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W e  must use every means ava i l ab le  to  protect  and improve our envi- 

rcment--including our water resources. Small reservoirs ,  too, should 

be designed and b u i l t  t o  h ~ v e  an  optimm e f f ec t  on t he  qua l i t y  of our 

enviroraant. They a r e  key conservation measures and can be used to  

acconvlish i apor tan t  object ives  i n  t he  systems apprcach t o  t h e  conser- 

vat ion of s o i l ,  water, and agr ic i l l tura l  chemicals. 

In our attempts to  improve water qua l i ty  i n  rese rvo i r s  and s t r e a m  

r 
w e  must give  primary considerat ion t o  s e d h e n t ,  our g rea tes t  pc ' i l~eant '  

. 

( 9 ,  14, 17, 21). Wadleigh (20) arrd others  (6, 13, 19) have rndicated 

the l a r g e  v o l m e  of s e d h m t  transported i n  U.S. r tve rs .  Furthermore, 

many ag r f cu l t u r a l  chemicals are transported fron the  f i e l d s  where they 
* 

are applied, i n to  drainage systems adsorbed o r  i n  assoc ia t ion  with"" 

sediment (1, 13, 14,  16, 17). 
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S ~ a l l  r ese rvo i r s  can be designed and b u i l t  a t  spec i f i c  locat ions  t o  

o p t h i z e  t h e i r  water qua l i t y  and/or the  water qua l i ty  downstream. This 

repor t  encriierates and discusses  ava i l ab le  dnsign options and t h e i r  

e f f e c t s  on water qual i ty .  

WAYS TO USE SFIRLL RESEXV3IRS TO OPTZ4IZE !tATER ~ J A L I T Y  

Szlall r ese rvo i r s  can be desi.gced t o  optimize w?.ter qua l i ty  by 

properly se lect ing:  (I) t h e i r  locatLon, (2) t h e i r  size, and (3) t h e i r  

spil lway design and locat2on. The engineer o r  designer nus t  kaow the 

primary purpose (objectives)  of the s t r uc tu r e  and tho2.r p r i c r i t i e s  i f  i t  

is a multipurpose reservoir .  The purpose could be: (a) recreation,  

lilce swimming, boating, and f ishing;  (b) watzr srzpply f o r  domestic o r  

i r r i g a t i o n  uses; (c) flood control ;  (d) erosion and nu t r i en t  control ;  o r  

(e) a combination of these  (multipurpose reservoir ) .  Maintaining high 

water qua l i t y  i n  the  rese rvo i r  could, a t  times, con f l i c t  with high 

q u a l i t y  water requirenents downstream. 

Reservoir Location 

I f  t he  rese rvo i r ' s  main pl;rpose is f o r  rac rea t ion  an&/or water 

supply, g o ~ d  water qua l i t y  is  required and we s'21auld s e l e c t  t he  s i t e  

accordingly. Using Figure 1 a s  an ideal ized and s i u p l i f i e d  i l l u s t r a t i o n ,  

w e  wculd place  the  rese rvo i r  on the  forest o r  g rass  t r ibu ta ry ,  i f  t h e  

drainage area will provide ~..nougl~ water. I f  ;.,ore wster is needed, t h e  

rese rvo i r  would have t o  be locs ted fu r the r  domstrean and we might hsve 



t o  cont ro l  the  q u a l i t y  o f .  water coming i n t o  t h i s  do-ms tream reservoir 

with o ther  s m a l l  r e s e r v o i r s  on t h e  feed lo t  and r o w  crop t r i b u t z r i e s .  

For flood cont ro l ,  reservoirs should be located so .  they in te rcep t  

most of t h e  storm runoff above t h e  flood p la in  o r  f a c i l i t y  t o  be pro- 

tected.  O f  course, when w e  con t ro l  the flow of water, ve trap the 

sediment (1, 12 ,  14 ,  16), associated nu t r ien t s ,  and other chemicals- 

Some small  r e s e r v o i r s  are b u i l t  t o  control  g u l l i e s  and t o  t r ap  
----------------- 

sediment from these  gu l l i e s .  These small rese rvo i r s  are ;sually b u i l t  

a t  loca t ions  where t h e i r  waters extend up t o  the gu l ly  over fa l l s .  Same 

small r e se rvo i r s  a r e  a l s o  built t o  serve as debr is  basins, which a l s o  

improves the water q u a l i t y  downstream. 

