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V ICK58URG. M~~ 5iSSIPPI 39180

IN ~ SPLY ~~~m ~~~ . WESY V 30 June 1978

SUBJECT: Transmittal of Technical Report D—78—18

TO: All Report Recipients

H

1. The report transmitted herewith represents the results of one of the
research efforts (work units) accomplished as part of Task 2C (Contain-
ment Area Operations) of the Corps of Engineers ’ Dredged Material
Research Program (DMRP). Task 2C was a part of the Disposal Operations
Project , which among other considerations included research into the
various ways of improving the efficiency and acceptability of facilities
for confining dredged material on land .

2. Practically no specific design or construction improvement investi-
gations of confined dredged material disposal facilities had been under-
taken prior to the DMRP. Being a form of waste product disposal ,
dredged material placement on land has seldom been evaluated on other
than purely economic grounds with emphasis usually on lowest possible
cost. There has been a dramatic increase within the last several years
in the amount of land disposal necessitated by confining dredged mate-
rial classified as polluted . Attention necessarily has been directed
more and more to environmental consequences of this disposal alternative
and methods for minimizing adverse environmental impacts.

3. Several DMRP work units were conducted to investigate and improve
facility design and construction and to Investigate concepts for in-
creasing facility capacity and improved effluent quality. During these
studies , It became apparent that no sound procedure existed for the
design of weirs for containmen t areas. Proper design is necessary to
prevent resuspension of settled material , particularly the fine mate-
rial. Since practically all contaminants are associated with the fines,
retention of the fines ~s essential in meeting water—quality standards.
The investigation reported herein was accomplished by the Environmental
Laboratory of the Waterways Experiment Station (WES) to eliminate this
design deficiency .

4. Stratified—flow and 8edlment—transport models were investigated to
describe the depth of withd rawal, velocity profile , and effluent sus-
pended solids concentrations , given a concentration profile and flow .

~~~.‘ . . ,
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Field data on these parameters were collected at three sites: Yazoo
River, Mississippi; Fowl River , Alabama; and Oyster Bay, Alabama. The
WES selective—withdrawa l model, modified to fit observed data, was
chosen as the basis for the design procedure. Using this model ,
nomograms were developed for silt and saltwater clay and for freshwater
clays. The nomograms relate the flow, weir length , ponding depth, and
ef fluent suspended solids concentrations. The designer manipulates
these four variables until a satisfactory balance between weir length
and ponding depth is needed . In general, the weir cres t should be
maintained at as high an elevation as feasible during dredging opera-
tions. Guidance on operation of the weir for special applications is
also presented.

5. It is believed that the procedures given herein will provide a
rational method for a designer to determine the required weir length and
pondlng depth for specific sites. However, it should be noted that the
nosograaa are based on limited field data and further refinement is
needed based on actual performance data.

~~~~~~~~tON
Colonel, Corps of Engineers
Counander and Director
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PREFACE

This study was conducted as part of the U. 8. Army Corps of Engi-

neers ’ Dredged Material  Research Program ( DMRI ’) , which is sponsored by

the O f f i ce , Chief of Engineers , as part of Task Area 2C , Containment

Area Operations , ot’ the Disposal Operations Project ( DOP).
The work was performed during the period February—July 197T by

Mr. Paul H. 8ehroeder arid Mr. Thox.ia~ M. Walski of the Desie’n and Concept
Development Branch (DCDB), Environmental Engineering Division (liED),

Environmental Laboratory (EL), U. S. Army Engineer Waterways Ex-

periment Station (WEB). The investigation was conducted under the

active supervision and guidance of Mr. Raymond L. Montgomery , Chi ef ,
DCDB. Manager of DOP was Mr. Charles C. Calhoun , J r .  Mr. Newton C.

