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SUMMARY OF RESEARCH PROJECT REPORTS 

Bonnev i l l e  Power A d m i n i s t r a t i o n  
BPA F i s h e r i e s  P r o j e c t  82-14 

DEVELOPMENT OF NEW CONCEPTS IN F I S H  LADDER DESIGN 

Conducted a t  t h e  
Albrook Hydrau l i cs  Labora to ry  ' 

Department of C i v i l  and Environmental Eng ineer ing  
Washington S t a t e  U n i v e r s i t y  

Pullman, Washington 99164-3001 

P r o j e c t  Per iod :  June, 1982-Octoher, 1984 

1. Orsborn, John F.  1985. SUMMARY REPORT 

A s y n o p s i s  o f  t h e  p r o j e c t  components was prepared t o  p r o v i d e  an 
overv iew f o r  persons who are n o t  f i s h e r i e s  s c i e n t i s t s  o r  engineers.  
T h i s  s h o r t  r e p o r t  can  be  used  a l s o  by t e c h n i c a l  persons who are  
i n t e r e s t e d  i n  t h e  scope o f  t h e  p r o j e c t ,  and a s  a  summary o f  t h e  
t h r e e  main  r e p o r t s .  The c o n t e n t s  i n c l u d e s  an h i s t o r i c a l  
p e r s p e c t i v e  on f ishway des ign  which p r o v i d e s  t h e  b a s i s  f o r  t h i s  
p r o j e c t .  The m a j o r  p r o j e c t  accomp l i shmen ts  and  s i g n i f i c a n t  
a d d i t i o n s  t o  t h e  body of knowledge about the  a n a l y s i s  and des ign  o f  
f i shways  a r e  d i s c u s s e d .  I n  t h e  nex t  s e c t i o n  t h e  research p r o j e c t  
o r g a n i z a t i o n ,  o b j e c t i v e s  and components a r e  p r e s e n t e d  t o  
f a m i l i a r i z e  t h e  reader w i t h  t h e  scope o f  t h i s  p r o j e c t .  

The summary r e p o r t  concludes w i t h  recornendat ions  f o r  ass i s t  i ng i n  
t h e  enhancement and r e s t o r a t  i o n  o f  f i s h e r i e s  resources f rom t h e  
p e r s p e c t i v e  o f  f i s h  passage problems and t h e i r  s o l u t i o n .  Promis inq  
research  t o p i c s  are i nc luded.  

2 .  Aaserude,  R o b e r t  G. and John F .  O r s b o r n .  1985.  NEW CONCEPTS I N  
FISHLADDER DESIGN. --Resul t s  o f  L a b o r a t o r y  and F i e 1  d Resea'rch on New 
Concepts  i n  Wei r  and Poo l  F i s h w a y s .  ( W i t h  c o n t r i b u t i o n s  b y  Oiane 
H i 1  l i a r d  and V a l e r i e  Monsey). 

The d r i v i n g  f o r c e  beh ind  t h i s  p r o j e c t ,  and the  nucleus f rom which 
o t h e r  p r o j e c t  components evolved, was t h e  d e s i r e  t o  u t i l i z e  f i s h  
l e a p i n g  c a p a b i l i t i e s  more e f f i c i e n t l y  i n  f i s h w a y  design.  T h i s  
r e p o r t  focuses on t h e  elements wh ich  were  c e n t r a l  t o  t e s t i n g  t h e  
p r e m i s e  t h a t  s i g n i f i c a n t  improvements cou ld  be made i n  water  use, 
cos ts  and f i s h  passage e f f i c i e n c i e s  by d e v e l o p i n q  a new w e i r  and 
p o o l  f i shway .  T h e s e  e l e m e n t s  i n c l u d e :  h i s t o r i c a l  r e v i e w  o f  
a v a i l a b l e  i n fo rma t ion ;  o p t i m i z a t i o n  o f  w e i r  geomet ry ;  f l u i d  j e t  
mechanics; a i r  entra inment ;  energy d i s s i p a t i o n  i n  the  pool  chamber; 
and f i s h  c a p a b i l i t i e s .  The new we i r  and poo l  chambers were t e s t e d  
i n  t h e  f i e l d  w i t h  coho and chum salmon. 



3 .  Orsbo rn ,  J o h n  F .  and P a t r i c k  D. Powers.  1985.  FISHWAYS--AN ASSESSMENT 
OF T H E I R  D E V E L O P M E N T  AND D E S I G N .  ( W i t h  c o n t r i b u t i o n s  by  Thomas W .  
Ijr~~~ist.eatl, Sharon A.  Kl i n q w ,  and Wal ter  C.  Mih.)  

- T h i s  volume cove rs  t h e  b road ,  t h o u g h  r e l a t i v e l y  s h o r t ,  h i s t o r i c a l  
b a s i s  f o r  t h i s  p r o j e c t .  The h i s t o r i c a l  dele lopments o f  c e r t a i n  d e s i g n  
fea tures ,  c r i t e r i a  and research  a c t i v i t i e s  a r e  t raced.  Current  design 
p r a c t i c e s  a r e  summarized based  on t h e  r e s u l t s  o f  an i n t e r n a t i o n a l  
survey and i n t e r v i e w s  w i t h  agency p e r s o n n e l  and c o n s u l t a n t s ,  The 
f l u i d  mechanics and h y d r a u l i c s  of f i shway  systems are discussed. 

Fishways ( o r  f ishpasses)  can be c l a s s i f i e d  i n  two  ways: (1) on t h e  
b a s i s  o f  t h e  method of  w a t e r  c o n t r o l  ( c h u t e s ,  s t e p s  [ ladders] ,  o r  
s l o t s ) ;  and ( 2 )  on t h e  b a s i s  of t h e  degree and t y p e  o f  water  c o n t r o l .  
T h i s  degree  o f  c o n t r o l  ranges  from a  n a t u r a l  w a t e r f a l l  t o  a  t o t a l l y  
a r t i f i c i a l  e n v i r o n m e n t  a t  a h a t c h e r y .  S y s t e m a t i c  p r o c e d u r e s  f o r  
a n a l y z i n g  f ishways based on t h e i r  c o n f i g u r a t i o n ,  s p e c i e s ,  and 
h y d r a u l i c s  a re  presented. D iscuss ions  o f  f i s h  c a p a b i  1  i t  i e s ,  e n e r g y  
expendi ture,  a t t r a c t i o n  f low, s t r e s s  and o t h e r  f a c t o r s  a r e  inc luded.  

4 .  Powers, P a t r i c k  0.  and John F.  Orsbo rn .  1985.  A N A L Y S I S  OF B A R R I E R S  TO 
UPSTREAM MI&RATION.--An I n v e s t i g a t i o n  i n t o  t h e  P h y s i c a l  and B i o l o g i c a l  
Cond i t ions  A f f e c t i n g  F i s h  Passage Success a t  C u l v e r t s  and Wate r fa l l s .  

F i s h  passage p r o b l e m s  a t  n a t u r a l  b a r r i e r s  ( w a t e r f a l l s )  and a r t i f i -  
c i a l  b a r r i e r s  ( c u l v e r t s )  a r e  caused b y  e x c e s s i v e  v e l o c i t y  a n d / o r  
e x c e s s i v e  h e i g h t .  By d e t e r m i n i n g  w h i c h  g e o m e t r i c  or h y d r a u l i c  
c o n d i t i o n  exceeds the  c a p a b i l i t i e s  of t h e  f i s h ,  t h e  most  p r o m i s i n g  
c o r r e c t i o n  can be made t o  t h e  b a r r i e r .  

No w a t e r f a l l  c l a s s i f i c a t i o n  sys tem was f o u n d  i n  t h e  l i t e r a t u r e  
w h i c h  c o u l d  be a p p l i e d  t o  f i s h  passage p rob lems .  T h e r e f o r e  a 
c l a s s i f i c a t i o n  system was designed wh ich  d e s c r i b e s :  (1) downstream 
approach c o n d i t i o n s  a t  t h e  base  of t h e  b a r r i e r ;  ( 2 )  c e n t r a l  passage 
c o n d i t i o n s  as i n  a  h i g h  v e l o c i t y  c h u t e  o r  t h e  l e a p  o v e r  a f a l l s ;  
and ( 3 )  ups t ream c o n d i t i o n s  where t h e  f i s h  e x i t s  t h e  h i g h  v e l o c i t y  
chu te  o r  lands a f t e r  l e a p i n g  past  a b a r r i e r .  

The p r i m a r y  o b j e c t i v e  was t o  l a y  t h e  f o u n d a t i o n  f o r  t h e  a n a l y s i s  
and  c o r r e c t i o n  o f  p h y s i c a l  b a r r i e r s  t o  u p s t r e a m  m i g r a t i o n ,  w i t h  
f i s h w a y s  b e i n g  one a f  t h e  a l t e r n a t i v e  s o l u t i o n s .  A l t h o u g h  many 
passage improvement p r o j e c t s  a r e  e 'conomical  l y  s m a l l  compared w i t h  
t h o s e  a t  l a r g e  dams, each y e a r  m i l l i o n s  o f  d o l l a r s  a r e  spen t  on 
s o l v i n g  these smal le r  passage p rob lems- -and  somet imes t h e  money i s  
wasted due t o  poo r  p r o b l e m  d e f i n i t i o n .  T h i s  r e p o r t  w i l l  a s s i s t  i n  
b o t h  t h e  d e f i n i t i o n  o f  t h e  p r o b l e m  and s e l e c t i o n  o f  t h e  most 
b e n e f i c i a l  s o l u t i o n .  
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ABSTRACT 

This paper presents a detai led analysis  o f  waterfalls a n d  cul r e r t s  as 

physical b a r r i e r s  t o  upstream migra t ion  by salmon and t r o u t .  A r a l y s i s  : 

t echniques  are  based on combi ni ng ba r r i e r  geometry a n d  stream hyd;*ology t o  

de f ine  the  e x i s t i n g  hydraul i c  ' c o n d i t i o n s  wi th in  t h e  b a r r i e r .  These 

condi t i o n s  then can be compared t o  known f i s h  capabi l i t ies  t o  determine 

" f i s h  passage  success^ A sys t emat i c  c l a s s i f i c a t i o n  system i s  developed 

which d e f i n e s  the  geometr ic  and h y d r a u l i c  parameters for  a givel4) stream 

discharge. This c l a s s i f i ca t ion  system i s  organized in a format that can be 

used t o  c a t a l o g  b a r r i e r s  i n  f i she r i e s  enhancement prag:*ams. The' analysis 

compares hydraulic conditions and f i s h  capab i l i t i e s  i n  de t a i l ,  as  tlle f i s h  

e n t e r s  t h e  b a r r i e r ,  a t t empts  passaae  and e x i t s  t h e  barrier.  From t h i s  

comparison t h e  parameters which p r o h i b i t  passage can be determined. 

Hydraul ic  c o n d i t i o n s  a r e  a func t ion  o f  t h e  b a r r i e r  geometry and stream 

hydrology-, and t h e  s t ream flow i s  c o n s t a n t  a t  t h e  t ime e a c h  s t e p  i n  , 

a n a l y s i s  i s  performed. Therefore, t h e  b a r r i e r  geometry must be modified t o  
. - I .  1 . 

' "  ^ *Ar..- . . ... . w,- - . -  

a l t e r  the hydrau1 i~s" ' t o  -meet ' f i sh  c a p a b j l i t i e s ' .  Modif ica t ions  can b e  

accompl i shed by: i n s t a l  1  i ng i nstream "control" s t ructures  which d e f l e c t  

t he  f l o w  o r  r a i s e  pool l eve l s ' ;  b l a s t i n g  t o  a l t e r  o r  remove rock;  a n d  

i n s t a l l i n g  a fishway t o  bypass t h e  b a r r i e r .  Modifications should n o t  be 

at tempted unt i l  the analysis  defines the excessive parameters whi ch shoul d 

be madl f i e d .  



INTRODUCTION 

When adult  salmon and s teel  head t rout  en ter  freshwater, maturi n g  f i s h  

s top  feeding and rely on energy reserves stored in body f a t  and protein to  

carry them through migration and spawning. The  r a t e  o f  sexual matur i ty  i s 

e s t a b l i s h e d  by heredity, and cannot a d j u s t  t o  delay. Barriers which cause 

excessive delay and abnormal energy expenditures  can r e su l  t i n  mortal  i tya 

e i t h e r  during t h e  migr,ation or in t h e  spawning:area$. These . q barr ie rs  can 

h e j n a t u r a l  . o r : a r t i f i c i a l ,  a s  :well as physi,t,aJ;- cbeImi-cal  o r .  the-fimaj'. 

Natfrjl , ,bard e r s  .consist mainly of waterfall  s z a n d  debrl s jbms,  +and ;ar:tTf i- 

cia1 bar r ie rs  consis t  mainly o f  dams,.;cul verts  and f WJ. jam$. This s tudy 

wi 11 cons ider  o n l y  those  b a r r i e r s  consi s t i n g  of waterfal ls  or culverts 

t h a t  par t ia l ly  or to t a l ly  obstruct salmon and t rou t  upstream migration. In 

a d d i t i o n  t o  e x i s t i n g  b a r r i e r s  which de lay  o r  t o t a l l y  block upstream 

migration, spawning a r e a s  wh ich  were o r i g i n a l l y  a c c e s s i b l e  have hecome 

i  nundated 'by r e s e r v o i r s  and o t h e r  i  nstream modi f i c a t i o n s .  Therefore, 

exis t ing bar r ie rs  must be modified to  fur ther  open the "window of passage" 

to  spawning areas.  

T h e  p o t e n t i a l  f o r  de r iv ing  b e n e f i t s  from a1 l e v i a t i n g  b a r r i e r s  t o  

mijration i s  h i g h ,  b u t  in the remote a r e a s  where t h e s e  b a r r i e r s  usua l ly  

e x i s t ,  the  c o s t  of t r a d i t i o n a l  f i s h  l adder ' s  a n d  c o n s t r u c t i o n  methods 

usually outweigh the benefits to  he gained. Some bar r ie rs  lend themsel veS 

t o  simple s o l u t i o n s  such as  b l a s t i n g  a s e r i e s  of pools t o  a s s i s t  f i s h  

passage.  R u t  in  Inany cases an analysis o f  the geometric, geologic ,  hydro -  

l o g i c  and hydrau l i c  c h a r a c t e r i s t i c s  needs t o  be made so t h a t  a l ternat ive 



s o l u t i o n s  can be generated and compared. S tuar t  (1964) suggests  t h a t  the  

behavior  o f  migra t ing  salmonids can be  c o r r e l a t e d  d i r e c t l y  with t h e  

hydraulic conditions in the stream channel. T h i s  relat ionship i s  the b a s i s  

for t h i s  s tudy.  
1 -  . .  

Because stream f lows and s i t e  control  stream width ,"  d e p t h  a n d  

veloci ty ,  the hydraulic parameters a r e  a f u n c t i  or;*'of t h e  geomorphic ' a n d  
* 1 + - 

hydrologic  parameters .  Given t h e  geomorphic c o n d i t i o n s  at '  a- s i t e ,  con- . * 
.*, - +  

s i  dered t o  be constant,  and the hydro1ogic"~'"c'bn'd~'ti bris l w t i i c h '  a r e  v a r i  ad1 e 
"4, 

w i  I- t h i  n ,.. .a - - .  :range o f  * val ue~~~~.&in*ana!ysl Pbf~tthe1hydrauljc~con'di t i o n s  :re1 akkd '. ,..!' > > 

ts fi'icraia6i 1 i t 1  e<can'deteigi ne' the ;'jmpact*kfhe<3ar{fer iha'~"b?;fi$h 
.. * . , . . . - 4  . 

parsage~success] .  , . .  These r e l a t i o n s h i p s  can be seen in  the flow cha r t  in  

Figure 1. The objectives of t h i s  study a re  to :  

1. develop a c l a s s i f i c a t i o n  system f o r  w a t e r f a l l  a n d  c u l v e r t  

ba r r i e r s  ; 

2.  develop methods f o r  ana lyz ing  h a r r i e r s  us ing  s i t e  geometry,  

hydrology and hydraulics,  and by re l a t ing  the hydrau l i c s  t o  f i s h  

capab i l i t i e s ;  a n d  

3. qenerate "parameter  s p e c i f i c "  s o l u t i o n s  t o  a s s i s t  f i s h  p a s t  

bar r i e r s  without the i n s t a l l a t i o n  of a typical fishway. 

I t i  s no t  within the scope of t h i s  study t o  develop analyt ical  methods f o r  

more complex ba r r i e r  s t ruc tures  b u t  t o  develop t h e  conceptual .  b a s i s  f o r  

t h e s e  m e t h o d s .  Complex ba r r i e r  analysis  would require extensive fie1 d work 

and/or physical model t e s t ing .  I t  i s  the a u t h o r ' s  i n t e n t i o n  t o  use t h i  s 

s t l ~ r l y  a s  a f o u n d a t i o n  t o  fur ther  deve lop  analyt ical  methods f o r  analyzinn 

more compl ex bar r i e r  systems. 
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F i g u r e  1. F l o w  c h a r t  analysis o f  a m i g r a t i o n  barr ie r .  



necause o f  t h e  wide va r i a t ions  i n  t h e  forms o f  b a r r i e r s ,  a c l a s s i -  

f i c a t i o n  system i s  r equ i red  t o  f a c i l i t a t e  t h e  a n a l y s i s  and subsequent 

generation of solutions t o  f i sh  passage problems. Evi dence o f  w a t e r f a l l  

c l a s s i f i c a t i o n  i n  t h e  l i t e r a t u r e  points only t o  a system based on genetic 

grounds ( F a i r b r i d g e ,  1 9 6 8 ) .  T h e  w r i t e r  i s  not  a w a r e  o f  a s y s t e m a t i c  
7 

c l  a s s i  f i  c a  t ion system of waterfal l  s  which co r re l a t e s  f i s h  passage success.  

pequi rements for  an adequate c l a s s i f i c a t i o n  system inc lude  t h e  f o l -  The 

1 ow ing: 

1. s i t e  geometry, 

2 .  hydraulic conditions,  a n d  

3. f i s h  passage success. 

R a s e d  on t h e s e  t h r e e  f a c t o r s  a c l a s s i f i c a t i o n  s y s t e m  for waterfal l  and  

culvert  ba r r i e r s  was developed t o  aide i n  a s s e s s i n g ,  ana lyz ing  a n d  m o d i -  

fyi ng ba r r i e r s .  

Natural  rock bar r ie rs  can be i n  t h e  form .of fa1 l s ,  chutes or cascades. 
, . 1 >*"' 

 all$ ( F i g .  2 )  a$-oharacter. isfic + . . .  %, .d. 'of s teep (commonly v e r t i c a l  ov,erf l  ow 
4 .... " 

s e c t i o n s  .where the 'irnp!ct of .:the$ a1 1 hq wath$sco.urg :a ; d e e p ~ l A ~ , ~ e p o o ]  ;at 
." .-- ,.. ."_ + + --- .- r -  . 

t h e - f o o t  -, - o f  _ t he  , , , . I  . fa1 1.q.b ..A+. Fa1 1s form elev-a$ion":bar~ie:i;j*:);lhere~the' d i  f f e r e n e e  
4 . . "  9 

+. -..--__. " .  - - 
i n  w a t e r  s u r f a c e  e l e v a t i o n  between the0'ups'tream . w a t e r  ysurfa'ce and ;fhe 

L. 

. . . . + - . . 
plunge pool, and/or the horizontal ,  d i  stanc<,,from, t h q  f a l l s '  , c r e s t  . t o  t h e  

p l u n g e  pool exceeds the 1 eapi ng capabi  1  i t i  es, b f  t the 'ber t inent  f i sh speci&s.  

Often the leaping e f f i c i e n c y  of t h e  f i s h  i s  c o n s t r a i n e d  by  unfavorable  

plunge p o o l  c o n d i t i o n s .  I f  t h e  p o o l  i s  shallow, t h e .  f a l l i ng  w a t e r  will 

s t r i k e  the bot tom c r e a t i n g  v i o l e n t  pool c o n d i t i o n s ,  t hus  a f f e c t i  ng t h e  

f i s h e s '  or ien ta t ion  f o r  leaping. E v e n  i f  a f i s h  has successfully leaped a  



fa1 Is, i t  c a n  b e  s w e p t  b a c k  due t o  high ve loc i t i e s  and /o r  s h a l l o w  depths  

above the f a l l s  c r e s t .  A cantilevered culvert  ou t fa l l  ( F i g .  3 ) ,  whrre t h e  

f i s h  must l eap  t o  e n t e r  t h e  c u l v e r t ,  i s  similar  geometrically to  a f a l l .  

The only difference i s  the  nature and geometry of t h e  bed  over which t h e  

w a t e r  f l o w s .  

FLOW + 
FLOW 

F i g u r e 2 .  P r o f i l e v i e w o f a f a l l  F i g u r e 3 .  P ro f i l ev iew 
c a n t i  1 evered 

o f  a 
cul ver t 

t h e  veloci t ies  down i n  the  chute are within the f i s h e s '  swimming speed, ;th$?- & -  -s,- 

- 7  . - 
d e p t h , o f  flow and slope length could , , prohibSt g. ,C- . r ,  pass jge j  L L .  

Also, chutes  o f t e n  
- * 

p a s s  a bulked m a s s  o f  w a t e r  a n d  entrained a i r  which o f f e r s  a poor  medium 



f o r  sw imming .  S t u a r t  ( 1 9 6 4 )  sugges ts  t h a t  when f l o w i n g  wate r  e n t r a i n s  a i r ,  

t h e  d e n s i t y  o f  t h e  m i x t u r e  w i l l  b e  r e d u c e d  a n d  w i l l  d e t r a c t  f r o m  t h e  

p r o p u l s i v e  power o f  t he  f i s h e s '  tail and  d i m i n i s h  t h e  buoyancy of  t h e  f i s h ,  
I 

A i r  en t ra i nmen t  a l s o  reduces t h e  s t i m u l u s  of a t t r a c t i o n  f l ows .  Chutes w i t h  

s teep s lopes  a r e  very similar t o  culverts  ( F i g .  5) where t h e  f i s h  must  s w i m  

n 1 ong slope length. The d i f f e r e n c e  a g a i n  i s  i n  the n a t u r e  o f  the bed o v e r  

w h i c h  t h e  w a t e r  flows, a n d  t h e  shape o f  t h e  f l ow  area.  C u l v e r t s  do n o t  

o f f e r  an i r r e g u l  ar n a t u r a l  boundary which can p r o v i d e  an occas iona l  r e s t i  ng 

p l  ace .  

FLOW 
FLOW 

. ~ 
F i g u r e  4 .  P r o f i l e  v iew of a steep/ 

h igh  v e l o c i t y  chu te .  
Figure 5. Prof i  1 e view o f  a s teep /  

h igh  v e l  o c i  ty  c u l  vert. 
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swimming po~ec!, If t he  roughness elements (o r  b o u l d e r s )  a r e  l a r g e ,  t h e y  

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



J a c k s o n  ( 1950) noted t h a t  the  sockeye salmon try! n g  t o  pass tlell 's Gate on 

the Fraser River i n  ~ r i t i s h  Columbia a l m o s t  succeeded in  "eroding t h e i r  

noses b a c k  t o  t he i r  eye sockets" by c o n t a c t  with the bank while trying t o  

m a i  n t a i  n equi 1 ibr i  urn in the turbulent water. 