I n  a multipurpose reservo i r ,  we can have conf l ic t ing  ob jec t ives  

which can complicate the s i t ua t i on .  W e  then nust optimize our  design 

according t o  t h e  p r i o r i t i e s  es tabl ished of the  object ives .  

If we w a n t  t o  improve the water qua l i t y  a t  a c e r t a i n  point i n  a 
< - 

channel system, t h e  r e se rvo i r  should not be located f a r  upstream from 

t h a t  point .  Water with a low sediment concentration tha t  is released 

into an erodible  channel system t h a t  previously reached e q u i l i b r i u s  

- ~ e ~ a r n u C n ~ ~ e ~ s e d ~ n T  ~ n ~ n t r a t i o ~ w i l l ~ r ~ b a b l y e r o d e t ~  

channel s i d e s  and bottom u n t i l  t h e  sediment load again reaches equi- 

l i b .  The sediment concentration nay approach tha t  of  p r e - r e s e m o i r  

construction--depending on runoff velocity, soil, and c h a n n e l  conditions . 

(4 ,  6, 7,  1 4 ,  15, 18). 



In t h i s  discussion, we assumed tha t  a good reservoir site is always 

avai lable ,  which i s  not the case f o r  many wztersheds. Good s i t e s  are an 

important natural  resource and n u s t  not be wasted. Furt'izzrnore, economics 

i s  always a fac tor  controll ing reservoir planning and construction. 

Reservoir Size 

The object ives  of reservoirs,  expected storm r u n ~ f f , ' a ~ d  sedinent 

y ie lds  are inportant f ac to r s  i n  detemining the  reservoir ' \ s ize .  Eecre- 
'\> 

a t i o a  reservoirs  must be l a rge  enough t o  accanodate their Gpected use, 

shereas water supply reservoirs  inust store enough water t o  last through 

the longest expected drought during the i r  "designP' l ives .  Flood controL 

reservoirs  must be la rge  enough to  s t o r e  the "designs' storm runoff, but 

reservoirs  designed to control  erosion and nc t r i en t  l o s s  can be qu i t e  

small, Storage capacity must a lso be allocated for the sediment depo- 

t - 
s i t i o n  expected during the l i f e  of the reservoir. These capacity require- 

ments a r e  d i s t i n c t ,  and sme are accumulative. The larger the  capacity, 

the  greater  the  opportunity fo r  the deposition of seifhent end associated 

c h d c a l s  (3, 11). I n  multfpurpose reservojrs,  the sediment trapped 

during flood dete3tLon w i l l  lower the qual i ty  of reservoir water al located 

f o r  other purposes. 

I n  a t r ap  efficiency (percentage of inflowj-ng s e d h e n t  t ha t  is 

trspped i n  the r e n ~ r v o i r )  study of three central M i s s o ~ r i  reservoirs  

( I l ) ,  w e  focnd tha t  a decrease i n  "dead" storage or  pemanent pool 



capac i ty  decreases  t r a p  e f f i c i e n c y  s i g n i f i c a n t l y  ( s imi la r  t o  t h a t  demon- 

s t r a t e d  by Brune ( 2 ) ) .  This decreased t r a p  e f f i c i e n c y  allowed more 

sediment t o  be discharged downstream. Inc reas ing  t h e  r e s e r v o i r  "dead" 

s t o r a g e  capac i ty  improved t h e  water q u a l i t y  downstream. 