Baker was manager of Task :‘C. Review and assistance ~erc provided

by Dr. William D. Barnard of DOP and Mr. Darrel G. Fontane and

Mi’. Marderi B. Boyd of the Hydraulics Laboratory , WEB. Instrumentation

support was provided by Mr. Bobby li. Reed and Mr. John W. Beasley of the

Instrumentation Services Division , WEB. Assistance in planning and prep—

aration for the field trips was provided by a large nulnber of Corps

district office personnel, especially in the Mobile and Vicksburg

Districts.

The contribution of’ E— II Jose L. Llopis of the I~ ’t~1~ iii  th e ’ ,,‘u’g;u;iLU—

tion , supervision , and conduct of the field trips and l at°ot’atot’y anal-

yses was essential to the successful completion of t h i s ;; t otsly .

Commander and’ Director of liES during th i s  study ‘cia;; CCl ,  John 1..

Cannon, CE. Technical Director was Mr. F. H. Brown . Chi ot ’ @1’ EL was
Dr. John Harrison. Chief of EED was Mr. A. J. Green .
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1. The qu~u i I t V  c’t’ t~ ; o ’ effluent  from a dredged material  con-

tain:: ;or :t  area can be ot r’c’ngly a f f ect e d  by th e  design and c~oera~ ion c’t’

t h e  d i s c h a r~~o weii~. The pUrpose ot ’ t h is  study was to develop a weir

do;; I gut and opo r’a t I zig p t’occJ are for containment areas to maintain good

ef fluent  quail ty. The p rocedw’e was based on a dens ity  — ;; t rat. I fled  flow

hy draulic model. The model was used to demonstrate h ow fluid layers
with low suspended solids concentrations can be selectively withdrawn

us ing a welt’. The model indicated that , for a given dredged material
t v p t ’ and d ischtarg e i’l .ow rate , the weir  length and ponding depth cont ro.I

the e f f l u en t  qual i ty . These two par nmeters provide the designer w i t h

t w o  a l t e rna te  mean s 01’ improving the effluent quality . Other factors ,

including the welt’ location , shape , and typ e , were evaluated and used

in the design procedur e quant i t a t ive ly  in the ve loc i ty  p ro f i l e  and welt ’

length and qu a l i tat i v oly in the i’orm ci’ guidance and recommeuided

procedure.

‘ . This r epor t  contains  a design procedure to aid in se l e c t i o n  of

weir length and ponding depth for  containment areas . The desi gn proce-

dure is based on a utomcg r un which , given a design l’low , welt ’ length ,

and pouiding dep t It , will pred ict, the effluent suspended solids concent i ’a—

tion I con a p r o p e r l y designed basin at the end ci’ the basin ’s s e r vi c e

l i f e  (worst  case) .  The method was based on data collected at several

small s i te s  (13 to 20 acres) and is applicable for f inc— gr a ined  dredged

material from both saline and freshwater environment s.

~ The weir is oni y one component of containment area design .

