s .  

rock i n  

Design memoranda and s p e c i f i c a t i o n s  should i n d i c a t e  the  

4.2.2.4 U.S. Bureau o f  Reclamation Method 

The U.S. Bureau o f  Reclamation (USBR) Method ( D O I ,  1978) f o r  r i p r a p  
des ign was developed f o r  t h e  prevent ion  o f  damage i n  and near s t i l l i n g  
basins.  
t e s t i n g  and f i e l d  observat ions.  
because a1 t e r n a t i v e  design procedures underest imate t h e  requ i red  stone s i z e  
i n  h i g h l y  t u r b u l e n t  zones, and the re  i s  a tendency f o r  i np lace  r i p r a p  t o  be 

The USBR procedure i s  e m p i r i c a l l y  based upon extens ive 1 aboratory  
Riprap f a i l u r e  was determined t o  occur 
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smaller and more s t ra t i f ied t h a n  specified. The USBR method i s  a velocity 
based design procedure. 

Stone-Size Determinatior, 

The USBR method estimates the maximum stone size, d10 , as a 
function of the localized bottom velocity of flow, Vb, i n  8 eet  per 
second. One means of Dredicting the maximum stone size is  u s i n g  the Mavis 
and Laushey (1948) procedure 

as d l n n  i s  the maximum stone 

where 

2 
(4.34) 

size i n  mm and s i s  the particle specific 
g rav t fy .  If the bottom velocity can not  be determined, local velocity may 
be substituted to  size the rock. 
u s i n g  Corps of Engineers procedures ( C O E ,  1970).  

The local velocity can be determined 

The stone size and stone weight  can be determined from Figure 4.11 
for  a given bottom velocity, Vb. 
conservative. The r i p r a p  should be composed of a well-graded mixture of 
stone. R ip rap  should be placed on a f i l t e r  blanket or bedding layer. The 
riprap layer shou ld  be 1.5 times as thick as  the largest stone diameter. 
The f i l t e r  blanket s h o u l d  be a t  least  6 inches thick. 

The resulting stone size i s  

I t  i s  recommended t h a t  the USBR method be considered only for design 
of rock along the toe-of-the-slope (Zone I )  o r  where flow concentrations 
require substantial energy dissipation. This method would be well suited 
i n  areas where a hydraulic j u m p  may occur. The USBR method i s  not 
necessarily recommended f o r  bank and cover protection due t o  i t s  
conservatism. 

4.3 SLOPE TRANSITION PROTECTION 

Observation o f  several reclaimed t a i l i n g s  impoundments i n  which gu l ly  
erosion occurred indicated t h a t  cover protection i s  warranted a t  major 
slope transitions (Nelson e t  a1 . 1984; Fa1 k e t  a1 . 1985). Most of the 
s i tes  were characterized by covers w i t h  f l a t  slopes (i.e. gradients less  
t h a n  0.05) transitioning t o  steep slopes (i .e.  gradients 0.10 - 0.30) 
around the impoundment perimeter. In most of these cases, the gully 
intrusion extended 2-5 feet  up-gradient from the transition. I t  was 
evident t h a t  there exists a potential for long-term gully development. 

A series of tes t s  were conducted by Powledge and Dodge (1985) evaluat- 
ing  the effects of overtopping on earthen dam embankments. They indicated 
that  despite the care exercised d u r i n g  the construction and inspection of 
the structure, low areas will always occur along the crest. The  low areas 
result from crest t r a f f i c ,  n o n u n i f o r m  settlement and a lack of maintenance. 
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resist movement. 
Curve is tentative and 

result of further tests 
or operating experiences. 

Bottom Velocity, feet per second 
Fig. 4.11. Parametric curve used to determine m a h u m  stone size in riprap mixture as a 

function of channel flow velocity. 
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Furthermore, Powledge and Dodge ind ica ted  t h a t  w i t h  slowly r i s i n g  o r  low 
constant flow, erosion may start and remain a t  one low point caus ing  
gul ly- type  erosion. 

I t  is recommended t h a t  the slope transit ion areas, p a r t i c u l a r l y  along 
the embankment crest, be pro tec ted  ( i  .e., r iprap, rock mu1 ch, etc .) a t  
least  8-10 feet  up-grade and down-grade of the slope break. The sl ope 
t ransi t ional  area i s  vu1 nerable  t o  sheet and concent ra ted  flows. Design 
d i scha rges  will o f t en  t ransi t ion from s u b c r i t i c a l  t o  c r i t i ca l  or super- 
c r i t i c a l  flows r e s u l t i n g  i n  a high potential  for erosion. The recommended 
p r o t e c t i o n  will provide an armoring t h a t  will help resist degrada t ion ,  
p a r t i c u l a r l y  f r a n  unexpected, concent ra ted  flows. 

4.4 FILTER CRITERIA 

I t  is  recommended t h a t  a l a y e r  or b lanket  of well-graded rock material 
be placed over the embankment or cover slope prior t o  r i p r a p  placement. 
S i z e s  of gravel i n  the f i l t e r  b l anke t  should be from 3/16 inch t o  an upper 
l imit  of approximately 3 t o  3 1 / 2  inches, depending on the g rada t ion  of the 
r ip rap .  The f i l t e r  thickness shall vary depending upon the r i p r a p  
thickness and r i p r a p  design procedure, but should not be less t h a n  6 t o  9 
inches. Filter thicknesses one-ha1 f the r i p r a p  l a y e r  thickness a r e  
recommended. Suggested s p e c i f i c a t i o n s  f o r  grada t ion  of the f i l t e r s  are as 
f o l  1 ows : 

Dl5 ( F i l t e r )  
< 5  

and 

D15 ( F i l t e r )  
< 10  

(4.35) 

(4.36) 

The c r i t e r i a  presented i n  Equation 4.35 will  prevent migra t ion  of the 
bedding in to  the riprap. When the f i l t e r  meets the cri teria a s  s p e c i f i e d  
i n  Equation 4.36, e ros ion  of the radon barrier below the bedding shall  be 
prevented (Sherard e t  a1 ., 1984).  

4.5 FLOW THROUGH RIPRAP ROCKFILL 

When a r i p r a p  l a y e r  i s  used t o  s t a b i l i z e  a sloped cover, i t  i s  advan- 
tageous t o  determine the d ischarge  through the rockfi l l .  The a n a l y s i s  of 
flow through a r i p r a p  r o c k f i l l  i s  complex and does not comply w i t h  Darcy's 
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Law except a t  extremely low gradients. The following design guideline for 
estimating flow th rough  riprap rockfill closely conforms t o  the laws of 
turbulent flow. 

Flow th rough  granular material i s  dependent on the geometry, structure 
and flow properties of the porous media. 
equation for turbulent f low t h r o u g h  rockfill as 

Leps (1973) presented a basic 

(4.37) 

where V v  i s  the average velocity o f  water (inches/sec) in the voids o f  
the rockfill,  W is  an empirical constant for a specific riprap material, m 
i s  the hydraulic mean radius and i is  the hydraulic gradient. Table 4.1 
presents a series of em ir ically derived values for the hydraulic mean 
rad ius ,  m ,  and the h o - g  parameter as presented by Leps. 

Table 4.1. Empirically derived values for equation 4.37. 

Rock size m 
( inch) ( inch) 

.o. 5 w ~ O  5 
(inch 'I2) ( inch/ sec .) 

3/4 0.09 0.30 
2 0.24 0.49 
6 0.75 0.87 
8 0.96 0.98 

24 3.11 1.76 
48 6.43 2 -54 

10 
16 
28 
32 
58 
84 

Source: Leps, 1973. 

The hydraulic gradient will range from 0 t o  1.0. The dominant rock 
size for flow calculations was considered t o  be the 50% size, d 
Although Equation 4.37 was derived for a uniformly graded rockfqyl, the 
procedure i s  considered applicable t o  well graded rockfill provided t h a t  
the material smaller t h a n  one inch is  less t h a n  30%. Leps indicated t h a t  
i f  more t h a n  30% of the less t h a n  one inch material i s  present, the rock- 
f i l l  should be treated as earthfil l .  A series of tests were conducted a t  
Colorado State University by Abt and Ruff (1985) and Equation 4.37 was 
found t o  be accurate within 5 15%. 
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The u n i t  discharge, q, per f o o t  o f  w id th  can be estimated as 

v V  q = -  dr 
12 

(4.38) 

where d r  i s  t h e  rock th ickness  i n  f e e t  and q i s  expressed i n  cub ic  f e e t  
per second ( c f s )  . 
4.6 HYDRAULIC COMPUTATIONS 

I n  o rder  t o  appropr i  ate1 y anal yze general fl ow c o n d i t i o n s  f o r  over1 and 
o r  sheet f lows and open channel f lows,  it i s  genera l l y  recommended t h a t  t h e  
Manning formula be used. 
uniform, incompress ib le  f l o w  and can be app l ied  t o  a v a r i e t y  o f  f i e l d  
s i t u a t i o n s  and cond i t ions .  The Manning formula i s  expressed anp i ’ r i ca l l y  as 

The Manning formula was developed f o r  steady, 

(4.39) 

where V i s  t he  average v e l o c i t y  a t  a s p e c i f i e d  cross sec t ion ,  R i s  t h e  
hyd rau l i c  rad ius,  S i s  the  slope o f  t h e  channel b o t t a n  o r  loss per u n i t  
l e n g t h  o f  channel, and n i s  a sur face  roughness c o e f f i c i e n t .  
t i v e  values o f  Manning c o e f f i c i e n t s  are presented i n  Sec t i on  4.7. 
determine the discharge, Q, Equation 4.39 can be mod i f ied  t o  

Representa- 
To 

- 1.486 AR2/3 s1/2 Q -- n (4.40) 

where A i s  t he  cross sec t iona l  area o f  f low.  

When the  area o f  f l o w  i s  l i m i t e d  t o  u n i t  w idth,  t h e  u n i t  discharge,.q, 
can be determined. A u n i t  d ischarge approach i s  o f ten used f o r  a p p l i c a t i o n  
t o  sheet o r  over land f lows.  

Al though the  Manning formula i s  a s i m p l i s t i c  procedure f o r  computing 
the  normal depth o f  f low,  i t  y i e l d s  a good es t imate  of t h e  d ischarge and/or 
v e l o c i t y  o f  f l o w  f o r  channels o f  constant  slope and unvarying cross- 
sect ion.  
o the r  soph is t i ca ted  numerical model s may a1 so be used. 

However, a l t e r n a t i v e  procedures such as the  Chezy formula o r  

An a l t e r n a t i v e  procedure f o r  es t ima t ing  f l o w  v e l o c i t y  i s  t h e  HEC-2 
computer program. 
water sur face p r o f i l e s  f o r  steady, g radua l l y  vary ing  f l o w  i n  n a t u r a l  o r  
man-made channels (COE, 1982). Both s u b c r i t i c a l  and s u p e r c r i t i c a l  f l o w  

The HEC-2 computer program was devel oped f o r  cal  cu l  a t i n g  
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p r o f i l e s  can be estimated. 
s o l u t i o n  o f  t h e  one-dimensional energy equat ion wi th  energy losses due t o  
f r i c t i o n .  The HEC-2 procedure i s  s i m i l a r  t o  t h e  Standard Step Method f o r  
computing water sur face e leva t i ons .  
p l a i n  management, f loodway encroachment eva lua t i on  and f l o o d  hazard 
designat ions.  

The computational procedure i s  based on t h e  

The program was developed f o r  f l o o d  

4.7 DETERMINATION OF THE MANNING ROUGHNESS COEFFICIENT 

The g rea tes t  d i f f i c u l t y  i n  app ly ing  t h e  Manning formula and o the r  f l o w  
models such as HEC-2 i s  t h e  de te rm ina t ion  o f  t h e  boundary roughness c o e f f i -  
c i e n t ,  n. The n value i s  an est imate o f  f l o w  res is tance.  There i s  no t  an 
exact procedure or  method f o r  determinat ion o f  f l o w  resistance. 
imperat ive t o  recognize t h a t  t h e  s e l e c t i o n  o f  an appropr ia te n va lue 
requ i  res carefu l  judgment and reason. 

It i s  

The n values commonly a v a i l a b l e  were formulated f o r  f lows i n  n a t u r a l  
and a r t i f i c i a l  channels. Factors a f f e c t i n g  Manning's roughness c o e f f i c i e n t  
i n c l u d e  sur face roughness, vegetat ion,  channel i r r e g u l a r i t y ,  channel a1 i g n -  
ment, f l o w  depth, s i l t i n g  and scour ing,  o b s t r u c t i o n s  and channel shape. 
Chow (1959) and Barnes (1967) present  a comprehensive l i s t  of n values f o r  
open channel a p p l i c a t i o n s .  Values o f  n range from 0.017 f o r  smooth 
channels f r e e  from growth t o  0.07 f o r  cobble bed streams (Chow, 1959). 
Equations 4.39 and 4.40 are extremely s e n s i t i v e  t o  t h e  n value. Therefore 
t h e  s e l e c t i o n  o f  an approp r ia te  n value may r e q u i r e  several  i t e r a t i o n s .  

The Manning formula i s  commonly used t o  est imate discharge f o r  over-  
l a n d  f low, p a r t i c u l a r l y  over l a r g e  areas i n  which r u n o f f  channe l i za t i on  has 
n o t  y e t  i n i t i a t e d .  Overland o r  sheet f l o w  i s  character ized by a f l o w  depth 
l e s s  than 1.0 ft. and i s  s i g n i f i c a n t l y  i n f l uenced  by t h e  boundary shear or 
res i s tance  t o  f low. The n value may vary w i t h  f l o w  depth. 

M o r r i s  and Wiggert (1972) pub l i shed  a l i s t  o f  n values t h a t  have been 
adopted by t h e  U.S. Bureau o f  Reclamation and a re  presented i n  Table 4.2. 
These values apply t o  well-seasoned, s t r a i g h t  channels on m i l d  slopes w i t h  
f l o w  depths l e s s  than 3.0 ft. 

A s e r i e s  o f  values f o r  t h e  Manning C o e f f i c i e n t  , n, were adopted by t h e  
Department o f  t h e  I n t e r i o r  (001, 1975) f o r  n a t u r a l  channels and streams. 
These values are presented i n  Table 4.3. 

One o f  t h e  most d i f f i c u l t  Manning's roughness values t o  determine i s  
f o r  r i p r a p .  Riprap serves as an a1 t e r n a t i  ve sur face s t a b i  1 i t y  technique 
t h a t  prov ides considerable res i s tance  t o  f l o w  r e s u l t i n g  i n  v e l o c i t y  and 
energy d i s s i p a t i o n .  
c o e f f i c i e n t ,  n, f o r  r i p r a p  was presented by t h e  Corps of Engineers (COE, 
1970) and by Anderson e t  a1 . (1970) i s :  

An expression f o r  determin ing t h e  value o f  t he  Manning 

n = 0.0395 (d5o) 1/6 (4.41) 
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where d50 i s  t h e  mean rock s i z e  i n  fee t .  
f o r  determin ing n i s  presented i n  F igures  4.12 and 4.13. 
values were developed fo r  uni form f low c o n d i t i o n  over submerged r i p rap .  
When over topping f lows on steep slopes begin t o  cascade, n valuec w i l l  
i nc rease and may range from 0.07 t o  0.09 or higher .  
and COE, 1970). 

A graph ica l  representa t ion  
However, these 

(Abt  and Ruf f ,  1985 

Table 4.2. Manning C o e f f i c i e n t ,  n. 

Channel Mater i  a1 Manni ng Coef f i  c i  ent, n 

F ine  sand, c o l l  o i  da l  
Sandy 1 oam, non-col l  o i  da l  
S i l t  loam, non-co l lo ida l  
A1 1 u v i  a1 s i  1 t s ,  non-col 1 o i  dal  
Ord inary f i r m  loam 
Volcanic ash 
S t i  f f c l a y  , very  co l  1 o i  da l  
A l l u v i a l  s i l t s ,  c o l l o i d a l  
Shales and hardpans 
F ine gravel  
Graded loam t o  cobbles, non -co l l o ida l  
Graded s i  1 t s  t o  cobbles, c o l  1 o i  dal  
Coarse gravel ,  non-col l o i d a l  
Cobbles and sh ing les  

0.020 
0.020 
0.020 
0.020 
0.020 
0.020 
0.025 
0.025 
0.025 
0.020 
0.030 
0.030 
0.025 
0.035 

Source: Mor r i s  and Wiggert, 1972. 

4.8 COVER EROSION RESISTANCE EVALUATION 

The cover design should be evaluated t o  determine i f  t h e  unprotected 
s lopes (s )  can w i ths tand over land o r  sheet f low w i t h  a minimum o f  eros ion.  
Based upon t h e  s i t e - s p e c i f i c  cover and p r e c i p i t a t i o n  parameters, t h e  design 
sheet f l o w  v e l o c i t y  should be estimated. A comparison o f  t h e  design f l o w  
v e l o c i t y  w i t h  t h e  cover permiss ib le  f low v e l o c i t y  can be performed. 
Furthermore, t h e  design v e l o c i t y  can be used t o  determine t h e  sediment 
d ischarge us ing  t h e  Universa l  S o i l  Loss Equat ion (Chapter 5) and f o r  s i z i n g  
stone p r o t e c t i o n  (Sect ion 4.2). 

The design v e l o c i t y  w i l l  u s u a l l y  be determined from t h e  peak d ischarge 
generated from t h e  Probable Maximum Flood (PMF). 
by 

The PMF can be est imated 

( a )  Using computer models, i.e., HEC-1 (COE, 1974), t h a t  are w ide ly  
accepted by t h e  engineer ing profess ion.  
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Table 4.3. Manning C o e f f i c i e n t ,  n, f o r  n a t u r a l  channels. 

Natura l  Channel Condi t i ons Value o f  n 

Smoothest n a t u r a l  e a r t h  channels, f r e e  from growth w i t h  
s t r a i  ght a1 i gnment 

Smooth na tu ra l  e a r t h  channels, f r e e  from growth, l i t t l e  
curvature 

Average, wel l -const ructed,  moderate-sized e a r t h  channels i n  
good c o n d i t i o n  

Small e a r t h  channels i n  good cond i t i on ,  o r  l a r g e  e a r t h  chan- 
ne l s  w i t h  some growth on banks o r  sca t te red  cobbles i n  bed 

Ear th  channels w i t h  considerable growth, na tu ra l  streams 
with good al ignment and f a i r l y  constant sect ion,  o r  l a r g e  
f 1 oodway channel s we1 1 rnai n t a i  ned 

E a r t h  channels considerably  covered w i t h  small growth, o r  
c l  eared but  no t  c o n t i  nuously rnai n t a i  ned floodways 

Mountain streams i n  c lean loose cobbles, r i v e r s  w i t h  va r iabe l  
cross-sect ion and some vegetat ion growing i n  banks, o r  e a r t h  
channels w i t h  t h i c k  aquat ic  growths 

R i  vers w i t h  f a i  r l y  s t r a i  ght a1 i gnment and cross-sect ion,  
badly obst ructed by small t r e e s  and underbrush o r  aquat ic  
growth 

R ive rs  w i t h  i r r e g u l a r  al ignment and cross-sect ion,  moderately 
obs t ruc ted  by small t r e e s  and underbrush 

R ive rs  w i t h  f a i r l y  r e g u l a r  a1 ignment and cross-sect ion,  
heavi l y  obs t ruc ted  by smal 1 t r e e s  and underbrush 

Rivers w i t h  i r r e g u l a r  al ignment and cross-sect ion,  covered 
w i t h  growth o f  v i r g i n  t imber  and occasional dense patches 
o f  bushes and small  t r ees ,  some logs  and dead f a l l e n  t r e e s  

Rivers wi th very i r r e g u l a r  al ignment and cross-sect ion,  
many roots,  t rees ,  l a r g e  logs,  and o the r  d r i f t  on bottom, 
t r e e s  c o n 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 

0.017 

0.020 

0.0225 

0.025 

0.030 

0.035 

0.050 

0.075 

0.100 

0.100 

0.125 

0,200 

Source: DOI, 1975. 
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Fig. 4.12. Manning’s coefficient for riprap. Source: SCS, 1975. 
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(b )  Apply ing the  Rat ional  Method f o r  t r i b u t a r y  areas t h a t  a re  l e s s  
than approximately one square m i l e  i n  area. 

The Rat iona l  formula i s  c a m o n l y  expressed as 

Q = C i A  (4.42) 

where Q i s  t h e  maximum o r  design d ischarge i n  c fs ,  C i s  a r u n o f f  c o e f f i -  
c i e n t  dependent upon t h e  c h a r a c t e r i z a t i o n  o f  t h e  drainage basin,  i i s  t h e  
r a i n f a l l  i n t e n s i t y  expressed i n  inches per hour and A i s  t h e  t r i b u t a r y  area 
expressed i n  acres. When a u n i t  w id th  approach i s  taken, t h e  area & i s  
the  s lope(s )  l e n g t h  t imes t h e  u n i t  width.  
be presented as 

Therefore,  Equat ion 4.42 would 

q = C i P ,  (4.43) 

f o r  a u n i t  w id th  ana lys is .  

4.8.1 Runoff  C o e f f i c i e n t  

The runo f f  coe f f i c i en t ,  C, i s  r e l a t e d  t o  t h e  c l i m a t i c  cond i t i ons  and 
type o f  t e r r a i n  c h a r a c t e r i s t i c  o f  t h e  watershed i n c l u d i n g  s o i l  m a t e r i a l s ,  
pe rmeab i l i t y  and storage p o t e n t i a l .  Values o f  t h e  c o e f f i c i e n t  C a re  
presented i n  Table 4.4 (L inds ley  e t  al., 1958), Table 4.5 (Chow, 1964), and 
Table 4.6 (ASCE, 1970 and Seelye, 1960). 

Table 4.4. Values o f  C o e f f i c i e n t  C. 

Type Area Value o f  C 

F l a t  c u l t i v a t e d  land, open sandy s o i l  

R o l l i n g  c u l t i v a t e d  land, c lay- loam s o i l  

H i l l  land, forested,  c l a y  loam s o i l  

Steep, impervious s l  ope 

0.20 

0.50 

0.50 

0.95 

Source: L inds ley,  e t  a1 , 1958. 

The s e l e c t i o n  of a c o e f f i c i e n t  value requ i res  considerable judgment as 
i t  i s  a t a n g i b l e  aspect o f  using t h e  r a t i o n a l  formula. It i s  recommended 
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t h a t  a conserva t ive  va lue o f  C be app l i ed  f o r  PMF es t ima t ion  s ince  i n f i l -  
t r a t i o n  and s torage comprise a low percentage o f  t h e  runof f .  
t h e  C values presented were der ived  f o r  storms o f  5-100 year  f requencies.  
Therefore, l e s s  f requent,  h igher  i n t e n s i t y  storms w i l l  r e q u i r e  t h e  use o f  a 
h ighe r  C va lue  (Chow, 1964). It i s  recommended t h a t  a r u n o f f  c o e f f i c i e n t  
o f  1.0 be used f o r  PMF a p p l i c a t i o n s  i n  very small  watersheds s ince  t h e  
e f f e c t s  o f  l o c a l i z e d  s torage and i n f i l t r a t i o n  w i l l  be small .  

Furthermore, 

Table 4.5. Values o f  C f o r  Use i n  Rat iona l  Formula. 

Watershed Cover 

S o i l  Type 
~~ ~ .~~ ~ ~ 

C u l t i v a t e d  Pasture Wood1 ands 

With above-average i n f i l t r a t i o n  ra tes ;  0.20 0.15 0.10 
usual l y  sandy o r  gravel  l y  

With average i n f i l t r a t i o n  ra tes ;  no 0.40 0.35 0.30 
c l a y  pans; loams and s i m i l a r  s o i l s  

With below-average i n f i l t r a t i o n  ra tes ;  0.50 0.45 0.40 
heavy c l a y  s o i l s  o r  s o i l s  wi th a c l a y  
pan near t h e  surface; shal low s o i l s  
above impervious rock 

Source: Chow, 1964. 

4.8.2 R a i n f a l l  I n t e n s i t y  

I n  o rder  t o  determine t h e  r a i n f a l l  i n t e n s i t y ,  i , t h e  t ime o f  concen- 
t r a t i o n ,  t, must be est imated. 
approximated by: 

The t ime  of concent ra t ion  can be 

( a )  Apply ing one o f  t h e  many accepted empi r i ca l  formulae such as 

LO -77 

sO.385 
tc = 0.00013 (4.44) 

where L i s  t h e  l e n g t h  o f  t h e  bas in  in f e e t  measured along t h e  
watercourse from t h e  upper end o f  t h e  watercourse t o  t h e  dra inage 
bas in  o u t l e t  and S i s  t h e  average s lope o f  t h e  basin. 
concent ra t ion  i s  expressed i n  hours. 
app l i cab le  t o  rock covered slopes. 

Time o f  
This procedure i s  n o t  

Th is  expression was 
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Table 4.6. Values of runoff coefficient C. 

Runoff Coef f i c i en t s 

Character of Surface Range Recommended 

Pavement--asphalt or concrete 

Gravel, from clean and loose t o  
clayey and compact 

Roofs 

Lawns (irrigated) sandy soil 
Flat, 2 percent 
Average, 2 t o  7 percent 
Steep, 7 percent or more 

Lawns (irrigated) heavy soil 
F l a t ,  2 percent 
Average, 2 t o  7 percent 
Steep, 7 percent 

Pasture and non- i r r iga ted  lawns 
Sand 

Lo am 

C1 ay 

Bare 
L i g h t  vegetation 

Rare 
Light vegetation 

Bare 
L i g h t  vegetation 

Composite areas 
Urban 

S i  ng 1 e- f ami 1 y , 4 -6 u n  i t s/ acre 
Mu1 t i - family,  >6 units/acre 

<1/2 acre - 1 acre 
1 acre - 3 acres 

Industri a1 
L i g h t  
Heavy 

Business 
Downtown 
Neighborhood 

Rural (most1 y non-i r r i  gated 1 awn area) 

Parks 

0.70-0.95 

0.25 -0.70 

0.70-0 -95 

0.05-0.15 
0 . 15-0.20 
0.20-0.30 

0 -13-0 -17 
0 -18-0 -22 
0.25-0.35 

0.15-0.50 
0 10-0.40 

0.20-0.60 
0.10-0.45 

0 -30-0 -75 
0.20-0.60 

0 -25-0 -50 
0.50-0.75 

0.20-0.50 
0.15-0.50 

0.50-0.80 
0.60-0.90 

0.70-0.95 
0.50-0.70 
0.10-0.40 

0.90 

0.50 

0.90 

0.10 
0.17 
0.25 

0.15 
0.20 
0.30 

0.30 
0.25 

0.40 
0.30 

0.50 
0.40 

0.40 
0.60 

0.35 
0.30 

0.65 
0.75 

0.85 
0.60 
0.20 

~~ 

Source: ASCE, 1970 and Seelye, 1960. 
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designed for and a p p l i c a b l e  t o  small dra inage  bas ins  (Kirp ich ,  
1940).  

Theory (DOI, 1977), the time of concent ra t ion  i s  
( b )  Using the Soi l  Conservation S e r v i c e  (SCS) Tr i angu la r  Hydrograph 

- 11.9 L3 (0.385) 
H t -  

C 
(4.45) 

where L i s  the l eng th  (mi l e s )  of the longes t  watercourse from the 
p o i n t  of interest t o  the t r i b u t a r y  d i v i d e ,  H i s  the d i f f e r e n c e  i n  
e l e v a t i o n  ( feet)  between the p o i n t  of interest and the t r i b u t a r y  
d iv ide .  The time of concentration will be expressed i n  hours. 
The SCS procedure is most app l i cab le  t o  dra inage  bas ins  of a t  
least  10 square  miles. 