Spillway Design and Location 

When storm runoff e n t e r s  a r e s e r v o i r  (Figure 2, po in t  A) ,  the  l z r g e  

sediment p a r t i c l e s  and aggregates  a r e  deposited because of reduced flow 

v e l o c i t y  (5). The remainder of t h e  inflow moves along t h e  bottom of t h e  

r e s e r v o i r  u n t i l  it reaches  a n  e l e v a t i o n  of equal  d e n s i t y  wi th  t h e  r e s e r v o i r  

water (point  B). The d e n s i t y  of t h e  storm inflow depends on  i ts temperature 

and sediment concentra t ion.  The sediment concentra t ion usua l ly  is the  

important parameter i n  most r e s e r v o i r s ,  however, because t h e  teapera ture  

d i f f e r e n c e  between storm inf low and r e s e r v o i r  water is u s u a l l y  n o t  

l a r g e .  Only 1000 ppm of sediment is  needed t o  equal t h e  d e n s i t y  d i f -  

0 
fe rence  caused by t h e  r e s e r v o i r  wa te r ' s  being 10 F cooler  than the  

0 
inflow i n  t h e  50 t o  80 F range. When t h e  dens i ty  of t h e  inflow becomes 

equal  t o  t h a t  of t h e  r e s e r v o i r  sediment-water mixture, i t  flows h o r i z o n t a l l y  

(point  B) i n t o  t h e  r e s e r v o i r  l i k e  a wedge and r a i s e s  t h e  water i n  t h e  

r e s e r ~ o i r  above i t .  I n  a f u l l  r e s e r v o i r  wlth a su r face  d ischarge  p r i n c i p a l  

spi l lway,  t h e  upper l e v e l  of water ,  the  h ighes t  q u a l i t y  water i n  t h e  

r e s e r v o i r ,  would be dischzrged. 

?fany combinations of dimensions, types,  and loca t ions  f o r  r e s e r v o i r  

spillways are available t o  accoaplish various objectives. The combina t io?~ 



t o  use  depends OE t he  primary objectives and the t rap  efficiency needed 

t o  accomplish then. 

The depth of withdrawal and s i z e  of spillway control  the  detention 

time of storm runoff. The elevation of the  withdrawal point  w i l l  deternine 

t h e  volume of runoff t ha t  w i l l  remain i n  the reservoir  (permanent pool) 

u n t i l  it is displaced by succeeding runoff events. Figure 3 shows the  

re la t ionship between spillway pipe diameter and r e l a t i ve  discharge t h e  

on Callahan reservoir ,  near Colunbia, 2.lissouri. 

High qual i ty  water dosmstream--If the  major ob jec t i -~e  i s  to  provide 

high qual i ty  outflow, then the sediment t rap efficiency s:-~ould be high, 

Thus, t he  detention time of storm flow i n  the reservoir  should be long 

enough to  provide opportunity for  deposition of t he  sediment and attached 

chexicals. If detention t h e  is decreased from an average 30 to  2 days 

in cen t r a l  I~Iissouri reservoi rs  (10, l l ) ,  the  werage  t r ap  eff ic iency 

w i l l  decrease from 90 t o  82 percent. 

Several spillway options a r e  available,  including bottom spillways 

and surface pr incipal  spillways. I f  we don't want t o  s t o r e  water, but 

want t o  remove sedbent f ron  the  storm runoff, we can use some type of 

bottom s p i l l ~ ? z y  (dry reservoir)  o r  a des i l t i ng  basin. Figure 4 shows a 

small reservoir  i n  western Iowa w i t h  ssnch a spillwsy. This reservoir  

was designed a s  a flood-retarding s t ruc ture  with no permanent storage. 

It traps a i l  of the  coarse sediment and aggregates and permits most of 

the  f i n e  sediment and nut r ien ts  to  be discharged fron the  reservoir .  



Figure 5 shows an example of the  most e f fec t ive  device for  removing 

sediment from runoff--the Farmer's Ditch Desil t ing Basin near Bronson, 

Iowa. The d e s i l t i n g  basin, which covers about 225 acres,  has a drainage 

area of 22.9 square miles. Such basins can be b u i l t  only where the  

topography is f l a t ,  s ince  the  runoff must be spread over a l a rge  area .  

The maximum depth of water is shallow, so the sediment pa r t i c l e s  do zot  

have f a r  t o  s e t t l e  t o  be deposited. \?hen the sediinent has been deposited, 

higher qua l i t y  water is nanually released t o  the chanael downstream. In 

'\ 
3.8 years between 1941 and 1945, about 463 acre-feet of sediment was 

deposited i n  t h i s  basin, and the  average depth decreased from 3 .5  t o  1.7 

f t ,  Of course, t h e  chemicals attached or  adsorbed t o  the  sediment were 

a l s o  trapped. 