FLOW FLOW 
-+ 

Figure 6 .  Plan view o f ' a  cascade. 

Pioneerina works in the fie1 

c o n d u c t e d  m o s t l y  by f i s h e r i e s  

sampling by e l ec t ro f i  shing, skin 

f i s h  passage. No s i g n i f i c a n t  

d of  analyzing waterfall  ba r r i e r s  has been 

b i o l o g i s t s  through methods such as f i e l d  

d iv ing  or j u s t  personal  observa t ion  o f  

research concerning the f l u i d  mechanics of 

waterfal ls  has been conducted. ,' There has been c o n s i  derabl  e work done on 

culverts  to  re1 a t e  d e p t h ,  veloci ty  and discharge relat ionships,  as reported 

by Dane ( l 9 7 8 ) ,  Evans & J o h n s t o n  ( 1980) and o t h e r s .  The o b s t r u c t i o n  a t  

He1 1 ' s  Gate f o c u s e d  a cons iderable  amount o f  a t ten t ion  on t h e  veloci t ies  

and  turbulence t h a t  sockeye sa lmon  w e r e  f a c i n g .  In t h a t  s tudy,  r i v e r  

v e l o c i t i e s  were measured by two methods: 



1 the h i g h e s t  average v e l o c i t i e s  from the r i v e r  discharge ant! t h e  

a rea  o f  smallest cross sect ion,  a n d  

2 .. average mid-stream surface ve loc i t ies  using a f l o a t .  

Highes t  average ve loc i t ies  ranged from 12 .9  t o  17.5 f p s ,  b u t  Jackson (19:iO) 

n o t e d  t h a t  these  computed v e l o c i t i e s  w e r e  i n a c c u r a t e  because of t h e  

extremely rouph channels a t  He1 1 ' s  Gate.  The conclus ion  was t h a t  t h e  

combination o f  tu rbulence  a n d  high v e l o c i t i e s  prevented the passage of 

l a r g e  runs of s o c k e y e  salmon. Cl ay (1961)  sugges t s  t h e  f o l l  owi n g  

engi neeri n g  f i e l d  work that '  i  s required before cjes 

fishway a t  a  f a l l  can be i n i t i a t e d :  

1.  topographic surveys; 

ign a n d  construct 

2 .  record magnitude, direct ion a n d  location of ve loc i t i e s ;  

ion o f  a 

3. locate points of  t u rbu lence ,  upwellings a n d  t h e  i n t e n s i t y  a n d  

l o c a t i o n  o f  points of surge and how they r e l a t e  t o  f i s h  behavior; 

and 

4 .  r iver  discharge measurements. 

Clay a l s o  suggests various types of fishways t h a t  can be in s t a l l ed  a t  

". *. + -  - T  +- .v.- -.+, ---* - ."-*-mT**Yv- *+. - . *. 1 h l a u i e f  t - G n  accept a w i  de range  - o f  water.!,;! . . eve1 ..fJ uctuations -;.w$il i'' i t i t ) '  

woyki ng ,effect ively.  :j 
% . .. 

Most o f  the  design work on ass i s t ing  f i s h  p a s t  waterfal ls  without t he  

i n s t a l l a t i o n  o f  a fishway rests  i n  p r o j e c t  f i l e s .  Many of these water fa l l s  

were observed t o  be barr ie rs  d u e  t o  shallow depths, high ve loc i t ies  and/or 

e l e v a t i o n  drops,  and w e r e  modified by b l a s t i n g  t o  t r y  t o  reduce t h e  





FISH CAPABILITIES 

Swinimi nq Speeds 

The o b j e c t i v e  o f  t h i s  S e c t i o n  i s  t o  document va lues  f o r  t h e  upper 

1 i r n i  t s  o f  swimming speeds, l e a p i n p  c a p a b i l i t i e s  and swimming d i s t a n c e s  f ~ r  

a d u l  t sa lmon and  s t e e l h e a d  t r o u t ,  and t o  e v a l u a t e  t h e i r  per formance in a 

format  u s e f u l  f o r  a n a l y z i n g  b a r r i e r s .  I n  o r d e r  t o  d i  f f e r e n t i  a t e  b e t w e ~ n  

w a t e r  v e l o c i t y ,  f i s h  v e l o c i t y  and r e l a t i v e  v e l o c i t y  o f  t he  f i s h  t o  the 
. ."* , , < ., ..,j - . . . - . ., . . ,"r .. ..>,*:.:.,. .-.. , - : : .  .. ' , .  ,.. . ' ~ ~ i -  

water ,  t h e  t e r m  " i p e e d " ;  w i l l  be used .. . . t o  denote::the.:rate?hf . :.? ...*..-.r. .:.b?...- - rno t i  . dn o f  < t h ' k t  
* . - .,., 

f i sh as an oh j e c t  . w i t h  respect  t o  -a' ' r e f & f e ' * ~ ~ ! i o & ?  ~ e l i t i v k  speed w i  l f '  .:. , .',;, ,**. ..*,.". ... 

denote the,  d i f f e r e n c e  between f i s h  speed  a n d  t h e  v e l o c i t y  o f  t h e  w a t e r ,  

t h a t  i s :  

where V R  = r e l a t i v e  speed of t h e  f i s h  t o  the water; VF = speed o f  the  f i s h ;  
! 

and VW = v e l o c i t y  o f  the w a t e r .  .' ~ 
Ranges o f  speeds  a r e  c l a s s i f i e d  i n  t h e  l i t e r a t u r e  acco rd ing  t o  the  

f u n c t i o n ,  o r  r e l a t i v e  speeds wh ich  f i s h  can m a i n t a i n .  The c l a s s i f i c a t i o n  

o f  speeds  p u b l i s h e d  by Hoar and Randa l l  (1978) which w i l l  be used in t h i s  

study,  i s :  I 

s u s t a i n e d  - normal f u n c t i o n s  wi thout ; l fa t igu$- ;T 
" .*.l'" * . 96.' "'.;' 

prolonged - ' - : a c t i v i t i e s  . l a s t i n g  1 5  :secgnds_:to..200 m i n u t e s  which? 
4 

,' - ,  ,> . -  . - . d -  

) r e s u l t  * i n  : fa t igue  I+$ L 

burst  - a c t i v i t i e s  wh ich  cause f a t i g u e  i n  1 5  seconds o r  l e s s .  

Ranges of speeds f o r  these  c l a s s i f i c a t i o n  a r e  shown i n Tab1 e 1 f r o m  Be1 1  

( 1973) .  



Tab le  1.  Fish speeds o f  a v e r a g e  s ize  adul t  salmon a n d  s teelhead t rout  a s  
reported by Bcll (1973) .  

Fish Speed ( f p s )  
Spec i e Su s t a i  nedb pro1 ongedh Burst 

S%el h e a d  
+ 0-4.6 4.6-13.7 13 -7-26.5 

Chi nook 0-3.4 3.4-10.8 10.8-22.4 

Coho 0-3.4 3.4-10.6 10.6-21.5 

I Sockeye 0-3.2 3.2-10.2 10.2-20.6 

P i n k  & Chuma 0-2 .6 2.6-7.7 7.7-15.0 7 
C U T H ~ A  -f 2.0 6A- 13-5 A 

aPink & Chum salmon va lues  es t imated  from l e a p  he ights  o f  3 t o  4 f t  a t  
waterfalls.  
b Called c r u i  s i n g  and susta ined,  respectively,  i n  Be1 1 ( 1973). 

I ,".. - . . . , ;. -,::. ? T - .  -, ..- . . 
<el 1 suggests tha t  f i s h  normally employ s ~ s ' t ~ i n e d ~ ~ s ~ e ~ : - f o ~ ~ . ~ o r ! ~ m ~ , n t  ... ..- Y - . , . u  ( . s u p  .! 

. . . . . . . .  ..... ... . . .._. 
as  rnf g r a t i o n )  , 'prolonged speed f o r  passage  through' d i f f i c u l t  areas, a'nd 

burst speed fo r  feeding or escape purposes. 

For determining f i s h  passage success  over w a t e r f a l l s  a n d  t b r o u f l h  

I culver t s ,  some percentage o f  the u p p e r  lirni t of b u r s t  speed wil l  b e  used  

which wi 11 depend on t h e  physical  c o n d i t i o n  of  t h e  f i sh .  To determine 

actual values o'f-these percentages, a study was conducted on coho and chum 

salmon swimming u p  a high velocity chute a t  Johns Creek F i s h  Hatchery near 

Shelton, Washington (see Appendix 11). From t h i s  s tudy i t  was concluded 
,. * : -- 

t h a t  m o s i " o f  . t h e . ' , t i r n @  . . . .  t h e ,  ....... salmon ..;.... were swimming .. a t ,  50%; 7 %  and .loo% .. o f  
. , i :  .....,. - r . - . - r . . i r *  . t , r  .+--:. .-J;*h-,--rr:. 4 . , i . i ~ , . t l ~  .,,&. ,**,. +,,..-- ".!i .-.J..* :I ,,-,. d,? JJ 

>--  - . * -- ,,.. . .  -_. I  ." . _ . . . _ .  
t he i r . -hax imum ., . . : . y,:.Ja:,r ' k-* ,. * . ,  burst,.speeds . s u g ~ k s t e d  b y  p;Be71 1.i:( 197J) , ;:depending .,on :the 

. , ; . ; , ; , $3. . ; . , . .  1 .. 
..C- .... _ - . ., " ,:&,%,<!:.,$; .* , ..-&?A;:: :;;: ..... - .  .... .. . . . . . . . . .  .,.. ... --.,-. .. - .. .... vp-v;..- .. -.. .. . ........... . *. ?.*. *, . .' 8 *. 

- .. f: ..,..... -6 

condi t i  on o f  t h k  :fi sh; 'These percentages,: . ,wi 1 j+ be-  used - to,.;dpzFfie,a 
, . 2 ..,,., . .  7' 

, ,.. "V , ,  ..< .: 4: :, .- .,-, **:.>A * , 2'- 

c o e f f i c i e n t  o f  f i s h  condition (C+-,). Values f o r  Cf, a re  given in Table 2 ,  
:! 

with the corresponding charac ter i s t ics  of each. From Table 2 ,  t h e  a c t u a l  

speed t h a t  should be used for passage analysis  i s :  



: VF..=,.VFU(C~~ ,,I" ! S )  

where VFB = maximum burst speed sqges ted  by Bell ( 1973 ) ,  T a b l e  1 ;  and i : ~ - ~ .  

7 coeff ic ien t  o f  f i s h  condition: Table 2 .  
i 

T a h l e  2. Coefficient o f  f i s h  condition ( C f c ) .  Values based on observations 
a n d  d a t a  taken f o r  coho a n d  chum sa lmon  a t  J o h n s  Creek Fish 
tiatchery near Shelton, Washington, December, 1983. 

, . , , -,.-- 

Briqht; f resh o ~ r t  o f  s a l t  w a t e r  o r  4 
1 s t i i l  a long distance from spawning 

I 

j grounds; spawning colors  n o t  y e t  
i developed 
i 

! Cood; i n  the r i v e r  for  a short  time; 
spawning c o l o r s  apparent h u t  not 
f u l l y  developed;  s t i l l  migrating 
upstream 

Poor; i n  the r ive r  for a long time; 
f u l  1 spawni ng colors  devel oped and 0,50a 
f u l l y  mature; very close t o  spawning 
grounds . . 

. * ,. - . - 
" / 

a C f c  = 0.50,  cor responds  t o  t h e  u p p e r  l i m i t  o f  p r o l o n g e d  speed from 
Table  1. 

Leaping Capabi 1 i t i  es 

When, . . : , ;  f i  - .*, :- . I . ,  sh . . leap - a t  w a t e r f  a1 1'5,  t h e i r  :rnbti.o6'can,:b&t b<,''&scrib&d . .. ..,. "., ,,.; , ,,, ., . ,, , . r , . l , , q  ,,.; ;,r&&&&c .,,,.> e; ,  
. 8 - ,. ,, ... . . 

3 . ..-,. , - a .  - - . 
p r o j e c t i l e  m o t i o n  (i . e .  +curved t w o - d i m e n s i o n a l .  :mot ion . 'w i  t h '  c o n s t a n t  . .. , i - . - . '.', ' - * l e d  ,*A. /a. -Y.x. , , > .  t *  r. I 

a c c e l e r a t i o n )  ? Neg lec t i ng  a i r  r e s i s t a n c e ,  t h e  equat ions  for  p ro jec t i l e  

motion are :  

x . =  (V, cos0)  t ,'. and 



--. ._< _ * . + - - 
where x = h o r i z o n t a l  d i s t a n c e  t h e  p r o j e c t i l e '  t r a v e l s ,  y 'I v e r t i c a l  .d is tance f  

* , 

t h e  p r o j e c t i l e  t r a v e l s ,  V o  = i n i t i a l  v e l o c i t y  o f  t h e  p r o j e c t i l e , '  0 = anGle 
+-. 

f r om  t h e  h o r i z o n t a l  a x i s  t h e  p r o j e c t i l e  i s  f i r e d ,  ' t  = t i m e ,  and  g ' =  
+ * p.:- . 

a c c e l  e r a t i o n  of  g r a v i t y  (32.2 f t /sec2) ;  R e w r i t i n g  t h e  equa t i ons  f o r  x and 

y i n  terms of t h e  components t h a t  r e 1  a t e  t o  f i sh  l e a p i n g  a t  a w a t e r f a l l  

y i e l d s :  

XL = [VF (cosQL) ] t  and ( 3 )  

where XL = h o r i x o n t a l  d i s t a n c e  o r  range o f  t h e  l e a p  a t  some t i m e  (t), HL = 

h e i g h t  o f  l e a p  a t  some t i m e  ( t ) ,  VF = f i s h  speed, QL = a n g l e  o f  l e a p  from 

t h e  p lunge  poo l ,  and g = a c c e l e r a t i o n  o f  g r a v i t y  a c t i n g  downwards (32 .2  

f t / s e c 2 ) .  By combin ing equa t i ons  (3) and ( 4 )  and e l i m i n a t i n g  t f r o m  them, 

we o b t a i n :  

HL = (tanQL)XL - g ( ~ ~ ) 2 / 2 ( ~ ~ c o s 0 ~ ) *  
" .  

( 5) 

w h i c h  r e l a t e s  HL and XL a n d  i s  t h e  f i s h  t r a j e c t o r y  equa t i on .  Since VF, QL 

and g a r e  c o n s t a n t  f o r  a g i v e n  l e a p ,  e q u a t i o n  ( 5 )  has t h e  p a r a b o l i c  f o r m ,  , 

Hence t h e  t r a j e c t o r y  o f  a f i s h  i s  p a r a b o l i c .  Equa t i on  ( 5 )  i s  p l o t t e d  i n  

F i g u r e s  7 ,  8 and 9 for s i x  spec ies  o f  salmon and t r o u t  l e a p i n g  a t  angles o f  

80, 6 0  and  40 d e o r e e s .  These 1 e a p i  n g  c u r v e s  w i  1 1  be u t i l i z e d  l a t e r  t o  

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

f i s h ' s  leap ,  the v e r t i c a l  component o f  t h e  v e l o c i t y  i s  zero,  t h a t  i s :  

S o l v i n g  t h i s  equa t i on  f o r  t g i v e s :  









S u b s t i t u t i n g  t h i s  equat ion  f o r  t i n t o  equa t i on  ( 3 )  and ( 4 )  y i e l d s :  
. . , , . .c . - :--. 

~ L " ; = - , ( v ~ ( i i  n b ~ )  )?/cJ - ( 1 / 2 )  ( ~ F ( s i n @ ' ) 2 i . j b  
, _ . '  

, . 
HL * = . ' . ( v F ( s ~  ~ Q L )  )*/~cJ ( 6 )  

' XL =?~,VF?(COSQL) ( s i  ~ Q L / ~ )  , ( 7  1 

Equa t i ons  ( 6 )  and ( 7 )  g i v e  the  maximum h e i g h t  o f  t h e  f i s h ' s  l e a p  a n d  t h e  

h o r i z o n t a l  d i s t a n c e  t r a v e l e d  t o  the  maximum h e i g h t .  

Re1 1 ( 1973) suggests the f o l l  owing formul a f o r  computi ng ve l  o c i  t i  es a t  

which f i s h  l e a v e  t h e  w a t e r  sur face :  

YF . _> , ,. . 
=".(2g(~~))O*5 . . .  . . 

S a l v i n g  t h i s  e q u a t i o n  i n  terms o f  t h e  l e a p  h e i g h t  (HL) g i v e s  the same 

r e s u l t  as equat ion  (61, us ing a  l e a p i n g  ang le  o f  90" t o  t h e  wa te r  su r face .  

Aaserude ( 1 9 8 4 )  n o t e d  t h a t  t o  determine the t r u e  l e a p i n g  h e i g h t  above the  

w a t e r  s u r f a c e ,  t h e  l e n g t h  o f  t h e  f i s h  s h o u l d  be added t o  e q u a t i o n  (6) 

because  t h e  f i s h  u s e s  i t s  f u l l  p r o p u l s i v e  power up u n t i l  t he  p o i n t  the  

f i s h ' s  t a i l  l e a v e s  t h e  water, and once i n  the a i r  s k i n  d r a g  can be neg- 

l e c t e d .  Since equat ion  ( 6 )  and ( 7 )  do n o t  i n c l u d e  t h e  a d d i t i v e  e f f e c t s  o f  

f i s h  l e n g t h  o r  an upward v e l o c i t y  component o f t e n  f o u n d  a t  t h e  f o o t  o f  a 
.- 

w a t e r f a l l  i n  t h e  form of  a s tand ing  wave ( S t u a r t ,  l964), they w i l l  be used ' 

here as  conse rva t i ve  values f rom the accepted l i t e r a t u r e .  

Swimmi n g  Performance 

Swimming p e r f o r m a n c e  " i , s - - a  measure  o f  the :  speed ;wh,.ich, a:,:fi:sh,.ca'n 
,, .->: . ., :,... .. %. .. ::,* - ' 

.. . " . . . ; . .  . . . - I 

. . ? .+ .  .... ,.*.--*. ,a,!.." + >.-* I . '-'-' c---.."--*< w 

m a i n t a i n  , . . . over.: . . . % * * . a , ,  a - p e r i o d  . ..,,,,71q :.. .: i i .  ofl:$ime !.,-.+ ,. .~~.~&y.;! -;lendujance). u.; ,.>. , -* *,, The'3distanix;ayf ?, Z i H T b m ~ r v . . .  .-.. , .j,,*i:,,~,*.+-f~-.. i ~ h ~ c a n : w i  -,,,ww... ,-. m y  
;# d$. ." .*..-.* --yw---.. 

i s a ' f  u n c t i  onrof  ?,the-wate'r,:(,~el,dci ty,4$,fifsbhspeed ,~Tja?fati,gue'~~tim,$ Be1 1  
* . .  

1 ,, ,! . . ? a , ,  - , b . -. , .  . 
, f , , . :  b , " L  . . ,  
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( l P 7 3 )  s u g g e s t s  t h a t  b u r s t  speed can be main ta ined f o r  an e s t i r n \ t e d .  5 - t o  10 
I 

seconds. R e l n t i n g  t h i s  ranpe o f  f a t i g u e  t ime t o  t h e  range o f  b u r s t  speeds I 

from ~ a b l ' e  1, the  swimming d i s t a n c e s  can be computed from: 

LFS = (VF - VW)TF ' ( 8 )  

where LFS = l e n g t h  t h e  f i s h  can swim, VF = f i s h  speed, VbI = water v e l o c i t y ,  

and T,F = t i m e  t o  f a t i g u e .  Equat ion ( 8 )  i s  p l o t t e d  i n  F i g u r e s  10, 11 and 12 

f o r  s i x  spec ies  of  salmon and t r o u t .  An example c a l c u l a t i o n  w i l l  s h o w  how 

these f i g u r e s  were der ived.  

C o e f f i c i e n t  o f  F i s h  Cond i t i on :  .0.75 

-LFS = t 2 6 . 5  (0.75) - 1015= 49 ft, o r  

T h e r e f  o r e  t h e  maximum ,. -, d i s tance  .an adult steel - .. head, , t rou t  . ,can + - s w i m  given , t h e  . \ .  -, . .d .; 

c a l c u l a t i o n  assumes t h e  w a t e r  depth t o  be g r e a t  enough t o  submerge t h e  f ish 

and t h a t  no a i r  i s  en t ra ined  i n  the Flow. The resul t s  a r e  i n F i g .  12. 

:Evans and Johnston (1980) suggest  t h a t  t h e  d i s tance  the f i s h  can swim 

a g a i n s t  a g i ven  water  v e l o c i t y  i s  b e s t  d e f i n e d  b y  t h e  c u r v e s  prepared b y  

Z i e m e r  (1961)  which r e f l e c t  t h e  swimming performance o f  salmon, s teelhead,  

and s m a l l e r  t r o u t  (F ig .  13). Th is  curve was developed assuming a r e 1  a t i v e  
8 

f i s h  speed ( V R )  o f  2.0 fps. From t h e  study r e p o r t e d  i n  Appendix 11, i t  was 

d e t e r m i n e d  t h a t  t h e  ave rage  r e l a t i v e  speeds f o r  coho and chum s a l m o n  

swimming up the.  v e l o c i t y  chute were  1.9 a n d  2 . 1  f p s  r e s p e c t i v e l y , ' b u t l ^ '  ' 



s i n g l e  passage a t tempt .  
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Figure 10. Maximum swimming d is tance  f o r  s tee  
condi ti ons, 

1 head t r o u t  under th ree f i s h  

. ..- 
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Fi7urc 11. Maximum swimming d i s t a n c e  for chinook, coho and sockeye salmon 
under three f i  sh condi t i  ons. 
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F i  gurc  1 2 .  !faxirnuni sw.irnni ng d i s t a n c e  f o r  p i n k .  and chum salmon under three 
f i s h  c o n d i t i o n s .  



I "Any f a c t o r  i n t e r r u p t i n g  o r  a f f e c t i n g  . . . .  ; t h e  . ... s u p p l y  sys tem ( o x y g e n  
. .. 

< i n t a k e ) ,  as w e l l  a s  those a f f e c t i n g  t h e  prop 'u l  s i  ve s y s t e m  ',i t s , l l f ,  a f f e c t s  
' 7 .  . . . , . . , . . .+ 
swimming pe r fo rmance" , -  (Webb, 197 5). ~ o t h : b f  t hese  ' condi  t i o r i s ' i x i  s t  when 

: .  , . . * . . .  . % . . I . . .  . .. . . . [-> ., , .. . . .  

t h e r e  : i s  i n s u f f i c i e n t  water depth t o  submer'cje t h e  f i s h  ' w h i l e  i t '  i s  s w i n -  
. .%, 

rning.: P a r t i a l  submergence i m p a i r s  t h e  a b i l i t y  o f  the f i s h  t o  generate 

t h r u s t  normal ly  accomplished by a comhinat i  on o f  body and t a i l  movement.  