Its function is to withdraw the clarit’ied water from t h e basin. The

weir alone can not assure good effluent qual i ty  since effluent quality

I
to

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



—— 
-

~

- -~~-~ ~~~~~~~~ ‘

-
~~~~~~~~~ 

-.-~~~~~ . -“rn_

is 5 100  de [’oudt’nt. out  the bas in vo .Inme and hydraulics el’” Ic  ¶ encv  . The

we ix’ cat; ta’ used to ma i t ;  t n i t ;  good e I’ Cl nont  .~ a;i 1 I y Crom Ito p: ’opo S

dc ’s.igu;ed ha~ in .

scose of this ;;~ ud.y was t o  :n;s t ’o; : (a ’  t’ C’l ;t t  i s n o h i p  !‘etwt ’et ;

we I r design :L:;d C C C ~;et~ I q~;a I ty  and to  do ’~ ~ lop  a p :‘o.’t ’.i; u’e for  d e s ig n —

:tg u::i Opera I i :;g We irs. l’hie C I ye ’ ma,’ or a t’cS;; . C work ins l uded

,~ 
‘
~ ~ sol,’ien a.; ,;e ’ zj;; ~:.e ’~ t ; , t o )  S~ ’\’ iew ci’ We ’ i t ’  d e s i gn , .io:;;; i t  y— st ra t  I t’iod

h~~ .1t’ ;La 5;; • a: . : ~‘~: ::;c:; I — :‘ans p ort  models; (c Ci o I . i  dat  a cc l ies  t ion ;

C ~~e C 1 1 ut (~ de i~ Pt oLedu ~ t
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PART II: PROBLEM ASSESSMENT

Effluent Quality Goals

5. Effluent quality standards are often based on the quantity of

material or sediment particles in the effluent. However , no uniform set
of effluent guidelines presently exist for disposal sites since they are

imposed by either state regulations , local ordinances, or district guide-

lines .1 Current Federal legislation does not specify quantitative guide-
lines , but , qualitatively, Sec . h~O14 of FL 92—500 states that dredged

material disposal must not be detrimental to the environment.2

6. Current effluent guidelines vary in both quantity and type

from state to state and locality to locality. They are expressed in

terms of suspended solids above ambient , turbidity , and settleable

solids. Common guidelines are 8 to 13 g/20 above ambient for suspended

solids, 5 to 50 JTU for turbidity , and 0.2 m2~/9, for settleable solids.
1

These variable effluent quality guidelines required the design procedure

to be flexible and the designer to be able to closely predict the

ef fluent quality.

7. The purpose of the design procedure is to assure good effluent

quality. For the purpose of this report, the effluent quality is cx—

pressed in terms of the suspended solids concentration in the cl’fluent

(effluent suspended solids concentration). The user is responsible for

converting the values to turbidity units or settleable solids if

effluent standards are expressed in these units. A low concentration

indicates a good effluent quality and a high concentration indicates a

poor effluent quality.

Concepts in Weir Design for Containment Areas

8. It is assumed that the reader is familiar with basic defini-

tions pertaining to containment areas. Some concepts which are crucial

to understanding this report will ‘be discussed below.

8 t o  
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and an out  I ’ I ow we’ I r . ‘i’hio ’ ,t I he ’d :O’ o ’:t 1;; . ‘t ’t s i t  ~~~~~~~ 0 :1:; :1

l’a; i i i .  ‘l’Iic plan and pr.’ Ci I t ’ V l o W : ;  Cot’ a I yj ’  I s ’:e l I ’:i i t t  a t ’~ ’ p i t ’ s  i t  s i  t i t