Figure 6 shows the  nore comon type of flood control  reservoir  with 

a surface  discharge pr inc ipa l  spillvay--Callahan Reservoir, C-L, near 

Colunbia, Nissourl.  Table 1 shows physical data pertaining to  t h i s  

rese rvo i r  and i ts  contr ibut ing watershed, with similar data on two other 

cen t r a l  Missouri reservoirs .  

These r e se rvo i r s  trapped sediment, ni trogen C?), and phosphorus 

(P) , as shown i n  Table 2. These percentages varied f ron year to  year ,  

depending on storm runoff and other factors .  Szdinect t r ap  efficiency 

depended upon detent ion time of runoff, volume and r a t e  of runoff, 

sediment yie ld ,  and reservoir  capacity (11). Phosphorus t r ap  efficiency 

i n  Callahan reservoir  depended upon the sediment and P concentrations of 



1 / T O L E  1. - Physical  d a t a  of t h r e e  i4issouri r e se rvo i r s  and t h e i r  w a t e r s h e d s  

Reservoir 
Charac te r i s t i c s  Ashland 

Surface a r e a  (acres)  . . . . . . . .  
. . .  Capacity (acre-feet) 

Water depth ( f e ~ t )  . . , 
2 

Shape factor . . . . . . .  
. . .  Date of const ruct ion 

Watershed 
Charac te r i s t i c s  

. . . . . . . .  Area (acres) 

Weighted average land slope. . . . .  
(percent)  

S o i l  t e x t u r e  . . .  Clay loam Clay loan 

t o  .to 

S i l t  loam ' S i l t  'loan 

Clay loan  

t o  

S i l t  loam 

1/ Xumbers i n  parentheses apply to  t h e  rese rvo i r  a t  energency spil lway - 
elevat ion.  

2/ Shape f a c t o r  i s  t h e  l eng th  of t h e  res~rvoir divided by the diameter - 
of a c i r c l e  of equal area. 



inflow, r a t e  and volume of runoff,  and sediment concentra t ion of outflow 

Table 2 shows t h a t  n i t r a t e +  (NO -N) t r ap  e f f ic iency  averaged from 3 
- 
24 t o  66 percent f o r  t h e  t h r ee  reservo i r s  and was not  r e l a t e d  t o  hydro- 

l og i c  var iab les .  More than half  the  annual averages of ammonium N (MEf - 4 

N) t r a p  e f f i c i ency  were negative (9 of 16) which indicated more &X4-N 

l e f t  than entered t he  resenro i r s .  This could i nd i ca t e  t ha t  some N was 

converted t o  NH -N while i n  the  reservoir .  Armnoniuin ?i is only a small 4 

percentage of t h e  N budget, and the  increase  of hTH -N i n  t he  outflow is 4 

i n s i g n i f i c a n t  . 
High qua l i t y  reservo i r  water--If our primary ob jec t ive  is  to 

r e t a i n  high q u a l i t y  r e se rvo i r  water, we usually design a very l a rge  

r e se rvo i r  so t h a t  t he  an t ic ipa ted  storm runoff can be contained and some 

r e l a t i v e l y  good q u a l i t y  water w i l l  remain. When sur face  flow pr inc ipa l  

spil lways a r e  used; t h e  bes t  water (surface water) is discharged f i r s t ,  

and almost a l l  of t he  sediment and associated n u t r i e n t s  a r e  trapped. 

With t h i s  l a r g e r  capacity,  the  t rap  e f f ic iency  w i l l  a l s o  be higher, and 

more sediment and n u t r i e n t s  wi.11 be trapped each year. 