A l s o ,  i f  i t s  g i l l s  a r e  n o t  t o t a l l y  suhrnergerl; they cannot  f u n c t i o n  e f f i -  

c i e n t l y ,  promot ing oxygen s t a r v a t i o n .  w h i l e  a l s o  reduc ing  the  f i s h ' s  a b i l i t y  
% : . - ' %  .. .?.,.A* ,..,- ;.. .'."Y ,"" . 

t o  m a i n t a i n  b u r s t  a c t i v i t y .  Evans and Johnston (1972) ,.suggest a r n ~  ni mum 
-+ .;.. ,...-.+, 3 

-' TI:-' 

.?ate; 'depth , . . .-. . i f  ..6- i n fo r .  F ~ S I  ~ e n t : ~ t ? o ~ t ' 7 d r i d ~ ~ f t ' k f ~ s ~ ~ a " ~ i " d ~ f % ~ ~ ' i ~ d  . 
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Dryden and S t e i  n  ( 1 9 7 5 )  s t a t e  ?n - -a l l  :cases 4 -  theydepth o f  wate,rihould.:be 
.r..,.r.:. +.ihfl..*---" .'.?-- ".lt.l;i'd.i .,.= ;,dh, ; .,~~&.~?.~.a..< ' -  , .,,,,;T 
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s u f f i c i e n t  t o  submerge the7 l a rges t  f i s h  a t tempt ing  t o  p a s s , . "  T h i s  1 i m i  t- 
o .  

a t i o n  w i l l  be u s e d  i n  a n a l y z i n g  b a r r i e r s ,  because t h i s  w o u l d  he  t h e  

m i  n i n ~ u m  d e p t h  requi rement  w i  t h o u t  a f f e c t i  ng the f i s h ' s  p r o p u l s i v e  system. 

I t  i s  i m p o r t a n t  t o  n o t e  t h a t  t h e  va lues  o f  f i s h  speeds suggested by 

D e l l  (1973) a r e  f o r  f i s h  swimming i n  w a t e r  w i t h o u t  e n t r a i n e d  a i r  ( b l a c k  

w a t e r ) .  I n  e x t F e m e  c a s e s  o f  s u f f l a t i o n  t h e  d e n s i t y  o f  t h e  w a t e r / a i r  

m i x t u r e  ( w h i t e  water )  w i l l  be reduced and d e t r a c t  from the  p r o p u l s i v e  power 

o f  t h e  f i s h ' s  t a i l ,  r e d u c i n g  i t s  speed. To ,summarize t h e  equat ions t h a t  

desc r ibe  t h e  c a p a b i l i t i e s  o f  f i s h  i n  t e r m s  o f  swimming speed, l e a p i n g  

c a p a h i l  i t i e s  and s w i m m i n g  per formance,  T a b l e  3 i s  p r o v i d e d  w i t h  a nornen- 

c l a t u r e  of terms. 

2 2 
- -  . .  . - . - '  * . . . 

n. , 

i 
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' T a h l e  3 .  F i s h  c a p a b i  1 i t y  equa t i ons  f o r  swimming and l e a p i n g .  

f --- 
+Type o f  Motion 4 Equat ion  

LFS = (VF - VW)TF ( 8  

HL = [VF ( s i n 0 ~ ) 1 * / 2 ~  ( 6 )  

XL = VF*( COSQL)  ( s i  nQL)/g ( 7 )  

V R  = r e l a t i v e  swimming speed of  t h e  f i s h ,  

VF = f i s h  speed, 

V W  = water  v e l o c i t y ,  

VFB = burst speed of f i s h ,  

C f c  = c o e f f i c i e n t  o f  f i s h  c o n d i t i o n ,  

LFS = rnaximum swimming d i s tance  o f  f i s h ,  

TF = t i m e  t o  fa t igue ,  

HL = h e i g h t  o f  leap,  

XL = h o r i z o n t a l  d is tance  o f  leap a t  f i s h ' s  h i g h  p o i n t ,  

OL = a n g l e  o f  leap f r o m  wa te r  surface, and 



, I' . . . . . . . . . . .  .- .. , , . I,.. .....*+ ,. i ...... .-,.. '. '._p,. .. 
4 .  T u r b u l e n t  f l o w  ( o r  white water) wi t h ' s u r g e s ,  b o i  1 s a n d ' e d l i  &?mike 

i t  d i f f i cu l t  f o r  f ish t o  o r i en t a t e  .thernsel ves ' a n d  make , f u l l ,  use of 
the;  r swimming power. 

Tab le  4 .  , C h a r a c t e r i s t i c s  o f  barrier c lass i f ica t ion co~ponents. . . ., * ,-* ..: . .Y 

, * , *w - ......... 
Classification Component Characteri s t i  cs 

Class 

S i t e  geometry in plan view. 
F low  p a t t e r n s  
Idumber o f  f ish passage rou tes .  
Characteristics of f i s h  passage 
r o u t e s .  

, . 

S i t e  geometry in profile. 
Bed $1 opes 
Puo? depths 

I El e v a t i  on drops 
Magnitude Water velocities 

Slope lengths ' 

Discharge The f l o w  rate a t  which the c lass ,  
... type a n d / o r  magnitude were measured. 

Class 
* .....a ..--.. .....-. +.+. . .............. . - 

G t e r f  a1 1 barriers..i.n.-.natu?e a r e  :usually . . . . . . . .  ?found, : in :.three . .  forms; fa1 1 . s,. 
.*.:..Li v,,,l. ,&&, :;i::i& ?. 2;- %.?I , - , \ . . . ,. 

.,,+;-*.Y* .,.--. .--...a. 
,,,- . 

?'..-.* .-.- .- 1*,"1.- --- 
&-'chutes and casca(es.j" From t h e  author 's  f i e l d  observations o f  many 
'..-L.i" . ,,.-, ,-, , , 'i- 1 

bar r i  e r s ,  i t  appears t h a t  f a 1  1 barr ie rs  a r e  f,,ouri~~~e~i~t~e~Ti"a"jf"~irigl~-or;; . . *>."I - 
- - - .  - _ ,.- *.*-'" -1- ..: 

mu1 t i  pl e f a 1  1 s, -. chutes as e l  ther simple o r L  compl ex;,: and .carcd.d<~$s boul de; 
..C*.l< . , ..* ', .a f, " -, 

denoted as compound barri.,ers,. These barr ie r  c lasses  a n d  the i r  cha rac -  
L. . 

teri s t i c s  are shown i n  Table  5 with their corresponding rating f o r  degree 

of passage di f f icul ty .  



the actual va lue  o f  the  D D R  of 1 t o  3 ,  t h e  upst ream and d o w n s t r e a m  c o n -  

d i  tions must be analyzed. This will  be done when b a r r i e r s  are  c l a s s i f i e d  by 

_ . U I  f * * ? h  

R P U ~  dkr -ca!cadeC:have"*a r sl~jghtly>hlghey,00~~~8~~~rn'ul'tipl =-fall  s. bekause.t tl lc 
, * ."a .L, 

,-7 w q  T * - " . .  * - .  * *  

fish- - have - ,  probl , ems:getti , . --.. ng io i fented4. tod~<ap~due~tg~~thheBsf  utbul e n t  * res t i n 9  

Deas, Thi s  a n a l y s i s  can be continued, comparing each barrier c lass  based 
I 

on the four  o r i g i n a l  a s s u m p t i o n r ,  for the  degree o f  d i f f l c u l  t y  r a t i n g  

system. 
-. 

TY pe 

To c l a s s i f y  ba r r i e r s  by t ype ,  conceptual models wi l l  be used which 

show the geometric and hydraulic r e l a t i o n s h i p s  t h a t  a r e  c r i t i c a l  t o  f i s h  

passage success. Figures 1 4  and 1 5  show conceptual models and the  no t a t i on  

used i n  p r o f i l e  view o f  a f a l l  and chute respec t ive ly .  These f i g u r e s  a r e  

n o t  comprehensive f o r  na tu ra l  c o n d i t i o n s ,  b u t  t h e  geometr ic  dimensions 

apply and can f i t  any s i t u a t i o n .  Cascades are no t  included here because t o  

--+determi ne the  type o f  barrier  requires measurements o f  bed s lopes  and pool . 

depths. I f  these measurements could be made i n  a ca scad ing  reach,  then  a 



l c a s c a d e  w o u l d  simply c o n s i s t  o f  a se r les  o f  f a l l s  a n d / o r  chutes arid there 

would be several d i f fe rent  types for one barr ier  c l a s s  ( i  .e. severill fa1 1 s 

and/or chutes within a cascade ) .  

Table 5. Subjective comparative rat ing o f  barr ie r  class characteri $ t i c s  in 
reference t o  f i  sh p a s s a g e  d i f f i c u l t y ,  independent o f  b a r r i e r  
height and velocity. Assumes passage success by strongest f i sh .  

Class Characteri s t i c s  Degree of Difficulty 
Range 

Single f a l l s  Entire stream flows through a 1 - 3 
single  opening offering one path 
for  f i sh  passage. 

Multiple f a l l s  F l o w  divides through two or more 3- 5 
channels offering the f i sh  wi th  
several passage routes o f  varying 
d i f f i c u l t y .  . . .  

Simple chu te  Unvarying cross sections and . 2-4 
constant bottom sl  ope (s teep) ,  wi t h  
supercri t i c a l  f l o w  a t  a1 1 i'stages 

Compl ex chute  Varying cross sections,  several 4- 6 
changes in bed slope and/or curved 
a1 ignrnent in p l a n  view, 
White w a t e r  a t  a1 1 stages. 

n o u l  der cascades Large i ns trearn boul ders which cons t r i c t  57 
the flow creating large head losses  
f r o m  upstream t o  downstream sides o f  
boulders. lntermedi a te  resting areas 
in very turbulent pools .  

Turbulent cascades Large instream roughness elements or ' 7-10 
ju t t ing  rocks which churn the  flow 
in to  surges, hoil s ,  eddies, and 
vort ices .  No good rest ing areas. 

1 Compound ' Combinations o f  single  f a l l s  andlor 3-7 
i simple chutes (e.g., culvert  with 

high velocity a n d  ou t f a l l ,  drop)  . 



Figure 14. Conceptual model o f  a f a l l ,  where: A = point on f i sh  e x i t  b e d  
s lope  where  c r i t i c a l  depth occurs; B = elevation o f  crest ;  C = 
fur thes t  p o i n t  upstream on bed o f  plunge pool ; D = poi n t  j u s t  
downstream o f  f a 1  l ing water (or  s tand ing wave) o n  bed o f  plunge 
pool;  Se = f i s h  e x i t  s lope;  S p  = f i s h  passage s lope;  dc = 
c r i t i c a l  d e p t h  ( p o i n t  A ) ;  dpp = depth i n  the plunge pool; dp = 
depth t h e  f a l l i n g  w a t e r  plunges; X = hor izonta l  d i s t a n c e  from 
t h e  c r e s t  ( p o i n t  R )  t o  s t a n d i n g  wave ( p o i n t  D ) ;  FH = f a l l  
he igh t ;  H = change i n  w a t e r  sur face  elevat ion;  and L F  = length 
of  f i s h .  



F i o u r e  1 5 .  Conceptual  model o f  a chute, where: A = p o i n t  on f i s h  e x i t  bed 
slope where c r i t i c a l  d e p t h  occurs; B = e leva t ion  of  c r e s t ;  C = 
f u r t h e s t  p o i n t  upst ream on bed o f  plunge pool ;  D = p o i n t  jus t  
d o w n s t r e a m  of s t a n d i n g  wave (or hydraulic jump) on b e d  o f  
plunge pool ;  Se = f i sh  e x i t  slope; Sp = f i sh  passage slnpe; LS 
= length of  s lope;  dc = c r i t i c a l  depth ( p o i n t  A ) ;  dw ,= depth o f  
w a t e r ;  dpp = depth i n  the plunge pool;  and H = change i n  water 
surface e leva t ion .  



The conceptual models i n  Figures 14 and 15 c o n r l s t  o f  three tones :  (1) 

the f i s h  e x i t  zone ( p o i n t  A t o  p o i n t  B i n  F i g u r e  16);  ( 2 )  t he  f i s h  p a s s a g e  

zone ( p o i n t  B t o  p o i n t  C i n  Figu re  1 7 ) ;  and ( 3 )  t h e  f i s h  entrance zone 

( p o i n t  C t o  p o i n t  D i n  F i g u r e  1 8 ) .  The n o t a t i o n  used  t o  denote  t h e  

b a r r i e r  type i s  g i v e n  i n  t h e s e  f i gu res ,  and fo l l ows  o u t l i n i n g  l o g i c  from 

-',---,"- .-, 
Ilnc-- ".---,. *- -- -.,- 

three charac ters  f id"'" the  .notat io$,  %e   arb yacFi;frdm ,+,s;.~. t h e m  t - z o n e 3  p a s s a g e  
,. .' . y ^-!-'-* ... . .- - . --. 

z o n e ' a n d  e n t r a n c e  zonq? (e.g.  I I R 2 ,  wou ld  d e n o t e  a chute  b a r r i e r  w i t h  a 
, a  

p o s i t i v e  e x i t  slope and a shal low plunge poo l ) .  From F igu res  16, 17 and If! 

i t  can be seen  t h a t  t h e r e  c o u l d  be any o f  f o u r  d i f f e r e n t  combinations o f  

entrance and e x i t  cond i t i ons  f o r  each o f  f o u r  p a s s a g e  zones;  and t h u s  16 

d i f f e r e n t  t y p e s  o f  b a r r t e r s  can  e x i s t  acco rd ing  $0 t h i s  c l a s s i f i c a t i o n .  

These models are shown i n  F igu re  19, a long w i t h  the corresponding degree o f  

passage d i  f f i c u l  t y  r a t i n g .  The s im i l a r !  t i e s  w i t h  c u l v e r t  f l o w  and geometry 
, .. --.- 

are  denoted by d o t t e d  l i n e s .  

Magnitude and Discharge 

ifJous; I These two components' a l o n g  w i t h ,  the b a r r i e r  c l a s s  and type then can 

be combined t o g e t h e r  t o  g i v e  t h e  f i n a l  b a r r i e r  c l a s s i f i c a t i o n .  A sample 

b a r r i e r  c l a s s i f i c a t i o n  sheet i s  shown i n  F ig .  20. T h i s  s h e e t  can, be  used 
. -. .- - . 

i n  t h e  f i e l d  t o  c l a s s i f y  b a r r i e r s  and w i l l  be h e l p f u l  i n  assessing design 

mod i f i ca t i ons .  

1 I n  p r o f i l e ,  b u t  one must consider  the f l o w  p a t t e r n  i n  p l a n  view because i t  
can cause d i s o r i e n t a t i o n  o f  t he  f ish. 



FISW EXIT/WATER I N L E T  SLOPE P O S I T I O N  

I 

I 
(Good) ' 

I1  
( P o o r  1 

Figure 16. F i s h  e x i t  zone n o t a t i o n ,  where: I = negative or n o n s u s t a i n i n g  
s l o p e  a t  t h e  f i s h  e x i t  ( o r  water  i n l e t ) .  Good conditions f o r  
f i  sh, reduced ve loc i t i e s ,  increased water  d* therefore good 
r e s t i n g  a r e a s .  T I  = positive o r  sustaining slope a t  thebFish 
e x i t  ( o r  water  i n l e t )  . Poor  , c o n d i t i o n s  f o r  f i sh ,  i nc reased  
velocit ies ,  decreased d e p t h s n d  t h e r e f o r e  poor  r e s t i n g  a r e a s .  - 



FISH PASSAGE/WATER T R A N S I T I O N  ZONE 

FLOW 
b 11_1) I 

1 

-- I 

A ( f a l l )  
(simp1 e )  

B (chute) 
( s i m p l e )  

C ( c h u t e l f a l l )  
(compound) 

D (fall/chute) 
(compound) 

Figure 17. Fish passage zone notat ion.  



FISH ENTRANCE/WATER E X I T  ZONE HOTATI ON 

FLOW --+ I 

1 
( G o o d )  

FLOW ICICII+ 
-. . . 

2 
(Poor )  

Figure 18. F i s h  ent rance  z o n e  n o t a t i o n ,  w h e r e :  1 = deep p l u n g e  p o o l .  
Good c o n d i t i o n s  f o r  f i s h ,  s u f f i c i e n t  d e p t h  allows d i s s i p a t i o n  
b f a l  l i n g  wate r  energy a n d  s t a n d i n g  wave t o  d e v e l o p .  Good 
1 e a p i n g  c o n d i t i o n s .  2 = s h a l l o w  p l u n g e  pool .  P o o r  c o n d i t i o n s  
f o r  f i s h ,  f a l l i n g  w a t e r  s t r ikes  bed o f  p l u n g ' e p o o l ,  creates 

--. t u r b u l e n c e  a n d  moves s t a n d i n g  wave downstream. Poor l e a p i n g  
c o n d i t i o n s .  



TYPE: I A  1 
DEGREE OF DIFFICULTY: 1 

FLOW 
r 

TYPE: I I A  1 
DEGREE OF DIFFICULTY : 2 

FLOW 
v 

TYPE: I A 2  
DEGREE OF DIFFICULTY: 2 

TYPE: 11 A 2 
DEGREE OF DIFFICULTY: 3 

Figure 19. Conceptual models of barrier types with the corresponding 
degree of d i f f i c u l t y  rating. 



FLOW 
A 

FLOW 

TYPE: I B 1 
DEGREE OF DIFFICULTY: 2 

FLOW - 
TYPE: I B 2 
DEGREE OF DIFFICULTY: 3 

TYPE: 1 1 0 1  
9EGREE OF 31 FFICULTY : 3 

FLOW - 
TYPE: I 1  B 2 
DEGREE OF DIFFICULTY: 4 

Figure 19. (Cont.) 



R O W  - R O W  
v 

C D 

TYPE: I C 1 TYPE: I 1  C 1 
DEGREE OF DIFFICULTY: 3 DEGREE OF 9IFFICULTY: 4 

FLOW r R O W  - 
C D 

TYPE: I c z  
DEGREE OF DIFFICULTY: 4 

TYPE: I 1  C 2 
DEGREE OF DIFFICULTY: 5 



%k 
FLOW - - - 

C2 D C2 D 

TYPE: I D l  
DEGREE OF DIFFICULTY: 5 

FLOW - 
TYPE: I D 2 
DEGREE OF DIFFICULTY: 6 

TYPE: I1 D 1 
DEGREE OF DIFFICULTY: 6 

FLOW r 

TYPE: I1 D 2 
DEGREE OF DIFFICULTY: 7 

Figure 19. ( ~ o n t . )  



SITE: 

LOCATION: 

DATE: 

CLASS: 

TYPE: 

DEGREE OF DIFFICULTY: 

MAGNITUDE: 

DISCHARGE: 

COMMENTS: 

. . 

Figure 20. Sample barrier c l a s s i f i ca t ion  sheet. 



ANALY SI S OF BARRI ERS 
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, .* 
:-TF,F.~ - ; -.,< ., . ,n . y - p 7 -  -!, ; 

.> ..' . . , - - ",>'..-(f( "q,-,::'* TT~*O.-.-? -. , .. t h e  h y d f a u j f ~ ,  condi.t ions m u s t  be eval ~ d t $ ~ . ~ a n d : ~ l a t e d ~ t ~ ' f . i ~ h : c a p a b ~ - t ~ ~ . f i e a  . . - . l a ' e % , L e 4 ,  

*d;, .?: ,;, . , L:;L.>L; . 'L&~&~~:~ ,, ,.p 
7 s .  m 

: . j . ' f & t h e 4 p e r $ e W  question. This chapter contains a detailed analysis of :  
* ;  d. .=,'. 

--+T *.. --. " 

1. i p 1  u y e ,  boo1 d? ( f i s h  entrance zone) ; 

a n d  a d i s c u s s f o n  o f  the parameters w h i c h  prohib i t  f i s h  passage i n  

cascades.  
bl%%... .- .:t*; :- -~'7<'"":7;"?;Fw4.~d;z*C . " . ".-""c9r,?.q.i'!?.8TFF 1 y75?, * p*. 'd 

The mo.5 .d , t':~,omplicat&l a s p e c t ~ t o . : a n a l y z e 8 . i , n ~ ~ ~ ~ e r s : ~ . ~  s . determf ni ngchow 
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Fit le$ l )  Turhul ence i  n " f l  u i d  mechanics" terms occurs when t h e  v iscous  
?I:,.; . ' 

f o r c e s  are weak relat ive t o  the iner t ia l  fo rces .  The w a t e r  p a r t i c l e s  move 

i n  i r r egu la r  p a t h s  w h i c h  a re  n e i t h e r  smooth n o r  fixed b u t  w h i c h  in the 

agqregate s t i l l  represent the forward motion o f , t h e  ent i re  stream. In open 

low, turbulence i s  p re sen t  i f  the Reynolds number R = (VL)/v i s  channel f 

large, say 

w h i c h  in turn make i t  impossible f o r  a f i s h A t o n u s e  i t s  s w i m m i n g  power 



Because o f  t h e  v i o l e n c e  i n  t u r b u l e n t  f l o w  and the e f f e c t  i t  has o f  

reducing f i s h  capabll i t i e s ,  i t  w i  11 be assumed& L $ ! , t g a m a > ~ a n  h,&-w7+~!+.. . ' 

?, -.,. *.+-.- - .- " ' -- . , 
turbulence: . . before!l andiigb.b:;! A . - 

The a n a l y s i s  presented i n  t h i s  s e c t i o n  i s  applicable t o  a1 1 waterfall 

and c u l v e r t  harriers as long as the needed f o r  the a n a l y s i s  c a n  

he measured or e s t i m a t e d  within ranges o f  pract ical  values. 

v e l o c i t y  component c r e a t e d  by the pool i ; surface 

(Aaserude, 1984). Air b u b b l e s  are  created  by the mixture o f  a i r  a n d  water  
- -- 

I a s  t h e  f a 1  l i n g  w a t e r  i m p a c t s  the surface and e n t r a i n s  large q u a n t i t i e s  of  



v e r t i c a l  d i s t a n c e  f rom the f a 1  1s crest  t o  the plunge pool  surface) and t h e  

p l u n g e  p o o l  d e p t h  which p r o v i d e s  the b e s t  s t a n d i n g  wave for leaping.  He 

i d e n t i f i e s  t h i s  Aaserudc 

( 1 9 8 4 )  s t u d i e d  s t a n d i n g  waves and  c o n c l u d e d  t h a t  the  cbmmTFF?t~ 
-...---, i%*?L :; ,I 
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S t u a r t ' s  r a t i o  does n o t  cons ider  j e t  shape. 