Once the r a i n f a l l  du ra t ion  o r  time of concentration is  determined, the 
r a i n f a l l  depth can be computed based on the PMP i n t e n s i t y  values e s t ima ted  
i n  Sec t ion  2.1.2. 

4.8.3 Tr ibu ta ry  Area 

The t r i b u t a r y  area may be expressed i n  a u n i t  width format f o r  design 
of rock protection on an embankment. Therefore, the area  i s  the length  o f  
the longes t  expected or measured water course mul t ip l i ed  by the u n i t  width. 
This procedure i s  pr imar i ly  a p p l i c a b l e  t o  Zones I ,  11, and I11 and is  not 
a p p l i c a b l e  for dra inage  d i t c h  design. I t  should be noted t h a t  a u n i t  width 
approach t o  dra inage  and d ive r s ion  d i t c h  design i s  not effective. 
des ign  r e q u i r e s  an entire bas in  a n a l y s i s  i n  which a composite inflow hydro- 
graph i s  determined and i s  routed along the channel. 
hydrograph, water surface profiles ( i . e . ,  HEC-2) can be estimated t o  de t e r -  
mine flow depth and velocities for r i p r a p  design ( C O E ,  1982). 

Ditch 

Fran the inflow 

4.8.4 Sheet Flow Veloc i ty  

The design v e l o c i t y  for sheet flow on an enbankment slope can be esti- 
mated by so lv ing  the Manning formula presented i n  Equation 4.39. I t  i s  
assumed t h a t  the hydraul ic  r ad ius ,  R,  i s  approximately equal t o  the flow 
depth,  y ,  and t h a t  the design d ischarge  i s  equal t o  t h a t  estimated by the 
Rational Method. Therefore,  the depth of flow i s  

= 
(4.46) 

where Q i s  the discharge, S i s  the slope, and n is the Manning c o e f f i c i e n t .  
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Therefore, the design velocity can be estimated as 

VDesign = Q/A (feet/sec) (4.47) 

where A i s  the cross-sectional area of flow. 

4.9 FLOW CONCENTRATIONS 

Despite the extensive efforts of the impoundment reclamation designer, 
reviewer, contractor and inspector, the topographic features of the cover 
will a1 t e r  over time w i t h o u t  continual maintenance (Pow1 edge and Dodge, 
1985). Cover modifications will result from differential settlement, 
col1 apsi ng soil s ,  marginal qual i t y  control in cover pl acement , erosion, 
major hydrologic events and monitoring disturbance. Because of these 
unpredictable and general l y  uncontroll ab1 e events, tributary drainage areas 
evolve t h a t  were not originally designed or constructed. The result i s  
t h a t  the peak discharge and volume of runoff exceed design levels and 
increase the erosion potential. 

Abt and Ruff (1985) conducted a series of flume experiments on a 1V:5H 
prototype embankment protected by riprap w i t h  median rock sizes of 2 inches 
t o  6 inches i n  diameter. I t  was observd t h a t  2-4 inch diameter r iprap were 
highly susceptible t o  sheet flows converging along the face of the embank- 
ment i n t o  channels. The discharge in the channel ( s )  was compared t o  the 
t o t a l  discharge over the embankment by 

1 

1 - (Qc - Q)  
CF = (4.48) 

where CF i s  the concentration factor, Qc i s  the discharge i n  the channel 
and Q i s  the t o t a l  discharge over the embankment. 
factors ranged from 1.1 t o  3.2 where flows were less t h a n  the failure dis- 
charge. These preliminary results indicate t h a t  r i p r a p  designed for sheet 
flow conditions may be subjected t o  flow channelizations t h a t  concentrate 3 
times the discharge i n  a single location. 

The concentration 

The peak discharge along a crest or a t  a design point i s  a function of 
the amount of precipitation, the tributary drainage area, the slope of the 
drainage basin, the basin contouring, the cover material and cover protec- 
t i o n .  Any modification in one or more of these parameters can impact the 
outlet peak discharge. The cover design must account for these potential 
changes i n  the form of a concentration or safety factor. Therefore, a flow 
concentration fac to r  may be incorporated into the design process t o  
adequately evaluate the soil resistance t o  erosion, t o  adequately select 
and evaluate alternative protective measures and t o  size riprap when 
warranted. 
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It i s  d i f f i c u l t  t o  accura te ly  p r e d i c t  t h e  value of t h e  f l o w  concen- 
t r a t i o n  f a c t o r  s ince l i m i t e d  i n fo rma t ion  i s  c u r r e n t l y  a v a i l a b l e  t o  substan- 
t i a t e  design l i m i t s .  However, it i s  reasonable t o  assume t h a t  values 
between 2 and 3 are a t t a i n a b l e  w i t h  on ly  a s l i g h t  evo lu t i ona ry  change i n  
cover. Unless i t  can be shown t h a t  design procedures such as ove rbu i l d ing  
can compensate f o r  d i f f e r e n t i a l  set t lement ,  i t  i s  recommended t h a t  a 
conservat ive concentrat ion f a c t o r  be used u n t i l  a d d i t i o n a l  research can 
j u s t i f y  a more reasonable range o f  values. 

To incorpora te  t h e  f low concent ra t ion  f a c t o r  i n t o  t h e  stone s i z i n g  
procedure o f  any r i p r a p  design method, m u l t i p l y  t h e  design peak d ischarge 
by t h e  f l ow  concent ra t ion  fac to r .  A l l  subsequent computations, i .e., 
v e l o c i t y  and depth est imate,  stone s i z e  determinat ion,  etc., w i l l  r e f l e c t  
t h e  i n f l uence  o f  t h e  f l ow  concentrat ion.  

4.10 PERMISSIBLE VELOCITIES 

Eva lua t ion  of proposed rec lamat ion a l t e r n a t i v e s  should i nc lude  an 
ana lys i s  o f  t h e  c r i t i c a l  e ros ion  p o t e n t i a l  o f  the  cover mater ia l .  Eros ion 
p o t e n t i a l  can be determined based upon t h e  p roper t i es  o f  t h e  rec lamat ion 
ma te r ia l s  as w e l l  as t h e  degree o f  compaction i n  which t h e  ma te r ia l  i s  
placed. The permiss ib le  v e l o c i t y  approach cons is t s  o f  spec i f y ing  a 
v e l o c i t y  c r i t e r i o n  t h a t  w i l l  no t  erode the  cover o r  channel and w i l l  p re -  
vent scour. A comparison o f  t h e  ac tua l  o r  design f l o w  v e l o c i t i e s  t o  t h e  
permiss ib le  v e l o c i t i e s  associated w i t h  over land f lows, sheetf lows o r  chan- 
ne l  flows determines t h e  eros ion p o t e n t i a l .  When t h e  design f l ow  v e l o c i t y  
meets o r  exceeds t h e  permiss i  b l e  v e l o c i t y ,  cover p r o t e c t i o n  should be 
consi  dered. 

The permiss ib le  v e l o c i t y  values presented were developed from exper i  - 
ments performed p r i m a r i l y  i n  canals and stream beds. 
low ing  permiss ib le  v e l o c i t i e s  should p rov ide  a conservat ive est imate f o r  
eva lua t i ng  t h e  eros ion res is tance o f  t h e  reclaimed covers over long te rm 
per iods.  I n  cases where a range of permiss ib le  v e l o c i t i e s  are presented, 
it i s  recommended t h a t  t h e  lower v e l o c i t y  be used f o r  determin ing e ros ion  
po ten t  i a1 

Therefore, t h e  f o l -  

A ser ies  o f  permiss ib le  maximum canal v e l o c i t i e s  was developed by 
F o r t i e r  and Scobey (1926) and adapted by Lane (1955). The maximum 
perm iss ib le  v e l o c i t i e s  presented i n  Table 4.7 a re  app l i cab le  t o  c o l l o i d a l  
s i  1 t s  . These v e l o c i t y  Val ues were devel oped f o r  channels w i thou t  
s inuos i t y .  
13 percent i f  t h e  canal/channel i s  moderately sinuous. The maximum 
a l lowab le  v e l o c i t i e s  f o r  sandy-based m a t e r i a l s  are given i n  Table 4.8. 
Table 4.9 prov ides l i m i t i n g  v e l o c i t i e s  f o r  cohesive ma te r ia l s  according t o  
compactness f o r  ma te r ia l s  w i t h  l e s s  than 50 percent  sand content. The S o i l  
Conservat ion Serv ice maximum permiss ib le  v e l o c i t i e s  (SCS, 1984) f o r  w e l l  
mainta ined grass covers are presented i n  Table 4.10. 

Lane recommended a reduc t ion  o f  t h e  v e l o c i t i e s  i n  Table 4.7 by 

It i s  impor tant  t o  recognize t h a t  l i m i t e d  i n fo rma t ion  i s  a v a i l a b l e  
p e r t a i n i n g  t o  permiss ib le  v e l o c i t i e s  on covers under sheet f l ow  cond i t ions .  
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Table 4.7. Maximum perm iss ib le  v e l o c i t i e s  i n  e r o d i b l e  channels. 

Water T ranspor t i ng  
Col 1 o i  da l  S i  1 t s  

Channel Mater i  a1 v ( f t / s e c )  

F i  ne sand, c o l  1 o i  d a l  
Sandy 1 oam, non-col 1 o i  da l  
S i  1 t y  1 oam, non-col 1 o i  da l  
A1 1 u v i a l  s i  1 t s ,  non-col l o i d a l  
F i r m  loam 
Volcanic  ash 
S t  i f f c l  ay , c o l  1 o i da 1 
A l l u v i a l  s i l t s ,  c o l l o i d a l  
Shales and hardpans 
F ine gravel  
Graded 1 oam t o  cobbles , non-col l o i  d a l  
Graded s i l t s  t o  cobble, c o l l o i d a l  
Coarse grave l  , non-col l  o i d a l  
Cobbl es and sh ing les  

- 

2.50 
2.50 
3.00 
3.50 
3.50 
3 -50 
5.00 
5.00 
6 -00 
5 .OO 
5.00 
5.50 
6 .OO 
5 -50 

Source: Lane 1955. 

Table 4.8. Maximum a l l owab le  v e l o c i t i e s  i n  sand-based m a t e r i a l .  

V e l o c i t y  

Mater i  a1 ( f t / s e c )  

Very l i g h t  sand o f  quicksand cha rac te r  
Very l i g h t  loose sand 
Coarse sand t o  l i g h t  sandy s o i l  
Sandy s o i l  
Sandy loam 
Average 1 oam, a1 1 u v i  a1 so i  1, vo l can ic  ash 
F i r m  loam, c l a y  loam 
S t i f f  c l a y  s o i  1, gravel  s o i l  
Coarse gravel ,  cobbles and sh ing les  
Conglomerate, cemented grave l ,  s o f t  s l  ate, 

tough hardpan, s o f t  sedimentary rock 

0.75 t o  1.00 
1.00 t o  1.50 
1.50 t o  2.00 
2.00 t o  2.50 
2.50 t o  2.75 
2.75 t o  3.00 
3.00 t o  3.75 
4.00 t o  5.00 
5.00 t o  6.00 

6.00 t o  8.00 

Source: Lane, 1955. 
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Therefore,  t h e  permiss ib le  v e l o c i t i e s  developed f o r  channels i s  u s u a l l y  
extended t o  over land f l o w  s i t u a t i o n s .  
exceed those ind i ca ted  i n  Tables 4.7 through 4.10, p r o t e c t i o n  i s  warranted. 

When design v e l o c i t i e s  reach o r  

Table 4.9. L i m i t i n g  V e l o c i t i e s  i n  Cohesive Ma te r ia l s .  

Compactness o f  Bed 

F a i r l y  Very 
Loose Compact Compact Compact 

P r i n c i p l e  Cohesive Vel o c i  t y  Vel oc i t y  Vel oc i t y  Vel o c i  t y  
Ma te r i  a1 ( f t / s e c )  ( f t / s e c )  ( f t / s e c )  ( f t / s e c )  

- 

Sandy c l a y  1.48 2.95 4.26 5.90 

Heavy c l  ayey s o i l  s 1.31 2.79 4.10 5.58 

C1 ays 1.15 2.62 3.94 5.41 

Lean c l  ayey s o i l  s 1.05 2.30 3 -44 4 -43 

Source: Lane, 1955. 

The m a t e r i a l s  presented i n  Tables 4.7 through 4.9 can be referenced t o  
t h e  U n i f i e d  S o i l  C l a s s i f i c a t i o n  System as presented by Wagner (1957). An 
engineer ing ana lys i s  o f  t h e  cover ma te r ia l  can prov ide  an approximat ion o f  
t h e  permiss ib le  v e l o c i t i e s  t h a t  t he  a l t e r n a t i v e  cover m a t e r i a l s  may w i t h -  
stand w i thout  supplemental p ro tec t i on .  

4.11 PERMISSIBLE VELOCITY EXAMPLE 

A t a i l i n g s  d isposal  s i t e  l oca ted  i n  t h e  northwest corner o f  New Mexico 
has prepared a rec lamat ion  p lan  f o r  review. The rec lamat ion p lan  i n d i c a t e s  
t h a t  a 10  f o o t  t h i c k  cap w i l l  be placed atop t h e  t a i l i n g s  a t  a s lope o f  
2.4% w i t h  a compaction o f  95% o f  optimum. 
i n  F igure  4.14 and s h a l l  t r a n s i t i o n  i n t o  s ide  slopes o f  1 V : l O H .  
proposed t h a t  t h e  cap w i l l  be composed o f  a sandy c l a y  w i t h  a coarse gravel  
cover. Along t h e  c r e s t ,  a 12  i n c h  t h i c k  l a y e r  o f  r i p r a p  w i l l  be placed f o r  
a t  l e a s t  8 f e e t  upslope and downslope o f  t h e  c r e s t  t o  s t a b i l i z e  t h e  
t r a n s i t i o n .  The r i p r a p  w i l l  have a median stone s i ze  o f  6 inches. The 
gravel cover w i l l  have a median rock s i ze  o f  1.5 inches. The des ign 
rev iewer  must v e r i f y  t h a t  t h e  gravel  cover w i l l  r e s i s t  t h e  p o t e n t i a l  
v e l o c i t i e s  t h a t  may r e s u l t  on the  cap. 

The cap w i l l  be graded as shown 
It i s  
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Table 4.10. Maximum Permiss ib le  V e l o c i t i e s  i n  Feet per Second ( f p s )  
f o r  Channels L ined With Uni form Stands of Various 

We1 1 -Maintained Grass Covers. 

Maxi mum Permi s s i  b l  e Vel o c i  t i  esa 

Slope Range Eros ion-  Easi ly-Eroded 
Res is tan t  Soi 1 s Soi 1 s Cover % 

Bermudagrass 

Buf fa lograss  
Kentucky bluegrass 
Smooth b rome 
Blue grama 
Grass m ix tu re  
Lespedeza s e r i  cea 
Weeping lovegrass 
Ye1 1 ow b l  uestem‘ 
Kudzu 
A l f a l f a  
Crabgrass 
Common lespedezac9d 
Sudang r a  s sd 

b 
b 

0-5 
5-10 
Over 10 
0-5 
5-10 
Over 10 
0- 5 

5- 10 

0- 5 

0- 5 

3.5 

3.5 

2.5 

2.5 

aUse v e l o c i t i e s  over 5 fps on l y  where good covers and proper 

bDo not use on slopes steeper than 10 percent.  

‘Use on slopes steeper than 5 percent  i s  not  recommended. 

dAnnuals are used on m i l d  slopes o r  as temporary p r o t e c t i o n  u n t i l  

maintenance 
can be ob t  a i  ned . 

permanent covers are establ ished.  

Source: SCS, 1984. 
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Fig. 4.14. Representative reclaimed tailing pile-example problem. 
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I n  order  t o  assess t h e  s t a b i l i z a t  
over land f low,  i n fo rma t ion  prov ided i n  
r e p o r t  must be u t i l i z e d .  One a l t e r n a t  
presented i n  t h e  fo l - lowing ana lys is .  

on o f  t h e  cap aga ins t  e ros ion  due t o  
Sect ions 4.6 through 4.10 o f  t h i s  
ve means o f  rev iewing t h e  design i s  

4.11.1 Es t imat ion  o f  Peak Runoff 

The peak r u n o f f  can be est imated us ing  t h e  Rat iona l  formula presented 
i n  Equat ion 4.43. The t h r e e  components of t h e  Rat ional  formula t h a t  
r e q u i r e  cons idera t ion  are: t h e  runof f  c o e f f i c i e n t ,  C; t h e  r a i n f a l l  i n t e n -  
s i t y ,  i; and t h e  t r i b u t a r y  area, A. 

The r u n o f f  c o e f f i c i e n t  can be est imated by examining Tables 4.4 
through 4.6. Since t h e  cap w i l l  be composed of a compacted c lay,  t h e  
i n f i l t r a t i o n  and l o c a l i z e d  s torage w i l l  be low. The peak r u n o f f  i s  a 
d i r e c t  f u n c t i o n  o f  t h e  est imated l o c a l i z e d  PMF. Therefore, a reasonable C 
va lue i s  1.0. 

The r a i n f a l l  i n t e n s i t y  can be esti,mated by determin ing t h e  1-hr, 

For  nor thwest  New 
1 - m i 2  l o c a l  storm PMP va lue and a d j u s t i n g  t h e  r a i n f a l l  depth i n  accor-  
dance w i t h  t h e  percentages presented i n  Table 2.1. 
Mexico, t h e  1-hr, 1 - m i 2  PMP i s  est imated t o  be 9.5 inches a f t e r  t h e  
appropr ia te  e l e v a t i o n  and area adjustments a re  performed. 

The t ime o f  concentrat ion,  tc, should be estimated. Using Equat ion 
4.44, t h e  tc can be est imated where t h e  longes t  f low path i s  approx i -  
mate ly  450 feet  as 

( 4 5 0 ) ~ ~ ~ ~  
t, = 0.00013 

L 
(0.024) 0.385 

(4.49) 

and 

tc = 0.06 h r s  = 3.62 minutes (4.50) 

The r a i n f a l l  depth f o r  v a r i a b l e  r a i n f a l l  dura t ions  can be est imated 
us ing  the  values presented i n  Table 2.1 which are  app l i cab le  t o  nor thwest  
New Mexico. 
t h e  l - h r  PMP can be i n t e r p o l a t e d  t o  be approx imate ly  35 percent.  
r a i n f a l l  depth i s  computed us ing  Equat ion 2.1 t o  be 

Since t h e  t ime o f  concent ra t ion  i s  3.6 minutes, t h e  percent  o f  
The 

R a i n f a l l  depth = (0.35) x 9.5 i n c h  = 3.33 inches (4.51) 
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A conserva t ive  es t imate  o f  t h e  r a i n f a l l  i n t e n s i t y  i s  determined by 
app ly ing  Equat ion 2.2. 

60 i = 3.33 inches x - = 55.5 inches /hr  
3.6 

(4.52) 

The t r i b u t a r y  area, A ,  can be est imated us ing  a u n i t  w id th  approach 
presented i n  Sect ion 4.8. 
u n i t  w id th  o f  one foo t ,  t h e  t r i b u t a r y  area i s  450 square fee t .  
t r i b u t a r y  area can be converted t o  acres by d i v i d i n g  by 43,560 square 
fee t /ac re  r e s u l t i n g  i n  an area o f  0.0103 acres. 

Since t h e  longes t  f l o w  path i s  450 f e e t  w i t h  a 
The 

The peak sheet f l o w  u n i t  d ischarge a t  t h e  t r a n s i t i o n  can be computed 
by us ing  t h e  Rat iona l  formula presented i n  Equat ion 4.43. 

= (1.0) (55.5) (0.0103) = 0.57 c f s  (4.53) 

4.11.2 Sheet Flow V e l o c i t y  

The sheet f l o w  design v e l o c i t y  can be est imated by f i r s t  determin ing 

From Equat ion 4.41, t h e  Manning n va lue can be c a l c u l a t e d  as 

t h e  depth o f  f low.  
4.46. However, t h e  Manning surface roughness c o e f f i c i e n t ,  n, must be 
determined. 

The depth of f low,  y, can be ca l cu la ted  us ing  Equat ion 

n = 0.0395 (0.125)1/6 = 0.028 (4.54) 

The depth o f  f l o w  i s  then computed t o  be 

31 5 
= 0.202 fee t  (0.57) 0.028 

1.486 (0.024)1r2 
Y =  (4.55) 

o r  

y = (0.202 ft) (12 i n / f t )  = 2.42 inches (4.56) 

The design sheet f l o w  v e l o c i t y  i s  c a l c u l a t e d  u s i n g  Equation 4.47. 

0.57 
V =  = 2.82 fee t / sec  

(1 -0) (0.20) 
(4.57) 
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where 0.57 i s  t h e  u n i t  d ischarge, 1.0 i s  t he  w id th  o f  f l o w  i n  f e e t  and 0.20 
i s  t h e  depth o f  f l o w  i n  feet .  
t i o n  f a c t o r  was no t  incorpora ted  i n t o  t h i s  computation. 

It should be noted t h a t  t h e  f l o w  concentra-  

4.11.3 Cover Permi s s i  b l  e Vel o c i  t y  

The pe rm iss ib le  v e l o c i t y  f o r  t he  c l a y  cap covered w i t h  gravel  has been 
determined t o  be 5.0-6.0 feet /sec as presented i n  Table 4.8. Since t h e  
design sheet f l o w  v e l o c i t y  was c a l c u l a t e d  t o  be 2.9 fee t / sec ,  t h e  cover 
should be able t o  wi thstand t h e  design f low. 



5. EVALUATING THE POTENTIAL FOR SURFACE SHEET EROSION 

Due t o  t h e i r  f ine-gra ined noncohesive nature,  uranium m i l l  t a i l i n g s  
have a h igh  p o t e n t i a l  f o r  sheet e ros ion  when subjected t o  t h e  fo rces  o f  
wind and water. Sheet eros ion i s  de f ined and l i m i t e d  t o  t h a t  e ros ion  which 
occurs as a r e s u l t  o f :  (1) t h e  impact o f  ra indrops s t r i k i n g  t h e  ground 
surface, (2 )  t h e  l i f t i n g  and t r a n s p o r t i n g  o f  ma te r ia l  due t o  wind forces,  
o r  (3) t h e  t r a n s p o r t i n g  o f  ma te r ia l  due t o  water f l ow ing  i n  small ephemeral 
r i l l s .  Any o f  these fo rces  a c t i n g  i n d i v i d u a l l y ,  o r  i n  combination w i t h  
each other ,  can detach and t r a n s p o r t  s i g n i f i c a n t  q u a n t i t i e s  o f  ma te r ia l  
from an area. The p o t e n t i a l  f o r  sheet eros ion and subsequent t ranspor ta -  
t i o n  o f  t h e  eroded t a i l i n g s  away from t h e  impoundment area a re  t h e  p r i n c i -  
pal concerns d i c t a t i n g  t h e  need f o r  sound engineer ing design and proper  
cons t ruc t i on  o f  a stab1 e cover mater i  a1 over abandoned t a i l  i ngs . Thi s 
chapter presents a d iscuss ion  o f  t h e  a n a l y t i c a l  techniques t h a t  w i l l  be 
used i n  a fo l lowup study t o  evaluate sheet e ros ion  and a recommended 
approach t o  est imate t h e  l i f e  o f  d i f f e r e n t  p r o t e c t i v e  covers. 

eros ion i s  based on exper imental  observat ion o f  s o i l  eros ion occu r r i ng  
p r i m a r i l y  on a g r i c u l t u r a l  lands. This  observat ional  approach lacks  t h e  
mathematical l y  r i go rous  concept of, f o r  exampl e, methods i nvol v i  ng a 
t r a c t i v e  shear force.  Nevertheless, it i s  be l ieved t h a t  t h e  extended 
per iod  o f  t ime over which t h e  observat ional  approach o f  sheet e ros ion  has 
been developed and used lends c r e d i b i l i t y  t o  i t s  cons idera t ion  i n  eva lua t -  
i ng p r o t e c t i v e  covers f o r  u r a n i  urn t a i  1 i ngs. 

One o f  t h e  e x i s t i n g  methods used t o  es t imate  s o i l  l o s s  due t o  sheet 

H i s t o r i c a l l y ,  sheet e ros ion  and g u l l y  e ros ion  have no t  been viewed o r  
t r e a t e d  separately.  Indeed, t h e  n a t u r a l  forces associated w i t h  g u l l y  and 
sheet e ros ion  are s i m i l a r ;  however, i t  i s  now recognized t h a t  t h e  damage 
associated w i t h  g u l l y  e ros ion  i s  p o t e n t i a l l y  much grea ter  than t h a t  of 
sheet erosion. Given t h e  same p o t e n t i a l l y  e ros ive  ma te r ia l  , both  e ros ion  
phenomena are  poss ib le  b u t  u s u a l l y  on l y  one w i l l  dominate t h e  eros ion  pro- 
cess p r i m a r i l y  as a - func t ion  o f  ground slope and t h e  frequency and in ten -  
s i t y  o f  r a i n f a l l .  
these d i f f e r e n t  types o f  e ros ion  phenomena and t o  t r e a t  them separa te ly  i n  
t h e  s t a b i l i z a t i o n  design process. 

It i s  impor tant ,  there fore ,  t o  p u t  i n  proper perspec t ive  

5.1 METHODOLOGIES 

S o i l  p a r t i c l e s  can become detached when t h e  impact o f  r a i n f a l l  and/or 

Factors  which tend 

The design o f  any pro tec-  

t h e  fo rces  caused by wind o r  f l ow ing  water exceed t h e  combination of 
f ac to rs  t h a t  c o n t r i b u t e  t o  s o i l  cohesion o r  s t a b i l i t y .  
t o  s t a b i l i z e  t h e  s o i l  o r  r e s i s t  such eros ive  fo rces  i nc lude  n a t u r a l  vegeta- 
t i o n  (ground cover)  and p r o t e c t i v e  rock covers. 
t i v e  s o i l  cover over uranium t a i l i n g s  must cons ider  t h e  s o i l  p a r t i c l e  
detachment process and t h e  eros ion  p o t e n t i a l  over t h e  e n t i r e  rec lamat ion  
per iod.  
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Two b a s i c  approaches e x i s t  f o r  t h e  design o f  s u i t a b l e  e ros ion-  
r e s i s t a n t  covers f o r  a t a i  1 i ngs impoundment sur face  as o r i  g i  na l  l y  descr ibed 
by Nelson e t  a1 . (1983). 
ma te r ia l  t h a t  w i l l  r e s i s t  m a t e r i a l  t r a n s p o r t  by f l o w i n g  water us ing  t h e  
concept o f  c r i t i c a l  shear s t ress.  The second approach i s  based on t h e  
Universa l  S o i l  Loss Equation, an emp i r i ca l  method o r i g i n a l l y  developed 
du r ing  t h e  1930's. 
a re  discussed b e l  ow. 

The f i r s t  approach cons is t s  o f  p r o v i d i n g  a cover 

The methodologies i nvo l ved  w i t h  bo th  o f  these methods 

5.1.1 C r i t i c a l  Shear St ress Approach 

The c r i t i c a l  shear s t ress  approach cons is t s  o f  p r o v i d i n g  a cover 
m a t e r i a l  w i t h  a d 0 g r a i n  s i z e  ( i  .e. , 70% o f  t h e  ma te r ia l  by weight  i s  
coarser  than t h e  %30) t h a t  w i l l  r e s i s t  movement when subjected t o  t h e  
sheet f l  ow maximum permi s s i  b l  e v e l o c i t y  resu l  t i  ng from t h e  appl i c a t i  on of 
t h e  PMP over  t h e  e n t i r e  impoundment surface. Minimum d30 g r a i n  s i zes  
should be determined us ing  t h e  c r i t i c a l  shear s t r e s s  approach s i m i l a r  t o  
t h e  procedures discussed i n  Simons and Senturk (1977) a p p l i c a b l e  t o  over-  
l a n d  f low.  A numerical  s o l u t i o n  f o r  s e l e c t i n g  an appropr ia te  d30 t o  
p rov ide  armoring has been developed by Shen and Lu (1983). 