W e  a r e  studying a d i f f e r e n t  type of spillway f o r  small rese rvo i r s  

t ha t  we th ink  i s  a des i r ab l e  a l t e rna t ive  (11). This i s  ari a u t o ~ a t i c  bot-ioa- 

withdrawal spil lway (Figure 7 ) .  It provides an e n t i r e l y  a i f f e r e n c  approach 

and a d i f f e r e n t  and espanded opportunity to  cont ro i  ?cater quality. This 

spillway enables us t o  r e t a i n  the higher qua l i ty  vater i n  t h e  reservo i r ,  



-9 ,a- 

Table 2 

Reservoir T r a p  Ef f i c i zncy  S m a r y  (1570-1975) of 
Sediinent, Phosphorus, aad FJitrogen 

P l u s  

Rainfall, Runoff, and Sedinent Yiald Data 

Weighted Avg. 
Reservoir 1970 1971 1972 1973 1974 1975 (1970-1375) 

Ashland 

Trap Efficiency. % 

Sediment 

H03 

, &?Z4 

Precip . ( i n .  ) 

SedLment -- . ilcld (t/a/yr .) 
I ( ~ i u F t )  

Bal 2y 

Trap Efficiency % 

Prec ip .  ( i n - )  

?anoff ( in . )  

Callahan 

Trap Efficiency % 

S e d i z  ent 

P~ot. 
Sed. 

P ~ o  t , 
S o l  0 

NO 3 
NIi 4 

Prccip. (in. ) 

Zurroff (in,) 

Sediment 
Yield ( t / a / y r . )  



s ince  reservo i r s  equipped with t h i s  sp i l l s~ay  w i l l  t rap mainly large 

sediment p a r t i c l e s  and aggregates. It has a lower t rap  efficiency,  

because of decreased detention time of storm runoff and because there  is 

no perslanent o r  "dead" storage. TJnlike other bottom-withdrewal sp2. l l~ays ,  

it does no t  d ra in  the  e n t i r e  reservoir  (unless desi red) ,  nor does i t  

requi re  t h e  operation of control  valves to open and close drainage por ts  

t o  bypass de3si ty  currents.  

The autonat ic  bottom-withdrawal spillway (Figure 7) w i l l  s t a r t  

discharging when the  reservoir  water l eve l  r i s e s  above the apex of t he  

bottom of the  spillway pipe. This pipe primes 2nd siphoning s t a r t s  when 

the water l e v e l  r i s e s  about 1 1/2  to  2 pipe dianeters  above t h i s  apex. 

When the reservo i r  i s  discharging, the  sediment laden water w i l l  be 

discharged a s  soon a s  it reaches the  spillway intake (usually located a t  

the lowest point  i n  t h e  reservoir) .  The siphoning act ion of t h i s  spillway 

(' 

is control led by an  a i r  vent on a pipe connectzd near the apex of the  

spillway pipe (Figure 7 ) .  The elevation of t h i s  vent deternines when 

siphoning ac t i on  stops,  thereby control l ing the  depth of dradown. By 

changing t h e  length of the  vent pipe a d l o r  the elevation of the vent, 

we can vary t he  reservoir  water l eve l  cver a wide range of elevazions. 

We can even enpty t h e  reservoir  i n  t h i s  i~ay.  

The cleaner surface water rm-ains i n  the reservoir  with the automatic 

bottom-withdrawal spillway (Figure CB), unless the storm runoff r a i s e s  

t he  reservoir  water l e v e l  above the  emergency spillwsy level .  After the  



r e t u r n  t o  near-normal s t age ,  t h e  bottom-withdrawal r e s e rvo i r  conta ins  

mostly c l e a n  water (Figure 8B,  3 ) ,  while t he  surface-discharge rese rvo i r  

con ta ins  mostly sediment-laden water (Figure 8A,  3) .  

Advantages of t h e  automatic bottom-withdrawal spi l lway over o the r  

sp i l lways  are: 

1. The u s e f u l  l i f e  of the  r e s e rvo i r  is  increased because more sediment 

i s  discharged. 

2. A smal ler  and more economical r e s e rvo i r  can be  designed and b u i l t  

when t h e  primary ob j ec t i ve  i s  high qua l i t y  r e s e rvo i r  va te r .  

3. Downstream channel degradation w i l l  be reduced because t he  do-m- 

stream sediment y i e l d  w i l l  approach t h a t  of t h e  pre-reservoir  

condi t ion.  