From a research project  t h e  a u t h o r  p a r t i c i p a t e d  i n  observ ing  f i s h  

l e a p i n g  over w e i r s  a t  Johns Creek F i s h  Hatchery, n e a r  S h e l t o n ,  Wash ing ton  

(Aase rode ,  19841, i t  was concluded that t w o  c o n d i t i o n s  should be s a t i s f i e d  

t o  p r o v i d e  optimum 'leaping conditions i n  p lunge pools: 
% ... ~ ~ ~ L T ~ ~ ~ T - ~ -  - c-. - Zk - , --r * - r T n y r  
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These two c o n d i t i o n s  assure t h e  plunge pool w i l l  be stable wi th  S u f f i c i e n t  . 

depth, so t he  f i sh ' s  o r i e n t a t i o n  and p r o p u l s i v e  powe-r r- w i  11 be un impai  r e d m  

The relationships f o r  ana lyz ing  a plunge pool a r e  shown i n  Table 6. 

Tab l e  6.  Re l a t i onsh ips  among plunge pool d e p t h ,  d e p t h  o f  p l u n g e  a n d  f i s h  
l e n g t h  f o r  op t im~~m a n d  poor l eap ing  candi tfon-s. --- - 

Depth  and f i s h  l e n g t h  r e l a t i o n s h i p s  E f f e c t  on f i s h  

1. dp > dpp Turbulen t  pool c o n d i t i o n  
df s o r i e n t s  f i s h .  

S tanding  wave, reduced and 
moved downstream f rom where 
the fa1 l i n g  water s t r i k e s  the 
bed o f  t h e  plunge pool . 

2 .  dp < dpp 

a. LF > dpp  Propulsive power of f i s h ' s  
t a i l  may be reduced f o r  
1 edpi  ng . 

\ 
b .  LF' c d p p '  Optimum plunge pool 

c o n d i t i o n s .  
' I  

where: dp = d e p t h  the f a l l i n g  wa te r  plunges beneath t h e  pool s u r f a c e ,  

dpp = d e p t h  i n  t h e  p l u n g e  pool measu red  a t  t he  p o i n t  o f  plunge ,  
and 

LF = l e n g t h  of  the f i s h  a t t empt ing  t o  pass .  a 

+ - - ~  

Landing Condi t ions  



where t h e y  a r e  n o t  t o t a l l y  sub~nerged. Stuart (1964) notes t h a t  when f i s h  

' l e a p  towards t h e  , c r e s t  o f  a w a t e r f a l l ,  they :are geared fo r  i m m e d i a t e  

f i s h  l a n d i n g  near t h e  c r e s t ,  relaxing the i r  swimmaing e f f o r t  immed ia te l y  i f  

' 2 .  .+.. . , +  ,,,.. _,_,, r---. . .. .I,"-- : .'" *qt.ws . >.>,.) . \  

conati ons ..can:.reduce;stress::on",thef i s h  a n d  : . f u X h e i . :  open ..the -?wi idow,& 
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I f  the v e l o c i t y  and d e p t h  o f  flow near th'e c w s t  cannot be measured 

f o r  a r a n y  o f  stream flows,  an analysis near the c r e s t  of  a f a l l  o r  c h u t e  

c a n  be m a d e  by l o c a t i n g  t h e  po in t  o f  c r i t i c a l  depth and measuring the 

channel cross s e c t i o n  a t  t h a t  p o i n t .  ~ m ~ . - ~ ~ & x ~ m & C ~ , ~  c+: ';t e.jj1. ,~d&+ th;:j~.r'6tjefl,~~~a'~~~-~1;;'f1 I:5A,G::rs,:;: ; ~ ~ c v i ~ w ~ ~ t ~ 5 $ ~ - 2 p  oHt 
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steps will l o c a t e  t h e  point where c r i t i c a l  d e p t h  occurs: 

1. measure t h e  mean d e p t h  o f  flow some d i s t a n c e  upstream of  t he  

c r e s t ,  . . . " 



2 .  ca l cu l a t e  the equi val e n t  pool elevation f rom 

pool e l e v a t i o n  = bed  e leva t ion  + measured 

d e p t h  o f  flow + hydraul ic  dep th l2 ,  where: 

hydraul ic  d e p t h  = c ross  s e c t i o n a l  area 

divided by t h e  t o p  width, 

3 .  measure the pool e leva t ion  some d i s t a n c e  upstream o f  the c r e s t  

where the w a t e r  i s  qu i e t ,  

4 .  i f  the pool  elevation (measured) = pool elevation (calculated) the  

c r i t i c a l  d e p t h  occurs a t  the  poin t  where the  depth o f  f l o w  was 

measured, and 

5. i f  t h e  pool e l e v a t i o n  (measured) >'pool elevation (calculated) ,  
> 

move fa r ther  upst ream and return t o  step 1. 

T h i s  a n a l y s l s  i s  requi red  because o f  the  e f f e c t  o f  the  a p p r o a c h  

v e l o c i t y .  A s  S, i nc reases  from zero t o  some p o s i t i v e  value the approach 

I t can he shown ma thematical ly  " . ( ~ e n d ~ r s o n ,  1966) t ha t  c r i t i ca l  d e p t h  
L 

occurs in any channe'l shape when: 

where Q = t o t a l  stream discharge in c f s ,  W 4 surface width o f  the waterway 

in  ft. I( = a c c e l e i a t i o n  o f  g r a v i t y  i n  f t f s e c z ,  and A = f l o w  area o f  the 

cross section. . - - - ~ i ' n c e  m o s t  natural channels are of i r regular  shape and can 
- 

,.i . '. : . 
be composed o f  several  d i s t i n c t  subsections, the so lu t i on  of equation ( 9 )  



discllnrne a s  a f unc t i on  o f  the c r i t i c a l  d e p t h  f o r  any i r r e g u l a r  channe l  

shape. For rectangul ar shapes: 

Q = ( A ~ ~ / w ) ~ - ~ *  

hut A = W(dc)  where dc = c r i t i c a l  d e p t h  i n  f t ,  so subs t i t u t i on  y i e ld s :  

Q = 

and us ing g = 32.2 f t / s e c *  y i e l d s :  

0 = 5 . 7 ( v ) ( d C ) 1 * 5  ( 10) 

For tri  a'ngul ar shapes the suhs t i  tu t ion  3 s: 

which y i e ld s  t h e  following equation f o r  t r i angu l a r  shapes: 

Q = 2 ! d ( d , ) 1 * 5  

n u t  subst i tut ing W = d c / S  where S = slope o f  one s i d e  o f  a triangle i n  

percent y i  el d s :  

Q = [ ~ ( ~ c ) ~ * ~ J I s  (11) 

Once t h e  d i s c h a r g e  h a s  been solved as a function o f  t he  c r i t i c a l  

d e p t h ,  s u b s t i t u t i o n  o f  a range o f  m i g r a t i o n  flows wil l  give the c r i t i c a l  

d e p t h s ,  which can t h e n  be compared  t o  the f i s h  depth  ( d f )  t o  determine i f  

the f i s h  w i l l  be t o t a l l y  submerged. Also, t h e  mean v e l o c i t i e s  can  he 

ca lcu la ted  f rom:  

v, = Q/A, ( 12 )  

where yc  = mean v e l o c i t y  a t  c r i t i c a l  dep th ,  Q = stream discharge,  and A = 

cross .sect ional  flow area. 



-r.*..*. --' " * - &+,-qv,-v--~.- ", 
requi,red: befoyei'l b c a t i n g  *h1?resting a r i a .  I f  the  w a t e r  vcloci  t y  i s  greater 

,& ,&. " ' . . 

t h a n  t h e  s u s t a i n e d  swimming speed, t h e  l a n d i n g  c o n d i t i o n s  s h o u l d  be  
I 

analyzed as  a chute because t h e  d i s tance  t h e  f i s h  can swim w i l l  decrease as  I 

the  w a t e r  v e l o c i  ty i ncreases above t h e  susta ined speed. 

The r e l a t i o n s h i p s  f o r  ana lyz ing  the  l a n d i n g  c o n d i t i o n s  a t  t he  c r e s t  o f  

a fa1 1  or chute are shown i n  Table 7. An example c a l c u l a t i o n  w i l l  show how 

t h i s  ana lys i s  can be used. 

Table 7. R e l a t i o n s h i p s  be tween f i s h  depth, c r i t i c a l  depth, mean v e l o c i t y  
a n d  susta ined swimming speed f o r  optimum l a n d i n g  c o n d i t i o n s .  

Vcloci ty , depth r e l a t i o n s h i p s  E f f e c t  on f i s h  
- - 

-"" 

1 .  d f )  d, Propu ls i ve  power o f  f i s h  w i l l  bc 
reduced 

2. d f < d c  

a .  V, > VFS Landi ng condi  t i o n s  shou l  d be 
analyzed as a chute 

1 b .  Vc < VFS Optimum 1  andi ng c o n d i t i o n s  

Idhere: d f  = depth o f  f i s h ,  

d, = c r i t i c a l  d e p t h  c a l c u l a t e d  from a r a n g e  o f  m i g r a t i o n  f l ows  
( e q u a t i o n  9) i f  dc occurs close enough to  crest for f i s h  t o  
reach, o r  

= depth  n e a r  t h e  c r e s t  where f i s h  may land i f  the c r i t i c a l  
depth occurs too  far upstream f o r  the f i sh  to reach, 

-" 

V, = mean v e l o c i t y  a t  c r i t i c a l  d e p t h  i f  c r i t i c a l  d e p t h  occurs 
close enough t o  c r e s t  f o r  f i s h  t o  reach, or 

= mean v e l o c i t y  near  t h e  c r e s t  where f i s h  may l a n d  i f  t h e  
c r i t i c a l  depth occurs t o o  f a r  upstream for,  t h e  f i s h  t o  reach, 
and 

\ 

t VFS = , s u s t a i n e d  swimming speed f o r  the  s p e c i e s ' i n  ques t i on  from 
T a b l e  1, 



E x a m p l e :  Given t h e  i r r e g u l a r  c h a n n e l  shape i n  F i g .  2: , ,  de te rmine  t h e  

d i s c h a r q e  ( 0 )  i n  c f s  as ~,+ funct1 ion  o f  t h e  c r i t i c a l  depth ( d c )  
f 

assuming c r i t i c a l  depth occurs a t  the  c r e s t ,  a n d  c a l c u l a t e  t h e  

c r i t i c a l  d e p t h  t h a t  wil l  occur a t  mig.ration f l ~ w s  o f  5, 20 and 50 

c f s ,  and the cor respond ig  mean ve loc i t i e s  from equation 12. Using 

Tahle 7,  determine the e f f e c t s  on an a d u l t  s tee l  head t r o u t  w i t h  a 

maximum f i s h  d e p t h  ( d f )  o f  0.5 ft. 

Figure 21. I r r e g u l a r  c r e s t  s h a p e  used f o r  l a n d i n g  c o n d i t i o n  a n a l y s i s  
exampl e.  

The channel shape i n  F i g .  21, can b e s t  be represented by the  combination o f  

a rectangle  ( s ec t i on  1) and a t r i a n g l e  ( sec t ion  2 ) .  Therefore: 

Q t o t a l  = Q1 + QZ 

where: Q1 = 5.7(W) d c 1 * 5 ,  f r o m  equation ( l o ) ,  and Q2 = [ 2 ( d C ) 2 - 5 ] / s  from 

equa t i on  (11) .  Subs t i tu t ing ,  W = 5 f t  and S = 0.50 yields: 

0 1  = 2 0 . 5 ( d C ) l * 5  and 02 = 4(d,)*-5.  

Therefore,  t he  discharge as  a f u n c t i o n  o f  c r i t i c a l  depth i s :  

Q = 28.5(dC)1.5  + 4(dC)2.5. 

S u b s t i t u t i n g  Q = 5 ,  20 and 50 c f s ,  and solving f o r  dc and V, g i v e s :  



5 0.30 3.1 ' 

2 0 0.74 4 . 7  

50 1.30 6.1' 

From Table 1, the  susta ined swimming speed f o r  s tee lhead i s ,  VFS = 4.6 fps .  

7,  t h e  e f f e c t s  on f i s h  a re :  

5 c f s ;  df > d, and 

Using T a b l e  

1. A t  

2. A t  

The o n l y  d 

20 c f s .  A t  

50 c f s ;  Vc > VFS. 

i s c h a r g e  which prov ides '  good l a n d i n g  c o n d i t i o n s  from Table 7 i s  

the o t h e r  t w o  f l o w  ra tes ,  passage w i l l  n o t  be blocked, b u t  a 

h i g h e r  passage  success r a t e  may be ob ta inab le  i f these  c o n d i t i o n s  were no t  

present .  

T h i s  example  assumes  t h e  f i s h  lands  a t  c r i t i c a l  depth, and there fore  

i s  n o t  app l i cab le  i f  cr i t ica l  depth occurs some d i s t a n c e  ups t ream o f  t h e  ! 

c r e s t .  I n  t h a t  c a s e  t h e  f i s h  would l a n d  i n  h igher  v e l o c i t i e s  and sha l -  

l ower  depths beatween c r i t i c a l  depth and the depth a t  the f a l l s  c r e s t .  

I n  summary, f o r  analyzing l a n d i n g  c o n d i t i o n s  near the fa1 1s c r e s t ,  t h e  

f o l  1  owing factors must  be considered: 



and t hc  pom&ry of  the  fa1 1 s  i s  such t h a t  the water breaks o f f  t h e  c r e s t  

a n d  i s unobstructed u n t i  1 i t  s t r i k e s  the plunge pool ,  then t h i s  d i s t a n c e  

can be calculated. The calculation requires knowledge o f  t h e  veloci ty  o f  

t h e  water a n d  t h e  angle  o f  t ra jectory a t  the c r e s t  ( F i g .  2 2 ) .  An  e x a m ~ l e  

of where t h i s  analysis would a p p l y  i s  a t  a c a n t i l e v e r e d  cu lve r t  o u t l e t .  

Using the equations f o r  project i le  mot ion,  developed i n  t h e  f i s h  capability 

sec t ion ,  the h o r i z o n t a l  d i s t a n c e  t h e  water travels  b e f o r e  s t r i k i n g  t h e  

p l u n g e  pool can be calculated from: -- * 



where X P  = h o r i z o n t a l  d i s tance  fro111 t h e  crest t o  the p o i n t  o f  the f a l l i n g  

w a t e r ,  V W c  = veloci ty  of  the  water as i t  leaves the  cres t ,  OWc = angle a t  

which the  w a t e r  l e a v e s  the c r e s t  a t  in  r e l a t i o n  t o  the h o r i z o n t a l ,  a n d  t = 

tirne. To u s e  e q u a t i o n  ( 1 3 ) ,  measurements o f  V W c  a n d  OWc are required 

be fo re  t can be calculated from: 

tt = [vw,(sinQW,)]t - ( 1 / 2 ) &  

F i g u r e  22. Leaping analysis parameters. 



where H = c h a n g e  i n  water sur face  elevation (measured), and g = acceler- 

a t i o n  o f  g r a v i t y  ( 3 2 . 2  f t l s e c z ) .  I f  the , approach  flow i s  from a negative 

o r  nuns r~s ta in ing  s l o p e  ( r i s e s  i n  t h e  direction of flow) then Q W c  - < 0 ,  and 

equation ( 1 4 )  can be solved as  a function o f  t,  or: 

t = [ 2 ( ~ ) / ~ 1 0 . 5 ,  

and XP = V W ~ [ ~ ( H ) / ~ ] O . S  

I f  t h e  approach f l o w  i s  from a p o s i t i v e  o r  s u s t a i n i n g  s lope  ( e l e v a t i o n  

decreases  in t h e  direction o f  flow) t h e n  OWc > 0, t must be f o u n d  by using 

the  quadratic equation, a n d  t h e n  s u b s t i t u t e  t i n t o  equat ion (13 )  t o  sol  v e  

f o r  X P .  Once XP h a s  been de te rm ined ,  adding t he  distance from the p o i n t  

whcrtt t h e  f a l l i ng  water s t r i k e s  the  plunge pool t o  t h e  s tanding  w a v e  ( t h e  
! 

I p o i n t  j u s t  downstrears o f  the  f a l l i n g  w a t e r  from which f i s h  most  l i k e l y  
I 

I I l eap)  g i v e s  X .  
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bf ' i ts '  

,:-leap:? -.  . I t  w i l l  e i the r  f a l l  short  of the c r e s t  on i t s  way down or reach  t h e  

c r e s t  as  i t  con t inues  upstream o n  i t s  descending p a r a b o l i c  p a t h .  These 

conditions are shown i n  F igure  2 3  f o r  a s t e e l h e a d  t r o u t .  I f  t h e - w a t e r  

s u r f a c e  p r o f i l e  o f  a b a r r i e r  i s  superimposed on t h e  f i sh  leaping curves 

I 
! 

(Figure 231, t h e  p o s s i b i l i t i e s  f o r  a successfu l  l e a p  a t  a  g i v e n  l e a p i n g  
1 

L ano le  c a n  be analyzed.  The wide sol id  l i n e  shown i s  a f a l l s  __. _ _  . - b a r r i e r  ..... __ on _+ 

1 
I 

, 1 
E l d o r a d o  Creek in  Idaho  (Figure 2 4 ) .  The distances H a n d  X were measured 

:.=?'':.. :. - --, ,. " 
, .  

' 5  
a t  t h e  s i t e .  I t  can be seen from F i g u r e  2 3  t h a t  a l eaping  angle o f  60 

'1 
I.: degrees worlld allow passage.  80 and 40 degrees f a l l  short  o f  t h e  c r e s t  by 

a b o u t  6 ft. 





F i g u r e  2 3 .  Looking upstream a t  Eldorado Creek Yaterfall , Idaho.  

One parameter t ha t  has not been discussed as yet  i s  the leapi ng angl e 

- .- - ' f 

and s h a d e  when' l eaping.  This sharp boundary can be found a t  waterfalls 

where the contrast  a t  the boundary between water and background i c l  ear ly  

v i s i b l e .  This  a1 so co inc ides  w i t h  the theory t h a t  leapin? ceases abruptly 

a t  dusk and  under heavily o v e r c a s t  c o n d i t i o n s  To estimate t h e  l e a p i n g  



T a h l a  13. Cnndi t i o n s  Far a n a l y z f n g  a f a l l  assuming p l u n j e  pool r e q u i r e m m t s  
and 1  anding condi t i  on5 a r e  s a t i s f i e d .  

Water Sur face Drop and L e a p i n g  
Capabil i ty  Re1 a t i o n s h i p s  

Form o f  B a r r i e r  

---- 

1. WHL el evat i  on b a r r i e r  

a .  X > X L  (Superimpose w a t e r  su r face  passable o r  hor izonta l  
p r o f i l e  on f i s h  l e a p i n g  d i s tance  b a r r i e r  
curves,  F igures  7 ,  8 and 9 )  

b .  X.(XL pas sab l  e 

Where: ti = change i n  water  sur face e l e v a t i o n  (measured), 

t tL = h c i q h t  t h e  f i s h  can 1  eap from Equation ( 6 ) ,  

X = h o r i z o n t a l  d i s tance  f r o m  the cres t  t o  t h e  s tand ing  wave, and 

XL = h o r i z o n t a l  d i s tance  o f  the f i s h ' s  leap a t  t h e  h i g h e s t  p o i n t  o f  
the leap fro111 equat ion  ( 7 ) .  

A n a l y s i s  o f  Chutes 

I n  n a t t ~ r a l  s t r e a m s  u n i  f o r m  f l o w  i s  rare. However, t h e  un i fo rm- f lo r r  

c o n d i t i o n  i s  f r e q u e n t l y  a s s u m e d  i n  t h e  c o m p u t a t i o n  o f  f l o w  i n  n a t u r a l  

s t reams .  The r e s u l t s  o b t a i n e d  a r e  approximate and general ,  h u t  o f f e r  a 

r e1  a t i v e l y  simple and s a t i s f a c t o r y  s o l u t i o n  f o r  a n a l y z i  ng t h e  ve1oc.i t i e s  

f i s h  wust  swim a g a i n s t .  Laminar  u n i f o r m  f l o w  r a r e l y  occurs i n  n a t u r a l  
I___. - .7- - _ " --_. * _ - --  + - 

c h a n n e l  s ,  so  t u r b u l e n t  u n i  f o r m  f l ~ o ~ , ~ - ~ h _ q ~ l ~ ~ ~ - b e ~ ,  u.sed -f.or. a1 1  - v e l  o c i  t y  
- . - *  -- - 

c a l c u l a t i o n s  i n  chutes .  

From the  d e f i n i t i o n  o f  chutes, t he  , f l o w  mu,st_,be. superc.ri.t-ical--down the ,. - - , ,.~. 

chute *.. ... (Froude .number. i s  . g rea te r .  .than-,uni-tyl. --.-.-. A t  ,,the "s ta r t  of the ,  chut .eAhe 

f l o w  w i l l  pass  t h r o u g h - c y i  t i c a l  dej.th--and then i n t o  a t r a n s i t i o n  zone of ___""----- -- --- - -* _ ,  _ .+. --* ,. ,.- "T 

v a r i e d  f l o w  f o r  some d i s tance  b e f o r e  un i fo rm flow i s  es tab l i shed .  I f  t h e  



a n g l e ,  l o o k i n g  a g a i n  a t  F i g u r e  2 3 ,  f o r  a w a t e r  s u r f a c e  s lope o f  2g0 , the  

optimum l e a p i n g  a n g l e  was 60". S i n c e  t h e  f i s h  i s  s i g h t i n g  t h e  c r e s t  f r o m  

some h o r i z o n t a l  d i s t a n c e  of -- 12.3-- f t  -- and a v e r t i c a l  d i s t a n c e  o f  6.7 f t  t h e  

a n g l e  i s  some f u n c t i o n  o f  X  a n d  H .  For  th is  example  i n  F i g u r e  2 3 ,  s o l v i n g  

f o r  H as a f u n c t i o n  o f  X g i v e s :  

H/X = t a n  QL = t a n  60" = 1.73 

w h e r e  H = c h a n g e  i n  w a t e r  s u r f a c e  e l e v a t i o n ,  X = h o r i z o n t a l  d i s t a n c e  from 

t h e  p o i n t  where the  f i s h  w i l l  l e a p  ( o r  s t a n d i n g  wave) t o  the  c r e s t ,  and AL 

= l e a p i n g  angle. Holding X c o n s t a n t  and s o l v i n g  f o r  H  g i v e s :  

H = X(1.73)  = 12 .3 (1 .73)  = 21.3 f t  

Since the measured v a l u e  o f  tI w a s  6.7 f t ,  t h i s  v a l u e  i s  a p p r o x i m a t e l y  3 

t i m e s  l a r g e r  t han  t h e  measured H. This  i s  because t h e  f i sh  does  n o t  l e a p  
I 

on a s t r a i g h t  l i n e ,  i t s  p a t h  i s  p a r a b o l i c  and  t h e r e f o r e  t o  reach the  c r e s t  

the  optimum l e a p i n g  a n g l e ,  QL, s h o u l d  be: 

0L = t a n - 1  [ 3 ( H / X ) ]  ( 16 )  

T h i s  i s  t h e  l e a p i n g  angle e q u a t i o n .  