F’ I gu t ’ s I

t t ; ;j ’ s i h i ’~t s~ ’ I j .1;;
s t u n t  .to ’ i t ~~ i t  ~ ,j,’r~ Ci Ic’s

10. Wltoit t he’ ~ireotge0I mstt ci’ Ia  I .11 ;s~’hi ;ii’g , ’~I h i t  o t ha ’ l ’ :u ‘ 15 a h i I

1’t ’i’~’t ’ t t t  ago ot ’ (Ito ;;
~ t s ; h ’ t ’n.t o ’ot so o l  I ~t ;; ;;t ’t t I i ’  1. ’ ( ha ’ h a t  I , ‘n . ‘I ’ t h e ’ t ’s i ;  i i i .

w i l l  l’s i ’OI ’ ’i’ ’ ’ t ’ oi t o  a;; s e l l .  t eal ; ; o h i  5. ’ui t ’ ‘ ‘C I t t ’ :; , ‘ I j , j ; ;  i’ ’i : ; :t t n

;it: ;j ’t ’utdo.h and w Ii l’s so t’eu’u’c’d I .‘ a 5  uuuse t t lo~1 :oH~t :~.

I i  . 5 1 t to ’C 551 15 1’e ’ t t~ts01 sd id;; ii Sc’ coil;; I t i n t  1 mc~’ I ;t~ ’. ‘lo ’~~iiwi.it’ot • I he

z ;u s ; I a ’ u t o t t a i  ;;o ’I  I d t ;  0 ’ . ’iu ~’ci t t  rat  ion  j s  h t I t ’, h t c ’: ; t  si t t lie’ I ’ot  t o n  , ‘ C l iii ’ Ion ;; i i i  i U t o t

l , ’i~ ’ot i tt  t he u i ’ t ’nee . A gr aph  :s h i , ’w t n t ’. I l it’ ~‘himi ge ,‘I ’ o ’o ’ u i o ’ t ’i t t  rat I out

w i t  hi ~t t ’ j’ t  hi  I S ; ; h i o ’Wti j u t l ” I t ”~t i ro ’ I T h i s  I \ po ot ’ j .I i ’ s i h ’ h t  I : ;  ~~~~~~~~~~~~~ t o  ; t ; ;

:; n ;j~~’ui ~to~t ;;oI I do ,,‘oui~~t ’Ii t  r at  j ,~ fl jou’ot’iJ~’ 01’ 5 ,‘~ ‘u i,,’ t ’ t t t t ’ nt i~~’ut  j ’i’o ’~~_ i , i t ’ .
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‘‘  ci ’ I ha ’ ~‘, ‘i t ~ ’e ’t i t  i’a I I out  b o i ’ o o I ’ I It ’ I s  at  i~I t o  1°c 1 lit ’ 0 ’.’ i u 0 ’~,’ t i t  ~‘a. t t ~~’fl

‘i i t

1. ’ . l ’tu ’ ,Ie ’n :; I \ l u t i s t ; ; ; ;  ~~~~~ 1LII I I vs I urns ‘ ‘I ’ I l i i ’  Cl a 1,1 ‘ s t

‘ i t  lit’ ~itti ~ Olto i( ’oI ~t . ’ I 1 , 1 : ;  0 ’~ ’i t ,’c ’ u t t  i’ s t t  I out  • ~t u  a; .’ I veal ;n ’ h i  , l : ;  Oc °iie ’S l tt  i ’ s t t  I ofl

: 1 ’ , ’ , ’ I C l . ’ gi ’s tv  i t  y .‘ I ’ tIte ’ s . ’ i t  .1 ;  
• scud t ctnpei ’at ui ’e’ . I i i  a .‘on t i t  I t i t ~ o ’ t t t  t i i ’o st

Oii i ,\ t he  ; ; t t ; t ~’ ’ f l ~I ’ s I :a ’l  1, 1: ; cot teon t cat ion  v : % r  i s ; ;  ;; i g u t i  f i ~~x u t t  Lv e.’ i ( i i  0k ’pt  I t .

l h u ~ d, ’t t s t  i t  .o g t’ s t t  I ‘ u t t  call I ) iot ’ e’t ’.’u’o l’s,’ .11 u’s0 ’t Lv i’o ls t t  t o l  t “‘ I l ie : ;u : ;j ’ o ’n , i t ’d

5 ,’ I i  .15 grad i sl it  . 5.1 uis ,’t.’ th e  , l o s t s s  ~t y t u t 0 t  : ; t : j ’ s t i o 1 t ’~i a’ I i .1 ,~~ ‘.‘ uu ~’stt I r at  i s i t

t I s;; i t t ’s  ;;s ’ 5 1 osa ’ I y so ’ 1 s t  t sot • I hio ’~ s i t ’ ’ , ‘t ’t c u t  ; t s t ’,l h i t  i ’ i ’ o ’( a ~ i t t ’, e ’si1’ ~

I ~; u ; o  I , ‘ t u t u  i’s I a I t ig t lu’ ;u’ var I at’ I ‘0 : % i ’ t ’ ~‘. v on I a Appouid x ‘\. ‘‘‘ ‘ml a ’i ’ ;t I n o ’

s t i t ~t d i  ; ; u o l  V s o t  ;5 , ’ I i . l s  ,,‘‘.‘uis ’Ot it  rat i o u  ,I ’ ’ u ; ’ ’t v s u i ’~ wtt h i o i t ’ l ’ t  h i ,
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I t o ’ o t o ’ t t st it 1 ’ I u t~’ i’s:i :;, ‘;t w i t  h i .j t ’~’t I i .  ¼ oh ’ ’ I t ’ u’i ;; i I t i j~t t a I l i i : ;  ropou ’t i’ o ’ C5 ’r ;

i~ I I wat i’s Ru n t  ;t t i . ’.’t t o . ’ I t o,lat es,l so 1 t . t  sO’.’~ o ’ ( I tt ’ cot I . ’;:; ~‘t ’ I he’ t ’~~;; ; i ;  •