The des ign approach descr ibed above, i n  which t h e  c r i t i c a l  g r a i n  s i z e  
i s  se lec ted  t o  r e s i s t  t h e  onset o f  sheet eros ion,  should eva lua te  t h e  run- 
o f f  from PMP storms o f  d i f f e r e n t  dura t ions ,  such as 0.5, 1, 2, 4 ,  and 6 
hours t o  s e l e c t  t h e  maximum d30 requi red.  
u s u a l l y  be based on 2.5 t o  15 minute dura t ions  f o r  small dra inage bas ins as 
presented i n  Sec t ion  2.1.2. T y p i c a l l y ,  t h e  minimum cons t ruc t i on  l a y e r  
th ickness  i s  s p e c i f i e d  t o  be a t  l e a s t  two t imes t h e  maximum p a r t i c l e  s ize .  
I f  t h e  above approach r e s u l t s  i n  a cover th ickness  l e s s  than about 6 
inches, then o the r  cons idera t ions  - such as nonuniform placement of cover  
and p a r t i c l e  breakdown due t o  handl ing,  placement and weather ing - would 
suggest t h a t  a minimum cover th ickness  o f  10 inches should be considered. 
I f  a se l f -a rmor ing  cover can be provided, and t h e r e  i s  no major concern f o r  
weather ing o f  t h e  cover ma te r ia l ,  t h e  des gn i s  independent o f  t ime  and t h e  
cover should remain i n t a c t  i n d e f i n i t e l y .  

R a i n f a l l  depths w i l l  

5.1.2 S o i l  Loss Equat ion Approach 

The concept o f  sheet e ros ion  was recognized by e a r l y  researchers and 
t h e  Un iversa l  S o i l  Loss Equation (USLE) was developed i n  t h e  l a t e  1930's by 
t h e  A g r i c u l t u r a l  Research Serv ice t o  eva lua te  s o i l  conservat ion p r a c t i c e s  
f o r  crop land throughout  t h e  Un i ted  States. A f t e r  i t s  incept ion ,  t h e  s o i l  
l o s s  procedure was used and mod i f i ed  as f i e l d  exper ience and da ta  were 
obta ined i n c o r p o r a t i n g  t h e  bas i c  parameters o f  f i e l d  s lope and length ,  
p r e c i p i t a t i o n ,  and crop management t o  es t imate  s o i l  losses on an annual 
bas is .  
c o n s t r u c t i o n  s i t e s  became f e a s i b l e  when Wischmeier e t  a1 . (1971) , us ing  
bas i  c so i  1 1 oss c h a r a c t e r i  s t i  cs  , devel oped and implemented a so i  1 
e r o d i b i l i t y  f a c t o r  ( K )  i n  t h e  s o i l  l o s s  computation. Subsequent e f f o r t s  
r e f i n e d  t h e  parameters used i n  t h e  USLE f o r  min ing  and c o n s t r u c t i o n  
a c t i v i t i e s  i n  t h e  i n t e r i o r  western Un i ted  States.  

A p p l i c a t i o n  o f  t h e  USLE t o  non-cropland areas and s p e c i f i c a l l y  f o r  
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The Mod i f i ed  Universa l  S o i l  Loss Equation (MUSLE) was developed by t h e  
Utah Water Research Laboratory i n  1978 f o r  t h e  p r i n c i p a l  o b j e c t i v e  o f  e s t i -  
mat ing s o i l  losses due t o  highway c o n s t r u c t i o n  a c t i v i t i e s .  A l t e r a t i o n s  
were made t o  t h e  USLE t o  accomodate unique o r  spec ia l  c o n d i t i o n s  encoun- 
t e r e d  i n  highway cons t ruc t i on ,  i n c l u d i n g  steep and deep cu ts  and f i l l  
slopes t h a t  coul d cause e r o s i  on a f  f e c t i  ng adjacent o r  nearby roadways, 
streams, lakes, o r  i n h a b i t e d  areas. It i s  apparent t h a t  t h e  m o d i f i c a t i o n s  
made t o  t h e  USLE extend t o  many c o n s t r u c t i o n  and min ing s i t e s  beyond t h e  
scope o f  highway cons t ruc t i on .  

The Modif ied Universa l  S o i l  Loss Equation (MUSLE) i s  a mathematical 
model based on f i e l  d determi ned coef  f i c i  ents  and prov ides t h e  most r a t i  onal 
approach t o  evaluate t h e  long-term e ros ion  p o t e n t i a l  f rom an upland area 
s i m i l a r  t o  t h a t  o f  t h e  area cover ing a reclaimed t a i l i n g s  pond. 
i n v e s t i g a t i o n s  i n t o  app rop r ia te  methods o f  modeling major types o f  sheet 
e ros ion  (Abt and Ru f f ,  1978; Nelson e t  a l .  1983; Nyhan and Lane, 1983; and 
NRC, 1983), i n d i c a t e  t h a t  a l though more r i go rous  mathematical models are 
a v a i l a b l e  t o  s imu la te  e ros ion  as a f u n c t i o n  o f  t ime, t h e  use o f  t h e  USLE 
has a s t rong  precedent because i t  has a 40-year h i s t o r y  o f  r u n o f f  and s o i l  
l o s s  data. 

Recent 

The MUSLE i s  used t o  evaluate average s o i l  losses f o r  c e r t a i n  types o f  
slopes as a f u n c t i o n  o f  t ime. The MUSLE does no t  cons ider  t h e  p o t e n t i a l  
f o r  g u l l y  development o r  i n t r u s i o n  as discussed i n  Chapter 4 because t h e  
topographic fea tu res  o f  t h e  t a i l i n g s  area a re  assumed t o  remain constant  
w i th  time. Also, t h e  MUSLE does not  i nco rpo ra te  t h e  concept o f  t h e  PMP b u t  
r a t h e r  a r a i n f a l l  f a c t o r  based on h i s t o r i c a l  r a i n f a l l  values. The MUSLE i s  
de f i ned  by Clyde e t  a l .  (1978) as fo l l ows :  

A = R K (LS) (VM) 

where, 

A = t h e  computed l o s s  per  u n i t  area i n  tons per  acre p e r  year 

R = t h e  r a i n f a l l  f a c t o r  which s t h e  number f o r  r a i n f a l l  eros 

u n i t s  se lec ted  f o r  K and R p r o p e r l y  selected; 

u n i t s  p l u s  a f a c t o r  f o r  snowmelt, if app l i cab le ;  

(5.1) 

w i t h  t h e  

on index 

K = t h e  s o i l  e r o d i b i l i t y  f a c t o r ,  which i s  t h e  s o i l  l o s s  r a t e  per  ero- 
s i o n  index u n i t  f o r  a s p e c i f i e d  s o i l  as measured on a u n i t  p l o t  
t h a t  i s  de f i ned  as a 72.6-ft l e n g t h  o f  un i fo rm 9% s lope con t inu -  
ously maintained as c lean  t i l l e d  f a l l o w ;  

LS = t h e  topographic  f a c t o r ,  which i s  t h e  r a t i o  o f  s o i l  l o s s  from t h e  
f i e l d  s lope l e n g t h  t o  t h a t  from a 72.6-ft l e n g t h  under otherwise 
i d e n t i c a l  cond i t i ons ;  

VM = t h e  dimensionless eros ion c o n t r o l  f a c t o r  r e l a t i n g  t o  vege ta t i ve  
and mechanical f a c t o r s .  This f a c t o r  replaces t h e  cover management 
f a c t o r  (C) and t h e  support  f a c t o r  (P) o f  t h e  o r i g i n a l  USLE. 
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5.1.2.1 The R a i n f a l l  and Runoff Factor  (R) 

As noted by prev ious research a t  Los Alamos Nat ional  Laboratory  (Nyhan 
and Lane, 1983) ,  t h e  R f a c t o r  as used i n  t h e  MUSLE i s  o f t e n  m i s i n t e r p r e t e d  
on ly  as a r a i n f a l l  f a c t o r .  I n  r e a l i t y ,  it must q u a n t i f y  bo th  t h e  r a i n d r o p  
impact and p rov ide  i n f o r m a t i o n  on t h e  m o u n t  and r a t e  o f  r u n o f f  l i k e l y  t o  
be associated w i t h  t h e  ra in .  More s p e c i f i c a l l y ,  t h e  R f a c t o r  i s  descr ibed 
i n  terms o f  a r a i n f a l l  storm energy (E )  and t h e  maximum 30-minute r a i n f a l l  
i n t e n s i t y  ( I 3  ).  

areas o f  t h e  Uni ted States,  it i s  recommended t h a t  eros ion index d i s t r i b u -  
t i o n  curves be obtained from l o c a l  SCS o f f i c e s .  

General ized R f a c t o r s  a p p l i c a b l e  t o  the  i n t e r i o r  
western Un i te  8 States are given i n  Table 5.1. For R f ac to rs  i n  s p e c i f i c  

Table 5.1. General ized R a i n f a l l  and Runoff (R) Values. 

State Eastern T h i r d  Centra l  T h i r d  Western Thi r d  

N. Dakota 
S. Dakota 
Montana 
Wyomi ng 
Colorado 
Utah 
New Mexico 
Arizona 

50 - 75 
75 - 100 
30 - 40 
30 - 50 
75 - 100 
20 - 30 
75 - 100 
20 - 50 

40 - 50 
50 
20 

15 - 30 
40 - 50 
20 - 50 
40 - 50 
20 - 50 

40 
40 

20 - 50 
15  - 25 
20 - 40 
15 - 40 
20 - 40 
25 - 40 

5.1.2.2 The S o i l  E r o d i b i l i t y  Factor (K) 

The s o i l  e r o d i b i l i t y  f a c t o r  (K)  recognized t h e  f a c t  t h a t  t h e  e r o d i -  
b i l i t y  p o t e n t i a l  o f  a g iven s o i l  i s  dependent on i t s  composi t ional  makeup, 
which i n  t u r n  r e f l e c t s  t h e  g r a i n  s i z e  d i s t r i b u t i o n  o f  t h e  s o i l .  To p r e d i c t  
s o i l  e r o d i b i l i t y ,  f i v e  s o i l  c h a r a c t e r i s t i c s  t h a t  i nc lude  the  percent s i l t  
and f i n e  sand, percent sand g rea te r  t h a n  0.1 mm, percent organic  m a t e r i a l  , 
general s o i l  s t r u c t u r e  and general pe rmeab i l i t y  are determined. The K f a c -  
t o r  i s  then found by us ing t h e  Wischmeier nomograph presented i n  F i g u r e  
5.1. 

The makeup o f  t h e  var ious s o i l  f r a c t i o n s  presented i n  F igure 5.1 i s  
based on separat ing sand and s i l t  a t  t h e  0.1 mm size.  This  d i f f e r s  from 
t h e  U n i f i e d  S o i l  C l a s s i f i c a t i o n  System which uses the  No. 200 s i e v e  s i z e  
(0.075 mm) f o r  t he  separat ion between sand and s i l t .  The value t o  e n t e r  
F igu re  5.1 w i t h  should be t h e  percentage o f  m a t e r i a l  f i n e r  than 0.1 mm i n  
s ize,  not t h e  percentage passing t h e  No. 200 sieve. Also, t h e  determina- 
t i o n  o f  t h e  S o i l  E r o d i b i l i t y  Factor (K) as shown on Figure 5.1 does not  
s p e c i f i c a l l y  reference t h e  percentage of c l a y  ( f i n e r  t h a n  0.002 mm) con- 
t a i n e d  i n  t h e  m a t e r i a l .  The percentage of s i l t  p lus  very f i n e  sand t o  be 
used f o r  F i g u r e  5.1, t he re fo re ,  i s  t h e  percentage o f  m a t e r i a l  conta ined 
between 0.002 mm and 0.1 mm. 



'ROCEMJRE: With appropriate, data, enter scale at left and proceed 

interpolate between plotted curves. The dotted line illustrates 
procedure for a soil having: sl+vfs 65%, Sand So%, OM 2.8'/0, 
structure 2, permeability 4. Solution: K =0.31. 
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Fig. 5.1. Nomograph for determining sod erodibility factor K. Source: after Wischmeier et al., 1971. 
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5.1.2.3 The Topographic Factor  (LS) 

Although t h e  e f f e c t s  o f  both l e n g t h  and steepness o f  s lope have been 
i n v e s t i g a t e d  separate ly  i n  d i f f e r e n t  research e f f o r t s ,  i t  i s  more con- 
venient  f o r  a n a l y t i c a l  purposes t o  combine t h e  two i n t o  one topographic  
f a c t o r ,  LS. Wischmeier and Smith (1978) developed p l o t s  c o r r e l a t i n g  t h e  
topographic  f a c t o r  f o r  slopes up t o  500 meters i n  l e n g t h  a t  s lope i n c l i n a -  
t i o n s  f rom 0.5% up t o  50%. Note t h a t  f l a t ,  s h o r t  slopes w i l l  have l e s s  
e ros ion  than long, steep slopes and i t  i s  t o  t h e  b e n e f i t  o f  t h e  design 
engineer t o  op t im ize  slope l e n g t h  and g rad ien ts  t o  f i t  t h e  topography. 

The equat ion t o  determine 

650 + 450s + 65s' LS = 
10,000 + s2 

t h e  LS f a c t o r  i s  as fo l l ows :  

L m  

72.6 

where LS = topographic f a c t o r  
L = s lope l e n g t h  i n  f e e t  
s = slope steepness i n  percent  
m = exponent dependent upon s lope steepness 

The slope dependent exponent m i s  presented i n  Table 5.2. 

Table 5.2 Slope Dependent Exponent 

S1 ope (percent)  m 

s < 1.0 
1.b < s < 3.0 
3.0 < s 7 5.0 
5.0 < s'7 10.0 
s > 10.0- 

0.2 
0.3 
0.4 
0.5 
0.6 

(5.2) 

5.1.2.4 The VM Factor  

The VM f a c t o r  i s  t h e  eros ion c o n t r o l  f a c t o r  app l i ed  i n  p lace o f  t h e  
cover and e ros ion  c o n t r o l  f a c t o r s  found i n  t h e  USLE. The e ros ion  c o n t r o l  
f a c t o r  accounts f o r  measures implemented a t  t h e  c o n s t r u c t i o n  s i t e  t o  
i n c l u d e  vegetat ion,  mulching, chemical t reatments and sprayed emulsions t o  
impede o r  reduce eros ion due t o  t h e  over land f l o w  o f  water. Values o f  t h e  
VM f a c t o r  r e l a t i v e  t o  s i t e - s p e c i f i c  c o n d i t i o n s  are presented i n  Table 5.3. 

The VM f a c t o r  i s  perhaps t h e  most s e n s i t i v e  f a c t o r  t o  e f f e c t  t h e  
computed e ros ion  l o s s  f o r  a g iven s i t e .  As shown by t h e  values presented 
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on Table 5.3, t h e  development of a permanent vegeta t ive  cover can have a 
s i g n i f i c a n t  impact i n  reducing t h e  computed eros ion  loss. However, t h e  
e f fec t i veness  o f  a vegeta t ive  cover over long-term per iods  should be 
quest ioned unless o ther  p r o t e c t i v e  schemes, such as armoring of t h e  cover  
w i t h  t h e  proper  s i z e  ma te r ia l ,  a re  a l so  inc luded i n  t h e  design. 

5.1.2.5 Example Problem 

An example problem i n  how t o  use t h e  MUSLE i s  prov ided below. 

Assumptions: 

S i t e  l oca t i on :  Western Colorado 

S i t e  desc r ip t i on :  Uncovered t a i  1 i ngs pond 

Pond s ize :  160 acres 

Slope: 3% 

Length : 2500 f t  

Mater i  a1 : 42% sand grea ter  than 0.10 mm; 
58% f i n e  sand and s i l t  l e s s  than 0.10 mm; 
5% c l a y  l e s s  than 0.002 mm; 
0% organics;  
(53% s i l t  p l u s  f i n e  sand l e s s  than 0.1 mm) ; 
Consistency - f i n e  granu lar ;  
Permeab i l i t y  - slow t o  moderate. 

The fo l l ow ing  f a c t o r s  have been determined f o r  use i n  Equat ion 5.1. 

R = 20 from Table 5.1 

K = 0.50 f rom F igure  5.1 

LS = 0.747 from Equat ion 5.2 and Table 5.2 

VM = 1.0 (average from Table 5.3 based on an undis turbed sur face)  

Using Equat ion 5.1, t h e  annual s o i l  l o s s  (A) f rom t h e  t a i l i n g s  pond due t o  
sheet e ros ion  caused by f l o w i n g  water i s  computed t o  be 7.47 tons/acre/  
year, o r  1195 tons/year  f rom t h e  f a c i l i t y .  Therefore, t h e  cover i s  e s t i -  
mated t o  erode a t  a r a t e  o f  0.003 f t  per  year,  o r  0.3 f t / cen tu ry .  

5.2 SUMMARY AND FUTURE STUDIES 

The main a p p l i c a t i o n  o f  t h e  s o i l  l o s s  equat ion approach i n  t h e  evalua- 
t i o n  o f  cover i n t e g r i t y  i s  t o  determine whether it i s  poss ib le  f o r  sheet 
e ros ion  t o  penet ra te  t h e  t a i l i n g s  cover, thereby exposing bare t a i l i n g s  and 
c o n s t i t u t i n g  a f a i l u r e  o f  t h e  cover. The fo l lowup study w i l l  concentrate 
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Table 5.3. Typical VI4 Factor Values Reported i n  thZ L i terature.a 

VM Factor  

1. 

2. 

3. 

’ 4. 

5. 

6. 

7. 

Bare s o i l  cond i t i ons  

f r e s h l y  d isked t o  6-8 inches 
a f t e r  one r a i n  
loose t o  1 2  inches smooth 
loose t o  12  inches rough 
compacted bul  l doze r  scraped up and down 

same except roo t  raked 
compacted bul  l doze r  scraped across slope 

same except r o o t  raked across 
rough i r r e g u l a r  t racked a l l  d i r e c t i o n s  
seed and f e r t i l i z e r ,  f resh 

same a f t e r  s i x  months 
seed, f e r t i l i z e r .  and 12 months chemical 
n o t  t i l l e d  algae crusted 
t i l l e d  algae c rus ted  
compacted fi 11 
undis turbed except scraped 
s c a r i f i e d  only  
sawdust 2 inches deep, disked i n  

Asphalt emulsion on bare s o i l  

1250 ga l l ons /ac re  
1210 gal  1 ons/acre 
605 gal  l ons /ac re  
302 ga l l ons /ac re  
1 5 1  ga l l ons /ac re  

Dust b inde r  

605 gal  lons/acre 
1210 gal  l ons /ac re  

Other chemicals 

1000 l b .  f i b e r  Glass Roving w i th  60-150 ga l l ons  asphal t  emulsion/acre 
Aquatai n 
Aerospray 70, 1 0  percent cover 
Curasol AE 
Pet rose t SB 
PVA 
Terra-Tack 
Wood f i b e r  s l u r r y ,  1000 
Wood f i b e r  s l u r r y ,  1400 
Wood f i b e r  s l u r r y ,  3500 

Seedi ngs 

temRorary, 0 t o  60 days 

b/acre freshb 
b/acre freshb 
b/acre freshb 

-. - 
temporary, a f t e r  60 days 
permanent, o t o  60 days 
permanent. 2 t o  12 months 
permanent. a f t e r  1 2  months 

Brush 

Exce ls io r  b lanket  w i t h  p l a s t i c  net 
- 

1 .oo 
0.89 
0.90 
0.80 
1.30 
1.20 
1.20 
0.90 
0.90 
0.64 
0.54 
0.38 
0.01 
0.02 

1.24 - 1.71 
0.66 - 1.30 
0.76 - 1.31 

0.61 

0.02 
0.01 - 0.019 
0.14 - 0.57 
0.28 - 0.60 
0.65 - 0.70 

1.05 
0.29 - 0.78 

0.01 - 0.05 
0.68 
0.94 

0.30 - 0.48 
0.40 - 0.66 
0.71 - 0.90 

0.66 
0.05 

0.01 - 0.02 
0.10 

0.40 
0.05 
0.40 
0.05 
0.01 

0.04 - 0.10 

aNote the  v a r i a t i o n  i n  values o f  VM fac to rs  repor ted by d i f f e r e n t  researchers f o r  the same 
measures. 
i nc luded  i n  NCHRP Pro jec t  16-3 repor t ,  “Erosion Control  Dur ing Highway Construct ion.  
Vol. 111. Bib l iography o f  Uater and Wind Erosion Contro l  References,” Transpor tat ion 
Research Board, 2101 Cons t i t u t i on  Avenue, Washington, DC 20418. 

References conta in ing d e t a i l s  o f  research which produced these VM values are 

bThis  m a t e r i a l  i s  commonly re fe r red  t o  as hydrmulch.  
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on us ing t h e  MUSLE for  several  a l t e r n a t e  cover designs i n  o rder  t o  eva lua te  
whether t h e  proposed a n a l y t i c a l  approach can be success fu l l y  used t o  mea- 
sure t h e  long-term i n t e g r i t y  o f  p r o t e c t i v e  s o i l  covers for uranium t a i l i n g s  
reclamat ion. A l t e r n a t i v e  designs w i l l  be compared, both from a s tandpo in t  
o f  o v e r a l l  i n t e g r i t y  and cons t ruc t i on  d i f f i c u l t y .  The covers will  a lso  be 
evaluated us ing  t h e  c r i t i c a l  shear s t ress  approach t o  determine, based on a 
g iven PMP, t h e  minimum p a r t i c l e  s i z e  necessary t o  p r o t e c t  t h e  cover aga ins t  
1 ong-term degradat ion.  





6. SELECTION OF RIPRAP 

This chapter provides a methodology for selecting and oversi z ing  
r i p r a p .  
quality, weather resistant rock or suitably oversized marginal quality rock 
that i s  less resistant t o  weathering processes. Oversizing may be 
accomplished in either of two ways: 1) by increasing the design size of 
individual stones or 2 )  by increasing the thickness of the riprap blanket. 
However, marginal quality rock should be excluded f rm use i n  certain 
cr i t ical  areas (Section 6.2) .  

Long-term performance objectives may be achieved w i t h  ei ther h i g h  

There are l i m i t a t i o n s  t o  oversi ing  i n d i v i d u a l  stones o f  marginal 5 qual i t y  rock. Rocks larger than 1 m general ly  cannot be quarried , 
transported, and mpl aced w i t h o u t  considerable waste. Size 1 imitations are 
imposed by the spacing of joints and bedding planes i n  quarried rock and by 
the maximum size of cobbles or boulders i n  channel or talus deposits. 

There is  evidence t o  suggest t h a t  increasing the thickness of a r i p r a p  
blanket i s  an effective alternative t o  oversizing the stones. Hanegan 
(1984) discussed the use of marginal quality riprap on the outer shell of a 
dam. The outer meter ( 3  feet)  of the shell had deteriorated badly w i t h i n  7 
years after placement. 
cracking and below that l i t t l e  o r  no deterioration was observed. 
believes t h a t  the buried rock experienced l i t t l e  alteration because 
temperature and moisture content fluctuations were minimal 
long-term fate of the deteriorated outer shell i s  uncertain. 
eventually expose protected riprap t o  the same weathering processes t h a t  
damaged the outer shell. 

The next meter ( 3  fee t )  showed only hairline 
Hanegan 

However, the 
Erosion may 

The r ip rap  selection methodol ogy devel oped i n  this chapter assumes 
reasonable care i n  quarrying , transportation, and placement o f  rock 
Performance of r ip rap  is  as much related t o  h a n d l i n g  practices as  i t  i s  to 
selection of raw materials. I t  i s  the responsibility of the licensee t o  
exercise reasonable care i n  the h a n d l i n g  of r ip rap .  Without proper 
handling even the most carefully selected rock may f a i l  t o  perform well 

6.1 G E N E R A L I Z E D  INVESTIGATIONS FOR RIPRAP SOURCES 

T h i s  section describes procedures followed by the U.S. Bureau of 
Reclamation (USBR) when investigating potential sources of r ip rap ,  and 
includes guidelines t o  be followed i n  sampling and testing o f  rock 
material s (001, 1974).  

The complexity and extent of investigations conducted t o  determi ne 
suitable sources of r i p rap  material will be governed by the size and design 
requirements of the project features and the quantity and q u a l i t y  of 
material required. These investigations occur i n  three stages: 
( a )  reconnaissance, ( b )  feasibi l i ty ,  and (c) verification for use. 
Additional investigations are sometimes required immediately before or 
d u r i n g  construction. 
r i p r a p  selection, encompassing reconnaissance and feasibil i ty,  and 
i n i t i a t i n g  the verification for use stage. 

Figure 6.1 i s  a rock durability flow chart for 
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Fig. 6.1. Rock durability flow chart for feasibility study. Source: DOI, 1974. 
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Rock sources must s a t i s f y  two main requirements:  ( a )  t h e  rock 
f ragments must be produced i n  s u i t a b l e  s i z e s  f o r  t h e  r e q u i r e d  usage and t h e  
(b )  rock  fragments should be hard, dense, and durab le  enough t o  w i t h s t a n d  
procurement and placement, and t h e  processes i n v o l v e d  i n  weathering. I f  
m a t e r i a l  o f  r e q u i r e d  q u a l i t y  i s  a v a i l a b l e  i n  s u f f i c i e n t  q u a n t i t y  i n  t h e  
immediate v i c i n i t y  of t h e  p r o j e c t ,  i t  w i l l  be unnecessary t o  i n v e s t i g a t e  
more d i s t a n t  sources. I f, however, t h e r e  i s  a d e f i c i e n c y  o f  s u i t a b l e  rock 
i n  t h e  immediate area, i t  w i l l  be necessary t o  e x p l o r e  f u r t h e r .  I n  t h i s  
case, p rospec t ing  f o r  rock should extend r a d i a l l y  outward f rom t h e  s i t e  
u n t i l  a d e p o s i t  o f  rock i s  l o c a t e d  which i s  s u i t a b l e  i n  q u a l i t y  and 
s u f f i c i e n t  i n  q u a n t i t y  t o  f u l f i l l  t h e  a n t i c i p a t e d  requirements.  

6.1.1 Reconnai ssance 

T h i s  i n i t i a l  o r  p r e l i m i n a r y  e x p l o r a t i o n  i n v o l v e s  f i e l d  sur face  
reconnaissance u s i n g  topographic ,  geolog ic ,  and a g r i c u l t u r a l  s o i l  maps and 
a e r i a l  photographs w i t h  supplemental i n f o r m a t i o n  prov ided by records o f  
known developed sources o f  m a t e r i a l .  
photographs may reveal  p o s s i b l e  sources o f  m a t e r i a l .  Contours a re  o f t e n  an 
i n d i c a t i o n  o f  t h e  t y p e  o f  m a t e r i a l :  
rock  and slopes below c l i f f s  o f t e n  have t a l u s  deposi ts .  Dur ing f i e l d  
reconnaisance, t h e  c o u n t r y s i d e  should be examined f o r  exposed rock ou tc rops  
o r  c l i f f s .  Road cuts,  d i t c h e s ,  and open-p i t  mines may a l s o  reveal  u s e f u l  
depos i ts .  Data ob ta ined should d e f i n e  t h e  major advantages o r  
disadvantages o f  p o t e n t i a l  m a t e r i a l s  sources w i t h i n  reasonable (economic) 
haul  d i s t a n c e  t o  t h e  p r o j e c t  s i t e .  