Tab1 e 8 d e s c r i b e s  t h e  two c o n d i t i o n s  t h a t  mus t  be a n a l y z e d  t o  d e t e r -  

mine w h e t h e r  o r  n o t  a f a l l  i s  a b a r r i e r ,  a s s u m i n g  t h e  p l u n g e  p o o l  a n d  

1  a n d i n g  c o n d i t i o n s  are  n o t  a d v e r s e .  



c h u t e  l e n g t h  i s  shor ter  than the t r p n s i t i o n  l e n g t h  r e q u i r e d  t o  reach normal 
-A? - <  ...- " f  *. . . . _ _ _ .  _ _ - .  . " 

d e p t h ,  un i fo rm f low  cannot be a t ta ined .  The l e n g t h  o f  t h e  t r a n s i t i o n  zone 
I . " + _ _  - - .. - , . . ----- - 

depends on t h e  d i s c h a r g e  and on t h e  p h y s i c a l  c o n d i t i o n s  o f  t h e  channel, 
- - - 7 - - - -  --- -- . + 

such as entrance cond i t i on ,  shape, slope and roughness. 

F o r  h y d r a u l i c  c o m p u t a t i o n s  t h e  mean v e l o c i t y  of a t u r b u l e n t  un i fo rm - ---_ -.._--- .._ _ .__ _. . . - 1 ... + .  . *  . 

I . f l ow  i n  chutes can be expressed by Mannings equat ion 
. . ..-- I I )  i . 

where V = mean v e l o c i t y  o f  f l o w  i n  f p s ,  n = e m p i r i c a l  roughness  c o e f f i -  
-. 

c i e n t ,  R = h y d r a u l i c  r a d i u s  i n  f t ,  and Sp = passage s lope (or bed slope) .  

O u t l e t  v e l o c i t i e s  i n  chutes computed by assuming u n i  form--fl.ow- will.,,g.i-v-e-, 
--* -+ . --- - . - "  . + "  - - _ "+ _.-__ . . .I - .. _..- - 

c o n s e r v a t i v e  e s t i m a t e s  o f  v e l o c i t y . ,  because a s  t h e  f i s h  approach t h e  

t r a n s i t i o n  zone t h e  mean water  v e l o c i t y  will be reduced. I n  cul ve rqs ,  t h e  

w a t e r  s u r f a c e  p r o f i l e s  c a n  be calculated because o f  the unvary ing cross 

sec t i on ,  cons tant  bed s lope and un i fo rm roughness throughout. From equat ion 

( 1 7 1  i t  c a n  b e  seen tha t  the mean v e l o c i t y  v a r i e s  as t he  ~lop,e- . t ,o~, , t ,h+e~O~5~ --- - 
power, hydrau l  i c  r a d i u s  t o  the 0.67 power and roughne~s,._to__t~g-~~,O-~_~ower. . . .  . . . 

S i  n c e  t h e  mean v e l o c i t y  i s  h i g h l y  dependent on n, j t i s  irnp.0-rtant t h a t  the 

proper  value of n  be used. Chow (1959),suggests the f o l l o w i n g  v a l u e s  f o r  ". - . . 
t lann i  n a ' s  n, shown i n  Table  (3. A prob lem a r i s e s  when one value o f ,  n i s  

se lec ted ,  because --- n . . changes . . . . . - as  t h e  d e p t h  o f  f l o w  changes a s  w e l l  a s  t h e  .. _ . _ -__ _ _  _ _  . -lr-.17 _.--I _... ---- ." . 

s l o p e ,  d ischarge and c ross -sec t i ona l  shape. Th is  i s  shown i n  ' ~ ~ ~ e n d i x  I T .  

Th ree  t e s t s  w e r e  r u n  w i t h  i d e n t i c a l  b o t t o m  and s i d e  roughness,,, and  n 

increased as  the slope and depth of f l o w  increased. 
-.-- . . . . , 



T a h l e  9. blanni ng's n value f o r  corrugated metal p i p e  a n d  bed rock (from 
C h o w ,  1959) .  

Surface Material Manning's n 

C u l  verts ( C  .M.P . )  0.024 

Red Rock 
m o o  t h  
j agged 

The  hydraulic rad ius  i s  calculated by d iv id ing  t h e  flow a r e a  by t h e  

wetted perimeter. I f  the cross-section cannot  be measured, a method can be 

applied t o  e s t i m a t e  the hydraulic radius t h a t  gives values with e r r o r s  l e s s  

t h a n  9. T h i s  method was suggested by Renard and Laursen ( 1 9 7 5 ) ,  b u t  the 

author has e x p a n d e d  t h e  method.  I t  i s  used t o  e s t i m a t e  t he  hydrau l i c  

r a d i u s  f o r  r e c t a n g ~ l l a r  and symmetrical t r i a n g u l a r  shaped channels,  or 

combinations o f  such bas i c  geometr ic  shapes .  F o r  r ec tangu la r  channels 
I_--- 

where the  average stream wi d t h  d i  videfibythe-average, depth js- g r e a t e r  t h a n  
- - -- +.---- 

35, t he  - h y d r a u l i c  radius can be estimated by- the average dep th  o f  flow. I f  

t h e  average width divided by the  average depth ... i s  between 10 and  35, t he  

hydraulic radius can be e s t i m a t e d  by 0.9 t imes  the-average d e p t h .  I f  t h e  

a v e r a g e  width divided by t h e  average d e p t h  i s  l e s s  than or equal t o  10, the  . 

hydraulic radius can be estimated by the  following equation 

. R = a ~ 0 . 5 2 4  l o g  wa) + 0.351 (18)  

where: R = hydraul ic  radius,  d = average depth i n  a rectangular channel, 

and fi = average width i n  a r e c t a n g u l a r  shaped channel. For symmetrical 

t r iangular  shaped  channels where the a v e r a g e  s t r e a y  width divided by t h e  . --- .- . -.-. .-+ - 

maxirnun d e p t h  i n  t h e  c e n t e r  o f  the s t r eam-  i s  greater than or e q u a l  t o  7 ,  

the  h y d r a u l i c  r ad ius  can b e  es t imated  by 0.5 t imes  t h e  t h a l w e g  d - e p t h  

( r n s x i r n [ l t u  d e p t h ) .  I f  the average  w i d t h  d i v i d e d  by the  thalweg d e p t h  i s  



b e t w e e n  3 a n d  6 ,  t h e  hydrau l i c  r a d i u s  can be estimated by 0.45 t i m e s  the 

maximum d e p t h .  I f  the average w i d t h  d iv ided  by the maximum depth i s  l e s s  

t h a n  or equal t o  3 ,  t he  hydraulic radius can be es t ima ted  by 

R = dt[0.36 l o g  ( w / d t )  + 0.231 (19) 

where: dt  = depth a t  t he  tha l  weg; and w = average stream width for  the 

t r iangular  channel section. These conditions are  sumrnari zed in  Table 10. 

Table 10. Hydraulic r a d i u s  a s  a funct ion  o f  t h e  w i d t h  a n d  d e p t h  f o r  
rectangular and  t r iangular  shaped channels. 

Channel 
Shape 

Width : Depth R a t i o  
3/a (rectangle) 
6/dt ( t r i  angle) 

Hydraul l c 
Radius 
( f e e t )  

Symmetrical 
Triangle 

A n  example will show how t h i s  information can be used t o  estimate the mean 
C 

flow . - .-".- velocity i n  a chute. 



I 

Example: D e t e r m i n e  t h e  v e l o c i t y  a t  t h e  b o t t o m  o f  a chute the f i s h  

n u s t  face g i v e n  t h a t  the  bed m a t e r i  a1 i s  j a g g e d  r o c k ,  t h e  

channel shape i s  rectangular with an average w i d t h  o f  20 ft, 

and ave rage  d e p t h  a t  the  bot tom of c h u t e  i s  1 f t .  The b e d  

slope i s  0.4. 

For j agged  rock ,  n = 0.035 t o  0.050. 

F o r  a rec tangul  ar channel shape and i / d  = 20, R = 0.9 ( a ) ,  
o r  R = 0.9(1) = 0.9 f t .  

Therefore,  assuming un i fo rm f l o w  ( b e t a u s e  of  t he  s t e e p  s lope 

and a s h o r t  transition from c r i t i c a l  depth near t h e  c r e s t ) ,  

the  velocity can be est imated  using equa t i on  (17): 

V = ( 1 . 4 9 / n ) ~ 0 * 6 7 5 ~ - 5  

using n = 0.035, y ie lds :  
1, : 
h: V = (1.49/0.035) (0.9)0*67(0.4)0*5 

1 4 ;  

: il , d 
V = 25.1 f p s  

1 :: 
using n = 0.050, y ie lds :  

', V = (1.49/0.050) (0.9)0~67(0.4)0*~ 

V = 17.6 f p s  

T h e r e f o r e ,  d e p e n d i n g  on t h e  roughness, t he  velocity a t  t h e  
i 

bottom of  t h e  chute  w i l l  vary between 17.6 hnd 25.1 fps .  

The actual velocity t h e  f i s h  must sw im against can be reduced from the mean 
j 

v e l o c i t y  if t h e  w a t e r  depth i s  g r e a t  enough so the f i sh  can swim n e a r  t h e  z 
S 

J , boundary l ayer  a t  v e l a c i  t i e s  less than the  mean. A r. I 

; . , -- - 

jj i 
3 

Y 
: j I 

./ ! 

i 
I ,  
I. 
I 

LO 
F 
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Figure 2 5 .  F i s h  swimrning in reduced veloci t ies  near stream bed. 

b The v e l o c i t y  variation w i t h  depth i n  conduits i s  logarithmic, and the 
- - -- . .  

velocity a t  0.6 o f  the depth below the water sur face  i s  very nearly equal 

t o  t h e  mean v e l o c i t y  i n  a v e r t i c a l  sect ion (Linsley and Franzini, 1979). 

The velocity reduction i s  most pronounced nearer  the  boundary where t h e  

local veloci t ies  may be i r regular  when v o r t i c e s  are being shed behind l a r g e  

roughness e l  e m e n t s .  Dai l y  a n d  Harl eman ( l 9 7 3 ) ,  sugges t  the f o l l  owi n g  

formula f o r  calculating the  mean velocity i n  the<case  of a rough wa l l :  
L 

i/u, = 5.6 log (y/k)  .t 6.1 ( 20 )  
- 

where: u = temporal mean velocity,  u, = shear veloci ty ,  y = mean depth of  

f l o w  a t  which i i s  calculated and k = height o f  dominant bed material. The 
-"- -- . 
shear velocity (u,) can be calculated from (Henderson, 1966) 

u, = ( c J R s ~ ) O * ~  



where g = acceleration o f  g r a v i t y ,  R = hydraulic  radius a n d  S f  = f r i c t i o n  

slope. Assuming uniform flow condi t ions  e x i s t ,  t h e  f r i c t i o n  s lope  i s  

p a r a 1  l e l  t o  the  bed slope as t h e  resistance t o  the flow i s  ba lanced  by t h e  

gravi t y  forces.  

A n  example o f  how t h e  v e l o c i t y  in  the boundary layer varies from t h e  

mean v e l o c i t y  of flow as d e p t h  increases along the c e n t e r l i n e  in a co r ru -  

g a t e d  metal pipe will be shown (Table 11). 

Tab le  11. F ish  swimming i n  a c u l v e r t  a t  v e l o c i t i e s  l e s s  than t h e  mean 
vel oci t y  of flow. 

Depth o f  f l o w  Mean Vel o c i  ty a t  Mean velocity a t  Velocity 
( d l ,  f t  0.6 ( d ) ,  fps y = 0.3 f t ,  f p s  Reduction 

( h a l f  f i s h  d e p t h )  

Assumptions: 1. Culvert diameter (D) = 6 f e e t .  

2.  Height o f  cor ruga t ions  ( k )  = 2 inches  (S tandard  
dimension, American Iron a n d  Steel Ins t . ,  1971). 

3 .  Uniform ' f l o w  occurs a t  a culvert  bed slope of  %. 

4 .  Fish depth ( d f )  = 0.6 f e e t ,  therefore  t o  ca lcu la te  t h e  
mean v e l o c i t y  t h e  f i s h  will  swim against  use y = ( d f ) / 2  
= 0.3 f e e t ,  using  Eq. (20). 



This table shows t h a t  as __...__ t h e  .. depth o f  water increases +.. the velocity the f i sh  ........................ _______..--_I- ----._ -,  . .- 

must swim against near the  culvert  bottom (compared .... t o  the-mean v e l o c i t y )  . . . . . . .  .....II* .- - .  . . . . .  . . . . . . . .  * -  < ** * . .  .*. +.. ... ,. 

dccrezses .  For smal le r  f i s h  t h e  ga in  will be more s igni f icant ,  b u t  local _ _ -  

eddies may d isor ien t  them. Equation (20)  can be rearranged i n  terms of 

the mi nirnun mean velocity the f i s h  could swim 'against a t  the bed o f  a chute 
..... ....-. .... .......... .;--- -. ..-- -- ----.--.- .... -- ---.-. .......................... , ,,- ,.* 

where: if = minimum mean velocity the f i sh  could swim against near the bed  

of  a chu te ,  d f  = depth of  f i s h ,  g = acceleration o f  gravi ty,  R = hydraulic 

radius and S f  = f r i c t ion  slope or bed slope for  uniform flow conditions. 

V e l o c i t i e s  in na tu ra l  rock chutes  are seldom simple to  ana lyze ,  

because o f  the wide variat ions in  channel shape and  bed roughness. When 

flow occurs on a s teep  rock c h u t e ,  large amounts o f  a i r  may be  carried 

below t h e  w a t e r  sur face  in  the hlghly turbulent flow. T h i s  ++- entrained& 

reduces + the . density . . .-_ of the f lu id ,  resulting_ . ----- in a n  increase in _ .. volume .., . ca l l ed  l___l -__. . 

h u l  ki  ng; ,  A1 t h o u g h  not s t r i c t l y  . . -- a p p l i c a b l e ,  t h e  Manning equation i s  often .-... ". . . -. - .- . -. 

used t o  design channels  on s t e e p  s lopes a n d  t h e  c r o s s - s e c t i o n s  . - thus  

determined a r e  increased by an  arbi t rary bulking allowance t o  provide for . . . . . . . . . . .  

a i r  en t ra i  nrnent. Hal 1  ( 1943 )  h a s  presented empir ica l  da ta  f o r  smooth 

concre te  chutes  which permit  use of  a modified value of n in the Manning 

equation to  allow for  the e f f e c t  of a i r  entrainment. 

I f  the channel shape can be surveyed a n d  a cross  section determined, 

applying the continuity equation: 



c a n  y i  e l  d estimates of  t h e  average w a t e r  v e l o c i t y  where: Q = f l o w  r a t e  i n  

the measured cross section, A = cross-secti onal a rea  o f  channel , a n d  V = 

mean ve loc i ty  o f  flow. T h i s  method was used a t  He l l ' s  Gate on the Fraser 

R i v e r  i n  Bri t ish Columbia t o  est imate t h e  v e l o c i t i e s  sockeye salmon w e r e  

f ac i  n g  a s  they  attempted t o  negotiate the obstruction. The flow patterns 

a t  t l e l l ' s  Gate could be  descr ibed  as a c o n s t a n t l y  changing s t a t e  of 

turbulence ,  where the w a t e r  surges, boi ls  a n d  e n t r a p s  huge volumes o f  a i r .  

Because of t h e s e  flow pat terns  a n d  the extremely rough channels ,  J a c k s o n  

( 1 9  50) n o t e d  t h a t  the average ve loc i t ies  computed t h i s  way are  inaccurate. 

;Isi ng equa t i on  ( 2 2 ) ,  i f  the cross-section i s  measured a t  some poi n t .  i  n t h e  
-r - . . - . -- 

c h u t e ,  a stsqc-discharge relationship can be developed so as the discharge -- -+- *- . . * - . 7. 

increases or decreases, the mean flow-through velocity can be estimated. 
L. - " -.. ".. " - -* --- - *-. *. - - 

When analyz ing  a chute ,  the depth of flow should be greater than the  

d e p t h  o f  the f i s h ,  or the f i sh  w i l l  n o t  be a b l e  t o  make f u l l  u s e  o f  i t s  

propul s i v e  power .  I n  a study conducted a t  Johns Creek Fish Hatchery near 

She1 t o n ,  Hashington by the a u t h o r  (Appendix I I ) ,  chum a n d  coho salmon were 

observed swimming u p  a velocity chute.  A t  a d e p t h  o f  0.13 f t ,  a OX passage 

success ra te  was recorded f o r  b o t h  species. When the depth was i nc reased  

t o  0 .66  f t ,  a passage success r a t e  of 100% was recorded for  chum salmon a t  

a water velocity only s l ight ly  l e s s  t h a n  the f i r s t  t e s t .  The maximum d e p t h  

o f  c h u m  sa lmon was 0 .65  f t .  The r e s u l t s  o f  t h e s e  two t e s t s  show the  

importance of t h e  depth of flow for  t h e  f i s h  t o  ach ieve  successful passage. 

Tab1 . . e 1 2  d e s c r i b e s  t h e  two conditions tha t  must b.e analyzed t o  determine 

whether or n o t  a chute i s  a bar r ie r  assuming t h e  plunge pool requirements ,  

landing conditions a n d  depth of f l o w  are suf f ic ien t .  



ments, landing c o n d i t i o n s  and depth o f  flow a re - su f f i c i en t .  

W a t e r  v e l o c i t y ,  f i s h  speed, 
slope length and f ish Form o f  Barrier 
per formance re1 a t i  onshi ps 

1. V W V F  vel oci ty bar r ie r  

a. LS > LFS di stancelvel o c i  t y  bar r ie r  

b .  LS < LFS passable 

where: VW = velocity of water (measured or ca lcu la ted) ,  

VF = f i s h  speed from equation (21,  

LS = length of  slope (measured), and 

LFS= distance the  f i sh  can swim f r o m  Figures 10, 11 or 12.  

Cascade B a r r i e r s  

A cascade was described in the introduction as  a reach o f  s t r e a m  with 

large boulders or ju t t ing  rocks t h a t  obstruct t h e  f low. This o b s t r u c t i o n  
__" .  ._ - .:.. . . .. - .- . * -+ - -- -. .",-. - - " . - "  -2 

usual ly  r e s u l t s  i n  a narrower s t r e a m  w i d t h ,  sharp changes in flow bound- 
. .. - ? , Y - n . - u C  ..-..--... . " . . - * l r . " . . * .  .+--.. *..-- - 

a r i e s ,  a n d  consequently high veloci t ies  and v i o l e n t  cond i t ions .  I f  t he  . - .  ... . . -. + .  .A +- -.. -" + -.-. - *" ' 

bed s l o p e  over t h e  .. reach . ._ . i s  . s teep enough t o  a c c e l e r a t e  the flow, white 
.' -- . ,' 

,/ 

w a t e r  and turbulence will consume m o s t  of the channel and o f f e r  1 i t t l e  or  
& 

no r e s t i n g  a r e a s  f o r  t h e  .Gra t ing  f ish.  I f  the reach i s  not too steep. 
La - . - . - - . . . -. . , . . -...-I- -- ---.. + - .-**+ . .. . . - " *?." 

the obstructions in  the stream can create good r e s t i n g  a r e a s  a s  the  f i s h  
, - , > _ _  _ .r___r I + .-_. , ...*_ - --- -------.------.+-I .. 

-.~ork a . -  the i r  way th,rough t h e  cascade, 

Cascades a r e  usual l y  located in  areas w i t h  steep topography (canyons) 

a n d  a r e  very d i f f i c u l t  t o  survey because o f  the high ve loc i t ies ,  deep pools 

a n d  tu rbulence .  C a s c a d e s  usua l ly  p e r s i s t  a s  e i t h e r  boulder cascades 



o r  t u r b u l e n t  c a s c a d e s .  Boulde r  cascades  c o n s i s t  o f  b o u l d e r s  l a  t h e  

s t r e a m  t h a t  are large enough t o  provide resting areas for  the f i sh  i n  t h e i r  

w a k e s .  To analyze a boulder c a s c a d e ,  a p p l i c a t i o n  of the  four following 
_-_.___--- - " - - .-- + 

steps can be helpful: 

1 measure the t o t a l  drop in w a t e r  surface over the en t i r e  reach, 

2. determine the number o f  paths and/or steps per path the f i sh  must 

pass within t h e  reach, 

3. e s t i m a t e  t h e  water s u r f a c e  drop a n d / o r  v e l o c i t y  t h e  f i sh  must 

n e g o t i a t e  t o  successfully pass  each s tep in each p a t h ,  and 

4. l o c a t e  r e s t i n g  areas  between each step ( o n  each path) where the 

f i sh  may r e s t  before attempting t o  pass the next s tep.  

Often t h e  f l o w  between o b s t r u c t i o n s  (boulders) can a c t  l i k e  f l o w  down a 

short  chute. Douma (1943) noted t h a t  for short  chutes, the velocity may be  

determi ned by : 

V,, = ( 2 g ~ 1 ) 0 5  (23) 

where V,, = v e l o c i t y  down a short chute, g = acceleration of gravi ty,  and 

H = t o t a l  ver t ical  drop between two pools.  U s f n g  t h f  s ana lys i  s ,  i f  any 
- " - , , . - 

s t e p  w i t h i n  t h e  reach has v e l o c i t i e s  or elevation drops in  e x c e s s ' o f  the 
' . . .. , . __. . ._ ._..I.L . _ . .-. -. . ... 

f i s h ' s  capabi l i t ies ,  or - rest ing . .  u + areas . . are . . . . - not - - - . -. -. presen t  between each S t e p ,  

the cascade would be a bar r ie r  t o  f i s h .  .. . . - -+ 

T u r b u l e n t  c a scades  p r e s e n t  t h e  f i s h  with a variety of d i f f i c u l t i e s ,  - + .. . . . _  . 1 

b u t  u sua l ly  the excessive ve loc i t ies  and excessive turbulence i s  enough t o  
- - .-- .A .-" - . . ".. 

o b s f r u c t  p a s s a g e .  These two  condf t i o n s  were studied extensively a t  the 

tiel 1  's Gate  obstruction ( Jackson ,  1950) .  V e l o c i t i e s  were measured by 

methods described e a r l i e r ,  b u t  the turbulence could not be measured i n  any 

manner t h a t  could be r e l a t e d  t o  passage success. Turbulence i n  cascades - ----, ___.* 



s e r v e s  t o  d e f l e c t  a swimming f i s h  from i t s  course, causing i t  t o  expend 
--.- -.-- . 

energy t o  r e s i s t  up-wellings, eddies, entrained a i r  and v o r t i c e s .  Most of  
. - 

the f i s h ' s  energy i s  u t i l i zed  simply to  maintain position and direction a t  

the f o o t  of a high velocity obstacle (Jackson, 1950). 

To  analyze a t u r b u l e n t  c a s c a d e ,  app l i ca t ion  o f  the three following - - 

steps can be helpful: 

1. time f l o a t s  through the  cascade t o  g e t  an approximate surface 

velocity ( f l o a t s  may be delayed in eddies);  

2. observe possible rest ing areas and zones o f  reduced turbulence-and 

velocity near the banks and behind obstacles;  and 

3 .  l o c a t e  p o i n t s  of extreme upwell ings and surges  i n  the  cascade 

which might def lec t  a f i s h  from i t s  swimming p a t h .  

I f  t h e  s u r f a c e  v e l o c i t i e s  are excessive, there may be a p a t h  for  the f i s h  

t o  pass  along the  stream bank, away f rom the e x c e s s i v e  v e l o c i t i e s  and 

upwell i ngs in the main channel. 