4. The r e s e r v o i r  water  q u a l i t y  is improved; it discharges va t e r  w i th  

t h e  h ighes t  sediment concentrat ion,  lowest oxygen (02), and h i g h s t  -. 

organ ic  m a t t e r  content. Prel iminary data  ind ica ted  h a t  an a e r a t o r  

a t  t h e  o u t l e t  end of t h e  spil lway p ipe  will increase  the  dissolved 

0 t o  g r ea t e r  than 6 ppn, inproving t he  downstream water for f i s h e r i e s  
2 

and r ec r ea t i ona l  use. 

5. Tha n o r r a l  operat ing level of t h e  r e s e rvo i r  water su r face  can 52 

changed e a s i l y  and held wi thin  a narrow o r  xLde rang2 of a leva t lnzs  

by varying t h e  l eng th  of the  vent pipe and. t h e  e leve t ion  of t h e  

vent .  This f e a t u r e  makes i t  e a s i e r  to  con t ro l  the  aqua t ic  weeds 

around t h e  edge of the  r e s e rvo i r  (8) .  



6. It o p e r a t e s  au tomat ica l ly ,  wi th  no valves  t o  open o r  c lose .  

Once t h e  sp i l lway  p ipe  i s  primed, t h e  rese rvo i r  water l e v e l  can be 

lowered t o  any d e s i r e d  e levat ion.  

8. This  system can b e  manually primed, i f  necessary,  t o  Crain t h e  

r e s e r v o i r .  

The c l o s e r  we can l o c a t e  t h e  bottom-withdrawal o r  any o the r  spi l lway 

i n t a k e  t o  t h e  en t rance  of flow (sediment) i n t o  the  r e s e r v o i r ,  t h e  g r e a t e r  

t h e  oppor tuni ty  t o  bypass sediment. A s  bottom s lope  i n c r e a s e s  between 

t h e  head waters  and i n t a k e ,  t h e  amount of sediment t h a t  t h e  d e n s i t y  

c u r r e n t s  w i l l  c a r r y  t o  t h e  spi l lway increases.  The discharge  of these  

dens i ty  c u r r e n t s  w i l l  enable  us  t o  r e t a i n  high q u a l i t y  water i n  the  

r e s e r v o i r s  . 

Small r e s e r v o i r s  can be b u i l t  t o  improve water q u a l i t y  x i t h i n  

r e s e r v o i r s  o r  i n  downstream channels. They a r e  e f f e c t i v e  because they 

c o n t r o l  the  sediment con ten t  i n  t h e  water and assoc ia ted  chemicals. 

A c l e a r  understanding of t h e  main ob jec t ives  of proposed r e s e r v o i r s  

i s  e s s e n t i a l .  For mult ipurpose r e s e r v o i r s ,  t h e  h ighes t  p r i o r i t y  o b j e c t i v e s  

nns t  con t ro l  r e s e r v o i r  design.  Small r e s e r v o i r s  can be dzsigned to  

control c a t e r  q u a l i ~ y  by c a r e f u l l y  se lec t ing  r a s e r v o i r  s i tes ,  c a p a c i t i e s ,  

aad spi l lway designs.  

Xe a r e  s tudying a d i f f e r e n t  automatic bottom-withdrawel spi l lway 

t h a t  i s  very  v e r s a t i l e  and can improve water q u a l i t y  i n  smzll r e s e r v o i r s .  

It provides a means t o  c o n t r o l  r e se rvo i r  t r a p  e f f i c i e n c y  of seziment and 



associa ted c h a i c a l s .  Se -~era l  des i rab le  fea tu res  are: (I) t h e  xse fu l  

l i f e  of t h e  rese rvo i r  is increaszd; (2) a more ecogonical r ese rvo i r  can 

be b u i l t  dien t h e  prinary object ive  is  nigh qua l i t y  rese rvo i r  water; (3) 

d o t m s t r e z ~  chailnei degradation vrif l be reduced; (4) tha rese rvo i r  water 

q u a l i t y  is improved, which inproves t he  rec rea t ion  azd f i sh ing  po ten t ia l ;  

(5) it i s  autoaat ic ;  and (6) once the  spillway pipe is p r h s d ,  t h e  

rese rvo i r  water lave1 can be lo!.rerecl t o  any des i red level, e a s i l y  changed, 

o r  maintained wi thin  a wide o r  nz r ro~r  rrriage of eievatfons.  
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