A study o f  maps and a e r i a l  

sharp breaks u s u s a l l y  i n d i c a t e  hard  

6.1.2 F e a s i b i l i t y  

I n f o r m a t i o n  accumulated d u r i n g  t h i s  stage i s  needed t o  prepare 
p r e l  i m i  nary  des i  gns and cos t  est imates.  
m a t e r i a l  sources l o c a t e d  w i t h i n  economical haul  range o f  t h e  p r o j e c t  s i t e  
i s  made a t  t h i s  t ime.  
a m a t e r i a l s  engineer. The p o t e n t i a l  m a t e r i a l  sources are examined t o  
determine s i z e  and character ,  and p a r t i c u l a r l y  t o  observe j o i n t  and 
f r a c t u r e  spacing, r e s i s t a n c e  t o  weathering, and v a r i a b i l i t y  of t h e  rock. 
The spacing o f  j o i n t s ,  f rac tu res ,  and bedding planes w i l l  c o n t r o l  t h e  s i z e  
o f  rock fragments o b t a i n a b l e  f rom t h e  depos i t .  Observat ion o f  weather ing 
r e s i s t a n c e  o f  rock i n  s i t u  a long w i t h  r e s i s t a n c e  t o  f r a c t u r i n g  by hammer 
blows w i l l  p r o v i d e  good i n d i c a t i o n s  o f  i t s  d u r a b i l i t y .  Rock t h a t  produces 
a r i n g i n g  sound when s t r u c k  w i t h  a hammer i s  g e n e r a l l y  durable.  P a r t i c u l a r  
a t t e n t i o n  should be g iven t o  l o c a t i o n  and d i s t r i b u t i o n  o f  weak seams o r  
s t r a t a  which must be avoided o r  wasted d u r i n g  q u a r r y i n g  operat ions.  A 
general  l o c a t i o n  map and a r e p o r t  d e s c r i b i n g  t h e  p o t e n t i a l  sources are 
prepared. The r e p o r t  should i n c l u d e  es t imates  o f  q u a n t i t y  and u n i f o r m i t y  
o f  resource, amount and t y p e  o f  overburden, and a c c e s s i b i l i t y  by haul  
roads. 

A complete survey of p o s s i b l e  

F i e l d  work should be done j o i n t l y  by a g e o l o g i s t  and 

Representat i  ve samples of r i p r a p  mater i  a1 f rom t h e  most promi s i n g  
p o t e n t i a l  sources are  r e q u i r e d  f o r  q u a l i t y  e v a l u a t i o n  t e s t s .  The e x t e n t  
and d e t a i l  o f  i n f o r m a t i o n  necessary a t  t h i s  stage i s  descr ibed i n  Appendix 
B. 
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6.1.3 V e r i f i c a t i o n  f o r  Use 

The purpose o f  i n v e s t i g a t i o n s  a t  t h i s  stage i s  t o  v e r i f y  a g iven rock 
source 's  d u r a b i l i t y  and i t s  s u i t a b i l i t y  f o r  use as r i p r a p  on t a i l i n g s  
embankments and covers o r  on o u t f a l l  areas o f  d i v e r s i o n  channels as 
descr ibed i n  subsequent sect ions.  
determine whether i n d i v i d u a l  stones should be overs ized o r  t h e  r i p r a p  
b l a n k e t  should be over th ickened.  

D u r a b i l i t y  t e s t  data a r e  a l s o  used t o  

Core d r i l l i n g  may be requi red,  i f  d i c t a t e d  by geo log ic  c o n d i t i o n s ,  t o  
v e r i f y  t h e  volume and u n i f o r m i t y  o f  source m a t e r i a l  a v a i l a b l e .  
d r i l l i n g  should be done on a g r i d  system, i f  appropr ia te ,  and should 
i n c l u d e  bo th  v e r t i c a l  and angled ho les  as d i r e c t e d  by t h e  g e o l o g i s t  o r  
m a t e r i a l s  engineer. 
t h i s  t ime.  

Such core  

B l a s t  t e s t i n g ,  i f  appropr ia te ,  should a l s o  be done a t  

6.1.4 C o n s t r u c t i o n  

T h i s  i n v e s t i g a t i o n  stage i s  sometimes r e q u i r e d  t o  p r o v i d e  f i e l d  and 
design personnel  w i t h  a d d i t i o n a l  d e t a i l e d  i n f o r m a t i o n  f o r  p roper  source 
development. Th is  i n f o r m a t i o n  should be ob ta ined as p r o j e c t  c o n s t r u c t i o n  
proceeds t o  p r o v i d e  adv ice  t o  t h e  quar ry  opera tors  and t o  p r o v i d e  f o r  
p roper  p rocess ing  and p l a c i n g  o f  q u a r r i e d  m a t e r i a l  . 
occur i n  q u a l i t y  o f  m a t e r i a l  be ing removed f rom t h e  source, sampl ing and 
t e s t i n g  o f  t h e  rock may be r e q u i r e d  t o  c o n f i r m  m a t e r i a l  s u i t a b i l i t y  o r  t o  
d e l i n e a t e  u n s u i t a b l e  rock areas. 

I f  unforeseen changes 

D e t a i l s  o f  sampling, t e s t i n g ,  and r e p o r t i n g  a r e  presented i n  Appendix 
B. 

6.2 MICRO-ENVIRONMENTAL CONSIDERATIONS 

Foley e t  a l .  (1985) descr ibes a s lake-abras ion t e s t  t h a t  i s  
a p p r o p r i a t e  f o r  t e n t a t i v e l y  de termin ing  t h e  s u i t a b i l i t y  o f  rock f o r  use i n  
p r o t e c t i n g  d i v e r s i o n  channels and embankments f rom e r o s i o n  d u r i n g  f l o o d  
impingement o r  over land f l o w  d u r i n g  i n t e n s e  storms. The combined e f f e c t s  
o f  s l a k i n g  and abras ion  d u r i n g  a f l o o d  event can d e s t r o y  marg ina l  q u a l i t y  
r i p r a p ,  q u i c k l y  exposi ng channel f l o o r s ,  w a l l  s ,  and embankments t o  
c a t a s t r o p h i c  eros ion.  
d u r a b i l t y  i s  h i g h l y  dependent on f l o w  v e l o c i t y .  However, n e i t h e r  
acceptance c r i t e r i a ,  nor  a s tandard ized t e s t i n g  procedure based on 
p r e d i c t e d  f l o w  v e l o c i t i e s  have been es tab l i shed.  
should be considered. 

Foley e t  a l .  (1985) p rov ides  t e s t  data showing t h a t  

The s lake-abras ion t e s t s  

Slow d i s i n t e g r a t i o n  and decay may be more impor tan t  i n  t h e  long- term 
than c a t a s t r o p h i c  f a i l u r e  by s l a k e  and abrasion. 
a c t i n g  f a i l u r e  mechanisms i n  a semi-ar id  environment a re  ( a )  c y c l i c  w e t t i n g  
and d r y i n g  f o r  some types o f  rock and (b )  c y c l i c  f r e e z i n g  and thawing o f  
most rock types when more than 91% satura ted .  

The q u a l i t y  o f  r i p r a p  r e q u i r e d  f o r  long- term s t a b i l i t y  depends on t h e  

The more common s low 

f requency o f  s a t u r a t i o n .  Frequent ly  s a t u r a t e d  areas w i l l  exper ience c y c l i c  
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d e t e r i o r a t i o n  by f r e e z i n g  and thawing f a r  more f r e q u e n t l y  than seldom 
s a t u r a t e d  areas. Hence, f r e q u e n t l y  s a t u r a t e d  areas w i l l  r e q u i r e  h i g h e r  
q u a l i t y  r i p r a p  than seldom s a t u r a t e d  areas. 

The v a l i d i t y  o f  t h e  assumption t h a t  areas above t h e  100-year f l o o d -  
p l a i n  a r e  seldom s a t u r a t e d  depends on good drainage. 
p rov ided by a f i l t e r  b l a n k e t  of g rave l  o r  sand u n d e r l y i n g  t h e  r i p r a p .  
b l a n k e t  would p r o v i d e  f r e e  dra inage f o r  over land f l o w  f rom r a i n  o r  snow 
mel t .  
o n l y  a b r i e f  p e r i o d  o f  t ime. 
100-year f l o o d p l  a i  n may occasional  l y  be s t ressed by f r e e z i n g  and thawing  
b u t  i t  would n o t  be s e r i o u s l y  s t r e s s e d  f o r  more than one o r  two 24-hour 
cyc les,  once o r  t w i c e  per  year .  
p l a i n  may be s t r e s s e d  by 24-hour c y c l e s  o f  f r e e z i n g  and thawing r a n g i n g  
f rom weeks t o  months d u r i n g  f l o o d s  and accumulat ion o f  water f rom m e l t i n g  
snow f a r t h e r  up t h e  slope. 

Good dra inage can be 
The 

Thus, r i p r a p  l o c a t e d  above f l o o d  waters would remain s a t u r a t e d  f o r  
Wi th  p roper  drainage, r i p r a p  p laced above t h e  

On t h e  o t h e r  hand, rock p laced on a f l o o d -  

Rocks t h a t  a r e  s u s c e p t i b l e  t o  d i s i n t e g r a t i o n  by c y c l i c  w e t t i n g  and 
d r y i n g  a r e  considered t o  be nondurable even i n  seldom s a t u r a t e d  areas. 
These rocks can be p h y s i c a l l y  s t r e s s e d  w i t h  m o i s t u r e  conten ts  th roughout  
t h e  p a r t i  a1 l y  s a t u r a t e d  range. 
s w e l l  and s h r i n k  as t h e  m o i s t u r e  conten t  r i s e s  and f a l l s .  Thus, rocks 
c o n t a i n i n g  smect i tes  a r e  p h y s i c a l l y  s t r e s s e d  by c y c l e s  o f  w e t t i n g  and 
d r y i n g  throughout  t h e  year  and t h e y  a r e  o n l y  m a r g i n a l l y  more durab le  i n  
seldom s a t u r a t e d  areas t h a n  t h e y  a r e  i n  f r e q u e n t l y  s a t u r a t e d  areas. I f  
used, t h e y  should be r e s t r i c t e d  t o  areas above t h e  PMF because o f  t h e i r  
tendency t o  d i s i n t e g r a t e  th rough t h e  combined e f f e c t s  of s l a k i n g  and 
abras ion  d u r i n g  f l o o d  events. 

Expanding 1 a t t i  ce c l  ay minera l  s (smect i  t e s )  

B a s i c a l l y  t h e r e  a r e  t h r e e  d i s t i n c t l y  d i f f e r e n t  env i  ronments a f f e c t i n g  
t h e  long- term d u r a b i l i t y  o f  r i p r a p  i n  t h e  uranium m i l l  t a i l i n g s  management 
area. They are: 1) t h e  r e l a t i v e l y  smal l  b u t  f r e q u e n t l y  (seasonal  t o  5- 
year  i n t e r v a l s )  s a t u r a t e d  areas a t  and near t h e  s h o r e l i n e  o f  a r i v e r  and 
i n  t h e  f l o o r  o f  a d i v e r s i o n  d i t c h ,  2) t h e  somewhat l a r g e r  areas t h a t  a r e  
o c c a s i o n a l l y  s a t u r a t e d  d u r i n g  5 t o  100-year f l o o d  events, and 3) t h e  much 
l a r g e r  areas ( a )  f a r t h e r  up an embankment face  t h a t  may be s a t u r a t e d  d u r i n g  
r a r e  b u t  extreme f l o o d  ev.ents such as a 500-year f l o o d  o r  PMF, (b )  on t h e  
t a i l i n g s  cap, o r  ( c )  i n  upstream areas o f  d i v e r s i o n  d i t c h e s  used 
i n f r e q u e n t l y  t o  d i v e r t  r u n - o f f  water  away f rom t h e  t a i l i n g s .  

D i v e r s i o n  channels t h a t  d r a i n  smal l  area watersheds deserve s p e c i a l  
c o n s i d e r a t i o n .  
remain i n  them f o r  o n l y  b r i e f  i n t e r v a l s .  I n  t h i s  case, t h e  channel i s  n o t  
n e c e s s a r i l y  cons idered as f r e q u e n t l y  s a t u r a t e d  even though it l i e s  w i t h i n  
t h e  5-year f l o o d p l a i n .  Thus, most o f  a p r o p e r l y  designed d i v e r s i o n  channel 
would n o t  exper ience repeated f reeze/ thaw c y c l e s  d e s p i t e  p e r i o d i c  f l o o d i n g .  
On t h e  o t h e r  hand, i t  may be more d i f f i c u l t  t o  p revent  repeated f reeze/ thaw 
cyc les  i n  t h e  s t i l l i n g  b a s i n  area a t  t h e  lower  end o f  a d i v i s i o n  channel. 

Such channels a r e  u s u a l l y  designed so t h a t  f l o o d  waters  

D i v e r s i o n  channels t h a t  d r a i n  l a r g e  area watersheds would be s u b j e c t  
t o  t h e  same s t r i n g e n t  requi rements as n a t u r a l  r i v e r s .  I n  t h i s  case, it i s  
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u n l i k e l y  t h a t  t h e  d i ve rs ion  channel would d ry  out s u f f i c i e n t l y  a f t e r  f lood  
f l ow  t o  prevent freeze/thaw cyc l ing .  

F igures 6.2 through 6.4 i l l u s t r a t e  how f requent ly ,  occas iona l l y ,  and 
seldom sa tura ted  areas may be i d e n t i f i e d .  I n  F igure  6.2, a d i v e r s i o n  
channel completely conta ins the  PMF so t h a t  t a i l i n g s  do not  requ i re  channel 
eros ion p ro tec t i on .  
channel f l o o r  as presented i n  F igure  6.3 whereas in te rmed ia te  q u a l i t y  
r i p r a p  would be s u i t a b l e  f o r  the  lower s lope up t o  the  he igh t  o f  t h e  100- 
year  f lood.  Re laxa t ion  o f  these s t r i n g e n t  requirements may be j u s t i f i e d  
f o r  a small watershed. The d i ve rs ion  channel should be designed t o  permi t  
r a p i d  drainage o f  peak f l o o d  f low. Slake-abrasion r e s i s t a n t  but  otherwise 
marginal  q u a l i t y  r i p r a p  would be s u i t a b l e  on the  upper s lopes t o  the  he igh t  
o f  the PMF. Because o f  t h e i r  gent le  design slopes the  t a i l i n g s  embankment 
and cap (1OH:lV and 100H:lV, r e s p e c t i v e l y )  could be pro tec ted  from g u l l y  
eros ion by over land f l ow  w i t h  e i t h e r  vegetat ion or  s lake-abrasion r e s i s t a n t  
but  otherwise marginal  q u a l i t y  rock ranging i n  s i z e  from cobblestones t o  
smal l  boulders . 

Good q u a l i t y  r i p r a p  may be requ i red  fo r  l i n i n g  t h e  

F igure  6.4 i l l u s t r a t e s  a d i ve rs ion  channel which i s  not designed t o  
conta in  a PMF. I n  t h i s  case the  lower s lope o f  the  t a i l i n g s  embankment 
must be r iprapped w i t h  l a r g e  stones t o  p r o t e c t  i t  from channel erosion. 
The r i p r a p  must be slake-abrasion r e s i s t a n t  but  may otherwise be o f  
marginal  qual i t y  because i t  l i e s  above t h e  100-year f l o o d p l a i  n. 
Slake-abrasi  on r e s i  s tan t  bu t  o therwi  se marginal  qual i ty rock ranging i n 
s i z e  from cobblestone t o  small boulders would be requ i red  from the  he igh t  
o f  t h e  PMF t o  the  embankment c res t  because o f  i t s  steepness (10H:3V). The 
t a i l i n g s  cap could be vegetated o r  r iprapped w i t h  marginal  q u a l i t y  small 
boulders and cobblestones. 

Sect ions 6.3 through 6.5 descr ibe v a r i a t i o n s  i n  s e l e c t i o n  methodology 
i n  terms o f  t he  micro-envi  ronment. These environments d i f f e r  s u b s t a n t i a l l y  
from t h e  envi  ronments ex i  s t  i ng around f 1 ood con t ro l  dams ( s p i  11 way s t  i 11 i ng 
basins and upstream embankment slopes being pro tec ted  f rom wave a c t i o n )  
However, t he  requ i red  du ra t i on  o f  p r o t e c t i o n  i s  an order  o f  magnitude 
longer  f o r  t he  m i l l  t a i l i n g s  environment (1000 years r a t h e r  than 100 yea rs )  
and it must endure w i thout  the  b e n e f i t  o f  p e r i o d i c  maintenance. Hence the  
r i p r a p  s e l e c t i o n  methodology f o r  m i l l  t a i l i n g s  s t a b i l i z a t i o n  must be more 
innova t i ve  and f l e x i b l e  than t h a t  o f  a t y p i c a l  r e s e r v o i r  embankment. 

6.3 RIPRAP FOR FREQUENTLY SATURATED AREAS 

General ized methodologies f o r  s e l e c t i n g  r i p r a p  were addressed i n  
Sect ions 6.1 and 6.2. Riprap d u r a b i l i t y  scor ing  systems, ove rs i z ing  and 
over th icken ing  methodologies, and spec ia l  cons idera t ions  are discussed i n  
terms o f  t he  micro-environment i n  t h i s  and subsequent sect ions.  

6.3.1 Recommended Rock Types 

Only h i g h l y  durable rock should be considered f o r  use i n  f r e q u e n t l y  
sa tura ted  areas. Jahns (1982) suggests t h a t  rocks meeting t h e  
s p e c i f i c a t i o n s  o f  super ior  b u i l d i n g  stone fo r  e x t e r i o r  use should be 
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r e l a t i v e l y  r e s i s t a n t  t o  weather ing.  Table 6.1 l i s t s  these rocks i n  t h r e e  
p r i o r i t y  groupings. 
p r e f e r r e d  and acceptable rank, r e s p e c t i v e l y .  Group 3 rocks a r e  carbonates 
which a r e  v u l n e r a b l e  t o  decomposi t ion i n  an a c i d i c  environment and are  n o t  
general  l y  recommended f o r  f r e q u e n t l y  s a t u r a t e d  areas . 

Groups 1 and 2 a r e  igneous and metamorphic rocks o f  

Table 6.1 Rock P r i o r i t y  Groupings f o r  E x t e r n a l  Use as B u i l d i n g  Stone 

Group 

Q u a r t z i t e s ,  noncalcareous s l a t e s ,  f i n e -  t o  
medi um-grai ned f e l  s i c  g r a n i t e s  o r  g r a n i t i c  gnei sses 

Coarser g ra ined g r a n i t e s  o r  gnei  sses, dense 
b a s a l t s / o r  diabases 

3 Marbles, l imestones,  do lomi tes  

Source: Jahns, 1982 

6.3.1.1 Prospec t ing  

Ex tens ive  da ta  f i l e s  a r e  a v a i l a b l e  f o r  l o c a t i n g  s u i t a b l e  and 
a c c e s s i b l e  igneous and metamorphic rock q u a r r i e s  i n  t h e  western U n i t e d  
States.  Among them are  t h e  o p e n - f i l e  da ta  o f  t h e  U.S. Army Corps o f  
Engineers and t h e  U.S. Bureau o f  Reclamat ion (USBR). A l i m i t e d  amount o f  
d a t a  may a l s o  be a v a i l a b l e  f rom var ious  s t a t e  highway departments. These 
da ta  p r o v i d e  q u a r r y  l o c a t i o n ,  p e t r o g r a p h i c  analyses, r e s u l t s  of v a r i o u s  
d u r a b i l i t y  t e s t s ,  and in tended uses f o r  t h e  rock. Also, Esmiol (1968) 
p rov ides  an a n a l y s i s  o f  performance of r i p r a p  a t  149 USBR darns. It should 
be p o s s i b l e  t o  i d e n t i f y  severa l  cand ida te  sources of durab le  r i p r a p  w i t h i n  
100 km o f  a m i l l  t a i l i n g s  s i t e .  

It may not  be p r a c t i c a l  t o  open a new quar ry  c l o s e r  than an e x i s t i n g  
quar ry  i n  cases where r e l a t i v e l y  smal l  q u a n t i t i e s  of r i p r a p  a r e  requ i red .  
E x p l o r a t i o n  and development cos ts  would l i k e l y  exceed t h e  sav ings i n  
t r a n s p o r t a t i o n  c o s t s  t h a t  might  be achieved f rom h a u l i n g  a r e l a t i v e l y  smal l  
v o l  ume o f  rock . 
6.3.1.2 S e l e c t i o n  

F o l e y ' s  s lake-abras ion  t e s t  should be used t o  q u a l i f y  rock f o r  more 
Candidate sources of r i p r a p  e x t e n s i v e  t e s t i n g  f o r  long- term d u r a b i l i t y .  

can then be compared w i t h  one another  by examining t h e  r e s u l t s  of s tandard 
d u r a b i l i t y  t e s t s .  
p e t r o g r a p h i c  ana lys is ,  s p e c i f i c  g r a v i t y ,  absorp t ion ,  t h e  s u l f a t e  soundness, 
freeze-thaw, and Los Angeles abras ion  t e s t s  (see Appendix B f o r  d e t a i l s ) .  
Table 6.2 i s  a l i s t  o f  acceptance c r i t e r i a  f o r  USBR r o u t i n e  t e s t s  (DePuy 
and Ensign, 1965). The Corps o f  Engineers a l s o  performs t h e  above t e s t s  

A t  t h e  present  t i m e  t h e  USBR r o u t i n e l y  performs 
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b u t  g e n e r a l l y  p laces  l e s s  r e l i a n c e  on t h e  sodium s u l f a t e  soundness t e s t s .  
Also, some v a r i a t i o n  i n  t e s t i n g  i s  a l lowed between Corps d i s t r i c t s .  
example, i n  t h e  southeastern s t a t e s  ( i n c l u d i n g  Texas) a w e t t i n g  and d r y i n g  
t e s t  i s  s u b s t i t u t e d  f o r  t h e  f reeze-thaw t e s t .  Furthermore, t h e  Corps o f t e n  
performs e thy lene g l y c o l  t e s t s  on samples suspected o f  c o n t a i n i n g  smect i tes  
( c l a y  m i n e r a l s  t h a t  s h r i n k  and s w e l l  d u r i n g  d r y i n g  and w e t t i n g  c y c l e s ) .  
U n f o r t u n a t e l y  s p e c i a l i z e d  t e s t s  used by t h e  Corps have never been 
standardized. 

For 

Tab le  6.2 U.S. Bureau of Reclamat ion Standards f o r  Judging R iprap  
Durabi 1 i ty  

Qual i t y  
Test 

Poor I n t e r m e d i a t e  Good 
( N=l)a (N-2) (N=3) 

Bulk  speci  f i c g r a v i t y  C2.5 2.5 t o  2.65 >2.65 

Absorpt ion ( %  weight  g a i n )  >1 .o 0.5 t o  1.0 <0.5 

>5 0.5 t o  5 0 t o  0.5 b Freeze-thaw weight  l o s s ,  % 
Na2S04 we igh t  loss ,  %' >10 5 t o  10 <5 

Los Angel s abras ion  weight  >10 5 t o  10 (5 loss, % 8 

( a )  Q u a l i t y  scores 
(b)  250 c y c l e s  
( c )  5 c y c l e s  
(d )  100 r e v o l u t i o n s  

Source: M o d i f i e d  a f t e r  DePuy and Ensign, 1965 

I f  a l i c e n s e e  chooses t o  develop a new source o f  r i p r a p ,  r o u t i n e  
p e t r o g r a p h i c  a n a l y s i s  and t h e  d u r a b i l i t y  t e s t s  ( u s i n g  ASTM, USBR o r  
e q u i v a l e n t  s tandard procedures) i n  Table 6.2 should be used t o  eva lua te  
i t s  s u i t a b i l i t y .  
soundness t e s t ,  t h e r e  should be no need t o  per form a freeze-thaw t e s t .  
However, s i n c e  t h e  sodium s u l f a t e  soundness t e s t  i s  t y p i c a l l y  performed on 
crushed samples, f a i l u r e  sometimes r e s u l t s  f rom s t r e s s  f r a c t u r e s  induced by 
crushing.  I f  a sample f a i l s  t h i s  t e s t ,  a f reeze-thaw t e s t  should be 
performed on 7.3 cm cubes prepared w i t h  a rock saw. 

I f  a sample meets acceptance c r i t e r i a  i n  a sodium s u l f a t e  

Resu l ts  o f  these t e s t s  can be d i r e c t l y  compared w i t h  e x i s t i n g  da ta  
f rom r e g i  on-wi de b u t  1 ess conveni e n t  sources o f  r i  prap. Est imated c o s t s  
f o r  work performed by t h e  USBR a r e  $2000 (1985 d o l l a r s )  f o r  d u r a b i l i t y  
t e s t s  and $1500 f o r  p e t r o g r a p h i c  a n a l y s i s  p e r  sample set .  The c o s t  of  
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f reeze-thaw t e s t i n g  i s  i n c l u d e d  i n  p e t r o g r a p h i c  ana lys is .  Standard 
d u r a b i l i t y  t e s t s  as descr ibed i n  USBR p u b l i c a t i o n s  (DOI, 1974 and 1977) a r e  
presented i n  Appendix B. 
s i g n i f i c a n t l y  f rom ASTM procedures. 

The USBR's s tandard ized t e s t s  do n o t  d i f f e r  

The acceptance c r i t e r i a  o f  Table 6.2 r e q u i r e  m o d i f i c a t i o n  i n  response 
t o  s p e c i a l  environmental  c o n d i t i o n s  a long a d i v e r s i o n  channel o r  an 
embankment toe.  It i s  expected t h a t  such areas w i l l  be c h r o n i c a l l y  s u b j e c t  
t o  g r e a t e r  s a l t  c r y s t a l l i z a t i o n ,  t e n s i l e  s t resses  f rom f r o s t  wedging, 
absorpt ion,  and g r e a t e r  chemical weather ing r e l a t i v e  t o  s t i l l i n g  bas ins o r  
r e s e r v o i r  embankments be ing p r o t e c t e d  f rom waves. On t h e  o t h e r  hand, 
impact,  abrasion, and compressive s t resses  w i l l  be l e s s  impor tant .  Table 
6.3 conta ins  a suggested w e i g h t i n g  system. Table 6.4 prov ides  acceptance 
c r i t e r i a  f o r  p e t r o g r a p h i c  a n a l y s i s  i n  a d d i t i o n  t o  o t h e r  c r i t e r i a  l i s t e d  by 
DePuy and Ensign (1965). Although p e t r o g r a p h i c  a n a l y s i s  i s  a more 
a p p r o p r i a t e  i n d i c a t o r  o f  long- term r e s i s t a n c e  t o  chemical weather ing  than 
a r e  p h y s i c a l  d u r a b i l i t y  t e s t s ,  t h e  l a t t e r  can be used t o  i n f e r  how much a 
rock has been p h y s i c a l l y  weakened by p r i o r  weathering. 

O v e r a l l  q u a l i t y  t e s t  scores ( Q )  f o r  candidate sources o f  r i p r a p  can be 
determined f rom Tables 6.2, 6.3, and 6.4. Q u a l i t y  scores (Ni ,  N=l, 2, 
and 3 f o r  poor, f a i r ,  and good, r e s p e c t i v e l y )  f rom Tables 6.2 and 6.4 a r e  
m u l t i p l i e d  by t h e i r  w e i g h t i n g  f a c t o r s  (Wi)  f o r  a g iven t e s t  (Table 6.3) 
and summed t o  o b t a i n  t h e i r  o v e r a l l  q u a l i t y  t e s t  scores:  

where n i s  t h e  number o f  p e t r o g r a p h i c  and d u r a b i l i t y  t e s t s  performed. 