I n  summary, t h i s  s e c t i o n  h a s  presented a detai led analysis o f  four 

components which a f f e c t  f i s h  passage a t  waterfalls and culverts :  

1. plunge pools; 

2 .  landing conditions near waterfall  crest; 

3 .  f a l l s ;  and 

4 .  chutes. t 

A d i scuss ion  of t h e  parameters  involved in each component, followed by a 

tab1  e summarizing the important conditions t o  analyze have been presented.  

Al33, a di scussi on of  hydraul i c/ f  i  sh capabi 1 i t i  es i n cascades i s  introduced 

with steps t o  fo l low which wi l l  a i d  i n  determining t h e  e f f e c t  on f i s h  

passage success. 



SITE ANALYSIS AND SOLUTIONS 

T h e  generation of solutions t o  f i sh  passage problems a t  b a r r i e r s  i s  

dependent on t h e  par ts  o f  the analysis performed. I f  t he  bar r ie r  i s  t o t a l ,  

the a n a l y s i s  will reveal the parameters which exceed f i s h  capabi 1  i t i e s .  

The  g e o m e t r i c  conditions can be al tered t o  reduce the excessi.v-e-paLr,a_m-~&rs 

a n d  a s s i s t  f ish p a s s a g p *  Evans a n d  Johnston (1980), suggest the fol lowing 

corrections for  natural bedrock waterfall barr iers :  .- +- 
. - 

1. Dam the p1 ungc pool be1 ow the fa1 1 s.  

2 .  n l x t  a plunge pool below the f a l l s .  

, - 3 .  Illasts s e r i e s  af pools  through the fal.1 s, 
4 .  

4 .  Provide a f i sh  ladder o v e r  the f a l l s .  
I 

According t o  Evans a n d  Johnston (1980) ,  t he  plunge pool should be raised so -- -- -- - .. . 

t h e  depth i s  1 . 5  t o  2 t i m e s  deeper t h a n  the  b a r r i e r  i s  h igh,  They a l s o  . ., - - , L  . , .  - .  - . , _ .. . _ , . .I 

sugges t  t h a t  blasting a s e r i e s  of pools through the f a l l s  is  only practical 

for bedrock f a l l s  u n d e r  10 f e e t  i n  height. 

These correction methods have been employed successful  ly  by t h e  U .S .  

Forest  Service a n d  S t a t e  Agencies in Washington ( ~ c h o e t t l e r z ,  19!3), Oregon 

a n d  A1 aska .  To build v e r t i c a l - s l o t  fishways a t  remote barr i 'er  s i t e s  on 

n r i  t i  sh Col urnbi a r i v e r s ,  engineers  working for  the Salmonid Enhancement 

Program ( S E P )  have perfected b l a s t i n g  techniques t h a t  allow natural rock to  

be used  as t h e  f l o o r  a n d  s i d e s  of t h e  f i shway  (Salmonid, 1983) .  This 

2 S c h o e t t + l e r ,  R.J . ,  Improvement o f  Minor F a l l s ,  Federal P r o j e c t  No. 
352-\:'-51-10, D u p t .  o f  F i s l i e t - i c s ,  State of Washington, 1953. 



i  nnovation, a l o n g  with the  use o f  precas t  c o n c r e t e  panels  flown', ' i~ by 

he1 (copter ,  has resulted in subs tant ia l  cost sav ings .  Kerr, e t  a1 . ( 1980) 

suggest techniques t o  remove or bypass obstructions: . . 

1. A steel  bar can be used t o  hand pry a n d  ro l l  rocks f o r  s e l e c t i v e  

p l  acement. 

2. Large rocks and boulders may be removed and/or relocated u t i l i z ing  

s l ings with block and tackle. 

3 ,  Large boulders may be reduced t o  a s i z e  t h a t  c a n  be  r e a d i l y  

removed, u s i n g  a portable gas-powered rock d r i  11 or  w i  t h  expl o-  

sives.  

Removal o f  an o b s t r u c t i o n  durinq . .__ egg _ _ _ incubat ion  - _ _ -.. _--__.+.-. could ..- . . + c a u s e  . .. . . s e r i o u s  _ __-_- + _  

nortnl i  t y  by s i  1 t i  ng the downstream spawning bed. 
. 2 -  

O f  t h e  few project reports published, no information was found on thc 

prc-construction or analysis phases except the ment ion o f  the height o f  thc  

bar r ie r .  

The o b j e c t i v e  of t h i s  s e c t i o n  i s  t o  evaluate  "parameter specif ic"  

solutions with varying degrees o f  construction d i f f i cu l ty .  For exampl e ,  i f 

t h e  height  of a b a r r i e r  i s  determined .to n o t  be excessive, b u t  the f i s h  

cannot reach the  c re s t ,  then one of three things (o r  a combination) nay h e  

happening : 

1. The plunge pool hydrau l i c  c h a r a c t e r i s t i c s  a r e  such t h a t  t h e  

propuls ive  po,wer and t h e  o r i e n t a t i o n  of the f i s h ' s  l eap  a r e  

affected (Table 6 ) ;  and/or 
. . . . ,- - - 

2 .  The hor i zon ta l  d i s t a n c e  ( o r  range) which a f i s h  leaps i s  exces- 

sive compared t o  the actual horizontal distance the f i s h  must leap 

to reach the c r e s t ;  and/or . 



3 .  F l o w  over the waterfall i s  diagonal, or concentratmi on one s i d e ,  

t h u s  providing the f i sh  with a fa l se  directional stimulus. 

hnalyzi n g  t h e s e  components  wi 11 suggest t h e  excessive parameter(s),  t h a t  

must be reduced. Without t h i s  analysis the he ight  of t h e  fa1 1s  may have 

been reduced when i t  was n o t  excessive to  f ish passing in  the  f i r s t  place.  

In-depth analysis of t h i s  type will often reduce s i t e  c o n s t r u c t i o n  c o s t s  
? 

I .  _ . _ _ . r  _.... . .. . " .. . .\ - 
and assure correction of t h e  real passage problems. 

. , 

The solutions t o  waterfall a n d  culvert  bar r ie r  physical prohl ems a r e  

/ 
d i r e c t l y  dependent  on the  a n a l y s i s .  I f  the velocity in a rock chute or 

culvert  i s  excessive (Table 1 2 ) ,  then the velocity and/or the  l eng th  must 

be reduced. Assuming t h a t  Mannings equation ( 1 7 )  i s  exac t ,  the components 

t h a t  woul d reduce the vcloci ty in descending order of effectiveness are: 

1. increase the roughness c o e f f i c i e n t h )  ; 

2. decrease the hydraulic radius; or 

3 ,  decrease the slope. 

A d d i n g  b a f f l e s  t o  c u l v e r t s  - - e s s e n t i a l l y  i n c r e a s e s  t h e  roughness and 

decreases the hydraulic radius. I f  t h e  d e p t h  o f  flow a t  the c r e s t  of  a 

fa1 1 s i s s h a l l  ow,  then t o  i n c r e a s e  t h e  d e p t h  r equ i re s  one of three hy- 

draul i c changes : 

1. increase t h e  discharge, 

2 .  decrease the  c r e s t  width, or 

3 .  decrease the velocity. 

These s o l u t i o n s  can be incorpora ted  a t  t h e  c r e s t  o f  a w a t e r f a l l  
.- .- 

barr ie r  by using instrearn control s t ructures  such as gabion baske t s ,  rock 

weirs a n d  small retaining walls a s  f 

In  o rder  t o  c r e a t e  an adverse slope, 

low deflectors t o  concentrate t he  flow. 

one would need t o  b l a s t  a pool above 



t h e  c r e s t ,  E a c h  s t ruc tu r e  p l a c e d  instreatn must  b e  ca re fu l  ly  analyzed . . . . . . .  . . . . . . . . . . . . .  _-.- .. _-.- . - . .  . . .  ___- .r7 
. , _._.. 

hydraulically t o  assure proper funct ioning a s  the  fo rces  i n  the  stream 

channel change w i t h  discharge, ice  and debris. 

To show how t h i s  analysislsolution approach t o  b a r r i e r s  can be used, 

t w o  s i t e s  were chosen in llestern Washington and analyzed for  the discharge 

recorded during the s i t e  v i s i t s .  I t  i s  important t o  no t e  t h a t  t hese  

examples a d d r e s s  changes in parameters which were determined to  be exces- 

s i v e  f ron  the analysis. Idhen these  parameters a r e  changed,  t h e  a n a l y s i s  
_,++.. - . -. .-. -. ...- .... . . . . . . . . . . . . . .  

~ u s t  be  repea ted ,  hecause the hydraulics o f  the en t i re  bar r ie r  system may .. " - . .-..>- - * .- . 

have changed. 

Red Cabin Creek - Analysis 

l?ed Cabin Creek i s  a small tr ibutary t h a t  flows into the S k a g i t  River 

near Lyman, Washington. The  barr ier  on the creek i s  a cu lver t  loca ted  i n  - .-+- .- -,--. -,. 

t h e  SE 114 o f  S e c t i o n  3 ,  Township 35 North a n d  Range 6 Eas t .  The culvert 

runs underneath Camp 17 Road a h o u t  3 mlles fron Hamilton, Washington. The 

creek i s  used by chinook a n d  pink salmon for  spawning and contains good - .  

coho spawning a n d  rearing habi ta t .  The culvert b a r r i e r  i s  3 5  r i v e r  miles  -" 
from saltwater. The o u t l e t  o f  t h e  culvert  i s  shown i n  Figure 26. Note the 

8 ft wide wooden scour apron. 

Culvert  Description: Starting a t  t h e  water i n l e t ,  the 

c i rcu lar  culver t  i s  concrete lined with some patches of 

corrugated metal  on the bottom. This continues unt i l  

about the l a s t  30 f t  which i s  s tee l  pipe.  There i s  a 

debr i s  j a m  about 2 f e e t  high i n  t h e  middle o f  t h e  

culvert  which should be removed. 



C u l v e r t  Birnensions:  D i a m e t e r  = 6-0 f 

length = 150 f t  

S l o p e  = 4.4% 

Hydraulic Analysis: Velocit ies i n  t he  culver t  must be de te rmined  so t h a t  

t h e  d i s t a n c e  t h e  f i sh  can swim can be compared t o  the  cu lve r t  l eng th .  

F i g u r e  26. Look ing  upstream a t  Red Cabin Creek cu lver t  o u t l e t .  



Using equat ion  (17)  

v = ( 1.49/n) ~0.67~0- 5 

where V = average v e l o c i t y  o f  f l o w  i n  fps ,  n  = roughness c o e f f i c i e n t  (0.012 

f o r  smooth s t e e l  sur face,  Chow, 1959) ,  S = bed  s l o p e  (measured a t  4 .4%) 

( f o r  assumed no rma l  f l o w  depth),  and R = a rea  o f  f l o w l w e t t e d  pe r ime te r  i n  

f t .  For c i r c u l a r  c u l v e r t s  t h e  f l o w  area can be c a l c u l a t e d  by: 

At- = ( n 1180) o  - d 2  - [ r 2 - ( r -d )210*5 ( r -d )  

w h e r e  A f  = a r e a  o f  f l ow ,  r = r a d i u s  o f  c u l v e r t ,  and d = depth o f  f low ( o r  

 mif form d e p t h ) .  A t  the c u l v e r t  o u t l e t ,  t h e  f l o w  can  be  assumed t o  b e  

un i fo rm,  and t h i s  dep th  was measured a t  0.55 f t  on December 8, 1983. 

The w e t t e d  perimeter of the  f l ow  a r e a  can be c a l c u l a t e d  by: 

W, = ( 2  n /180) cos-11 ( r - d ) / r ] r  

whe re  W p  = t h e  w e t t e d  p e r i m e t e r ,  r = r a d i u s  o f  c u l v e r t ,  and d = depth o f  

f l o w .  So l v ing  f o r  A f  and Y p  y i e l d s :  " = 1.29 f t 2  and Up = 3.69 f t  

S u h s t i t u t i n g  t h e s e  i n t o  equat ion  (17)  y i e l d s :  

V = (1.49/ .0lz)x(l.29/3.69)~*~7( .044)0*5 

V = 12.9 fps 

l l u l t i p l y i n g  t h i s  v e l o c i t y  by  t h e  f l o w  area,  equat ion  ( 2 2 )  y i e l d s  a  d i s -  

charge o f :  

Q = V A f  = (12.9)(1.29) = 16.6 c f s  (on  12/8/83) b 

The d i s t a n c e  t h e  f i s h  can s w i m  i s  a f u n c t i o n  o f  the f i s h  c o n d i t i o n ,  water  

v e l o c i  t y  and dep th  o f  flow. For  average s ired a d u l t  chi nook, coho and p ink  

salmon,  a d e p t h  o f  0.55 f t i s  p robab ly  a minimum, and will t he re fo re  n o t  

r e d u c e  t h e  swimming c a p a b i l i t i e s ,  S i n c e  Red Cabin  Creek i s  a s h o r t  

t r i b u t a r y  , w i t h  t h e  b a r r i e r  located near  the spawning grounds, a c o e f f i -  



! ' 

!. 
cient  o f  fish condition ( C f c )  o f  0.75  w i l l  he used (description i s  g i v e n  in 

!. f i sh  capabili ty sec t ion) .  Using Figures 11 a n d  1 2 ,  a water v e l o c i t y  o f  
i. 

, 

12.3 f ps ,  a n d  C f c  = 0.75, y i e l d s  the following distances the f i sh  can s w i m :  

S p e c i e  Maximum Swimrni ng  Distance 

Chinook - 

Coho 

Pink Impassable 

Because the culvert  i s  150 f t  long, the f i sh  will n o t  be able to  n e g o t i a t e  
. .. 

I * 

t he  c u l v e r t  swimming a g a i n s t  t h e  mean veloci ty .< Also, the shallow d e p t h  

f o r c e s  the  f i sh  to  s w i m  against t he  mean flow velocity. 
. -. -.-. . - -  >--.- - 

3 ; ' T h e  measured out fa l l  height a t  the end of the cu lver t  was 2 . 3  f t ,  h u t  
1 : 
'I , 
f because o f  t h e  h i g h  e x i t  velocity,  there was some hor izonta l  component t o  
i # ,I:;:; thc f a l l i n g  j e t .  This distance can be calculated from eouation ( 1 3 ) :  $$ 
* I,, 
h i  
'l\,? 

X P  = VWC[cos ( W C ) J t ,  

i ;' 
i' ' where t can he determined from the equat ion  ( 1 4 ) :  

t :' ti = [vwc(sin Qg, ) l t  - ( I / z ) &  
I 

w t w r e  11 = 2 . 3  f t  (measured), VW, = 12.9 fps,  and OW, = 2.5". 
I 
f Suhs t i  t u t i  nrf i n  these values yields:  
!I 
! 
t 

2 . 3  = 0 . 5 6 ( t )  + 16.1(t2), 
I 

1. 
\ !  

and solvino for t y i e l d s :  
1. . , 

t = Q.36 seconds. 

. Substituting t h i s  i n t o  eouation (13) gives:  

X P  = (12.9 cos 2.S0)0.36 = 4.6 f t .  

Recause o f  t h e  wooden scour apron, the distance t o  the standing wave 

c o i ~ l d  n o t  h e  observed .  Therefore, t h i s  d i s t a n c e ,  XSW ( F i g .  2 2 )  w i l l  b e  

assuncd equal t o  1 f t .  w i t h  the apron  removed. T h i s  g i v e s  a X value of:  
I&" 
;P$;  
1,: , I $  
( :,; 

7 4 
fir: 

>bi h 
",.... --  . , . - . - *  A ~mm mn 



X = XP + XSW = 4.6 + 1.0 = 5.6 f t  

Now X and tI can be s u b s t i t u t e d  i n t o  the l eap ing  ang le  equat ion  ( 1 6 ) :  

0L = tan-1  3 (H /X) ,  

where H = 2.3 f t  (measured), and X = 5.6 f t  ( c a l c u l a t e d ) .  Therefore: 

OL = t a n - l  3 ( 2 . 3 / 5 . 6 )  = 51" 

Super impos ing  H and X on F igu res  8 and 9 shows coho and chinook w i l l  l a n d  

r i g h t  a t  the  crest., and p ink salmon a b o u t  1 f t  s h o r t  o f  t h e  c r e s t ,  a t  a 

l e a p i  ng a n p l e  of  60 degrees ( d o t t e d  l i n e s  F igu res  27 and 28). Th is  angle 

corresponds we1 1 w i t h  the c a l  c u l  ated 1  cap 

h i g h  v e l o c i t i e s  a t  t h e  c u l v e r t  o u t l e t ,  

s u c c e s s f u l l y  snrl swim through. Therefore 

i n g  anqle o f  51". Because . . o f  t h e  

t h e  f i s h  w i l l  no t  be ab le  t o  l a n d  
. , .  

, the o u t f a l l  drop i s  considered a 

h o r i z o n t a l  d i  stance ( o r  range) b a r r i e r  w i t h  adverse 1  dndi ng condi t i o n s .  

Th i s  a n a l y s i s  has shown t h a t  a t  a d i s c h a r g e  o f  16.6 c f s ,  Red Cab in  

Creek c u l v e r t  . -  i s  a v e l o c i t y  - l e n g t h  h a r r i e r  and a l e a p i n g  range - h a r r i e r .  , 

C l a s s j f i c a t i o n  f o r  t h i s  barrier i s  shown i n  F igu re  29. 

Red Cabin Creek - So lu t ions  
-- 

To n e g o t i a t e  t h e  c u l v e r t  l e n g t h  o f  150 f t ,  the  v e l o c i t i e s  would need 

t o  be l e s s  than o r  equal t o  3.4 f p s  f o r  chinook and coho, and 2.6 f p s  f o r  

p ink  salmon. In t h e  corrugated meta l  pipe s e c t i o n  w i  t h  increased roughness 

c o e f f i c i e n t ,  the v e l o c i t y  would o n l y  be reduced t o  6.4 f p s .  Dane ( 1 9 7 8 )  

recommends f o r  c u l v e r t s  g r e a t e r  than 80 f t  i n  l enq th ,  the average v e l o c i t y  

shou ld  n o t  exceed 2.9 f p s  f o r  a d u l t  salmon, and t h a t  t h e  c u l v e r t  slope 

shou-Id n o t  exceed 0.55, u n l e s s  a p p r o p r i a t e  compensat ion i s  made by the  

a d d i t i o n  o f  b a f f l e s  w i t h i n  the  c u l v e r t .  The design on c u l v e r t  h a f f l  e s  can 

he f o u n d  i n  ElcKi n l e y  and Webb ( 1 9 % ) ,  Engel (1974) and Watts (1974) .  The 
' *  

a d d i  t i o n  o f  b a f f l e s  e s s e n t i a l l y  i n c r e a s e s  t h e  v a l u e  o f  t h e  roughness  







SITE: Red Cabin Creek Culvert DATE: 12/8/84 

LOCATION: SE 11'4 of Section 3, T35N, R6E 

CLASS: Compound (chute/fall) 

TYPE: X C  1 

DEGREE OF DIFFICULTY: 4 

MAGNITUDE: 

DISCHARGE: 

H 2.3 ft X = 5.6 ft 
VW = 12.9 fps LS 150 f t  

Q = 16.6 cfs  

COMMENTS: 

F igu re  23. 

Wooden scour apron deflects flow at 
culvert outlet. Debris jam in middle 
of culvert. 

3 .  . 

. . *  , 

C l a s s i f i c a t i o n  o f  Red Cabin Creek culvert. 



c o e f f i c i e n t ,  therefore decreasing the velocity and increasing the depth o f  

flow, c r e a t i n g  a pool a n d  weir fishway a t  lower f lows.  T h i s  could be 

accompl i shed simply hy pl a c i n g  roughness elements on the culvert  bottom, 

bu t  would  n o t  p r o v i d e  r e s t i n g  places  as baff les  do .  Since t he  slope cannot -- .. . . 

be c h a n g e d ,  t h e  parameters t h a t  could he varied to  decrease the velocity t o .  

2 .6  o r  3.4 f p s  in e q u a t i o n  ( 1 7 )  i s  the  roughness c o e f f i c i e n t ,  assuming 

Manni n g ' s  equat ion  i s  e x a c t ,  and t h e  hydraulic radius.  To achieve these 

veloci t i e s ,  the roughness coef f ic ien t  should equal : 

Water Velocity n (  roughness c o e f  f.i c i  en t  

2.6 f p s  0.059 

3 . 4  fps 0.04 5 

I n  Chow ( 19 59) these roughness coef f ic ien ts  correspond t o  a natural stream 

channel w i t h  cobbles o r  large boulders. The a c t u a l  s i z e  of t h e  roughness  

elements could b e s t  be determined by a model s t u d y  so t h a t  ve1,oci  t y  
. . 

~wasurements could be made over a range o f  discharges a n d  roughness element 

heights and arrangements. , 

A t  t he  c u l v e r t  o u t l e t ,  b e c a u s e  the  ve loc i ty  i s  excessive, the f i sh  

could l e a p  in to  the culvert  and then be swept back .  Therefore assume here 

t h a t  t h e  v e l o c i t y  i n  t h e  c u l v e r t  i s  reduced i n  some manner t o  a value 

suggested e a r l i e r  for  passage to  be achieved. An average of 2 . 6  a n d  3 . 4  

f p s ,  w i l l  he used o r  3.0 f p s .  From equation (13) t h i s  reducei XP t o  1.1 

f t ,  and X t o  2.1 f t ,  adding 1 f t  f o r  the d i s t a n c e  t o  t h e  s tanding  w a v e .  

Calculating t h e  leaping angle for  t h e  new ou t l e t  geometry gives: 



S u p e r i m p o s i n g  t h e  outfall geometry again on Figures  8 a n d  9 shows t h a t  

coho, c h i n o o k  and pink salmon 'can success fu l ly  e n t e r  t h e  c u l v e r t  a t  a 

leaping a n g l e  o f  a b o u t  60°, shown a s  d o t t e d  l ines  i n  Figures 30 and 31. 

Anain ,  th is  a n g l e  i s  close t o  t h e  ca l cu la t ed  l eap ing  angle o f  7 3 " .  

T h e r e f o r e ,  decreasing the  velocity in the culvert t o  3 fps will  allow the 

f i s h  to successfully swim the culvert  length o f  150 f t  and reduce the hori- 

zontal  l eap in?  d i s t a n c e .  Table 13 i s  a summary o f  t h e  problems a n d  

suggested solutions f o r  Red Cabin Creek culvert. 

T a b l e  13.  Red Cabin Creek problems and solutions. 
-- -- 

Problems Solutions 

Wooden scotjr apron prevents 
f i s h  from enter i  ng culvert .  

Ilori zontal leaping distance 
i s  c x c e s s i v e ,  causcd by h i g h  
v e l o c i t i e s  a t  c res t  o f  12.9 fps.  

Vcloci t y  i n  the culvert i s  
c x c e s s i v e  fo r  a culvert  lennth 
n f  150 f t .  

Dehri s jam in middle o f  culvert  
prevents f i s h  p a s s a p .  