‘l’ I t s  g r s n t t c ’ u i t  S it i i  I . ’ l’s s ; t t ’ o u t ~~ i t ’ I he , t o ’t i :  i t  ,v g r s i . l io ’tt t i s s

I i  .1’ . t ho . t if  t ’~’ta’tn’ t’ hi ;o~’l t , t ; 5  ,‘o ’ t io ’ t ’iii  i’ s t t  ‘t d f l  w i t h  dept l t  I ;  h a i t i ’
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Poneting depth

lt i .  in t yp  [cal uuupended s b ’  l i d s  o ’ou t o t ’ u t t .  t’ ;ot ion pu ’.’ I’ I c ’s fr ont

sii’ ed~~~d s t at e r i t o l  cii l i i i  uimen t terra;; • t he’ g u ’ ;e.t I s It  I ‘~ .111 (it
~ CLIII ~ I y o ’ O it S  t t U t  I

in the  lop  la~y e ’u ’ wh ich  ccii l a i n ;;  wi ; ;c ’t . t I sot s o i l  l i t : ; . At. t o  depth where’ I I to ’

~~ i°~ i ide ’d sol t~~ ~~Oii~~e , i tt ,  rut ’ jolt i S Uppt’~ X lt t t Lt l t . ’ ‘
‘~~ t~ i ’ 

~
‘ 

• the’ r s i l 1  s i t I

[ I t o ’ I’ t ’tt SOS uhiarp I~’ as sh own l u e  i” gust ’  I . lteit,’w (Iii;: oto p Lit • ( l i e ’  : ; u u : S I  ‘s i t u , ‘,f

aol j o t ; ;  are co ut s ;  jdou’ o,so.j to lit ,’ ;;e ’t . t, .I e ’ s , t .  ‘l ’h , i ; ;  de~s L l i  I ; ;  I l i t ’  i u i l  e ’ ; ’ t ’s tu ’s

bt ’twe ’eu i  the ‘j e t  1.1501 and te u iae ’ t , ( .1  Sot s o ,’ [ I  o f ; ;  t i t t i l  i S  [flip ly  l’ s’  t ’t’i ’t ’ t ’ ot t o ’ t o s s

t , h i s ’  interface,’. Thu s I t i ter  I ’ac;’ hi tie~t . per (‘cc’ 1. 1 y itci’ i a o u it . u o i .  b i t t  :5 I i ~~’s ’ ;5

~ l. i g lut  ly (about  I : ,t,t(t ) from (due I u u l e t  r i i ’ s  I s  the we Ii’ . ‘Pii~’ tll ’l’t. lt ‘I ’

water  aud W iSe ’ 1. t. 1 s_ al so i i  it ;; ah oy e ’ t h e  l it t er  t ’t t c ’t’ i t s t ’ s,~ l ’s,’ i’ u ’ t ’~l to so: :  I l~~’

ltonc liui& de,pth or dci’ I i i  o t’ 1~ouiole’d - ~~t t t e  r.

Wet s  concepts

1. ’ ’ . ‘I’hie we ’ u’s ut 111 ‘,~ed hi c o t it to I luncu it . utreus a re’ ; ; h i s : t ’ I ’  — os ’ s,’:: I, t a t

i’ee twtguiar  we! ra . htai’j~~ci’eut Lcd uu u eauit ;  I tac t. I lie ’ t . l t i  o,’k t t t . ’:; :: oC ( Itt ’ we’ i t ’ ;;

(‘1’ ) t O  smal l . iii counpaI’j’JL~uu t o , ’  I l ic  d c ’ pt h t  o i l ’ th e ’ t ’.Luw cy s t ’  t in ’  ~ei  I’

See’ 1”lgtu’ e’ ‘ ; hi/i’ ~‘ . 1 . ‘ ‘ ) . He;ctaueg~u,Lai’ tneaii ti t,hi ut this , ’  We’ I t ’  I s I  u’ s I t ’~i t  I

and 1’ t ow ovet’ the we’ ii’ i s ;  pe’ rpeuid ic ala t’ t o  ( lit ’ we’ I s .  ‘t’hts t ’.l ow ‘vs u ’ I I t o ’

we is ( u ) ,  stat Ic head (it ), and we’ is length (it caut  be’ re ’.t a t t ’d by I l ie ’

l’o I .1,ow I t ug o_soji t s L I -  l o u t :

= H itu ’ ’  t t )

where C11 
I ; ;  the wei r ~1 I etchiau ’ge s.’c 1’ 1’ I c  I e t i t  , wIt l o h t  I ;; t i ; s t i s t  i i  v I .  C. ’ r

s; h i a i ’p— st ’cs t . ’d Wt ’ i rs .  it i s ;  t h e ’  cli  l ’ t ’e’t’ e ’ u i ’ ’e’ in t ’I t ’~’a I  t o u t  t ’t ’ om I lit ’ we iu’

ore’s I. t o the  wat.et’ su.r I’ace at a~ po i t  i t  o ut ’ C Ic  ls , ’u t  I . iy t~uu’ l’i’outt t h e ’ we’! r ;;o ’

that I, tie (‘low veloc I t,y caused by ( hue ’ WC I t ’  I a uue,gl I g 1 [sIc ’ (I • c’ . I s ’ t t e  I

head sta t  Ic li~~~eI ) . The ut ;uv c e’ oluit t. icon I ;; uis , ’t uppi  I cats I t ’ t ’ot’ ~‘o . 1 ,s’g. s i t U  I

WC i i ’

It ’. ‘I’hut’ t erm Q/13 In ret’et’t’ ’d I 0 ~~Ct t h i s , ’  we ’Ii ’ k’ o j j n ,~~ r at e’ ot’