Table 6.3 Comparative Rat ings and Wei h t i n g  Fac tors  o f  Se lec ted  R iprap  
Durabi 1 i t y  9 e s t s  

Cat e gory Test Method Weight ing 
F a c t o r  

General Bulk  composi t ion 1.00 
weather ing  Secondary m i n e r a l  i z a t i  on and weather ing 1.00 
p o t e n t i a l  S p e c i f i c  g r a v i t y  1 .oo 

Tensi 1 e Sodi um s u l  f a t e  soundness 
s t r e n g t h  Freeeze -t haw 

Absorp t ion  

Compressive Los Angeles abras ion  
s t rength ,  
impact, and 
abras i on 

0.75 
0.75 
0.75 

0.50 

Source: M o d i f i e d  a f t e r  DePuy, 1965 
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Table 6.4 A d d i t i o n a l  Pet rograph ic  A n a l y s i s  Acceptance C r i t e r i a  

C r i t e r i a  

Qual i t y  

Poor Fai  r Good 
( N=l)a (N=2) (N=3) 

Bu lk  composi t ion Group 3, o t h e r  Group 2 Group 1 

Secondary m i n e r a l s  Smect i tes and t h i c k  Other c l a y s  and No c l a y s  
and weather ing weather i  ng r i  ndsC t h i n  weather ing no 

r i  nds weather ing 
r i n d s  

aQual i t y  scores 
bGroups 1, 2, and 3 rocks,  see Tab le  6.1 
‘Greater than 1 cm t h i c k  

Acceptance c r i t e r i a  a r e  t e n t a t i v e  a t  t h i s  t ime. The maximum t e s t  
score f o r  t h e  complete s e t  o f  seven t e s t s  i n  Tables 6.2 t o  6.4 i s  17.25. 
It i s  suggested t h a t  i f  a r i p r a p  source has a t e s t  score exceeding 80% o f  
t h e  maximum p o s s i b l e  score, i t  would be considered c o n d i t i o n a l  l y  acceptab le  
f o r  use on f r e q u e n t l y  s a t u r a t e d  areas. To be accepted, a sample would be 
r e q u i r e d  t o  score h i g h e r  t h a n  16.2 f o r  t h e  complete s e t  o f  t e s t s  i n  Tables 
6.2 t o  6.4. A sample c a l c u l a t i o n  i s  presented i n  Appendix C. 

X-ray d i f f r a c t i o n  a n a l y s i s  should be performed on a l l  cand ida te  
sources o f  r i p r a p  be ing  s e r i o u s l y  considered f o r  use i n  f r e q u e n t l y  
s a t u r a t e d  environments. 
a r e  i d e n t i f i e d  by X-ray d i f f r a c t i o n  ana lys is ,  f u r t h e r  chemical t e s t s  may be 
necessary. The e t h y l e n e  g l y c o l  t e s t  i s  used i n  many Corps o f  Engineer 
d i s t r i c t s  when t h e  presence o f  smect i tes  i s  suspected ( L u t t o n  e t  a l ,  1981). 
J o i n t s  i n  rocks a r e  o f t e n  sealed by secondary m i n e r a l i z a t i o n .  Carbonate 
m i n e r a l i z a t i o n  i s  t h e  second most common form o f  secondary m i n e r a l i z a t i o n  
( q u a r t z  ve ins  b e i n g  most common). Thei r presence c o u l d  be ascer ta ined by 

React ion t o  e i t h e r  e t h y l e n e  g l y c o l  o r  a c i d  and m a r g i n a l l y  acceptable 
performance i n  p h y s i c a l  durab i  1 i t y  t e s t s  should r e s u l t  i n  e x c l u s i o n  f rom 
f r e q u e n t l y  s a t u r a t e d  areas. 

I f  s m e c t i t e  c l a y  m i n e r a l s  o r  carbonate m i n e r a l s  

’ p l a c i n g  f a i r l y  l a r g e  rock specimens i n  a s t r o n g l y  a c i d i c  s o l u t i o n .  

6 . 3 . 1 . 3  Design Modi f i c a t  i ons 

F o r  f r e q u e n t l y  s a t u r a t e d  areas, p r o j e c t  des ign modi f i c a t i  ons a r e  
sometimes p o s s i b l e  t o  make use o f  rock  c o n t a i n i n g  carbonates o r  rock t h a t  
i s  m a r g i n a l l y  acceptable as i n d i c a t e d  by p h y s i c a l  d u r a b i l i t y  t e s t s .  Table 
6.5 l i s t s  des ign m o d i f i c a t i o n s  f o r  var ious  t e s t  r e s u l t s .  
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Table 6.5 Design Mod i f i ca t i ons  Based on Resu l ts  of X-ray D i f f r a c t i o n  
Analys i  s, Chemical Tests, and Physica l  Durabi 1 i t y  Tests 

Test Outcome Des i gn Modi f i c a t  i on s 

Marginal l y  acceptable phys ica l  
durab i  1 i t y  

Well de f ined X-ray d i f f r a c t i o n  
peaks f o r  expanding l a t t i c e  c l a y  
minera ls  (smect i tes )  o r  r e a c t i o n  
t o  ethy lene g l y c o l  

Oversize stones 

None avai  1 ab1 e 

React ion t o  a c i d  o r  i d e n t i f i c a t i o n  
o f  carbonates between b locks  o f  r i p r a p  

Emplace crushed 1 imestone 

No r e a c t i o n  t o  ac id ,  few smeck- 
t i t e s  o r  carbonates present,  
super io r  phys ica l  durabi  1 i t y  

None requ i  red  

An o v e r s i z i n g  methodology i s  based on t h e  assumption t h a t  t h e  
c o n t r o l l i n g  f a i l u r e  mechanism i s  c y c l i c  f r e e z i n g  and thawing. 
reasonably good assumpti on prov ided t h e  rock conta i  ns an i n s i  gn i  f i cant  
amount o f  smect i te  c l a y  minera ls .  
evidenced by t h e  absence o f  we l l  def ined X-ray d i f f r a c t i o n  peaks used i n  
t h e i r  i d e n t i f i c a t i o n  o r  f a i l u r e  o f  t h e  rock t o  reac t  t o  e thy lene g l y c o l .  
Presence o f  smect i te  minera ls  suggests t h a t  t h e  rock i s  a l ready i n  an 
advanced stage o f  chemical weather ing and t h a t  f u r t h e r  mechanical 
weather ing i s  c o n t r o l l e d  by c y c l i c  w e t t i n g  and dry ing ,  o r  by s l a k i n g  and 
abrasion, r a t h e r  than by c y c l i c  f r e e z i n g  and thawing. Hence, t h e  f o l l o w i n g  
ove rs i  z i  ng methodology does no t  apply t o  smecti t e - r i  ch rocks. 

This  i s  a 

I n s i g n i f i c a n t  amounts o f  these c l a y s  a r e  

Overs iz ing  f a c t o r s  can be determined by t h e  use o f  e i t h e r  t h e  
freeze-thaw t e s t  o r  t h e  sodium s u l f a t e  soundness t e s t .  The l a t t e r  i s  
recognized by t h e  USBR as a s u b s t i t u t e  f o r  t h e  f reeze-thaw t e s t .  
t h e  use o f  t h e  sodium 
conserva t ive  o v e r s i z i n g  than t h a t  o f  t h e  freeze-thaw t e s t .  

However, 
s u l f a t e  soundness t e s t  may lead  t o  more 

Fresh samples of Groups 1 and 2 rocks (Table 6.1) genera l l y  per form 
we l l  i n  d u r a b i l i t y  t e s t s  and have good performance records when used as 
r i p rap .  There i s  no reason t o  b e l i e v e  t h a t  these rocks would undergo 
subs tan t i a l  weather ing du r ing  a 1000 year  performance per iod.  For example, 
weather ing r i n d s  on Eocene (40 m i l l i o n  years o l d )  g r a n i t e  boulders i n  t h e  
Wind R ive r  Formation o f  Wyoming o f t e n  consume l e s s  than 50% o f  t h e  
bou lders '  t o t a l  d iameter and many Eocene boulders d i s p l a y  no weather ing 
r i n d s  a t  a l l .  Futhermore, t h e  most acce le ra ted  pe r iod  o f  weather ing i s  
be l i eved  t o  have taken p lace  d u r i n g  Eocene t ime  when t h e  c l i m a t e  was 
sub - t rop i ca l  and humid (Harshman, 1972). Oligocene and younger bou lder  
conglomerates o f  t h e  S h i r l e y  Basin are much l e s s  weathered, no t  on ly  
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because o f  t h e i r  r e l a t i v e  y o u t h  b u t  a l s o  because o f  t h e  more a r i d  c l i m a t e  
s i n c e  t h e  beg inn ing  o f  Ol igocene t ime.  Therefore a 10% l o s s  i n  s i z e  over a 
1000-year performance p e r i o d  may be considered as a h i g h l y  c o n s e r v a t i v e  
es t imate  o f  weather ing r a t e  i n  semi -ar id  reg ions  where most o f  t h e  U n i t e d  
S t a t e s  uranium m i l l s  a r e  loca ted .  Th is  suggested weather ing r a t e  would be 
l e s s  conserva t ive  f o r  m i l l s  l o c a t e d  i n  south Texas o r  V i r g i n i a .  O v e r s i z i n g  
f r e s h  g r a n i t e  by 10% would g e n e r a l l y  p r o v i d e  a s u b s t a n t i a l  f a c t o r  o f  s a f e t y  
a g a i n s t  weathering. 
q u a l i t y  rock i n  d u r a b i l i t y  t e s t s  should be overs ized i n  p r o p o r t i o n  t o  t h e i r  
weight l o s s  d u r i n g  sodium s u l f a t e  soundness o r  f reeze-thaw t e s t s .  Groups 1 
and 2 f r e s h  rocks i n  Wyoming l o s e  an average o f  about 1.3 percent  weight  
d u r i n g  sodium s u l f a t e  soundness t e s t s  (USBR o p e n - f i l e  data) .  Thus a rock  
t h a t  l o s e s  t w i c e  as much weight  as t h e  above t e s t e d  rocks cou ld  be s a f e l y  
overs ized by about 20%. 

Rocks t h a t  do n o t  per form as w e l l  as USBR's good 

Equat ion 6.2 i s  an equat ion  f o r  o v e r s i z i n g  r i p r a p  f o r  use i n  
f r e q u e n t l y  s a t u r a t e d  areas: 

T s = 10.- 
D 

where 

T h i s  
i n  s 
C. 

S = percent  i n c r e a  e i n  des ign d iameter  
T = percent  weight  l o s s  f o r  a g iven phys ica l  
D = average percent  weight l o s s  f o r  t h e  same 

USBR's most durab le  rock 

o v e r s i z i n g  methodology assumes t h a t  smect i te  
g n i f i c a n t  q u a n t i t i e s .  A sample c a l c u l a t i o n  

6.3.2 Unconsol idated Cobbles and Coarser Grained 

d u r a b i l i t y  t e s t  
t e s t s  performed on 

m i n e r a l s  are no t  p resent  
s presented i n  Appendix 

P le is tocene Depos i ts  

P1 e i  stocene age cobblestones and boulders excavated from nearby 
abandoned o r  e x i s t i n g  stream channels are t h e  most w i d e l y  considered 
a l t e r n a t i v e s  t o  q u a r r i e d  rock.  Other P le is tocene d e p o s i t s  ( d e s e r t  armor, 
t a1 us, and g l  a c i  a1 outwash) a r e  l e s s  common a1 t e r n a t  i ves . Coarse a1 1 u v i  um 
has been used a t  a number o f  Uranium M i l l  T a i l i n g s  Remedial A c t i o n  Program 
(UMTRAP) s i t e s .  Examples a r e  t h e  Gunnison and Grand J u n c t i o n  t a i l i n g s  
p i l e s  i n  Colorado and a t  t h e  R i v e r t o n  s i t e  i n  Wyoming. 

Channel and outwash d e p o s i t s  and deser t  armor a re  i n f e r i o r  t o  q u a r r i e d  

For example, Wind R i v e r  g rave ls  a re  m a i n l y  

igneous and metamorphic rocks becaue o f  t h e i r  he terogene i ty  and s i z e  
1 i m i t a t i o n s .  Never the l  ess, cobblestones and bou lders  are commonly Group 1 
and Group 2 rocks o f  Table 6.1. 
igneous and metamorphic rocks washed downstream from d i s t a n t  sources h i g h  
i n  t h e  Wind R i v e r  Mountain Range. Unfor tunate ly ,  some rocks t h a t  a re  v e r y  
s u s c e p t i b l e  t o  weather i  ng and/or wear (nondurable) a re  almost a1 ways 
present  (USBR o p e n - f i l e  d a t a )  i n  a l l u v i a l  deposi ts .  
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Some channel depos i ts  conta i  n subs tan t i  a1 amounts o f  nondurable rock. 
Cobbles o f  nondurable rock are l i k e l y  t o  be found i n  streams f l o w i n g  
through narrow canyons which c u t  through s t r a t i f i e d  rock o r  through 
conglomerate beds t h a t  a re  o l d e r  than Ple is tocene.  It may be necessary t o  
r e s t r i c t  t h e  use o f  such rock t o  occas iona l l y  o r  seldom sa tu ra ted  areas 
unless good q u a l i t y  rock can be e a s i l y  separated from l e s s  d e s i r a b l e  rock.  

t h e  d u r a b i l i t y  o f  P le is tocene channel depos i ts  c o n s i s t i n g  o f  igneous and 
metamorphic rocks. 
Eocene boulders have on ly  t h i n  t o  moderate s i z e  weather ing r inds .  
they  break more r e a d i l y  under t h e  impact o f  a hammer than do t h e i r  
P le is tocene counterpar ts ,  they  s t i l l  have cons iderab ly  g rea te r  s t r e n g t h  
than sandstone and s i l t s t o n e  f a c i e s  o f  t h e  same format ion.  
t h a t  P le is tocene boulders o f  Group 1 and 2 rocks would be durable enough t o  
su rv i ve  a 1000-year performance p e r i o d  under t h e  most s t r i n g e n t  o f  
environmental cond i t ions .  

Boulder conglomerates o f  t h e  Wind R ive r  Formation prov ide  i n s i g h t  i n t o  

Although 
Despi te  t h e i r  age i n  m i l l i o n s  o f  years, many o f  these 

This  i m p l i e s  

6.3 -2.1 Prospect i ng 

Genera l ly  , su i  tab1 e a1 l u v i  a1 depos i ts  a re  found on ly  on te r races ,  
f l o o d  p la ins ,  and channels o f  major streams whose headwaters o r i g i n a t e  h i g h  
i n  nearby mountain ranges. The t h r e e  UMTRAP s i t e s  p rev ious l y  c i t e d  are 
adjacent t o  t h e  Gunnison, Colorado and Wind Rivers.  Many abandoned 
(UMTRAP) and o l d e r  opera t ing  m i l l s  are l o c a t e d  adjacent t o  streams. 
than h a l f  o f  these streams con ta in  adequate r i p r a p  resources t o  use i n  
p r o t e c t i n g  t h e  impoundments. None o f  t h e  newer m i l l s  i s  l oca ted  near a 
major stream. 

Fewer 

G lac ia l  outwash, deser t  armor, o r  co l luv ium from pediments may be 
sources o f  r i p r a p  a t  a few m i l l  s i t e s .  G lac ia l  outwash i s  found i n  
Washington and pediments are found i n  t h e  deser t  southwest. 
are w ide ly  d i s t r i b u t e d  wherever t h e r e  i s  sharp topographic  r e l i e f .  

f o r  coarse aggregate are t h e  same as those l i s t e d  i n  Sect ion 6.3.1.  
USBR has s u b s t a n t i a l l y  more t e s t  data on f i l e  f o r  gravel  p i t s  than f o r  any 
o the r  p o t e n t i a l  sources o f  r i p rap .  

Talus depos i ts  

Data resources f o r  t h e  l o c a t i o n  o f  gravel  p i t s  and d u r a b i l i t y  t e s t s  
The 

It may be wor thwhi le  t o  develop l o c a l  sources o f  a l l uv ium o r  deser t  
armor. 
at tempt t o  f i n d  new sources o f  channel deposi ts .  Topographic maps and 
a e r i a l  photographs are  t h e  bes t  sources of in fo rmat ion .  Desert  armor and 
t a l u s  depos i ts  a re  d i f f i c u l t  t o  i d e n t i f y  f rom maps and a e r i a l  photographs 
and more ex tens ive  ground reconnaissance w i l l  be requ i red  t o  l o c a t e  them. 

The f l u v i a l  geomorphology o f  a reg ion  should be s tud ied  i n  an 

6.3.2.2 Se lec t i on  

Several sources o f  coarse aggregate should be evaluated f o r  s e l e c t i o n  
C h a r a c t e r i s t i c s  o f  depos i ts  vary f rom one stream t o  another i n  

A f t e r  design s i z e  c r i t e r i a  
as r i p rap .  
terms o f  g r a i n  s i z e  d i s t r i b u t o n  and l i t h o l o g y .  
have been met, t h e  1 i t h o l o g y  should be examined i n  more d e t a i  1. 
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Unl ike  rock quar r ied  i n  place, a l l u v i a l  deposi ts  are l i t h o l o g i c a l l y  
heterogeneous so t h a t  representa t ive  sampling w i l l  be d i f f i c u l t  t o  achieve. 
I n  a d d i t i o n  t o  c o l l e c t i n g  samples o f  apparent ly  good and in te rmed ia te  
q u a l i t y  ma te r ia l s  fo r  d u r a b i l i t y  t e s t i n g  as descr ibed i n  the  prev ious 
sect ion,  i t  w i l l  be necessary t o  est imate the  percentage of nondurable rock 
present.  

An est imate o f  t he  percentage o f  nondurable rock can be used t o  
determine the  cost o f  i t s  removal. Samples should be drawn from each 
p o t e n t i a l  source popu la t ion  and examined for  t he  presence o f  Group 1 and 2 
rocks (Table 6.1). 
and observing the  f resh  surfaces. The percentage o f  durable rocks (Dp) 
i s  the  sum o f  t he  number o f  Group 1 (R1) and Group 2 (R2) rocks which 
break w i t h  d i f f i c u l t y  d i v ided  by t h e  t o t a l  number o f  rocks sampled 
( T r ) :  

Rock samples may be i d e n t i f i e d  by breaking them open 

Ple is tocene boulders, however, are of ten so durable t h a t  they cannot be 
broken w i t h  a hammer even a f t e r  repeated blows. I n  t h i s  case, t h e  
percentage of h i g h l y  durable rocks could be obtained by determin ing the  
percentage o f  rocks which r i n g  when s t ruck  w i t h  a hammer. Large numbers o f  
samples reduce t h e  l i k e l i h o o d  o f  sampling e r r o r  and lower ing  t h e  
unce r ta in t y  a1 so reduces the  p o t e n t i  a1 fo r  overdesi  gni  ng a r i p r a p  b lanket .  

I f  may be f e a s i b l e  t o  remove nondurable rocks and f i n e  grained 
ma te r ia l  before a l l uv ium i s  used as r ip rap .  Many nondurable rocks ( f o r  
example, sandstone) w i l l  not  surv ive  a t r i p  through a g r i z z l e y  wh i l e  o thers 
( f o r  example, weathered g r a n i t e )  may be d i f f i c u l t  t o  separate from durab le  
rock. Rock fragments and f i n e  grained mater ia l  can be washed through a 
screen and l a r g e r  fragments of organic  debr is  can be removed by hand. 
Channel deposi ts from e x i s t i n g  streams w i l l  r equ i re  a minimum of washing. 

If several  sources have durable rock, s e l e c t i o n  should be based on 
land acqu is i t i on ,  excavation, and t r a n s p o r t a t i o n  economics as we1 1 as on 
the  cost  o f  removal o f  nondurable rock o r  accommodating f o r  t he  presence o f  
nondurable rock by over th icken ing  the  r i p r a p  blanket.  

6.3.2.3 Desi gn Mod i f i ca t i ons  

Design mod i f i ca t i ons  i n  cons idera t ion  o f  t he  c h a r a c t e r i s t i c s  o f  
a v a i l a b l e  a l l u v i a l  sources o f  r i p r a p  d i f f e r  from those discussed i n  Sect ion 
6.3.1.3 because ove rs i z ing  i n d i v i d u a l  stones from an a l l u v i a l  source i s  not 
genera l l y  a v i a b l e  opt ion.  
be requi red i n  response t o  a wide range o f  d u r a b i l i t i e s  i n  nonuniform 
deposi ts.  

D i f f e r e n t  degrees o f  ove rs i z ing  would u s u a l l y  

Generally, over th icken ing  the  r i p r a p  b lanket  i s  t he  on ly  v i a b l e  op t i on  
when us ing  nonuniform mate r ia l .  I f  the  best q u a l i t y  a l l u v i a l  ma te r ia l  i s  
r e s i s t a n t  t o  sodium s u l f a t e  soundness or  freeze-thaw tes ts ,  the amount o f  



104 

over th icken ing  w i l l  depend upon t h e  percentage o f  h igh  q u a l i t y  m a t e r i a l  
present. 
m i l d  crushing, screening, and washing be fore  app ly ing  i t  as r i p rap .  
amount o f  nondurable rock remaining i n  t h e  r i p r a p  w i l l  depend on t h e  
i n t e n s i t y  o f  processing. 
i n  p ropor t i on  t o  t h e  amount o f  nondurable rock t h a t  remains i n  t h e  r i p r a p  
a f t e r  processing. 

Thus i t  may be advantageous t o  process a l l u v i a l  ma te r ia l  through 

The r i p r a p  b lanket  th ickness should be increased 

The 

A sample c a l c u l a t i o n  i s  presented i n  Appendix C. 

6.4 R I P R A P  FOR OCCASIONALLY SATURATED AREAS 

Any rock t h a t  i s  acceptable f o r  use i n  f requen t l y  sa tura ted  areas i s  
acceptable f o r  use i n  occasional  l y  sa tura ted  areas. 
durable rock such as t h a t  descr ibed i n  Sect ion 6.3 may no t  be l o c a l l y  
a v a i l a b l e  i n  s u f f i c i e n t  q u a n t i t y  t o  p r o t e c t  t h e  l a r g e r  bu t  o n l y  
occas iona l l y  sa tura ted  areas. 

However, h i g h l y  

6.4.1 A l t e r n a t i v e  Rock Types 

Other common l o c a l  sources o f  r i p r a p  are c l a s t i c  sedimentary rocks 
such as sandstone and s i l t s t o n e .  
l o c a l l y  ava i lab le .  
t o  those p rev ious l y  discussed. 

Occasional ly,  carbonate rock may a l so  be 
These rocks are genera l l y  poorer i n  q u a l i t y  i n  r e l a t i o n  

6.4.1.1 Prospect i  ng 

Foley e t  a1 (1985) developed a methodology f o r  s e l e c t i n g  r i p r a p  where 
on ly  sedimentary rock sources are  avai  1 ab1 e. 
s i m p l i f i e d  w i t h  respect t o  t h a t  developed by t h e  USBR (DOI, 1974) as 
discussed i n  Sect ion 6.2. Foley emphasizes a reconnaissance search f o r  
geomorphic fea tu res  ( r idges ,  cuestas, and ledges) which demonstrate a 
na tu ra l  res i s tance  t o  erosion. Then Fo ley 's  f e a s i b i l i t y  study inc ludes  
examination o f  eros ion r e s i s t a n t  rocks a t  weathered outcrops. Foley 
recommends severa l  requirements t o  be met be fore  a given source can be 
considered f u r t h e r .  These requirements are: 
d i f f i c u l t y  under t h e  impact o f  a hammer and i s  n o t  s imply  case-hardened, 2) 
bedding planes and j o i n t s  are spaced f a r  enough apar t  t o  accommodate design 
s i z e  requirements, and 3) l i t t l e  organic  ma te r ia l  i s  present. The above 
requirements a re  p re-cond i t ions  f o r  s e l e c t i n g  samples f o r  d u r a b i l i t y  t e s t s .  
F i n a l l y ,  samples would be subjected t o  a s lake-abrasion t e s t  (a  new t e s t  
f o r  which ASTM standard procedures have y e t  t o  be developed). 

This methodology i s  g r e a t l y  

1) t h e  rock must break w i t h  

A t t e n t i o n  t o  s t r a t i g r a p h i c  d e t a i l  i s  essen t ia l  i n  s e l e c t i n g  
sedimentary rock as a source o f  r i p rap .  
e ros ion  r e s i s t a n t  r idges,  hogbacks, and cuestas, Wyoming sandstones 
genera l l y  perform poor ly  i n  USBR s tandard ized r i p r a p  durabi  1 i t y  t e s t s  
(USBR, o p e n - f i l e  data).  
i n f i l t r a t i o n  r a t e  (Sharp and Gibbons, 1964) which prevents concentrated 
over land f l o w  requ i red  f o r  g u l l y  development. 
graded sandstones are  genera l l y  nondurable, y e t  they  may be r e l a t i v e l y  
r e s i s t a n t  t o  e ros ion  because o f  t h e  h igh  i n f i l t r a t i o n  ra te .  
promis ing sources o f  r i p r a p  only  where they  conta in  lenses o f  cobble o r  
boulder  conglomerate o r  they are  unusua l ly  we l l  cemented. For example, i n  

Despi te  t h e i r  tendency t o  form 

Erosion res i s tance  i s  o f t e n  r e l a t e d  t o  h i g h  

Poor ly  cemented and poor l y  

Sandstones a re  
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Wyoming, t h e  Wind R ive r  and S h i r l e y  Basins conta in  l a r g e  q u a n t i t i e s  o f  
cobble and boulder congl omerate and t h e  Powder River  Basin conta ins  
l o c a l i z e  l e n t i c u l a r  beds of concret ionary sandstone (So is te r ,  1968; 
Harshman, 1972; and Sharp and Gibbons, 1964). Concretions are  u s u a l l y  
c a l c i t e  cemented b u t  they occas iona l l y  con ta in  ferrugenous o r  s i l i c e o u s  
cements as we1 1 For tunate ly ,  most sandstone concret ions i n  t h e  Powder 
R iver  Basin conta in  few c l a y  minerals.  
up t o  a meter o r  more i n  s ize.  

Boulders and concret ions may range 

I n  summary, one should n o t  examine topographic fea tures  alone du r ing  
reconnaissance f o r  sources o f  r i p rap .  Not a l l  eros ion r e s i s t a n t  rock i s  
durable. Outcropping rock i s  o f t e n  nondurable because o f  i t s  advanced 
s t a t e  o f  weathering, and durable rock i s  no t  always exposed a t  t h e  sur face  
a t  convenient loca t ions .  Although r i d g e  forming s t r a t a  are p o t e n t i a l l y  
durable, open-pi t  mines and road cu ts  p rov ide  the  most convenient source 
areas f o r  c o l l e c t i n g  d u r a b i l i t y  t e s t  samples. When t a k i n g  samples from 
outcrops, excavat ion (by b l a s t i n g ,  i f  necessary) t o  f resh  rock i s  
recommended. 

I f  t h e  du ra t i on  o f  exposure t o  weathering a t  an outcrop were known, 
t h e  degree o f  weathering would be an exce l l en t  i n d i c a t o r  o f  t h e  long-term 
d u r a b i l i t y  o f  rock. Rarely,  however, w i l l  t h e  du ra t i on  o f  exposure be 
known w i t h  s u f f i c i e n t  p rec is ion .  
suggest on ly  t h a t  exposure t o  weathering was "no t  recent"  Radiocarbon 
da t i ng  o f  dead t r e e  roo ts  i n  rock f r a c t u r e s  o r  t r e e  r i n g  analyses are  t h e  
on ly  a v a i l a b l e  means o f  determin ing t h e  absolute age o f  exposure t o  
weathering and even then these methods on ly  p rov ide  a minimum age. 
Unfor tunate ly ,  organic  debr i  s i s  r a r e l y  preserved i n  an 0x1 d i  z ing  
envi  ronment. 