Remove apron. 

Decreasing v e l o c i t y  t o  3 f p s  a t  
t he  c re s t  would reduce the 
horizontal 1 eapi ng d i  stance and  
a1 low successfu1 pissage. 

Add baff les  or some type o f  
roughness elements t o  decrease 
the velocity . Check cul ver t  
capac i t y  t o  p a s s  flood flows. 

Remove debri s 

+ 
Chuckanut Creek Waterfall - Analysis 

Chuckanut Creek i s  l oca ted  j u s t  s o u t h  o f  Bellingham, Washington; i t  

flows-along the  Old Samish Highway and  discharges Into Chuckanut Bay. The 

bar r i e r  in question, Figure 32, i s  located a t  river mile 1.8, in the middle 

of the western 112 o f  Section 17 ,  -Township 37 North, Range 3 Eas t .  The 

c reck  below the barr ier  i s  used by chum salmon in the lower par t  below the 
I 

harrier a n d  coha a n d  s tcc lhead spawn in  the  Creek above the barrier.  
. . 







Figure 32 .  Looking upst ream a t  Chuckanut Creek waterfall .  

Figure 33. P l a n  v iew of obs t r uc t i ng  rock near  Chuckanut Creek waterfall crest.  



Upstream Pool 

. . .  

Not to Scale 

Velocity Chute 

- Rock Slope 

F igu re  34. Plan view sketch o f  Chuckanut.Creek waterfall. 
.;*;: 8 
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Waterfal l  Descr ip t ion:  I n  t h e  upstream sec t ion  t h e  b a r r i e r  

beg ins  w i t h  a short, narrow rock chute ( tr iangular  cross s e c t i o n )  

which te rminates  i n  a 2 t o  3 f t  drop. A t  the drop t h e r e  i s  a 

rock/sandstone overhang which eay obstruct p a s s a g e  t o  t h e  upper 

c h u t e  o f  t he  b a r r i e r ,  Figure 3 3 .  The main opening for passage 

appears t o  present a very shallow dep ths  near the  c r e s t .  T h i s  __ _ _ . . - ---I- ---_I.__.. _ " ' . 

waterfall does no t  appear t o  he a n  elevation or velocity ha r r i e r ,  

b u t  because of t he  rock overhang i t  may presen t  o r i e n t a t i o n  

problems. S tee l  head have been observed by Dept. of  Fisheries 

personnel t o  successfully pass t h e  b a r r i e r ,  b u t .  have a1 so been 

observed f a l l ing  back a f t e r  landing near the  c re s t .  

Hydraulic Analysis :  To analyze the  hydraul ics  a t  Chuckanut F a l l s ,  an 

e n g i n e e r i n g  survey was conducted on 12/8/83 t o  determine the chute cross 

sections and s igni f icant  topographic points throughout the harrier s i t e .  A 

survey base l i n e  w a s  e s t a b l i s h e d  (Figure, 34) and measurements o f  channel 

cross-sections taken. Using s t a t ion  It07 as a representative cross-section 

( F i g u r e  3 5 )  for  the chute, the veloci t ies  can be calculated using equation 

(17) with the following values: bed s lope (assume uniform f l o w )  = 7.7; 

(measured) ,  flow area (measured from Figure 35)  = 1.5  f t 2 ,  wetted 

parameter (from F i g u r e  35) = 3.9 f t ,  and roughness coef f ic ien t  ( j a g g e d  rock 

0 .035  t o  0 .050,  T a b l e  9 ) .  S u b s t i t u t i n g  these values i n t o  equation ( 1 7 )  

y ie lds  for the average velocity a t  s ta t ion  1+07: 
b 

v = (1.49/0.035)(1.5/3.9)0~67(0.077)~-5 = 6.2 f p s ,  and 

U = ( I / ~ S / O . O S O )  ( l . 5 / 3 . 0 ) 0 9 6 7 ( 0 . 0 7 7 ) ~ * ~  = 4.4 fps. 

Mu1 t i p l y i n g  t h e  average ve loc i ty  by'the f low area, equation (22) y ie lds  a 

discharge of :  





Q(n=0.035) = VA = G . Z ( l . 5 )  = 9.3 c f s  and 

Q(n=@.050) = V A  = 4 .4(1 .5)  = 6.6 c f s .  

Therefore a t  s t a t i o n  1107, t h e  average v e l o c i t y  the  f i sh  must face assuming 

a d i s c h a r g e  o f  8 . 0  c f s  i s  5.3 f p s .  A s i m i l a r  a n a l y s i s  w a s  a p p l i e d  t o  

s t a t i o n  1+00 (Figure 35, t h e  c r e s t ) ,  and  an  average veloci ty  o f  3.1 fps  was 

ca lcu la ted .  The vel o c i  t y  decreases near the c r e s t  because of the increased 

f l o w  area from s t a t i o n  1+07 t o  1+00. 

T h e  b a r r i e r  i s  l o c a t e d  o n l y  1.8 r iver  miles from the  s a l t  water, so a 

c o e f f i c i e n t  o f  f i s h  condi t ion,  Cfc, o f  1 .O wil l  be used. The d i s t a n c e  t h e  

f i s h  c a n  s w i m  f o r  t h e  a v e r a g e  v e l o c i t y  c a l cu l a t ed  (5 .3  f p s )  i s  g i v e n  by 

Figures 10, 11 and  1 2  a s :  

Spec i c 
P* 

P!aximum Swimmi n q  ni s tance 

Stcel head  105 f t  

Coho 80 f t  

Chum 48 f t  

Since the chute i s  only 12 f t  in length ,  i f  the  f i s h  can ge t  in to  the chute  

they w i l l  easi ly  pass t h e  barrier. 

T h e  upper chute terminates i n  an overfall where the water breaks o f f  

the c r e s t  (which i s  a n g l e d  t o  the  f low) and s t r i k e s  the  plunge p o o l .  Thc 

chanae i n  w a t e r  s u r f a c e  e l e v a t i o n  from the c r e s t  t o  the plunge pool was 

measured a t  2.7 ft. Because o f  the overhanging rock on t h e  r i g h t  s i d e  o f  

t h e  fa1  1 ( 1  e f t  l o o k i  np upstream i n  Figure 3 2 )  the  f i s h  are fbrced t o  leap 

a t  the  r i g h t  s i d e  ( looking upstream), where t he  water breaks o f f  the c r e s t  

a n d  f l o w s  down a short chute (7 .5  f t  long)  a t  a measured depth o f  0.1 f t .  

Because o f  the  shallow depth i t  i s  no t  p o s s i b l e  f o r  the f i s h  t o  s w i m  u p  

this  chute, and  therefore they must leap t o  pass. * 



d 

The d i s t ance  X was measured t o  be 8 f t .  Using equation (16), and t h e  

mcnsurcd ti and X v a l u e s  o f  2 .7  f t  and 8.0 f t  respect ively g l v e s  a l eap tng  

a n g l e  o f :  

BL = t a n d 1 3 ( ~ / x )  = 45'. 

S~~pcr impos ing  H and X o n  t h e  f i s h  leaping curves (Figures 7 ,  8, 9) shows 

the fol l  owing: 

1. Stee l  head and coho can successfully pass a t  leaping angles o f  60 

and 40 degrees (Figures 36 a n d  3 7 ) .  

2 .  C h u m  salmon will f a l l  short  of t h e  c re s t  by a b o u t  4 f t  a t  leaping 

angles of 60 and 40 degrees (Figure 38) .  

The c a l c u l a t e d  leaping  angle  of 4 5 "  will  extend t o  the point o f  maximum 

l c a p i n g  d i s t a n c e  for t h i s  f a l l s  geometry. The  f i sh  t h a t  successfu1ly l e a p  

w i l l  probably l a n d  i n  very shallow w a t e r  and higher ve loc i t ies  because of  

disorientat ion caused by the overhang1 ng rock, 

The plunge pool depth w a s  measured a t  5.5 ft, and therefore provides a 

good leaping s i tua t ion  . U n d e r  t h e  present  condi t i  ons, Chuckanut Creek 

fa1 1 s appears t o  be an e leva t ion  a n d  orientation barrier a t  low f l o w s  ( 8  

c f s )  t o  c h u m  salmon, b u t  n o t  t o  s t ee lhead  and coho, e x c e p t  f o r  t h e  

overhanging rock obstructing the p a t h  t o  t he  upper chute. C l a s s i f i c a t i o n  of 

t h i s  bar r ie r  i s  shown i n  Figure 39. 

Chuckanut Creek - Solutions 
L 

A very good low f l o w  channel i s  present above the fa1 1 s ,  upstream from 

the f a l l s  c r e s t .  Refer r ing  t o  F igure  3 3 ,  i f  the  overhanging rock w a s  

removed, the f i s h  would have a "straight-shot" in to  the upper chute. Also, 

they would he a t t r a c t e d  t o  l e a p  a t  t he  area o f  h ighes t  flow momentum 

because of the deep channel on the l e f t  side (looking upstream). This wouf d 



a l s o  a l l o w  the  f i s h  t o  g e t  f u r t h e r  upstream before they a t t e m p t  their  l e a p ,  

and  decrease t h e  h o r i z o n t a l  l e a p i n g  d is tance ( X I .  Even a t  h i g h  f l o w ,  t h e  

m a j o r i t y  o f  the f l o w  w o u l d  he concent ra ted  i n  the  deeper l o w  f l o w  channel.  









SITE: Chuckanut Creek Waterfall DATE: 12/8/84 ' 

I 

LOCATION: Middle of the Western 1/2 of 
Section 17, T37N, R3E 

r I , I I 
! I t '  I 1 l l : i  . 

, I  v .  I ! .  I , .  . . , I l : l i  i l l ] , .  , SITE SKETCH 
. . , I ; ! ' , #  ' , , l l i l : ;  : l ! ! l  

. ,  I I : ' I  ! ~ l l ~ l ; ; ~ ~  I - - I : ; : I  ; I 1 1 1  1 1 1 1 I . : ' I I  , . 
" 5  I ; ' 1 . . 1  l , ~ , ~ l i ; l  ~ ~ l l l ~ ; : : ~ ,  I .  I I 

CLASS: Single Fall 

TYPE: X A  1- 

DEGREE OF DIFFICULTY: 2 

MAGNITUDE: H = 2.7 f t  
X = 8.0 f t  

DISCHARGE: Q 8 C ~ S  

COMMENTS: Rock overhang at crest may obstruct 
orientation for leaping. 

Figure 39 .  C l a s s i f i c a t i o n  o f  Chuckanu t  Creek waterfall. 
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CONCLUSIONS 

~ h &  guide1 i nes f o r  analyzing a waterfall  or cu1  v e r t  h a r r i e r  i n  t h i  s 

r e p o r t  a r e  relat ively simple. With the cxpertise of  a f i s h e r i e s  biologis t  

and a h y d r a u l i c  e n g i n e e r  t h e s e  gu ide l ines  can be u s e d  e f f e c t i v e l y  t o  

r e s o l  ve  t h e  d i  1 emnas o f  f i s h  passage problems a t  har r i e r s .  T h e  following 

i s  a 1  i s t  of  s i  ~ n i  f i c a n t  conclr~sions developed: . .. 

: 1. U n s t a b l e  p l u n g e  pools  d isor ien t  and reduce the  f i s h ' s  l e a p  t r a j e c t 0 r . y  

a n d  h e i g h t  respectively.  

; 2.  V e l o c i t i e s  a n d  d e p t h s  can be estimated for any i r r q u l a r  shaped  f a l l s  

c r e s t  a s  a f u n c t i o n  o f  the discharge a t  c r i t i c a l  d e p t h  from: 

~ 2 / ~  = A ~ / W  

! 
where 0 = stream d i scha roe ,  g = ~ c c e l e r a t i o n  of g r a v i t y ,  A = c r o s s  

i sectional flow area and W = top stream width, 
I 

Water s u r f a c e  profi les  a t  har r ie rs  ". . -cao..hr_s~erimposcd on f i s h  1 e a j i ~ g  
---__I" .- _ .-- .._I --- 

I c u r v e s  t n  analyze p a s s a g e  success.  The optimum leaping angle can be 
Z 

: 3 I 

! I estimated by: 
; 

b 

i QL = t a n - l  3 ( H / X )  
I 

where  ti = t h e  d i f f e r e n c e  i n  w a t e r  s u r f a c e  e l e v a t i o n s ,  a n d  X = 

i h o r i z o n t a l  d is tance  f rom t h e  standing wave t o  t h e  c r e s t  o f  the  f a l l s  o r  
' 1 

1 
I chu te .  
r j  

1 

.. , : I  1 
4 .  For rectangular  and tr ianqul ar. shaped-chaon.gl-s ,the hydraulic radius can 

I 
"i 

I be estimated as a function o f  the  average width a n d  d e p t h  with errors  
6 

less t h a n  .%; t h i s  allows t h e  mean velocity t o  be calcu-1a.te.d. - -. - --. . . , , + . - -  ----___, 



5. For  d e p t h s  g r e a t e r  than 2 f e e t  i n  cor ruga ted  metal p ipe  c u l v e r t s ,  . f i s h  

can  s w i m  i n  reduced v e l o c i t i e s  near t h e  bounda ry  where t h e  v e l o c i t y  
. " 

oppos ing  t h e  f i s h  i s  less  t h a n  the mean veloci ty  by as much as  301. 

6 .  S t a g e - d i  s c h a r n e  re1 a t i  o n s h i  ps, when compared .. . wi t h  .," m i g r a t i o n  season 

f l o w s ,  w i  11 d e f i n e  hydrau l ic  c o n d i t i o n s  a t  t h e  harriers  which the  f i s h  - .- . 

must negotiate. 



i 

-' 

SUGGESTIONS FOR FURTHER STUDY 

Concepts f o r  analyzing bar r ie rs  t o  upstream f i s h  rniclration have  been 

presented  in th i s  paper. As each section was writ ten,  nore and  more ideas 

a h o u t  methods for analyzing bar r ie rs  were unvei led.  The urge to  go back r 
*; 

and include these  new ideas was eventually o f f s e t  b.y the necessit+y t o  

cornplcte the study. Further study of t h e  following areas  will i n c r e a s e  t h e  
r 

accuracy o f  anal y z i  ng and finding sol ut i  ans t o  f i  sh passage problems. 
k 

1. 'Plunge pool : g u i  del i  nes should be developed t o  a c c u r a t e l y  
.: . 

z determine t h e  plunge pool d e p t h  for the  given bar r ie r  geometry and 
:I 
- 4  
1 

hyriraul i c s  which create  optimum leaping conditions. 
J 

2 .  F i s h  speeds in  a n  a i r - w a t e r  mixture: t h e r e  should b e  some 
.,' 
.I 

reduction i n  thc f i s h ' s  hurst speed i n  a a i r - w a t e r  mixture because 1 o f  t h e  reduced water density. Calculations need t o  he made usina 
$ 
4 
a'4 

f i sh  locomotion equations (Blake, 1984) t o  determine the reduction 
5 

- 7  o f  t h e  propuls ive  power  o f  t h e  f i s h ' s  t a i l  i n  a medium with 
-1 

7 : reducer) density. Corresponding leaping h e i g h t s  and t r a j e c t o r i e s  
. i 
.I 
1 can then he calculated. 

3 .  L e a p  succe s s  r a t i o s :  as t h e  h e i g h t  o f  b a r r i e r  increases ,  the  
I 

i number o f  attempts required f o r  a successful pass should increase.  
f 

This cou ld  be stlrdied i n  a h a t c h e r y  f ishway,  wheie  t h e  l eap  

1 success r a t i o  (successful 1eaps:leap a t t empts )  i s  recorded f o r  a 

73 
i . range of water surface drops. 

i 4 .  t l ig ra t ion  d i s t a n c e  from ocean t o  b a r r i e r  reducing f i s h  c a p a -  

hi1 i t i e s :  a survey could be taken t o  record t h e  r iver  mi 1 es t o  a 
2 
2 $ a r r i e r ,  he igh t  o f  harr ie r  and species which pass  or are blocked. 

r, 
f 

3 - A .- . " - - -- .- -- 7 - . . .  .. 
.' 



5. A o r i a l  p h o t o g r a p h y :  t h e  d e s i g n  o f  low-level , b a 1  l o o n  mo~rnted 

photoqraphi  c e q u i  pment  c o u l  d he used .  These p h o t o q r a p h s  c a n  

g r e a t l y  reduce s i t e  s u r v e y  t i m e  and p r o v i d e  e x c e l  l en t  v i s u a l -  

i z a t i o n ,  when used w i t h  ground survey  c o n t r o l s  and a t  d i f f e r e n t  

stages o f  st rean f l o w .  
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AN A N A L Y S I S  OF COHO AND CHUM SALMON SWIMMING UP A VELOCITY CHUTE 

W a t e r f a l l s  and c u l v e r t s  somet imes  form v e l o c i t y  b a r r i e r s  t o  t h e  

upstream m i g r a t i o n  o f  a d u l t  salmon and steel head t r o u t .  , Often, the  swimmi ng 
* . .. . . 

c a p a b i l i t i e s  o f  t h e  s p e c i e s  i n  q u e s t i o n  w i l l  d e t e r m i n e  t h e  success o f  
, *. .; '.. 

p a s s a g e .  O t h e r  f a c t o r s  which e f f e c t  t h e  success pf ,passage are: depth o f  
. - . .- 

f low, d i s t a n c e  t h e  f i s h  must swim, and v i o l e n t  t u r b u l e n c e  ( u n s t a b l e  f l o w  

p a t t e r n s ) .  I n  o r d e r  t o  a n a l y z e  how t h e s e  f a c t o r s  e f f e c t  f i s h  passage, a 

" v e l o c i t y  c h u t e "  s t u d y  w a s  c o n d u c t e d  a t  Johns Creek F i s h  Ha tche ry  n e a r  

She1 t o n ,  Washi nqton. ,Th i s  s tudy was done i n  con junc t i on  w i t h  t he  Bonnevi 1  l e  

Power Admini s t r a t i  on (BPA)  F i s h e r i e s  Project 82-14, "New Concepts i n F i  s h  

Ladder  Des ign , "  A t  t h e  c o n c l u s ~ o n  o f  the study, i t  became apparent t h a t  a 

v e l o c i t y .  . , . . . . . . c h u t e  . cou ld__be used a s  an e f f l c i q n t  and ,.,,...-.;.+A; econom~ca l . .me thod  :.- . o f  
. . -=-+-*: +.=<:*::=;=*-; .". - . - 

p a s s i n g  f i s h .  W i t h  $ f i s h w a y  p o o l  l e n g t h  o f  12' f t  (3.66 m) and a chute  

l e n g t h  o f  8 ft. (2.44 m )  chum salmon (Onchorhynchus k e t a )  were o b s e r v e d  

p a s s i n g  a change i n  water s u r f a c e  e l e v a t i o n  o f  1.8 f t  (0 .55 m )  w i t h  a 

passage success r a t e  o f  100%. 

Exper inenta l  Fac i  1  i t i e s  

The chute was i n s t a l l e d  i n  t he  e x i s t i n g  f ishway bulkhead s l o t s .  I t  was 
L 

const ruc ted  w i t h  3 /4  i n c h  plywood a t  a l e n g t h  o f  8 f t  (2.44 m) . I n  t e s t  #1 

the  chute  w i d t h  was 2 f t  (0.61 rn) w i t h  a wall h e i g h t  o f  1 f t  (0.30 m).  After 

complet ion of t e s t  #I ,  t h e  w i d t h  was decreased t o  1.25 ft. (0.38 m) and t h e  
r: - 

w a l l  h e i g h t  was i n c r e a s e d  t o  1 .5  ft (0.46 m) '  i n  order t o  obtain a greater 
* - 

' q q  

dep th  o f  flow ( t e s t  # 2 ) .  A t  t he  i n l e t  ( c r e s t ) '  t h e  c h u t e  was s u p p o r t e d  by 



two h i n a e s ,  w h i c h  a 1  lowed adjustment o f  t he  s l o p e .  Near  t h e  f i s h  en t rance  

i t  was s u p p o r t e d  by a d j u s t a b l e  vertical  and hor izonta l  s u p p o r t  r o d s  ( F i g .  

F i g u r e  1. P l a n  view o f  the  8 f t  l o n g  and 1.25 f t  w i d e  v e l o c i t y  c h u t e  t 
a p p a r a t u s  ins ta l led  in  the Johns Creek Fi shway. 

Chute H y d r a u l i c s  L 

T r a n s i t i o n  Z o n e  

U n i f o r m  F l  ow Zone 

Hydraul i c Jump/ 
Standing Wave Zone 

The approach v e l o c i t y  f r o m  t he  upstream poo l  was n e g l  i  g i  bl e ,  a n d  

c r i t i c a l  d e p t h  (Froude No. = 1) always occurred at the chute w a t e r  e n t r a n c e  

or c r e s t .  T h e  t h r e e  z o n e s  o f  f l o w  observed dur ing  testing were: 1)  

t r a n s i t i o n  zone; 2 )  u n i f o r m  f l o w  zone; and 3) hydraulic jump/standi n g  wave 
I t 



zone. In t h e  t r a n s i t i o n  zone, t he  f l o w  was passing through c r i t i c a l  ( a t  the  

c r e s t )  t o  un i fo rm depth approximate ly  2 f t  (0.61 m) down t h e  slope f r o m  t h e  

c r e s t .  The depth i s  g rea te r  i n  t h e  t r a n s i t i o n  zone than i n  the  u n i f o r m  f l ow  
-. . ,. 

zone and when the  f i s h  approached t h e  t r a n s i t i o n  zone they  "bu rs t "  through i t  

i n t o  t h e  upstream .pool because o f  t h e  decreased f l o w  velaci ty. The uniform 

f l o w  zone hegan a t  approximate ly  2 f t  (0.61 m) from t h e  c r e s t  and  rema ined  

a t  c o n s t a n t  d e p t h  u n t i l  i t  d i s s i p a t e d  i n t o  the  downstream pool .  A t  t h i s  

po i  n t ,  a hydraul  i c  jump developed which increased i n  i n t e n s i  ty . -as thee h u t e  

v e l  o c i  t y  i ncreased. 

The a d d i t i o n  o f  roughness  e lements on the  f l o o r  o f  t h e  chute  had the  . - . ...... - .  - .  

e f f e c t  o f  i n c r e a s i n g  t h e  d e p t h  a n d  d e c r e a s i n g  the v e l o c i t y  f o r  a g i v e n  
. , .- . L -- * - -  . 

s l o p e .  The s p a c i n g  between t h e  roughness  elements was f i l l e d  w i t h  c i r -  

c u l a t i n g  w a t e r  c o n t a i n i n g  stable  edd ies ,  c r e a t i n g  a pseudn w a l l * .  Chow 

(19 59) c l a s s i f i e s  t h i s  a s  " q u a s i - s m o o t h  f l o w , "  Q u a s i  -smooth f l o w  has n 

h i g h e r  f r i c t i o n  f a c t o r  t h a n  f l o w  o v e r  a t r u e  smooth -.surface. b e c a u s e - i h r  

e d d i e s  i n t h e  g rooves  consume a c e r t a i n  amount o f  energy. These h y d r a u l i c  

c o n d i t i o n s  were o h s e r v e d  i n  a p l e x i g l a s s  model o f  t h e  c h u t e  i n  A l b r o o k  

Iiy d r a u l  i c s  L a b o r a t o r y  a t  Wash ing ton S t a t e  U n i v e r s i t y .  The model was a1 so 

used t o  v e r i f y  f i e l d  measurements o f  v e l o c i t y  and d ischarge.  