unit flow i’ate~ and is a ve ry Impor t ant  .tt ’:; I t ’l i  puratu ie ’Ler Cot’ wt ’ .i t’ den Igii

The 8 tat. Ic head , II , can 1°c’ i’e h tctt ’d ( o ’ the dept Ii ci ’ t ’lsw ov so t ’  I li e ’ wt ’ i i’

h , for siiax’p—ci’euted we l t ’ s by :

1 1
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HEAD , H DEPTH OF FLOW
OVER WEIR , h1_ _ _ __ _

WE IR—~~~

/
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—~ 1Tf t -

WEIR
THICKNESS

Figure 2. Weir characteristics

h = o.85H (2)

h must be measured directly above the weir crest.

Withdrawal zone

1.7. The withdrawal zone is the area through which fluid is effec-

tively discharged over the weir. The ~~ p~ h of the withdrawal zone or

withdrawal depth is the depth below the water su,rface from which water

is with drawn over the weir. The size of the withdrawal zone a f fec ts

the app.roach velocity of the flow . The approach velocity is the speed

at which the fluid Is moving toward the welr. Figure 3 illustrates the

concept of withdrawal depth and flow velocity . The approach velocity,

in conjunction with the density profile, controls the depth of the

withdrawal zone.
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Figure .~~~ Withdrawal depth and v e l o c i t y  prol’iI.e

Design desc u’ i pt  ion

l~~. l”oi’ a g iven suspended solids s_’onc euutt ’ ut . i oxt pe’o t’ile suici f low ,

a I s_sager welt’ reduces the withth’awal depth and improves the cft’ i i ,i s,’u i t

quali ty , The sam e inuproveutuent can be achieved by uu iaint a in ing  the’ ;;euuie

we I r lc’ngt hi and Inc seas lug the ponding dep th , The uti et itod for dCt3 iguu i ng

we i rs  to maintain adequate e f f luen t  qual i ty is to cpt .inuize the t.t ’; t u t e o ’ I ’f

between iiicreased weii’ lengths and i u u c x ’ e ’ase’ol ponding d e p th s .

~iez’vice lif e  of ’ basin

19. During the Ii Ce’ of a cont a iuu tueu i t  area t h e  inter t’t~ce move;; up-

ward and towar d the weir .  In i”igure 1~ I b is lines A , i~, C , and P rspt’e —

sent the in terface  at d i f f e r en t  t lutes in the basin ii Ce, (The vest .  I cal

scale is greatly exaggerated in Figur e I s . )  As the bet siuc f i l ls , t hi s

pon diuig ’ depth decreases. As t h i s  happens , more ; ;c [io ,ts  are withdrawn

over the w e ir .  This I ;; shown in the graph of et ’fluent s ol i d s  veu ’suo
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t, l ine in ~
‘ I gui’s . j u t’ I’ Ic i cut  po sti d i t ug dept. Ii fillS t bC I°I’ L’V I dt~~t S~~’ t h u u i l  t h i s ’

dredg I tig jot s can 1st ’ ccitui’ i t ’ I sot be’ t’ct’e ( l i e ’ ~1’ C Luetu I tu tu lit v ohS I s ’S 1~~ ~ t t I  so :;

sis i t  ,,to s ’ :; be t -w& ’ e’t u [ lis t s ’ : ;  C and 1)

Whie’ii s o bun i i i  is  uso ’d ot t a O o t t t  I t i t L ° i~ 5 bu t : ; ;  :: t h i s ,’ So_ 5t ’\ ’  I t ’ t ’ i Cs ’

is  d c ’  I’ I ned a:; t h u s ,’ t 1 flue ’ ~,‘t’1’ tOol t t ’ c ’flt I. h a ’ ot  ut  St u ° I  o h 1 :s  h a ’ ; : to  I act I v i t  i s ,’ :;

a nt i  I t hu s ’ poru ~1 j u g  
~~~~ It j :: I c ’s;;; I hiat t I i t , ’ oh s , ’:; 1gm I’ o iuu t  l ug  dept  h i .