The presence o f  l i chens  and deser t  p o l i s h  

It i s  known, however, t h a t  some boulder conglomerates have been 
exposed t o  weathering a t  l e a s t  i n t e r m i t t e n t l y  f o r  very l ong  per iods o f  
t ime. For example, i n  t h e  Wind R iver  and S h i r l e y  Basins o f  Wyoming, 
Eocene-age boulders o f  t h e  Wind R iver  Formation were f i r s t  exposed some 40 
m i l l i o n  years ago, weathered, d is lodged from t h e i r  areas o f  outcrop, 
rounded i n  t r a n s p o r t  f o r  a d is tance o f  up t o  several  10 's  o f  km and f i n a l l y  
deposi ted and l e f t  undis turbed u n t i  1 Holocene time. This  process obv ious ly  
requ i red  considerable t ime, perhaps m i l l i o n s  o f  years. 

D u r a b i l i t y  o f  cobbles and boulders i s  a f u n c t i o n  o f  both age and 
l i t h o l o g y .  
Shi r l e y  Basi n a re  badly weathered, g r a n i t e  and g ranod io r i t e  cobbles are 
o n l y  moderately weathered (Harshman, 1972). 
i n  t h e  S h i r l e y  Basin a re  much f resher  even though they are a l so  m i l l i o n s  o f  
years o ld .  According t o  Harshman, weathering ra tes  were greater  du r ing  
Eocene t ime i n  Wyoming because o f  t h e  humid-subtropical  c l ima te  t h a t  
p reva i l ed  a t  t h a t  t ime. 
t h a t  o f  today. 
o f  Eocene time. 

Although b a s a l t  and diabase cobbles o f  Eocene age i n  t h e  

Oligocene and Miocene cobbles 

Since Oligocene time, t h e  c l ima te  was more l i k e  
Hence, present weather ing ra tes  are much slower than t h a t  
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6.4.1.2 Se lec t ion  

A c c e p t a b i l i t y  c r i t e r i a  can be re laxed f o r  t h e  use o f  marginal  q u a l i t y  
rock i n  occas iona l l y  sa tura ted  areas. Such areas w i l l  exper ience slower 
ra tes  o f  chemi c a l  weatheri ng and reduced d e t e r i  o r a t i o n  from cyc l  i c 
freeze-thaw. Furthermore, impact and abrasion from f l o o d  events w i l l  occur 
l e s s  of ten.  To be accepted f o r  use i n  occas iona l l y  sa tura ted  areas, i t  i s  
t e n t a t i v e l y  suggested t h a t  a sample would be requ i red  t o  score h igher  than 
65% o f  t h e  maximum poss ib le  score (11.2 f o r  t h e  complete se t  o f  t e s t s  o f  
Tables 6.2 t o  6.4). 

6.4.1.3 Design Modi f i c a t i  ons 

Overs iz ing  methodology i s  s i m i l a r  t o  t h a t  descr ibed i n  Sect ion 
6.3.1.3. 
l i k e l y  t o  be sa tura ted  o n e , f i f t h  t o  one t w e n t i e t h  as o f t e n  as i n  sa tura ted  
areas. Thus samples t h a t  l o s e  tw ice  as much weight i n  standard d u r a b i l i t y  
t e s t s  as f r e s h  g r a n i t e  would r e q u i r e  on ly  a maximum o f  4%, r a t h e r  than 20%, 
overs i  z i  ng t h a t  i s  requ i  red  f o r  f requen t l y  sa tura ted  areas. Sampl es t h a t  
l o s e  t e n  t imes as much weight would r e q u i r e  20% overs i z ing  as opposed t o  
100% overs i z ing  i n  f requen t l y  sa tura ted  areas. Greater weight losses than 
25 times t h a t  o f  f r e s h  g r a n i t e  would l i k e l y  r e s u l t  i n  a sample's r e j e c t i o n  
f o r  use as r i p rap .  Equation 6.4 i s  a formula f o r  ove rs i z ing  r i p r a p  i n  
occas iona l l y  sa tura ted  areas: 

Areas sub jec t  t o  f l o o d i n g  o n l y  once every 5 t o  100 years a re  

where S, T, and D are  de f ined i n  Sect ion 6.3.1.3. Again, t h i s  ove rs i z ing  
methodology assumes t h a t  few smect i tes a re  present.  A sample c a l c u l a t i o n  
i s  presented i n  Appendix C. 

Over th ickening t h e  r i p r a p  b lanket  would be requ i red  f o r  t h e  use o f  
cobble o r  boulder  conglomerate because o f  i t s  genera l l y  nonuniform q u a l i t y .  
Over th ickening methodology i s  t h e  same as t h a t  o u t l i n e d  f o r  P le is tocene 
deposi ts  i n  Sect ion 6.3.2. 

6.5 RIPRAP FOR SELDOM SATURATED AREAS 

The methodology i s  e s s e n t i a l l y  t h e  same as t h a t  developed i n  Sec t ion  
6.4. The p r i n c i p a l  d i f f e r e n c e  i s  t h e  f u r t h e r  r e l a x a t i o n  o f  acceptance 
c r i t e r i a  i n  response t o  d im in i sh ing  frequency o f  freeze-thaw, impact, and 
abrasion. Ten ta t i ve l y ,  it i s  suggested t h a t  d u r a b i l i t y  t e s t  scores 
exceeding 50% o f  t h e  maximum poss ib le  score (8.6 f o r  t h e  complete s e t  o f  
t e s t s )  would be acceptable f o r  use i n  seldom sa tura ted  areas. 

Overs iz ing  cou ld  a l s o  be f u r t h e r  re laxed because areas above t h e  100- 

Hence, i f  t h e  

year  f l o o d p l a i n  a re  sa tura ted  l e s s  than one t w e n t i e t h  as o f t e n  as areas 
below t h e  5 year  f l oodp la in .  Thus, 20 t imes as much weight l o s s  d u r i n g  a 
standard d u r a b i l i t y  t e s t  would r e q u i r e  o n l y  10% overs iz ing .  
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rock passes acceptance c r i te r ia  only nominal overs1 z i n g  should be required 
above the 100-year f l o o d p l  ai  n. 





7. CONCLUSION 

This  r e p o r t  has presented as q u a n t i t a t i v e l y  as ,)ossi b l  e methodol o g i  es 
t o  eva lua te  p h y s i c a l  f a c t o r s  ( p r e c i p i t a t i o n ,  f l u v i a l  systems, eros ion,  and 
r i p r a p  s i z i n g  and s e l e c t i o n )  t h a t  can i n f l u e n c e  t h e  l o n g  t e r m  s t a b i l i t y  of 
u r a n i  um m i  11 t a i  1 i ngs impoundments. Where technology d i d  n o t  e x i s t ,  t h e  
authors at tempted t o  develop procedures t o  t h e  e x t e n t  necessary t o  meet t h e  
r e q u i  rement o f  t h e  p r o j e c t .  

As determined i n  p rev ious  s t u d i e s ,  t h e  des ign f l o o d  f o r  t h e  e v a l u a t i o n  
o f  t h e  s t a b i l i t y  o f  t a i l i n g s  impoundments should be t h e  PMF. 
p resents  methods avai  1 ab1 e f o r  determi  n a t i o n  o f  t h e  PMF. 
which have been developed over  a r e l a t i v e l y  l o n g  t ime,  represent  t h e  
c u r r e n t  s t a t e  o f  t h e  a r t  and a r e  s u f f i c i e n t  f o r  t h e  purposes o f  e v a l u a t i o n  
o f  long- term m i l l  t a i l i n g s  s t a b i l i z a t i o n  plans. 

This  r e p o r t  
These methods, 

S i m i l a r l y ,  t h e  s t a t e  o f  t h e  a r t  f o r  p r e d i c t i n g  f l u v i a l  geomorphic 
s t a b i l i t y  has been developed over  a l o n g  t ime,  and i s  cons idered adequate 
i f  used w i t h i n  t h e  framework presented i n  Chapter 3. 
d i f f i c u l t  t o  o b t a i n  a l l  o f  t h e  d a t a  needed a t  a p a r t i c u l a r  s i t e  t o  per fo rm 
a q u a n t i t a t i v e  eva lua t ion .  
judgment must be used t o  make a q u a l i t a t i v e  assessment. 

However, i t  may be 

I n  t h a t  case, d i s c i p l i n e d ,  p r o f e s s i o n a l  

The s i z i n g  o f  rock covers as p a r t  o f  t h e  s u r f a c e  s t a b i l i z a t i o n  t o  
p r o t e c t  aga ins t  sheet e r o s i o n  i s  a l s o  d iscussed based on u s i n g  t h e  e x i s t i n g  
s t a t e  o f  t h e  a r t .  
t i m e  p e r i o d  lends  conf idence t o  t h e  use o f  t h e  methodology presented. 

The i n i t i a t i o n  o f  g u l l y  f o r m a t i o n  on a sur face,  t h e  development o f  
g u l l i e s ,  and p r o t e c t i o n  a g a i n s t  g u l l y  i n t r u s i o n  i s  an area i n  which t h e  
e x i s t i n g  s t a t e  o f  t h e  a r t  i s  inadequate f o r  purposes o f  t h i s  r e p o r t .  
Therefore,  a methodology was developed based on observa t ions  o f  e x i s t i n g  
t a i l i n g s  impoundments. 
da te  have f o s t e r e d  a good l e v e l  o f  conf idence. 
f a i l u r e  mechanism t h a t  can have severe consequences w i t h  regard  t o  l o n g  
te rm s t a b i l i t y ,  i t  i s  recommended t h a t  a d d i t i o n a l  e f f o r t s  c o n t i n u e  t o  
develop and f u r t h e r  r e f i n e  t h e  methodology . 

The many observa t ions  and exper ience gained over  a l o n g  

Al though t h e  d a t a  base i s  l i m i t e d ,  t h e  r e s u l t s  t o  
Because g u l l y  e r o s i o n  i s  a 

The d u r a b i l i t y  o f  t h e  cover  m a t e r i a l s  used a t  t h e  m i l l  t a i l i n g s  
impoundments i s  o f  paramount importance. 
parameter f o r  which t h e  c u r r e n t  s t a t e  o f  t h e  a r t  i s  l a c k i n g .  
has d i  scussed v a r i o u s  f a c t o r s  i n f l  uenci  ng weather i  ng and du r a b i  1 i t y  o f  
r i p r a p ,  and has s e t  f o r t h  procedures t h a t  can be used t o  e v a l u a t e  
durab i  1 i t y  . 
i n v e s t i g a t i v e  e f f o r t s  should be devoted. 

S e l e c t i o n  o f  r i p r a p  i s  another  
This  r e p o r t  

Nevertheless,  t h i s  i s  another s u b j e c t  t o  which f u t u r e  

Throughout t h e  development o f  t h e  methodologies presented here in,  
c o n s i d e r a t i o n  has been g iven t o  u n c e r t a i n t i e s  i n  v a r i o u s  parameters, and t o  
t h e  assessment o f  t h e  consequences o f  f a i l u r e .  
severa l  aspects o f  probabi  1 i s t i  c r i  sk a n a l y s i  s. 
t h e  des ign o f  uranium m i l l  t a i l i n g s  impoundments, r i s k  a n a l y s i s  i s  i n  i t s  
in fancy .  

Appendix A d iscusses 
However, w i t h  regard  t o  
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8. APPENDICES 

APPENDIX A. PROBABILISTIC R I S K  ANALYSIS OF LONG TERM STABILIZATION 

A.l  INTRODUCTION 

Most engi neer i  ng designs are  p resen t l y  based on determi n i  s t i  c 
analyses. That i s ,  s i n g l e  values are  se lec ted  f o r  ma te r ia l  parameters and 
compared against  t h e  loads appl ied.  I n  o ther  words, t he  capac i ty  o f  t h e  
system i s  compared t o  t h e  demand placed on it, and t h i s  comparison i s  
f requent ly  expressed as a f a c t o r  o f  safety. Such an approach neglects  t h e  
importance o f  t h e  v a r i a b i l i t y  which i s  inherent  i n  a l l  parameter values. 
F o r  example, even manmade m a t e r i a l s  such as s tee l ,  which i s  subjected t o  
s t r i n g e n t  q u a l i t y  con t ro l ,  show v a r i a b i l i t y  i n  y i e l d  and t e n s i l e  s t rength .  
Geological  ma te r ia l s  and processes show much grea ter  v a r i  ab i  1 i t y  and t o  
neglect  such v a r i  ab i  1 i t y  i n any engi neer i  ng design i s unreasonabl e. 

Recent years have seen r a p i d l y  growing research i n t o  app l i ed  
p r o b a b i l i t y  and increased i n t e r e s t  i n  app l i ca t i ons  t o  geotechnical  
engineer ing prac t ice .  Unfor tunate ly ,  p r o b a b i l i t y  s t i l l  remains a mystery 
t o  many engineers, p a r t l y  because o f  a language b a r r i e r  and p a r t l y  from 
l a c k  o f  examples showing how t h e  methodology can be used i n  t h e  dec i s ion  
making process (Whi tman, 1984) . 
f o r  dec is ion  making i n  water resources. 

Probabi 1 i s t i c  concepts are r o u t i n e l y  used 

A probabi 1 i s t  i c ana lys i  s considers t h e  v a r i  ab i  1 i t y  o r  uncer ta i  n t y  o f  
The c e n t r a l  tendency o f  a parameter i s  u s u a l l y  expressed the  parameters. 

by the  a r i t h m e t i c  mean w h i l e  t h e  c o e f f i c i e n t  o f  v a r i a t i o n  i s  a use fu l  
measure o f  v a r i a b i l i t y  o r  d ispers ion.  
r a t i o  o f  t h e  standard d e v i a t i o n  t o  t h e  mean and i s  expressed as a 
percentage. 

p r o b a b i l i t y  o f  f a i l u r e .  This l i n e a r l y  scaled parameter i s  a much more 
r e a l i s t i c  measure upon which t o  base dec is ions than a " f a c t o r  o f  safety" .  
The l a t t e r  i s  no t  l i n e a r l y  scaled and i t s  'accepted'  value i s  based on 
experience. P r o b a b i l i s t i c  analyses are the re fo re  p a r t i c u l a r l y  use fu l  i n  
the  design o f  systems f o r  which an accepted " f a c t o r  o f  sa fe ty "  has n o t  y e t  
been def  i ned . 

The c o e f f i c i e n t  o f  v a r i a t i o n  i s  t h e  

The f i n a l  r e s u l t  o f  a p r o b a b i l i s t i c  ana lys is  i s  expressed as a 

Probabi 1 i s t i  c analyses are no t  a rep1 acement f o r  engi neer i  ng 
judgment. 
process o r  f a i l u r e  mode i s  requ i red  t o  perform a r e a l i s t i c  p r o b a b i l i s t i c  
analys is .  
fo rces  t h e  engineer t o  i n v e s t i g a t e  t h e  v a r i a b i l i t y  and unce r ta in t y  o f  a l l  
t h e  c o n t r i b u t i n g  forces o r  parameters t o  a s p e c i f i c  f a i l u r e  mode. 
when a p rec i se  q u a n t i f i c a t i o n  o f  p r o b a b i l i t y  o f  f a i l u r e  i s  not  poss ib le ,  
systemat ic fo rmula t ion  o f  t h e  ana lys is  a ids  g r e a t l y  i n  understanding t h e  
major sources o f  r i  sk (Whi tman, 1984). 

On t h e  cont ra ry ,  cons iderable judgment and knowledge of a 

The b iggest  advantage o f  a p r o b a b i l i s t i c  ana lys is  i s  t h a t  i t  

Even 

I n  a d e t e r m i n i s t i c  ana lys is ,  on ly  one value i s  se lected f o r  a 
parameter. Th is  value can be t h e  mean or  a "best est imate",  very  o f t e n  a 
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c o n s e r v a t i v e  va lue  based on judgment. Al though a l a r g e  volume o f  da ta  
migh t  have been gathered t h e  v a r i a b i l i t y  i s  neg lec ted  i n  d e t e r m i n i s t i c  
analyses and o n l y  one va lue  i s  used. 
t h e  i n f o r m a t i o n "  t h a t  was gathered d u r i n g  an i n v e s t i g a t i o n .  

Th is  i s  tantamount t o  " n o t  u s i n g  a l l  

It i s  t h e  purpose o f  t h i s  appendix t o  i n v e s t i g a t e  t h e  p o t e n t i a l  
appl i c a t i  on of probabi  1 i s t i  c r i  sk a n a l y s i s  i n  t h e  1 ong-term s t a b i  1 i z a t i  on 
p l  anni  ng o f  u r a n i  um t a i  1 i ngs impoundments. 
o f  t h e  d e f i n i t i o n s  and p r i n c i p l e s  o f  a p r o b a b i l i s t i c  o r  r i s k  based 
ana lys is .  
w i l l  be i n v e s t i g a t e d  and i t  w i l l  be shown i n  p r i n c i p l e  how these can be 
c a s t  i n  a p r o b a b i l i s t i c  framework. 

T h i s  appendix w i  11 rev iew some 

Each o f  t h e  f a i l u r e  modes i d e n t i f i e d  by Nelson, e t  a l .  (1983) 

A.2 DEFINITIONS AND CONCEPTS 

The v a r i a b i l i t y / u n c e r t a i n t y  i n  t h e  va lue  o f  any parameter i s  expressed 
by a p r o b a b i l i t y  d e n s i t y  d i s t r i b u t i o n  as shown i n  F i g u r e  A.l .  The 
p r o b a b i l i t y  t h a t  t h e  parameter x w i l l  have va lues l e s s  than x = a i s  g iven 
by t h e  area under t h e  curve  shown shaded i n  F i g u r e  A. l .  The parameter x 
can represent  t h e  c a p a c i t y  o f  t h e  s t r u c t u r e  t o  w i t h s t a n d  load,  e.g., t h e  
d i  f f e r e n t i  a1 s e t t l  ement which a cover  m a t e r i  a1 can w i t h s t a n d  b e f o r e  severe 
c r a c k i n g  w i l l  occur. I n  t h i s  example, t h e  shaded area w i l l  be t h e  
p r o b a b i l i t y  t h a t  c r a c k i n g  w i l l  t a k e  p l a c e  when t h e  d i f f e r e n t i a l  s e t t l e m e n t  
( o r  demand on t h e  s t r u c t u r e )  i s  a maximum o f  x = a. Therefore,  i f  t h e  
demand i s  considered t o  be a d e t e r m i n i s t i c  va lue  such as x = a i n  F i g u r e  
A . l  and t h e  c a p a c i t y  i s  assumed t o  have some d i s t r i b u t i o n ,  then t h e  shaded 
area i s  t h e  p r o b a b i l i t y  o f  f a i l u r e .  

The demand on t h e  s t r u c t u r e ,  e.g. t h e  p r e d i c t e d  d i f f e r e n t i a l  
se t t lement ,  can a l s o  be a v a r i a b l e  such as x i n  F i g u r e  A.l .  
one can cons ider  a "capacity-demand model'' as shown i n  F i g u r e  A.2. 
p r o b a b i l i t y  o f  f a i l u r e  i s  a f u n c t i o n  o f  t h e  area o f  o v e r l a p  ( n o t e  t h e  
p r o b a b i l i t y  o f  f a i l u r e  i s  n o t  equal t o  t h e  area o f  over lap) .  

I n  t h i s  case 
The 

As a comparison, n o t e  t h a t  t h e  f a c t o r  of s a f e t y  i s  d e f i n e d  as: 

I n s t e a d  o f  u s i n g  " a l l  t h e  i n f o r m a t i o n "  conta ined i n  t h e  p r o b a b i l i t y  
d i s t r i b u t i o n s  t h e  f a c t o r  o f  s a f e t y  approach o n l y  uses two d e t e r m i n i s t i c  
values, t h e  s t a t i s t i c a l l y  mean va lues o f  c a p a c i t y  and demand. 

There i s  one more approach t o  c a l c u l a t e  t h e  p r o b a b i l i t y  o f  f a i l u r e  on 
t h e  b a s i s  o f  f a c t o r  o f  sa fe ty .  Consider t h e  d i s t r i b u t i o n  i n  F i g u r e  A . l  t o  
be t h e  d i s t r i b u t i o n  o f  f a c t o r  o f  s a f e t y .  
t h e n  be g iven by t h e  shaded area i f  a = 1, i.e. t h e  p r o b a b i l i t y  o f  f a i l u r e  
i s  t h e  p r o b a b i l i t y  t h a t  t h e  f a c t o r  of s a f e t y  i s  l e s s  than u n i t y .  

The p r o b a b i l i t y  o f  f a i l u r e  w i l l  

Re1 i abi  1 i t y  t h e o r y  p rov ides  a r a t i o n a l  framework f o r  account ing  f o r  
t h e  u n c e r t a i n t i e s  i n  b o t h  c a p a c i t y  and demand. 
o f f e r s  t h e  prospec t  of a sys temat ic  method f o r  s e l e c t i n g  t h e  s a f e t y  f a c t o r  

Re1 i a b i l  i t y  t h e o r y  a1 so 
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Z M e a n  Value of Parameter  x 

Sx Standard Deviation 
sx Vx = T  ( Coeff ic ient  of Variation ) 

Distribution Indicates 
Variability of Parameter 

h 

x 
v 

i 
Y- 

X 
- 
X x = a  

Fig. A.l. Probability density distribution of parameter x. 
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C Capacity 
D D e m a n d  

/Demand Capac 

- 
C 

Fig. A.2. Capacitydemand model. 
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appropr ia te  f o r  a p a r t i c u l a r  app l i ca t i on .  H i s t o r i c a l  precedent o r  
experience can be used t o  guide the  designer i n  s e l e c t i n g  a s u i t a b l e  
r e l i a b i l i t y  and subsequently a sa fe ty  fac to r .  It can the re fo re  be 
concluded t h a t  when the re  i s  no standard f o r  a sa fe ty  fac to r ,  but  t h e  
problem i s  wel l  understood and the re  i s  an adequate data base, r e l i a b i l i t y  
theory  may be used t o  guide s e l e c t i o n  o f  a sa fe ty  f a c t o r  cons is ten t  w i t h  
t h e  degree o f  sa fe ty  i n  o ther  problems. 
problem i s  not  we l l  understood and data sets  a re  small, t h e  p r o b a b i l i s t i c  
approach can s t i  11 be app l ied  through the  use o f  sub jec t i ve  probabi 1 i t i e s  . 

However, i n  cases where the  

There are several requi  rements f o r  t he  formal t reatment o f  re1 i abi  1 i t y  
(Whi tman, 1984) : 

( i )  Clear de l i nea t ion  o f  t he  c r i t e r i a  f o r  success or  f a i l u r e .  
( i i )  Se lec t ion  o f  a d e t e r m i n i s t i c  model r e l a t i n g  the  bas ic  

var iab les  t o  the  c r i t e r i a  f o r  success o r  f a i l u r e .  
( i i i )  I d e n t i f i c a t i o n  o f  t he  u n c e r t a i n t i e s  concerning the  bas ic  

v a r i  ab1 es . 
( i v )  Evaluat ion o f  the  d i s t r i b u t i o n  func t ions  o r  moments o f  the  bas ic  

var iab les.  

Thus, there  e x i s t s  a p r o b a b i l i t y  of f a i l u r e  f o r  any system t h a t  i s  
designed. 
v a r i a b i l i t y / u n c e r t a i n t y  o f  t he  capac i ty  (e.g. s t rength)  o f  t he  system and 
the  magnitude o f  the  demand placed upon the  system. 

This p r o b a b i l i t y  o f  f a i l u r e  i s  a func t i on  o f  t h e  

For app l i ca t i ons  t o  uranium t a i l i n g s  impoundments, the  design demand 
could be taken as t h e  PMF and forces associated wi th t h e  PMF. I n  t h i s  case 
t h e  demand i s  a d e t e r m i n i s t i c  value. 

F a i l u r e  o f  an impoundment, however, can take  d i f f e r e n t  forms. For 
example, some eros ion could occur and remove a small amount o f  t he  toe  o f  
an embankment w i t h  no re lease o f  t a i l i n g s .  On t h e  o ther  hand, a massive 
l oss  o f  a l a rge  p a r t  o f  the  impoundment could occur re leas ing  l a r g e  volumes 
o f  t a i l i n g s  over a l a r g e  area. Obviously these two f a i l u r e s  would have 
g r e a t l y  d i f f e r e n t  consequences. It i s  necessary, there fore ,  t o  consider 
not  on ly  p r o b a b i l i t y  o f  f a i l u r e  but t he  consequences o f  t h i s  f a i l u r e  as 
we l l .  I n  t h i s  regard the  concept o f  " r i s k "  and ''hazard'' should be 
i n t  roduced 

A.3 R I S K  AND HAZARD ASSESSMENT 

Risk may be def ined as a compound measure of the  p r o b a b i l i t y  and 
magnitude o f  adverse e f f e c t s ,  o r  

Risk = (Uncer ta in ty )  (Damage) 

Other d e f i n i t i o n s  o f  r i s k  are " the chance o f  encounter ing harm o r  
l o s s "  or  t he  ''degree o f  p r o b a b i l i t y  o f  such loss "  (FEMA 1984). 
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The d i c t i o n a r y  def ines hazard as "a source o f  danger". Hazard, 
there fore ,  s imply e x i s t s  as a source. 
conversion o f  t h a t  source i n t o  ac tua l  d e l i v e r y  o f  loss,  i n j u r y  o r  some form 
o f  danger, o r  

Risk inc ludes  the  l i k e l i h o o d  o f  

Risk = Hazard/Safeguards 

Th is  imp l i es  t h a t  r i s k  may be kept as small as des i red by i nc reas ing  
the  safeguards. As a mat ter  o f  p r a c t i c a l  r e a l i t y ,  however, r i s k  can never 
be brought t o  zero (FEMA 1984). 

exposure. Risk i s  t he  p r o b a b i l i t y  t h a t  hazard w i l l  happen. 
Hazard i s  t he  p o s s i b i l i t y  t h a t  some adverse e f f e c t  might happen upon 

D r e i t h  (1982) l i s t s  the  f o l l o w i n g  f o u r  steps t o  evaluate r i s k s  and 
de f i ne  appropr ia te responses w i t h  respect t o  hazardous waste s i t e s :  

( i  ) Hazard i d e n t i f i c a t i o n  ( i nven to ry  composition; phys ica l  and 
chemical p roper t i es ;  b i o l o g i c a l  p roper t i es ;  t o x i c i t y ,  
carc inogenei ty ;  i n t e r a c t i o n  o f  wastes). 
m i l l  t a i l i n g s  hazard i d e n t i f i c a t i o n  cons is ts  of c h a r a c t e r i z a t i o n  
o f  the  waste w i t h  respect t o  r a d i o l o g i c a l  parameters (e.g. 
p o t e n t i a l  radon emission), heavy metals, s a l t s  and o ther  
cons t i t uen ts  which may put some popu la t ion  a t  r i s k .  