Study Objec t i ve  

The o b j e c t i v e s  o f  t h i s  f i e l d  s t u d y  were t o  observe,  a n d  r e c o r d  the  

f o l l o w i n g :  

1. The response  o f  coho and chum salmon t o  o u t f l o w  c o n d i t i o n s  a t  the 
..--- . 

downstieam end o f  the chute: 

a. leaping;  

c .  a t t r a c t i o n  cond i t i ons .  



2. Water depths which af fec t  passage:  

a .  minimum depth; 

h .  d e p t h  where swimming i s  unimpaired; and  

c .  e f f e c t  of rouphness elements on w a t e r  depth/fish passage. 

3. Swimming speeds o f  coho and chum salmon: 

a .  r e l a t i v e  velocity of f i sh  with respect t o  water ( f i sh  speed),  

b .  r e l a t ive  velocity of f i s h  with respect t o  chute, and  

c .  passage time. . , 

Results 

T e s t  No. 1; Chute Width = 2.0 ft (0.61 m) 

I n  t h i s  t e s t  observations wcrc made of  the  chute  hydraul i c s  a n d  f i s h  

m o v e m e n t s .  T h e  major i ty  o f  f i s h  t e s t e d  were a d u l t  coho salmon (Onchor- 

hynchus ki tsutch)  which were i n  p o o r  physical  c o n d i t i o n ,  d isp l  aying f u l l  

spawning colors and averagf ng about 2 f t  (0.61 rn) i n  length,  The few chum 
.. . . 

salmon tested a l so  displayed fu l l  spawning colors and a v e r a g e d  30 i n  (76.2 

cm) in length. The maximum depths of the f ish 'bodies  were: coho 0.4-0.5 f t  

(0.12-'0.15 rn) and chcm 0.65 f t  (1 .65 cm). 

A n  immediate problem developed because the depth of f l o w  a t  0.2 t o  0.3 

f t  (0 .06  t o  0.09 rn) was too shallow. The smaller coho could pass b u t  t h e  

l a rger  chum could n o t .  Average veloc i t ies  in the chute ranged from 5 t o ' 8 . 3  

fps (1.74-2.9 m/s) which i s  in t h e  range of the  upper prolonged speed o f  

10.6 fps (3 .23  m/s) f o r  coho salmon suggested by Bell (1973). 

The f ish response to  d i f fe rent  types of hydraul ic  jumps ( o r  standin! 

waver)  --was observed. T h e  Froude 'number for  a l l  tes ts  was i n  the 1 . 2  t o  4 .1  

range. Chow (1959) suggests f o r  th i s  range the jump type .  i s  j u s t  beginning 

t o  o s c i  11 a t e  a s  w a s  observed. Stuart  (1964) describes these water surface 

oscillations a s  poin ts  from where f i s h  are  o f t e n  seen l eap ing .  The f i s h  



T a b l e  1. V e l o c i t y  chute t e s t  #2 da ta .  

Uni form Depth 

From Above Uniform Length Passage 
T e s t  No. F l o o r  Roughness E l .  V e l o c i t y  Slope Success Flow 

( ft) ( f t )  ( fps )  ( ft 1 ( % I  (c fs )  

2 a a  0.13 --- 8.3 5.5 O( coho) 1.1 

, ( 2 6 )  O( chum) 

2bb 0.41 0.28 5.2 7.5 9 5(coho) 2 . 3  

( 2 7 )  100(chum) 

0.44 6 . 7  7 .O No coho 4.1 

Notes: a - roughness  e l e m e n t s  n o t  used, f l o o r  c o n s i s t e d  o f  p l y w o o d  
(n=0.021). 

b - Roughness elements w i t h  3 i n c h  l ong i t ud i na l  spacing (n=0.044). 

c - Roughness elements w i th  6 inch  1 ong i  t u d i  n a l  spac ing  (11-0.055, 
0.053 a n d  0.059 f o r  t e s t s  2c, 2d and 2e respectivelp). 



t h a t  ~ a s s e d  were observed t o  be holding in the standing wave, then bursting 

i n t o  t h e  uniform f l o w  zone ( F i g .  2 1 ,  a n d  proceeding a t  a cons tan t  speed 

u n t i l  t h e  t r a n s i t i o n  zone was reached. Coho salmon t h a t  r e a c h e d  t h e  

transition zone always swam successfully i n t o  the upper pool. Unsuccessful 

f i sh were u s u a l  l y  sl ow starters who, a f t e r  several a t t e m p t s ,  were observed 

leaping o u t  of t h e  standing wave. 

T e s t  No. 2 ;  chute width = 1.25 ft (0.38 m) _--.-,-.-.A-_..~_ 

The coho tes ted  were in worse condition than i n  t e s t  #1 b u t  a fresh 

run o f  chum salmon e n t e r e d  Johns Creek only a f e w  days be fo re  the tes t ing 

s t a r t ed .  F i s h  s i z e s  were t he  same as  Test No. I .  T h e  channel \ t i d t h  w a s  

decreased t o  1.25 f t  (0.38 m) and roughness elements were added t o  t h e  chute 

f loor .  The height o f  the roughness elements was 1.5 i n  ( 3 . 8  cm), spaced a t  a 

d l  stance o f  3 i n  (7.6 cm) and 6 i n  ( 1 5 . 2  cml i n  separate removable false 
'4 

f loors .  The d a t a  obtained from these tes ts  are summarized r ..,.. - ~ n ~ T a b l a ~ - l _ t ~ ~ - ~ ~ ~ ~  r,-,F, ,,.. .. 

F igu re  2. Coha salmon b u r s t i n g  o u t  o f  hydraulic jump into un i f o rm  flow 
zone. 



I n  t e s t  2a, roughness elements were n o t  used, and the depth of flow was 

0.13 f t  ( 0 . 0 4  m )  w i t h  an a v e r a g e  v e l o c i t y  o f  8 . 3  f p s  (2.53 m / s ) .  The 

success  passage was 0% for coho and .chum,, so , this  depth,was , a  barrier.  Once 
. , , . , . - ' ',,. ,. .- q. 

. . :,. :-. 
,*  ,... . , - ,.,, !,.'.! --' !. '., 5 '  :. .,',..,.. . -  ,,,-,; I . .  . . : " y , . : 2 , , . , , . 4 : > . . . .  * .,, ,'...I. " -,, . '  ' ., . 

t he  roughnes; e l  ernents w e &  added . . t o " t h i  flopr,; the depth', increased t o  0.4 ft ' * .  , .- ,' ,',,., ,; :, ,; r: ; . . . "- : c . ,  : ; ' a ' . .  ' :  . . 
. I .  ' . . .  

( .12 m) - 0.6 f t  (0.18 . , .  m) range which w a s  adequate f i t .  f i sh  passage. This i s  
, . . - . .  . . .  . - . - d . i . ,  . 

, ' .  . > i' . . ,  
. + ; , > ', ' 

the d e p t h  from t h e  f l o o r  t o  t h e  water surface. , 
I 

Dane (1978)  suggests  a 
'. , . 

m i  nimun depth of 0 . 75  f t  .(O.23 rn) for  Pacific salm'on, and Dryden and Stein 

(19751,  suggest t ha t  ''in a l l  cases ,  the depth , ~. of water i n  . ..,,. a ., ...- cul,vert .-... ,.- ... should -. - .  -.- .. . 

be s u f f i c i e n t  t o  submerge t h e  l a r g e s t  f i s h  t o  use the structure." T h i s  

f i e l d  s tudy has shown how partfal  submergence impairs  the a b i l i t y  of t h e  

f i sh  t o  generate thrust .  ' 
. . 

Fi sh Movements 

As noted i n  Tes t  #1 r e s u l t s ,  f i s h  were observed holding in the hy- 

draul ic  jump where the v e l o c i t y  i s  decreased , . a n d  t hen  burs t ing  I n t o  t h e  

uniform flow zone as shown i n  Figure 3 .  Once Into the , . luni fo~, f_ ! .o~ .~zone .,+. .-.. =La - . . .-..,...7,,-- -. . - . . ., , . ,  -. - --.- -, , , ,  , 

(zone of highest velocity) the f i sh  always moved l a t e r a l l y  to  the chute s lde 

w a l l  and cont inued through t h e  uniform flow zone a l w g  the  wall (F ig.  4 ) .  
. ,  . 

, . . . 
Near the wall boundary the water velocity ;a; decreaied a s  much a s  60% o f  

the  center1  i ne ve loc i ty ,  because of the shearing resistance created. When 

f i sh  approached the t rans i t ion  zone and the velocity decreased,  they moved 

o u t  i nto the mi d d l  e of the chute (Fig. 5) and burst  through the c res t  in to  
+ 

t h e  upper pool. Some of t h e  unsuccessful or slower f i s h  were observed 

crossing back , and . for th l a t e ra l ly  i n  the chute searching for  a tone of lower 

velocity. 
- -- 

i 



F i g u r e  -3. C h u m  sal rnon b u r s t i n g  out o f  hydraul l c  jump after several seconds 
o f  hold ing  i n  the jump. I I 

Figure 4.  C h u m  salmon s w i m m i n g  u p  chute t a k i n g  a d v a n t a g e  o f  reduced 
Vel a c i  t i e s  in boundary 1 ayer. 
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Figure 5. Chum salmon approaching t r ans1  ti on  zone m o v i  ng 1 a t e r a l  l y  i n t o  
middle o f  chute. . . 

, l I* d .-.. * Ttl;"V, ' :*.. * -  - , -*.. +* , . . . = *  
. . I , -  

. - 
Analysis o f  Fish Speeds 

T e s t s  Results 

The time required . . t o  successfully pass the  chute  was recorded with a 

stop watch. Knowing the distance t h a t  the f i sh '  swan t o  reach the cres t ,  the 

velocity o f  the f i s h  with respect t o  the chute can be calculated. When t h e  

w a t e r  v e l o c i t y  i s  determined the actual swimming speed o f  the f i sh  can be 

calcul a t e d .  T h i s  calculat i  on assumes constant velocity down the chute which 

i s  not  exac t ly  t r u e  because of the t rans i t ion  zone near the crest.  B u t  as 

n o t e d  ear l i e r ,  uniform depth was reached within 2 f t  ( 0 . 6 1  m) o f  the w a t e r  

i n l e t .  As the slope was increased in subsequent tes ts  t h e  f low approached 

uniform depth in an  even shorter  distance. 



A c a l c u l a t i o n  o f  f i s h  speeds f o r  t e s t  #2b i s  shown below 

Length of S lope(LS)  = 7.5 f t .  

Water Velocity ( V W )  = 5.2 f p s  

T e s t  .#2b: 

Passage Times (PT) in seconds: 

coho - chum 

maximum , 4.7 5.5 

average 3,5 4.0 

m i  nimum 2.0 2.3 

F i s h  V e l o c i t y  ( fps)  = (LS ) / (PT )  + VW 

Spec i es Fish Velocity ( f p s )  

Haximum Average Hi  nimum 

Coho 

Chum 

- 
V e l o c i t i e s  f o r  t h e  o t h e r  t e s t s  are summarized i n  Table 2.  

Tab le  2. flaxinurn, averaae and minimum swimming speeds of coho and chum 
salmon pass ing  t h e  v e l o c i t y  chute.  

F i s h  Velocity ( f p s )  
T e s t  Ilo. Spec ies  M i  nimum Average Maximum 

2b Coho 6.8 7.3 8.9 
Chum 6.6 7.1 8.5 

Coho 6 .O 
Chum 6.0 

Coho 9.1 
Chum 8.6 

Chum 



Swimming speeds of f i s h  a r e  usua l ly  r epor t ed  i n  t h r e e  ca tegor ies :  

sustained, prolonged and burst .  Burst speed i s  defined a s  causing f a t i g u e  

i n  5 t o  10  seconds ( B e l l ,  1 9 7 3 ) .  From obse rva t ions  and f a t i g u e  times 

recorded, the f i sh  passing the chute were assumed to  be  us ing  b u r s t  a c t i v -  

i  t i  es. Bell (1973) suggests a burst  speed ranae of 10.6 t o  21.5 ' fps  ( 3 . 2  t o  
. . -. . <. ., .- ... -- , - .-: .. . ,. . 

6 . 5  m/s) fo r  coho salmon. The maxirnum swimming speed ( o r  b u r s t  ipeedj - -  

recorded i n  these t e s t s  fo r  coho salmon was 10.7 f p s  (3.26 rn/s), def in i te ly  

on the  lower range of Bel l ' s  suggested speeds. B u t  a s  noted e a r l i e r ,  t hese  

coho were i n  very poor physical condition. Therefore, the maximum speed of  

10.7 fps ( 3 . 2 6  m / s ) ,  which i s  50% of the maximum b u r s t  speed suggested by 

Cell  ( 1 9 7  5), i  s probably t h e  upper range o f  burst speed for a coho salmon 

near i t s  spawning time. 
, -. , 

....._ - . . * "  - -.--..... . . , 
..- - .." .A,,, - . . ... -.y:-~.~y~>?:,r:?z.~7-.* - . .-.-v - -  ; *a  -a'~.,-;,:.-r.;'.;';,; 

Ourst speeds of chum salmon have n o t  been recorded i n  the- l i t e r a t u r e ,  

h r ~ t  they are generally t h o u g h t  t o  be a weaker f i s h  i n  comparison t o  c o h o .  

~ b s e r v a t i o n s l  o f  chum salmon leaping 3 a n d  4 f t  (0.91 and 1.2 m )  suggest a 

burs t  speed o f  ahout 1 5  fps (4 .6  m / s )  t o  achieve these heights. The m a x i m u n  

swimming speed recorded f o r  chum salmon was 10.0 fps (3.05 m / s )  or 67% of  

the maximum burst  speed of 1 5  f p s  (4.6 m / s ) .  The chum t e s t e d  were- in g o o d  

shape,  h u t  thei r  spawning col ors and teeth were ful ly  developed. 

This information can he helpful i n  analyzing waterfal ls  and culverts  as 

h a r r i e r s  t o  upstream f i s h  migration. The  speed o f  t h e  f i s h  can be based on 

some-percentage. of t h e  maximum b u r s t  speed suggested by Bell (1973), 

depending on the condition o f  the species in  question. This wil l  be termed 



the " c o e f f i c i e n t  o f  f i s h  condition" ( C f c ) .  T a b l e  3 g i v e s  a range o f  C f c  a n d  

the co r respond ing  f i s h  c o n d i t i o n s  b a s e d  on o b s e r v a t i o n s  made o f  c o h o  a n d  

chum salmon i n  Jahns Creek. 

Tab le  3. C o e f f i c i e n t  o f  f i s h  c o n d i t i o n  ( C f c ) ;  va lues  based on observations 
and d a t a  t a k e n  f a r  c o h o  and  chum sa lmon  a t  Johns  Creek  F i s h  
hatchery near She1 ton,  Washington. 

F i  sh  C o n d i t i o n  C f ~  

B r i g h t ,  f resh o u t  o f  the  ocean o r  
s t i l l  a l o n g  d i s t a n c e  f r o m  spawning grounds, 1 .OO 
no spawning  colors  y e t  developed. 

Good, i n  the r iver  f o r  a s h o r t  t i m e ,  
spawning c o l o r s  apparen t  h u t  n o t  f u l l y  
developed,  s t i  11 m i q r a t i  ng ups t ream.  

Poar, i n  t h e  r i v e r  f o r  a l o n g  t i m e ,  f u l l  
s p a m i  n g  c o l o r s  deve loped a n d  f u l  l y  
matwe, very c l o s e  t o  spawning grounds.  

Relative F i sh  V e l o c i t y  - 
A n o t h e r  c a n c e p t  t e s t e d  i n  t h i s  study was t h a t  o f  the r e l a t i v e  v e l o c i t y  

a t  which f i s h  s w i m  w i t h  r e s p e c t  t o  t h e  chute .  S t u d i e s  on f i s h  p a s s i n g  

t h rough  c u l v e r t s  have assumed t h i s  " f i s h  passage v e l o c i t y "  t o  be 2 f p s  (0.61 

m / s )  i n  r e l a t i o n  t o  the culvert  (Dane, 1978). T h i s  i s  an i m p o r t a n t  R a r a -  

m e t e r  f o r  p a s s a g e  a n a l y s i s  because ,  g i v e n  t h e  water  v e l o c i t y ,  one c a n  

d e t e r m i n e  the speed t h e  f i s h  m u s t  s w i m  t o  pass .  V a l u e s  o b t a i n e d  i n  t h i s  

study were averaged  over  f o u r  r u n s  and a r e  g iven i n  T a b l e  4 .  



T a b l e  4 .  Rela t i  ve vel oci t: y o f  chum a n d  coho salmon wi t h  respect t o  chute. 

Species Re1 a t ive  Fi sh Velocity ( fps) 

Coho 2.1 

Chum 1 .'I 

F e a s i b i l i t y  f o r  Fish Passage 

A 1  1 t e s t s  were conducted with a pool 

change in water surface e l  evatians (H) were 

water  s u r f a c e  drop w a s  n o t  a va r i ab le  i n  

length of 1 2  f t  (3 .66 m )  and the  

measured f a r  each  t e s t .  Thr  

t h i s  study because the velocity 

down the chute i s  independent o f  the  change i n  water  surface e l eva t ions ,  a s  

. . can bc seen by Manning's equation: .- - 

The change i n  water s u r f a c e  elevation ( H )  was var ied  t o  obtain the sane 

chute length a t  a steeper slope. When the va lues  of H are compared with t h e  

passage success rates  a n d  fishway slope, the feasibility of usi n q  s l  i g h t l y  

roughened chutes  f o r  f i s h  passage becomes obvious (Table 5). Currently 

f i shway designers suggest a maximum w a t e r  surface drop o f  1 . 0  f t  (0 .305  n) 

f o r  coho salmon, 0 . 75  f t  ( 0 . 2 3  m )  f o r  chum salmon, and a maximum fishway 

slope of 1 on 8. I n  t e s t  2d ,  with a w a t e r  surface d r o p  of 1.85 f t  (0.567 m) 

and a fishway slope o f  1 on 6:5 a 100% passage success r a t e  was  recorded 

for chum salmon. Thi s was achieved by adding only roulrhness elements 1 .5 x 

1 . 5  i n  

chute. 

(3 .81 x 3.81 cm) a t  6 in  (15.2 cm) c l ea r  spacing t o  the f loor  of the  



f a h l  e 5, Chsngc in w a t e r  surface d r o p ,  percent successful passage and fish 
way slope for churn salmon t e s t i n g  a t  Johns Creek F i s h  Hatchery 
nea r  She1 ton, Washington. 

Overall 
T e s t  No. H ( f t j  C h u t e  S lope  % Passage (Chum)  F i  s hway $1 ope 

( % I  Including 
Pool Lenqth 

Concl usions 

T h i s  study showed how an 8 f t  

used t o  estimate the  swimming capabi 

determine t h e  f e a s i b i l i t y  o f  using 

the  f i n d i n g s  can be summarized: 

(2.44 rn) wooden rectangular chute can be 

l i t i e s  of coho  a n d  chum salmon and to 

chutes i n  series t o  pass f i s h .  Some of  

1. When passing t h e  chu te ,  coho salmon only l e a p e d  a f t e r  several  

unsuccessful a t t e m p t s  a t  swimmi ng.  Chum salmon always swam t o  

pass .  

2. Minimum suggested d e p t h s  for  passage are :  coho 0.4 ft (0.12 m) a n d  

chum 0.5 f t  (0.15 m ) .  D e p t h  o f  w a t e r  where f i s h  a r e  un impa i red  
. .> A . 

should be equal t o  the  maximum depth of  the f i s h  body. 



3. The maximum speed obta ined f o r  coho and chum salmon are 10.7 and 10. ' 

fps ( 3 . 2 6  and 3.05 m/s), respec t i ve l y .  

4 .  Coho salmon were swimming a t  a l e v e l  o f  50% o f  t h e i r  maximum b u r s t  

speed and chum salmon a t  67%. 

5.  The a v e r a g e  r e l a t i v e  v e l o c i t i e s  o f  t h e  f i s h  w i t h  respect t o  the 
" .. ---I - - * _ _  , _ _  ._----.+".-.rI-"--. . . 

chute were coho 2.1 fps (0.64 m/s)  and chum 1.9 f p s  (0.58 m/s). 

6. T h e  use o f  a v e l o c i t y  chute 1.25 f t  (0.38 m) wide by 1.5 f t  (0.46 

m )  h igh  w i t h  roughness elements can be used t o  pass  salmon w i t h  a 
-. . ',.I. * - -- - .- -.-- . -  - .. 

h i g h  passage success  r a t e  and w a t e r  su r face  drops o f  up t o  2 f t  

(0.61 m) w i t h  a pool l e n g t h  of 12 ft (3.66 m). The pool l e n g t h  i s  

the  dimension from one chute  i n l e t  t o  the next .  

Suggestinns f o r  Future T e s t i n g  

To measure t he  response o f  f i s h  t o  a c e r t a i n  parameter, a l l  others  m u s t  

he h e l d  constant .  For  example, i n  t e s t  # 2  t h e  v e l o c i t y  was i n c r e a s e d  by 

i n c r e a s i n g  t h e  s l o p e  of  the  chu te ,  b u t  because t h e  depthrwas:,rg~t;hel.d -.--:rm%y--y,z~.- . ... . 
. .  ..! 

. . -a%** -,- , >. . . .-- ... .---- . . .- . 

c o n s t a n t  i t  was hard  t o  determine whether the d e p t h  o f  f l o w  o r  the  increased 

v e l o c i t y  was a f f e c t i n g  t h e  passage success r a t e . .  This could  be solved by 

keeping the  depth of f low always g rea te r  than o r  equal t o  the  maximum d e p t h  

o f  t h e  f i s h  a t  t h e  midsect ion.  Other suggest ions f o r  f u r t h e r  t e s t i n g  might  

address the f o l l  owi ng: 

1. A t  what  s l o p e  does t h e  v e l o c i t y  i n c r e a s e  c r e a t i n g  a, v e l o c i t y  

b a r r i e r ,  by species, assuming the depth i s  s u f f i c i e n t ?  

2 .  What i s  t h e  f i s h  response  a t  a v e l o c i t y  b a r r i e r ;  does l e a p i n g  

. .  . commence o r  do the f i s h  cont inue t o  t ry  t o  s w i m  u p  the  chute? 

3. A t  one v e l o c i t y  where t h e  passage success  i s  l o w ,  try t h r e e  

d i  f f e r e n t  s i z e s  o f  roughness elements and observe behav ior .  



A s  t h e  v e l o c i t y  i n c r e a s e s ,  does the  r e l a t i v e  v e l o c i t y  of t h e  f i s h  

w i t h  respect  t o  the c h u t e  increase or remain cons tan t?  