( i i )  Hazard eva lua t i on  (d isposal  methods; p r i o r  t reatment ;  f a i l u r e  
modes ; t ranspor t  mechanism; processes a c t i n g  on wastes through 
t ime) .  The hazards which a uranium t a i l i n g s  impoundment pose 
would be evaluated i n  t h i s  step. For example, cap f a i l u r e  caused 
by h igh  f lows and the  subsequent t ranspor t  o f  t he  waste t o  a 
popu la t ion  a t  r i s k .  A l l  f a i l u r e  modes must be i d e n t i f i e d  i n  t h i s  
step. 

popu la t ion  a t  r i s k ;  t o x i c o l o g i c a l  and epidemio log ica l  l e v e l s  of 
p o t e n t i  a1 and actual  human exposure, and in fo rma t ion  on e f f e c t s  
and consequences o f  dose). 
f a i l u r e  modes above, the  p r o b a b i l i t y  o f  such a f a i l u r e  must be 
estimated. The e f fec ts  of such a f a i l u r e  on the  popu la t ion  a t  
r i s k  must a l so  be evaluated. Input  requirements i n  t h i s  step are 
d i l u t i o n  o f  i d e n t i f i e d  hazardous ma te r ia l  dur ing  t ranspor t ,  doses 
o f  these ma te r ia l s  which can lead t o  negat ive e f fec ts  and t h e i r  
consequences. The bas ic  quest ion i s ,  g iven a p r o b a b i l i t y  o f  
re1 ease what i s  t he  probabi 1 i t y  o f  negat i  ve conseqences? 

( i v )  Risk reduct ion/response (determine r i s k  s i t u a t i o n  by 
making comparisons w i t h  o ther  examples of r i s k s  t h a t  
soc ie ty  i s  w i l l i n g  t o  take; determine need f o r  ac t ions ;  
j u s t i f y  bene f i t s  vs. f a i l u r e s ;  use o f  c r i t i c a l  resources - 
cos ts / t ime) .  A r i s k  assessment i n  the  design phase can be 
used t o  decide whether the  imposed r i s k s  are too  h igh  
r e q u i r i n g  a change i n  the  design. A r e l a t i o n s h i p  between 

I n  the  case of uranium 

( i i i )  Risk eva lua t ion  ( p r o b a b i l i t y  o f  a f a i l u r e ;  concent ra t ion  and 

Fol  1 owi ng the  i dent i f i cat ion  o f  
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c o s t  of rec lamat ion  and r i s k  can t h e r e f o r e  be e s t a b l i s h e d  
and used f o r  d e c i s i o n  making. 

A r i s k  assessment and response as o u t l i n e d  above i n v o l v e  a l a r g e  
number o f  areas where judgments a re  r e q u i  red. S u b j e c t i v e  probabi  1 i t i e s  
t h e r e f o r e  p l a y  an impor tan t  r o l e .  Some o f  t h e  r e s u l t s  may o f t e n  be 
q u a l i t a t i v e  i n s t e a d  o f  q u a n t i t a t i v e  i n  nature.  

A.4 PROBABILISTIC R I S K  ASSESSMENT 

A p r o b a b i l i s t i c  r i s k  assessment (PRA) i s  an a n a l y s i s  t h a t  (NRC, 1984): 

( i )  i d e n t i f i e s  and d e l i n e a t e s  t h e  combinat ions of events t h a t ,  

( i i )  est imates t h e  f requency of occurrence f o r  each combinat ion;  
i f  they  occur, w i l l  l e a d  t o  an undesi red event; 

and, 
( i  i i ) es t imates  t h e  consequences . 

PRA r e s u l t s  a r e  u s e f u l ,  p rov ided t h a t  more weight  i s  g iven t o  t h e  
qual  i t a t i  ve and r e l a t i  ve i n s i  ghts  r e g a r d i  ng des i  gn and o p e r a t i o n s  , r a t h e r  
than t h e  p r e c i s e  abso lu te  magnitude o f  t h e  numbers generated. 
i s  m u l t i d i s c i p l i n a r y ,  and depending on i t s  scope, may r e q u i r e  analyses o f  
containment systems, human behavior,  t h e  progress ion  o f  f a i  1 u r e  modes , 
r a d i o n u c l i d e  behavior,  and h e a l t h  e f f e c t s .  However, n o t  a l l  t h e  areas o f  
a n a l y s i s  i n v o l v e d  have reached t h e  same l e v e l  of development (NRC, 1984), 
which f u r t h e r  underscores t h e  n e c e s s i t y  f o r  qual  i t a t i  ve r e s u l t s  

A PRA s tudy  

Based on a schematic o u t l i n e  o f  t h e  o f f s i t e  consequences o f  nuc lear  
acc idents  f rom a probabi  1 i s t i c  r i  sk assessment o f  r e a c t o r  s a f e t y  (NRC, 
1984), t h e  schematic o u t l i n e  i n  F i g u r e  A.3 was compi led f o r  e v a l u a t i n g  t h e  
o f f s i t e  consequences f rom a uranium t a i l - i n g s  re lease.  A rev iew o f  t h i s  
schematic c l e a r l y  i n d i c a t e s  t h e  l a r g e  n m b e r  o f  unknowns assoc ia ted  w i t h  
t h e  de terminat ion  o f  f i n a l  p r o p e r t y  damage o r  h e a l t h  r i s k .  The approach 
presented i n  t h i s  appendix o n l y  addresses t h e  p r o b a b i l i t i e s  o f  f a i l u r e  
and no t  t h e  f i n a l  p r o p e r t y  damage o r  h e a l t h  r i s k .  Th is  i s  done t o  
demonstrate t h e  d i r e c t  des ign a p p l i c a t i o n s  o f  r i s k  assessment. 

The a p p l i c a t i o n  o f  a p r o b a b i l i s t i c  r i s k  a n a l y s i s  based on t h e  v a r i o u s  
f a i l u r e  modes, as descr ibed below, w i l l  be used as a guide f o r  s e l e c t i n g  a 
s a f e t y  f a c t o r  c o n s i s t e n t  w i t h  t h e  degree o f  s a f e t y  acceptable t o  s o c i e t y .  
Th is  approach i s  s c h e m a t i c a l l y  shown i n  F i g u r e  A.4. By us ing  an acceptable 
p r o b a b i l i t y  o f  f a i l u r e ,  x = D can be determined based on t h e  i n f o r m a t i o n  
about t h e  mean and v a r i a b i l i t y  of capaci ty .  Once D i s  f i x e d ,  t h e  f a c t o r  o f  
sa fe ty ,  as d e f i n e d  on F i g u r e  A.4, can be c a l c u l a t e d .  It i s  very i m p o r t a n t  
t o  recognize t h a t  two s t r u c t u r e s  hav ing t h e  same f a c t o r  o f  s a f e t y  can have 
d i f f e r e n t  p r o b a b i l i t i e s  o f  f a i l u r e  due t o  d i f f e r e n t  v a r i a b i l i t i e s  i n  t h e  
c a p a c i t y  f u n c t i o n .  
f a c t o r  o f  s a f e t y  = 1.3 hav ing a lower  p r o b a b i l i t y  o f  f a i l u r e  than another  
w i t h  a f a c t o r  o f  s a f e t y  = 1.5. O r ,  s t a t e d  d i f f e r e n t l y ,  f a c t o r  o f  s a f e t y  
does n o t  "use a l l  t h e  i n f o r m a t i o n "  as i t  does n o t  i n c l u d e  t h e  v a r i a b i l i t y  
o f  t h e  c a p a c i t y  f u n c t i o n .  

It i s  t h e r e f o r e  p o s s i b l e  t o  have a s t r u c t u r e  w i t h  a 
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Fig. A.4. Relationship between capacity, demand, probability of failure, and factor of safety. 
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The va lue  o f  t h e  p r o b a b i l i s t i c  r i s k  a n a l y s i s  presented i n  t h i s  
appendix, t h e r e f o r e ,  l i e s  ma in ly  i n  s e r v i n g  as a d e c i s i o n  making t o o l  t o  
dec ide upon acceptable minimum f a c t o r s  o f  sa fe ty .  

A.5 FAILURE MODES I N  LONG-TERM STABILIZATION OF IMPOUNDMENTS 

T h i s  s e c t i o n  i n v e s t i g a t e s  t h e  f a i l u r e  modes d e f i n e d  by Nelson, e t  a l .  
(1983) and c a s t s  these i n  a p r o b a b i l i s t i c  framework. The f i n a l  r e s u l t  o f  
t h i s  s e c t i o n  i s  t h e  a b i l i t y  ( i n  p r i n c i p l e )  t o  c a l c u l a t e  t h e  p r o b a b i l i t y  o f  
f a i l u r e  o f  t h e  i n d i v i d u a l  f a i l u r e  modes. 

I n  almost a l l  o f  t h e  f a i l u r e  modes descr ibed i n  t h i s  s e c t i o n  t h e  
demand f u n c t i o n  i s  t h e  r u n o f f  f rom f loods .  It was concluded by Nelson, e t  
a l .  (1983) t h a t  t h e  PMF should be used as t h e  des ign  f l o o d  f o r  a l l  
long- term s t a b i l i t y  eva lua t ions .  

A f a u l t  t r e e  can be used t o  i n d i c a t e  t h e  v a r i o u s  sequences o f  events  
which may l e a d  t o  a f a i l u r e  by any o f  t h e  f a i l u r e  modes. 
p resents  a f a u l t  t r e e  f o r  t h e  f a i l u r e  modes i d e n t i f i e d  by Nelson, e t  a l .  
(1984) i n  e v a l u a t i n g  t h e  l o n g  t e r m  s t a b i l i t y  o f  a uranium t a i l i n g s  
impoundment. 
meant t o  r e s i s t  f l o o d i n g  were designed f o r  t h e  PMF and t h a t  f a i l u r e  w i l l  
n o t  occur i f  a f l o o d  s m a l l e r  than t h e  PMF occurs. T h i s  assumption i s  
obv ious ly  n o t  s t r i c t l y  c o r r e c t  because f l o o d s  smal le r  than t h e  PMF may 
r e s u l t  i n  a s m a l l e r  p r o b a b i l i t y  o f  f a i l u r e .  

F i g u r e  A.5 

T h i s  f a u l t  t r e e  was compi led assuming t h a t  a l l  t h e  components 

The o v e r a l l  p r o b a b i l i t y  o f  f a i l u r e  o f  a s t r u c t u r e  i s  g iven  by 

N e g l e c t i n g  t h e  c o n t r i b u t i o n  o f  f a i l u r e  p r o b a b i l i t i e s  due t o  f l o o d s  

combining a l l  t h e  p r o b a b i l i t i e s  ( P f l ,  t o  Pf7) ob ta ined f rom t h e  
f a u l t  t r e e .  
1984). 
smal le r  than t h e  PMF w i l l  r e s u l t  i n  a lower-bound o v e r a l l  p r o b a b i l i t y  of 
f a i  1 ure. 

Simple techniques a r e  a v a i l a b l e  t o  do t h i s  (Ang and Tang, 

The main purpose o f  t h e  a n a l y s i s  here i s  t o  use p r o b a b i l i t y  o f  f a i l u r e  

The o v e r a l l  . p r o b a b i l i t y  o f  f a i l u r e  i s  n o t  used i n  t h i s  approach 
o f  t h e  separate f a i l u r e  modes t o  s e l e c t  t h e  most a p p r o p r i a t e  f a c t o r  o f  
s a f e t y .  
and no i n f o r m a t i o n  i s  t h e r e f o r e  l o s t  by making t h e  assumption above. 

Using t h e  f a u l t  t r e e  i n  F i g u r e  A.5, t h e  separate p r o b a b i l i t i e s  o f  
f a i l u r e  ( P f l  t o  Pf7) can be c a l c u l a t e d .  
t h e  PMF as t h e  des ign  f l o o d  i t  i s  i m p l i c i t  t h a t  w i t h i n  t h e  s t a b i l i t y  p e r i o d  
used f o r  des ign ( Z O O ,  500 o r  1000 years )  e i t h e r  t h e  PMF o r  a f l o o d  hav ing  a 
magnitude s u f f i c i e n t l y  c l o s e  t o  t h e  PMF w i l l  occur.  
o f  f a i l u r e  due t o  f l o o d  i n t r u s i o n  g iven t h a t  a PMF has occur red  i s  equal 
t o :  

I n  t h e  concept o f  u s i n g  

Thus, t h e  p r o b a b i l i t y  

P f l  = PCFlood i n t r u s i o n ]  

A.5.1 F a i l u r e  Mode 1. F a i l u r e  Due t o  F lood ing  

The f i r s t  concept i s  t h e  p o s s i b i l i t y  o f  f l o o d  i n t r u s i o n  i f  t h e  d e s i g n  
f l o o d  were t o  be exceeded and t h e  r i v e r  o r  stream course i n  q u e s t i o n  
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Fig. A.5. Fault tree for long-term stabilization failure based on failure modes. Source: Nelson et al., 1983. 



remains i n  i t s  p resent  l o c a t i o n .  
cons idered i s  t h e  geomorphic s t a b i l i t y  o f  t h e  e x i s t i n g  r i v e r  course and t h e  
p o s s i b i l i t y  t h a t ,  over  long- term design per iods ,  t h e  s i t e  may o r  may n o t  
remain geomorphol og i  c a l  l y  s tab1 e ( Ne1 son, e t  a1 . 1983). 

The second concept t h a t  must be 

F a i l u r e  due t o  f l o o d i n g  can occur  when: 

( i )  The PMF causes h i g h  water  l e v e l s  i n  streams i n  t h e  v i c i n i t y  
o f  t h e  t a i l i n g s  impoundment so t h a t  t h e s e  o v e r f l o w  and 
erode t h e  impoundment. 

( i i )  G u l l i e s  form i n  t h e  landscape ad jacent  t o  t h e  impoundment. 
( i i i )  R i v e r  s h i f t  occurs i n  t h e  v i c i n i t y  o f  t h e  impoundment 

which can impact upon t h e  impoundment. 

The f i r s t  f a i l u r e  mode should be r e f o r m u l a t e d  f o r  t h e  case when t h e  
des ign  i s  done on t h e  b a s i s  o f  t h e  PMF. 
be taken as t h e  p r o b a b i l i t y  t h a t  t h e  PMF w i l l  i n t r u d e  upon t h e  impoundment, 
i.e. t h e  p r o b a b i l i t y  t h a t  t h e  f l o o d  waters  w i l l  l e a v e  t h e  banks o f  a r i v e r  
and inundate  p o r t i o n s  o f  t h e  impoundment l o c a t e d  on t h e  f l o o d p l a i n .  
F a i l u r e  o f  t h e  impoundment w i l l  t a k e  p l a c e  i f  t h e  e r o s i o n a l  f o r c e s  o f  t h e  
i n t r u d i n g  f l o o d  a r e  o f  s u f f i c i e n t  magnitude t o  cause damage. 

I n  p r o b a b i l i s t i c  terms i t  shou ld  

The f l o o d  magnitude used i s  t h e  PMF, and i s  t h e r e f o r e ,  a d e t e r m i n i s t i c  
value. One would t h e r e f o r e  know ( d e t e r m i n i s t i c a l l y )  whether t h e  f l o o d  has 
i n t r u d e d  o r  not .  T h i s  i m p l i e s  t h a t  t h e  c o n d i t i o n a l  p r o b a b i l i t y  o f  f a i l u r e  
due t o  f l o o d  i n t r u s i o n  can be taken as t h e  p r o b a b i l i t y  t h a t  e r o s i o n a l  
f a i l u r e  w i l l  t a k e  p lace.  

P r o t e c t i o n  a g a i n s t  e r o s i o n a l  f a i l u r e  i s  designed so t h a t  t h e  es t imated 
f l o w  v e l o c i t y  w i l l  n o t  cause scour. R ip rap  des ign  procedures a r e  used. 
Riprap des ign methodologies were m o s t l y  developed on t h e  b a s i s  o f  e m p i r i c a l  
observa t ions  and a r e  t h e r e f o r e  w e l l  s u i t e d  f o r  d e t e r m i n i s t i c  des ign where a 
"number" i s  requ i red .  It i s  c l e a r  t h a t  t h e r e  must be cons iderab le  
v a r i a t i o n  i n  t h e  c a p a c i t y  f u n c t i o n  f o r  r i p r a p  and u n c e r t a i n t y  i s  t h e r e f o r e  
b u i l t  i n t o  t h e  design, a l though th.e magnitude i s  never s ta ted .  These a r e  
unknowns and must be i n v e s t i g a t e d  f u r t h e r  t o  o b t a i n  a reasonable e s t i m a t e  
o f  p r o b a b i l i t y  o f  f a i l u r e .  Only when an "acceptable"  p r o b a b i l i t y  o f  
f a i l u r e  i s  used can t h e  f a c t o r  o f  s a f e t y  be s e l e c t e d  f o r  t h e  design. 

The main t a s k  i s  t o  develop t h e  c a p a c i t y  f u n c t i o n  f o r  each o f  t h e  
r i p r a p  des ign  procedures d iscussed i n  t h e  main body o f  t h i s  r e p o r t .  

The second p o t e n t i a l  f a i l u r e  mechanism due t o  f l o o d  i n t r u s i o n  i s  g u l l y  
format ion.  G u l l y  e r o s i o n  may l e a d  t o  t a i l i n g s  impoundment f a i l u r e  i n  two 
p o s s i b l e  ways. F i r s t ,  g u l l i e s  c o u l d  form a t  a cons iderab le  d i s t a n c e  
downstream f rom a t a i  1 i n g s  impoundment and eventual  l y  m i g r a t e  upstream 
u n t i l  they  i n t r u d e  upon t h e  impoundment area. Second, g u l l i e s  c o u l d  form 
w i t h i n  t h e  v i c i n i t y  o f  t h e  impoundment i t s e l f  and r e s u l t  i n  a s i m i l a r  
f a i l u r e  mode. Because g u l l y  e r o s i o n  i s  u s u a l l y  r a p i d  and progress ive ,  i t  
i s  e s s e n t i a l  t o  p revent  g u l l y  i n i t i a t i o n  t o  assure long- term s t a b i l i t y  o f  
an area. 
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The p r o b a b i l i t y  o f  f a i l u r e  due t o  g u l l y  format ion can t h e r e f o r e  be 
taken as t h e  p r o b a b i l i t y  t h a t  a g u l l y  w i l l  form. 
p l o t  o f  c r i t i c a l  s lope o f  f l ow  t o  w id th  (s lope-width)  r a t i o  vs. drainage 
bas in area presented i n  Nelson, e t  a l .  (1983) be used as a bas i s  f o r  t h e  
analys is .  Th is  p l o t  (F ig .  A.6) es tab l i shes  a geomorphic th resho ld  zone 
separat i ng ungul 1 i ed condi t i ons from g u l l  i ed condi t ions.  

It i s  proposed t h a t  t h e  

The s c a t t e r  i n  data on F igure  A.6 c l e a r l y  i l l u s t r a t e s  t h e  ex is tence o f  
v a r i a b i l i t y .  Consider now t h e  dashed l i n e  as an "average" l i n e ,  i .e. a 
d i s t r i b u t i o n  about t h i s  l i n e  w i l l  show t h a t  50% o f  t h e  t ime  g u l l y i n g  w i l l  
take p lace and 50% o f  t h e  t ime  i t  w i l l  not .  For any given bas in  area then 
t h e r e  w i l l  be a d i s t r i b u t i o n  o f  t h e  s lope-width r a t i o  about t h i s  mean 
value, as i s  shown f o r  1 sq km i n  F igure  A.6. Assume f o r  now t h a t  t h i s  
d i s t r i b u t i o n  i s  normal. A mean va lue and a c o e f f i c i e n t  o f  v a r i a t i o n  f o r  
t h i s  d i s t r i b u t i o n  can be obta ined from t h e  o r i g i n a l  data. 
o f  f a i l u r e  i s  then t h e  p r o b a b i l i t y  t h a t  t h e  s lope-width r a t i o  exceeds a 
c e r t a i n  value. 
ob ta in  an a l lowable f a c t o r  o f  sa fe ty  f o r  design purposes. 

The p r o b a b i l i t y  

S t a r t i n g  w i t h  a p r o b a b i l i t y  o f  f a i l u r e ,  one can t h e r e f o r e  

Flood i n t r u s i o n  can a lso  take  p lace due t o  r i v e r  s h i f t ,  t h e  t h i r d  
p o t e n t i a l  f a i l u r e  mechanism. Although a m i l l  t a i l i n g s  s i t e  may be l oca ted  
some d is tance from a r i v e r ,  if t h e  s i t e  i s  on a f l o o d  p l a i n  o r  on a low 
te r race ,  p o t e n t i a l  r i v e r  s h i f t  cou ld  l ead  t o  d i r e c t  r i v e r  a t tack  on t h e  
s i t e  and t o  increased f l o o d  damage. 
p o s s i b i l i t y  o f  r i v e r  i n t r u s i o n  would be l a t e r a l  movement o f  t he  stream 
channel causi ng undermi n i  ng o r  e ros ion  o f  t h e  t a i  1 i ngs impoundment. Thus, 
i f  the re  i s  evidence o f  h i s t o r i c a l  r i v e r  s h i f t  a t  t h e  s i t e  o r  a t  l o c a t i o n s  
upstream o r  downstream from t h e  s i t e ,  p o t e n t i a l  f o r  channel s h i f t  must be 
c a r e f u l l y  evaluated on t h e  bas is  of t h e  a v a i l a b l e  geomorphic evidence 
(Nelson, e t  a1 . 1983). 

The pr imary concern wi th regard t o  t h e  

R i  ver  channel c l  ass i  f i c a t i  ons cons ider ing  t h e  re1 a t i  ve s t a b i  1 i t y  and 
types o f  changes encountered wi th each channel p a t t e r n  a re  shown i n  F igure  
A.7 (Nelson, e t  a1 ., 1983). S i g n i f i c a n t  engineer ing judgment w i  11 be 
requ i red  t o  p r e d i c t  poss ib le  changes i n  channel p a t t e r n  over t h e  t ime  
per iod,  say 1000 years,  f o r  which t h e  design i s  made. However, i f  t h e  
channel w id th  i s  taken as a v a r i a b l e  w i t h  est imated values of mean and 
c o e f f i c i e n t  o f  va r ia t i on ,  p r o b a b i l i t i e s  can be obta ined f o r  t he  o v e r a l l  
r i v e r  w id th  due t o  s h i f t  exceeding some value. 
p r o b a b i l i t y  o f  f a i l u r e  i f  t h e  eros iona l  forces o f  t h e  r i v e r  f l ow  are 
s u f f i c i e n t l y  h igh  t o  cause f a i l u r e .  

This would be t h e  

A.5.2 F a i l u r e  Mode 2. Gu l ly  Formation on Impoundment Surface 

The methodology descr ibed i n  t h e  main body o f  t h i s  repo r t  can be used 
i n  a method s i m i l a r  t o  t h a t  descr ibed above t o  evaluate the  most reasonable 
f a c t o r  o f  sa fe ty  f o r  t h i s  f a i l u r e  mode. 

A.5.3 F a i l u r e  Mode 3. Water Eros ion on Impoundment Cover 

It was suggested t h a t  t o  p r o t e c t  a cover against  sur face eros ion,  t h e  
Un i f i ed  S o i l  Loss Equat ion (USLE) be used, and a f a c t o r  o f  sa fe ty  be 
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a p p l i e d  t o  p r o t e c t  t h i s  sur face.  
sheet e ros ion .  

Th is  approach w i l l  guard o n l y  a g a i n s t  

A s i m i l a r  approach as t h a t  used above f o r  t h e  e v a l u a t i o n  o f  r i p r a p  i s  
proposed. 
s e l e c t  an a l l o w a b l e  f a c t o r  o f  sa fe ty .  The f a c t o r  o f  s a f e t y  i s  then 
m u l t i p l i e d  by t h e  cover des ign t h i c k n e s s  o b t a i n e d  f rom t h e  USLE. 
o f  u n c e r t a i n t i e s  i n  t h e  a p p l i c a t i o n  o f  t h e  USLE a r e l a t i v e l y  l a r g e  
c o e f f i c i e n t  o f  v a r i a t i o n  i s  expected, e.g. equal t o  o r  l a r g e r  than 30%. 

The v a r i a b i l i t y  o f  t h e  c a p a c i t y  f u n c t i o n  must be developed t o  

Because 

A.5.4 F a i l u r e  Mode 4. D i f f e r e n t i a l  Se t t lement  

D i f f e r e n t i a l  se t t lement  o f  t h e  cover can l e a d  t o  f a i l u r e .  The main 
task  w i l l  again be t o  develop t h e  c a p a c i t y  f u n c t i o n ,  i.e. t h e  c a p a c i t y  of 
t h e  s o i l  t o  r e s i s t  c rack ing .  For t h i s  f a i l u r e  mode i t  i s  a l s o  p o s s i b l e  t o  
develop t h e  v a r i a b i l i t y  o f  t h e  demand f u n c t i o n ,  i.e. t h e  v a r i a b i l i t y  i n  
expected t a i  1 i ngs se t t lement  . 
F i g u r e  A.2 can then be used. 

The capaci  ty-demand model demonstrated i n  

A.5.5 F a i l u r e  Mode 5. Weathering o f  R ip rap  

Th is  f a i l u r e  mode i s  t h e  most d i f f i c u l t  t o  e v a l u a t e  q u a n t i t a t i v e l y .  
However, it i s  suggested t h a t  q u a l i t a t i v e  approaches be used t o  e v a l u a t e  
t h e  r e l a t i v e  r i s k  of r i p r a p  weather ing.  

A.6 SUMMARY AND RECOMMENDATIONS 

Thi  s appendi x presented some p r i  n c i  p l  es f o r  t h e  probabi  1 i s t i  c ri sk 
assessment o f  l o n g  t e r m  s t a b i l i z a t i o n  of uranium m i l l  t a i l i n g s  
impoundments. A complete r i s k  assessment must address t h e  f o l l o w i n g :  
hazard i d e n t i f i c a t i o n ,  hazard e v a l u a t i o n ,  r i s k  e v a l u a t i o n  and r i s k  
reduct ion/ response.  There a r e  s t i  11 cons iderab le  d i f f i c u l t i e s  e v a l u a t i n g  
a l l  these aspects q u a n t i t a t i v e l y  and t h e  use o f  s u b j e c t i v e  p r o b a b i l i t i e s  i s  
o f t e n  requ i red .  The major t h r u s t  of t h i s  appendix was t h e r e f o r e  t o  
demonstrate i n  p r i n c i p l e  t h e  methodologies which can be used i n  a 
probabi  1 i s t i  c ri sk assessment t o  he1 p se l  e c t  a1 1 owabl e f a c t o r s  o f  s a f e t y  
f o r  t h e  v a r i o u s  f a i l u r e  modes. The q u a n t i t a t i v e  approaches t o  most a l l  o f  
t h e  f a i l u r e  modes are  based on e m p i r i c a l  da ta  showing cons iderab le  s c a t t e r .  
"Safe" and "unsafe" reg ions  a r e  o f t e n  i n d i c a t e d  by a bes t  e s t i m a t e  l i n e  
based on t h e  e m p i r i c a l  data. The p r o b a b i l i s t i c  approach o u t l i n e d  here can 
a s s i s t  t h e  des igner  t o  s e l e c t  an a l l o w a b l e  f a c t o r  o f  safety  i n s t e a d  o f  
hav ing  o n l y  a d i v i s i o n  between safe and unsafe c o n d i t i o n s .  

The approach demonstrated i s  v a l i d  f o r  general  des ign and may a s s i s t  
t h e  des igner  i n  some decis ions.  However, t h e  l a r g e  v a r i a b i l i t y  o f  n a t u r a l  
processes and i m p e r f e c t  knowledge about these make i t  very  d i f f i c u l t  t o  
d e f i n e  t h e  f a i l u r e  modes, waste t r a n s p o r t  modes and impacts on p o p u l a t i o n s  
a t  r i s k  q u a n t i t a t i v e l y  i n  a formal r i s k  assessment. It i s  t h e r e f o r e  n o t  
cons idered f e a s i b l e  t o  per fo rm a p r o b a b i l i s t i c  r i s k  assessment f o r  l o n g  
t e r m  s t a b i l i z a t i o n  o f  uranium m i l l  t a i l i n g s  w i t h  t h e  same l e v e l  of 
c e r t a i n t y  as has been done f o r  n u c l e a r  r e a c t o r s  (NRC, 1984). The approach 
i s  very  u s e f u l  f o r  e v a l u a t i n g  and comparing rec lamat ion  schemes. A l though 
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t h e  general engineer ing communities should be encouraged t o  adopt a 
r e l i a b i l i t y  based approach, i t  i s  recognized t h a t  some stumbl ing blocks may 
remain which precludes i t s  general a p p l i c a t i o n  a t  t h i s  time. It must be 
emphasized t h a t  t he  general p r i n c i p l e s  could be used i n  design dec is ions 
w i thout  apply ing a complete p r o b a b i l i s t i c  r i s k  assessment. 





APPENDIX B. R I P R A P  SAMPLING, TESTING, AND REPORTING 

B. l  SAMPLING 

Sampling can o f t e n  be a weak l i n k  i n  t h e  cha in  o f  i n v e s t i g a t i v e  
procedures. 
personnel  

Thus, it must be c a r e f u l l y  performed by q u a l i f i e d ,  exper ienced 

The sample s i z e  should be a t  l e a s t  275 Kg (600 pounds). I f  t h e  
m a t e r i a l  q u a l i t y  i s  q u i t e  v a r i a b l e ,  t h r e e  samples which represent  
r e s p e c t i v e l y  t h e  poorest ,  medium, and best  q u a l i t y  m a t e r i a l  a v a i l a b l e  
should be obta ined.  The minimum s i z e  of i n d i v i d u a l  fragments s e l e c t e d  
should be a t  l e a s t  t h e  d50 des ign s i z e  o r  20 cm (8 inches)  i n  diameter,  
whichever i s  less .  An es t imate  of t h e  r e l a t i v e  percentages of each 
m a t e r i a l  q u a l i t y  should be made and i n c l u d e d  as i n f o r m a t i o n  r e l a t i n g  t o  t h e  
source. Samples from undeveloped sources must be very c a r e f u l l y  chosen so 
t h a t  t h e  m a t e r i a l  s e l e c t e d  w i l l ,  as f a r  as poss ib le ,  be t y p i c a l  o f  t h e  
d e p o s i t  and i n c l u d e  any s i g n i f i c a n t  rock- type v a r i a t i o n s .  

Representa t ive  samples may be d i f f i c u l t  t o  ob ta in .  Overburden may 

Samples ob ta ined f rom 

l i m i t  t h e  area f rom which m a t e r i a l  can be taken and obscure t h e  t r u e  
c h a r a c t e r  o f  a l a r g e  p a r t  of t h e  depos i t .  Sur face outcrops w l l  o f t e n  be 
more weathered than t h e  i n t e r i o r  of t h e  deposi t .  
l o o s e  rock fragments on t h e  ground o r  c o l l e c t e d  from weathered o u t e r  
sur faces o f  rock outcrops a r e  seldom r e p r e s e n t a t i v e .  Fresh m a t e r i a l  may be 
ob ta ined by break ing  away t h e  o u t e r  surfaces, o r  by t rench ing ,  b l a s t i n g ,  o r  
core d r i l l i n g .  I n  s t r a t i f i e d  depos i ts  such as l imestones o r  sandstones, 
v e r t i c a l  and h o r i z o n t a l  u n i f o r m i t y  must be eva lua ted  as s t r a t a  o f t e n  d i f f e r  
i n  charac ter  and q u a l i t y .  

The d i p  o f  s t r a t i f i e d  format ions must a l s o  be considered. S t r a t a  
i n c l i n a t i o n  w i t h  respect  t o  sur face s lope w i l l  expose d i f f e r e n t  s t r a t a  a t  
t h e  sur face  i n  d i f f e r e n t  p a r t s  of t h e  area. A t t e n t i o n  should be d i r e c t e d  
t o  t h e  p o s s i b i l i t y  o f  zones o r  l a y e r s  of undes i rab le  m a t e r i a l .  
s h a l e  seams may be so l a r g e  o r  p r e v a l e n t  as t o  r e q u i r e  s e l e c t i v e  q u a r r y i n g  
o r  excess ive wast ing o f  undesi  r a b l e  m a t e r i  a1 . 

Clay o r  

8.2 TESTING 

Q u a l i t y  e v a l u a t i o n  i n v e s t i g a t i o n s  on r e p r e s e n t a t i v e  samples submi t ted 
f rom t h e  f i e l d  i n c l u d e  d e t a i l e d  p e t r o g r a p h i c  examinat ion and p h y s i c a l  
p r o p e r t i e s  t e s t s .  

B.2.1 Pet rograph ic  Examinat ion 

The pieces of rock compr is ing t h e  sample are  examined i n d i v i d u a l l y  and 
d i f f e r e n t  rock f a c i e s  and rock types, if present ,  a r e  segregated. S ize  
range i s  descr ibed and c h a r a c t e r i s t i c  fragment shape stud ied,  p a r t i c u l a r l y  
t o  determine i f  t h e  fragment shape i s  determined by j o i n t s ,  f r a c t u r e s ,  o r  
shear. Sur face weather ing and secondary d e p o s i t s  of a l k a l i  s a l t s  o r  c lay,  
a re  noted. F r a c t u r e  o r  v e i n  systems are  descr ibed as w e l l  as t h e  ease w i t h  
which f r a c t u r e s  or  ve ins can be opened. Hardness, toughness, o r  
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b r i t t l e n e s s ,  and v i s i b l e  vo id  o r  pore c h a r a c t e r i s t i c s ,  w i t h  t h e i r  
va r ia t i ons ,  are noted. Rock pieces rep resen ta t i ve  o f  the  var ious fac ies  
and rock types may be se lected f o r  d e t a i l e d  pet rographic  examination. The 
tex tu re ,  i n t e r n a l  s t ruc tu re ,  and mineralogy o f  the  var ious rock fac ies  and 
rock types are determined. Special a t t e n t i o n  i s  given t o  i n t e r n a l  voids 
and f rac tu res ,  and t o  the  nature of cementing ma te r ia l  i n  sedimentary 
rocks. Thin-sect ion s tud ies  are made as required. The pe t rograph ic  data 
are inc luded i n  t h e i r  e n t i r e t y  i n  the  f i n a l  ma te r ia l s  repor t .  

For freeze-thaw d u r a b i l i t y  t e s t i n g ,  7.3 cm (2.875 inches)  rock cubes 
are sawed from rock fragments se lected t o  represent the  poorest ,  medium, 
and best q u a l i t y  rock ( f o r  each fac ies  o r  rock type)  on the  bas is  o f  v i sua l  
inspect ion.  The actual  number of rock cubes t e s t e d  may vary from sample t o  
sample. A f t e r  t he  rock cubes have been obtained, they are weighed i n  
ovendry c o n d i t i o n  and photographed. The cubes are immersed i n  water f o r  24 
hours, saturated surface d ry  weights and weights i n  water obtained, and wet 
bu lk ,  dry  bulk,  and apparent s p e c i f i c  g r a v i t i e s  determined. The cubes a re  
then i n s e r t e d  i n  7.6 cm (3 inches)  square rubber sheaths, s u f f i c i e n t  water 
i s  added t o  cover the  specimens, and the  rubber sheaths con ta in ing  t h e  
specimens are placed i n  au tomat ica l l y  c o n t r o l l e d  f reez ing  and thawing 
cabinets  where the  cubes are a l t e r n a t e l y  f rozen and thawed a t  t he  r a t e  o f  
50 cyc les per week by c i r c u l a t i n g  ca lc ium c h l o r i d e  b r i n e  around the  
sheaths. Each cyc le  cons is ts  of 1 1/2 hours f reez ing  a t  -120 C (10' F)  
and 1 1/2 hours o f  thawing a t  23O C (70° F). Throughout the  t e s t s ,  t he  
appearance and manner o f  d e t e r i o r a t i o n  of t he  cubes are noted. Terminat ion 
o f  the t e s t  i s  250 cyc les or when the  rock f a i l s  ( f a i l u r e  c r i t e r i o n  i s  25 
percent weight l oss ) ,  whichever i s  sooner. Type o f  f a i l u r e  - s p l i t t i n g  o r  
crumbl ing - i s  noted, photographs taken, and weight l oss  determined. 
Weight l o s s  ( i n  percent )  i s  computed as d i f f e rence  i n  oven-dry weight 
between the  l a r g e s t  p iece o f  the  cube remaining a f t e r  t e s t i n g  and o r i g i n a l  
oven-dry weight of the  cube. The weight o f  ma te r ia l  l o s t  by s p l i t t i n g  o f  
t h e  rock cube along f ractures,  seams, and bedding planes i s  considered 
weight loss  and appropr ia te n o t a t i o n  i s  made t o  a i d  i n  o b t a i n i n g  
minimum-si ze r i p r a p  requ i red  by spec i f i ca t i ons .  

Mater i  a1 remaining a f t e r  pet rographic  examination o f  rock samples 
(exc lud ing  any pieces se lected f o r  more d e t a i l e d  pet rographic  ana lys is  and 
freeze-thaw d u r a b i l i t y  t e s t s )  i s  crushed, separated i n t o  1 1/2- t o  3-inch, 
3/4- t o  1 1/2-inch, 3/8- t o  3/4-inch, and No. 4 t o  3/8- inch-size f r a c t i o n s ,  
and representa t ive  samples obtained f o r  f u r t h e r  phys ica l  p r o p e r t i e s  t e s t s .  

8.2.2 Physical  Proper t ies  

Samples cons is t i ng  of d i f f e r e n t  rock types or  r a d i c a l  f ac ies  changes 
should be t e s t e d  and examined separately.  Physical  p roper t i es  t e s t s  
performed are: (1 )  s p e c i f i c  g rav i t y ,  (2)  absorpt ion,  (3 )  sodium s u l f a t e  
soundness, and (4 )  Los Angeles abrasion. 

B.2.2.1 S p e c i f i c  Grav i ty  and Absorpt ion 

The s p e c i f i c  g r a v i t y  of r i p r a p  (crushed t o  1 1/2-inch maximum s i z e )  i s  
determined by washing the  sample t o  remove dust and o ther  coat ings from t h e  
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sur face  o f  t h e  p a r t i c l e s ,  d r y i n g  t o  a constant  weight and immersing i n  
water a t  room temperature f o r  24 hours, b l o t t i n g  w i t h  a towel ,  and 
weighing. A f t e r  weighing, t h e  m a t e r i a l  i s  p laced i n  a w i r e  basket and i s  
weighed again i n  water  hav ing a temperature of  23" C (73.4" F) .  
i s  then d r i e d  t o  a constant  weight  i n  an oven, cooled t o  room temperature,  
and weighed again. I f  A i s  t h e  weight  of t h e  oven-dr ied sample i n  a i r ,  B 
t h e  weight o f  t h e  sa tura ted ,  s u r f a c e - d r i e d  sample, and C t h e  weight  o f  t h e  
sample i n  water, then: 

The sample 

A 
t h e  s p e c i f i c  g r a v i t y  on a d r y  b a s i s  = B-c 

R - 
t h e  s p e c i f i c  g r a v i t y  on a saturated,  sur face-dry  b a s i s  = B-C ; 

B - A  
t h e  absorp t ion  on a d r y  bas is  = 7 ; 

B - A  
and t h e  absorp t ion  on a saturated,  sur face-dry b a s i s  = 7 . 
Absorp t ion  i s  u s u a l l y  expressed as a percentage. ASTM Designat ion C 127-68 
descr ibes  t h e  d e t a i l e d  procedures f o r  these t e s t s .  

B.2.2.2 Abrasion 

T h i s  t e s t  determines t h e  abras ion r e s i s t a n c e  o f  crushed rock and 
n a t u r a l  and crushed grave l .  The Los Angeles abras ion  machine, which 
c o n s i s t s  o f  a ho l low s t e e l  c y l i n d e r  c losed a t  bo th  ends i s  used. The 
c y l i n d e r  has a diameter o f  7 1  cm (28 i n c h e s )  and a l e n g t h  o f  51 cm (20  
inches) .  The abras ive  charge c o n s i s t s  o f  c a s t - i r o n  o r  s t e e l  spheres 
approx imate ly  4.7 cm (1.9 i n c h e s )  i n  diameter.  

The t e s t  sample o f  5,000 grams and t h e  proper  abras ive  charge a r e  
p laced i n  t h e  Los Angeles abras ion  ' t e s t i n g  machine, and t h e  machine i s  
r o t a t e d  f o r  100 r e v o l u t i o n s  a t  about 30 rpm. The m a t e r i a l  i s  then removed 
f rom t h e  machine and, screened on a No. 12 sieve. The m a t e r i a l  r e t a i n e d  on 
t h e  screen i s  weighed. The e n t i r e  sample i n c l u d i n g  t h e  dus t  o f  abras ion i s  
r e t u r n e d  t o  t h e  t e s t i n g  machine and r o t a t e d  an a d d i t i o n a l  400 r e v o l u t i o n s .  
The screening and weighing are  repeated. The d i f f e r e n c e s  between t h e  
o r i g i n a l  weight o f  t h e  t e s t  sample and t h e  weight  o f  t h e  m a t e r i a l  r e t a i n e d  
on t h e  screen a t  100 r e v o l u t i o n s  and a t  500 r e v o l u t i o n s  are expressed as 
percentages o f  t h e  o r i g i n a l  weight  o f  t h e  t e s t  sample. These values a r e  
r e p o r t e d  as percentages o f  wear. 
d e t a i  l e d  procedures f o r  t h i s  t e s t .  

ASTM Des ignat ion  C 131-69 descr ibes  

B.2.2.3 Sodium S u l f a t e  Soundness 

The most commonly used soundness t e s t  i s  t h e  sodium s u l f a t e  t e s t .  
r e s u l t s  o f  t h i s  t e s t  a re  used as an i n d i c a t i o n  o f  t h e  a b i l i t y  o f  r i p r a p  t o  
r e s i s t  weathering. A c a r e f u l l y  prepared s a t u r a t e d  s o l u t i o n  of sodium 
s u l f a t e  i s  kept  a t  a temperature o f  210 C (700 F). A f t e r  washing and 

The 
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d r y i n g  i n  an oven, t h e  m a t e r i a l  t o  be t e s t e d  i s  screened t o  p r o v i d e  a 
s p e c i f i e d  gradat ion ,  u s u a l l y  i n  t h e  range f r o m  3.8 cm (1.5 inches)  t o  t h e  
No. 50 s i e v e  s ize .  
a r e  p laced i n  separate c o n t a i n e r s  r e s i s t a n t  t o  t h e  a c t i o n  o f  t h e  s o l u t i o n ,  
and s u f f i c i e n t  sodium s u l f a t e  i s  poured i n t o  t h e  c o n t a i n e r s  t o  cover  t h e  
samples. 
more than 18 hours, d u r i n g  which t h e  temperature i s  ma in ta ined a t  210 C 
(70° F) .  

S p e c i f i e d  weights  o f  t h e  v a r i o u s  grades o f  t h e  m a t e r i a l  

The m a t e r i a l  i s  p e r m i t t e d  t o  soak f o r  n o t  l e s s  t h a n  16 hours o r  

A f t e r  t h e  immersion per iod,  t h e  samples a r e  removed f rom t h e  s o l u t i o n  
and d r i e d  t o  cons tan t  weight (about  4 hours)  a t  a temperature o f  1050 t o  
1100 C (2210 t o  2300 F )  . 
cooled t o  room temperature and t h e  process i s  repeated. 
cyc les ,  t h e  t e s t  sample i s  inspec ted  and observa t ions  a r e  recorded. Each 
f r a c t i o n  i s  t h e n  washed t h o r o u g h l y  t o  remove t h e  sodium s u l f a t e  f rom t h e  
m a t e r i a l  , and i s  d r i e d  and cooled. Each f r a c t i o n  i s  screened and t h e  
q u a n t i t i e s  o f  m a t e r i a l  r e t a i n e d  a r e  weighed. 
each f r a c t i o n  i s  computed and repor ted.  
t h e  d e t a i l e d  procedure f o r  t h i s  t e s t .  

A f t e r  d r y i n g ,  t h e  sample f r a c t i o n s  a r e  
A t  t h e  end o f  f i v e  

The weighted average loss f o r  
ASTM Des ignat ion  C 88-69 d e s c r i b e s  

6.3 REPORTING 

Repor t ing  o f  i n f o r m a t i o n  and d a t a  accumulated d u r i n g  any i n v e s t i g a t i o n  
s tage i s  most impor tant .  Al though d e t a i l e d  i n f o r m a t i o n  requi rements 
i n c r e a s e  w i t h  each success ive stage, adequate i n f o r m a t i o n  must be a v a i l a b l e  
by t h e  f e a s i b i l i t y  s tage t o  develop r e a l i s t i c  c o s t  es t imates  and p r o p e r l y  
s e l e c t  sources f o r  p o s s i b l e  use. For  f e a s i b i l i t y  s tud ies ,  t h e  des igners  
should have s u f f i c i e n t  i n f o r m a t i o n  t o  supplement l a b o r a t o r y  t e s t  d a t a  t o  
determine whether o t h e r  types  o f  embankment p r o t e c t i o n  should be 
considered. 
a quarry  i s  as f o l l o w s :  

A suggested o u t l i n e  f o r  r i p r a p  r e p o r t s  f o r  rock  ob ta ined f r o m  

a. 
b.  

C. 
d. 
e. 
f. 
9. 

h. 
i. 
j. 
k.  
1. 

m. 
n. 

Ownership 
Locat ion ,  i n d i c a t e d  by map, w i t h  re fe rence t o  sec t ion ,  
township,  and range 
General d e s c r i p t i o n  
Geol og i  c t y p e  and cl a s s i  f i c a t i  on 
J o i n t  spac ing and f r a c t u r e  systems 
Bedding and planes o f  s t r a t i f i c a t i o n  
Manner and s i z e s  i n  which rock may break on b l a s t i n g  as 
a f f e c t e d  by j o i n t i n g ,  bedding, o r  i n t e r n a l  s t resses  
Shape and angul a r i  t y  o f  rock f ragments 
Hardness and d e n s i t y  o f  rock 
Degree o f  weather ing 
Any abnormal p r o p e r t i e s  o r  condi  t i ons n o t  covered above 
Thickness, e x t e n t ,  es t imated  volume, and average depth o f  
d e p o s i t  
Type, ex ten t ,  and t h i c k n e s s  o f  overburden 
A c c e s s i b i l i t y  ( roads, g i v i n g  d is tance,  l o a d  l i m i t a t i o n s ,  r e q u i r e d  
maintenance, whether p r i v a t e l y  owned, and o t h e r  p e r t i n e n t  
i n f o r m a t i o n )  
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0. Photographs and any o t h e r  i n f o r m a t i o n  which may be u s e f u l  o r  

If commercial quar ry  d e p o s i t s  a r e  considered, t h e  f o l l o w i n g  

necessary . 
in format ion  should be ob ta ined and i n c l u d e d  i n  t h e  r e p o r t :  

a. 

b. 
C. 

d .  
e. 
f. 

9 -  

h. 
i. 
j. 
k. 
1. 

Name and address of  p l a n t  opera tor  - i f  quar ry  i s  no t  i n  
operat ion,  a statement r e l a t i v e  t o  ownership o r  c o n t r o l  
Locat ion  of p l a n t  and quar ry  
Age of p l a n t  ( i f  i n a c t i v e ,  approximate da te  when o p e r a t i o n s  
ceased) 
T r a n s p o r t a t i o n  f a c i  1 i t i  es and d i f f i c u l t i e s  
Extent  of depos i t ,  p l a n t  capacty, and s t o c k p i l e  s i z e  
P l a n t  d e s c r i p t i o n  ( t y p e  and c o n d i t i o n  o f  equipment f o r  
excavat ing,  t r a n s p o r t i n g ,  crushing,  c l a s s i f y i n g ,  l o a d i n g )  and 
o p e r a t i n g  r e s t r i c t i o n s ,  i f  any 
Approximate percentages o f  var ious  s i z e s  o f  mater i  a1 produced 
by t h e  p l a n t  
Locat ion  o f  sca les f o r  weighing shipments 
Approximate p r i c e s  o f  m a t e r i a l s  a t  t h e  p l a n t  
P r i n c i p a l  users o f  p l a n t  ou tpu t  
Serv ice  h i  s t o r y  o f  m a t e r i  a1 produced 
Any o t h e r  p e r t i n e n t  i n f o r m a t i o n .  





APPENDIX C. SAMPLE CALCULATIONS FOR CHAPTER 6, SELECTION OF RIPRAP 

C . l  SUITABILITY TESTS, OVERSIZING METHODOLOGY , AND OPTIONS 

C . l . l  Pet rographic  Analysis,  D u r a b i l i t y  Test Resul ts,  and O r i g i n a l  Design 
d50 

a. Analys is  and Tests 

1. Rock Type: F o s s i l i f e r o u s  f ine-gra ined l imestone 
2. Weathering and Fractures:  Bedding and j o i n t s  range from 

t i g h t l y  c losed t o  open. 
j o i n t s  o f t e n  l ess  than 3 inches apart ,  t r a c e  amounts o f  
smeckti t e  c l a y  m i  ne ra l  s are present. Avai 1 ab1 e rock s i z e  
d50 = 5.5 inches 

Rocky s i z e  fragments c o n t r o l l e d  by 

3. S p e c i f i c  Grav i ty :  2.71 
4. Absorpt ion:  0.2% 
5. Sodium S u l f a t e  Soundness: 9.7% ( 5  cyc les )  
6. Freeze-thaw: Not t e s t e d  
7. Los Angeles Abrasion: 9.8% (100 r e v o l u t i o n s )  

b .  Or ig ina l  Design d50 = 5.0 inches 

C . 1.2 Sample Cal c u l  a t  i ons 

a. Maximum Poss ib le  Score b. Actual Score 

N1 W 1  = 3 . 1.00 
N2 w2 = 3 1.00 
N3 w3 = 3 1.00 

3 0.75 
3 0.75 

N6 w6 = 0 
3 0.50 

N4 W4 = 
N5 W5 = 

N7 W7 = 

1 1.00 
2 1.00 
3 1.00 
3 0.75 
3 0.75 

0 
2 0.50 

Qm = 15.00 Q = 10.75 

Note: Refer t o  Table 6.4 f o r  values o f  N1 and N2; Table 6.2 f o r  
values o f  N3 through N7; and Table 6.3 f o r  values o f  W1 
through W7. 

C.1.3 Percent o f  Maximum Score 

_I Q x 100 = - x 100 = 72% Qm 15 .OO 
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C.1.4 T e n t a t i v e  S u i t a b i l i t y  

1. Frequent ly  s a t u r a t e d  areas 

> 80% % -  
2. Occas iona l l y  s a t u r a t e d  areas 

Q - > 65% 
Qm - 

3.  Seldom Satura ted  Areas 

4. Resu l t  o f  Sample C a l c u l a t i o n s  

I m p l i e s  t h a t  t h e  sample rock i s  no t  s u i t a b l e  f o r  use i n  
f r e q u e n t l y  s a t u r a t e d  areas b u t  may be used i n  o c c a s i o n a l l y  
o r  seldom s a t u r a t e d  areas. 

C .1.5 L i m i t a t i o n s  

1. Crushed l imestone would have been r e q u i r e d  between r i p r a p  
b l o c k s  had t h i s  m a t e r i a l  been judged as s u i t a b l e  i n  f r e q u e n t l y  
s a t u r a t e d  areas 

2. S ize  L i m i t a t i o n :  Rock d50 > o r i g i n a l  des ign d50 
(5.5 inches  > 5.0 i n c h e s )  b u t  o v e r s i z i n g  may be r e q u i r e d  i n  
occas ional  l y  s a t u r a t e d  areas. 

C .1.6 Oversi  z i n g  C a l c u l a t i o n s  

(A v i a b l e  a l t e r n a t i v e  because o f  t h e  absence o f  smeckt i te  c l a y  
m i n e r a l  s )  

1. F r e q u e n t l y  s a t u r a t e d  areas 
(A l ready  d i s q u a l i f i e d ;  see C.1.4, above. O v e r s i z i n g  c a l c u l a t i o n  

c a r r i e d  ou t  o n l y  f o r  i l l u s t r a t i v e  purposes) 

s = (10)  F T = (1O)i-J 9 * 7  = 75% 

M o d i f i e d  des ign d50 = 5 x 1.75 = 8.75 inches 

I m p l i e s  A v a i l a b l e  rock d50 << m o d i f i e d  des ign d50 
(5.5 inches  << 8.75 i n c h e s )  
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I m p l i e s  Considerable screening would be r e q u i r e d  t o  b r i n g  rock 
s i z e  up t o  des ign s p e c i f i c a t i o n s .  
8.75 inches  may n o t  be achievable.  

M o d i f i e d  des ign d50 o f  

2. Occas iona l l y  s a t u r a t e d  areas 

T 9.7 DIT= ( 2 ) m  = 15% S = ( 2 )  

M o d i f i e d  design d50 = 5 inches x 1.15 = 5.75 inches 

I m p l i e s  A v a i l a b l e  rock d50 < m o d i f i e d  design d50 b u t  o n l y  
by a narrow marg in (5.5 inches  < 5.75 inches) .  

C.1.7 Opt ions 

The l i c e n s e e  may be ab le  t o  a t t a i n  m o d i f i e d  design s p e c i f i c a t i o n s  
by one o f  t h r e e  a1 t e r n a t i  ves. 

A l t e r n a t i v e  1: 
up t o  modi f i ed des i  gn speci  f i c a t  i ons . L i g h t  t o  moderate screening cou ld  b r i n g  D50 

A l t e r n a t i v e  2: D iscard  t h e  r e s u l t s  o f  t h e  sodium s u l f a t e  
soundness t e s t  and perform a freeze-thaw t e s t  t o  determine t h e  
need and magnitude o f  overs iz ing .  

A l t e r n a t i v e  3: Abandon t h e  at tempt  t o  use t h i s  r i p r a p  source on 
o c c a s i o n a l l y  s a t u r a t e d  slopes. Use on seldom s a t u r a t e d  slopes 
where no o v e r s i z i n g  i s  necessary. 
use on o c c a s i o n a l l y  s a t u r a t e d  slopes. 

Seek another r i p r a p  source f o r  

C.2 OVERTHICKENING A R I P R A P  BLANKET CONSISTING OF HETEROGENEOUS BOULDER 
CONGLOMERATE 

C.2.1 Assumptions 

1. M a t e r i a l  i s  s u i t a b l e  f o r  use i n  seldom s a t u r a t e d  areas. 
2. Design t h i c k n e s s  (TD)  of  r i p r a p  b lanket  = 6 inches. 

C.2.2 D u r a b i l i t y  Test  Resu l ts  

Rock Size Sample Grade Resi s tance t o  Na2S04 
( i n c h )  by Weight % Hammer B1 ows Soundness Test 

Weight Loss % 

1.00 t o  1.75 5 
1.75 t o  2.25 14 
2.25 t o  3.25 41 
3.25 t o  4.25 40 

Po0 r 
Poor 
Fai  r 
Fai  r 

42 
33 
15 
10 
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C.2.3 Ca lcu la t ions  

To f i n d :  1) Percentage o f  acceptable ma te r ia l  (Dp) 
2) Modi f i ed Desi gn Thi ckness ( TMD) 

Dp = 81% 

TD 
TMD 
- = 0.81 

TD 6 - - - = 7.5 inches 
0.81 0.81 TMD = 

C.2.4 Options 

1. Construct  r i p r a p  b lanket  t o  a th ickness  o f  7.5 inches. 

2. Separate poorer q u a l i t y ,  f i  ne-grai  ned mater i  a1 by screeni  ng. 
Construct  r i p r a p  b lanket  t o  a th ickness o f  6.0 inches. 
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