oe ’i’V L’s 1 ICe ’ caz i 1°c ’ e ’ X t  ‘ t i o t s ’ol by o’i’c ’t ’ ;t t  i t i C  I l i e ’ drs,’dge’ ~‘ uu u U i  j u t  ~t • i t i j I t  e ’ t t t ,

bci n i s , allow L u g  more [ line t’or ;:e ’d I mc ’t t t . ; i t  ion . ‘ I ’ :a’l i t: ; . ~\~~~ .;i ~~: ; tug t i e ’

W e i r  es k’vu,tt . i on  i s ; c~’ u u a t . u o u u t  j ’~’s~1 l i t , de ’i’t  hi bs4 ’0 ’isis ; : u t ’  i t  i u ~:o l  lot  I t ie  s~~ l

,.‘l t h t e ’~~~ e’s v los,’ l i t ’s. i’se~,’otid t h u  I :~ I I fus ’ I lie ’ w I I  l t d u s i w u  1 u i t ’ i ’t  I t  so

p~’ual tug ote l°t h i .  ~ lut i I l ;ti’ .h y • t h e  
~

° t ’O ’ui i St  soot  S (‘I ’ I Ue ’l i I ; t i : ; ’s ’t ; is ’ , l :01 j , t : ;  I : :

Cs_sr this , ’ sits,I o I’ t. t i e ’ ss,’rv i ce ’  i i  (‘s,’ . I t  15 t h u  l :s VS h u t ’ i ’ ‘ u ’ t hu s  I’ o °t u d u i ~~. ~t e ’ p t  hi

l t s t t  I s  de ’I e’i’ti t h u ed liv t h i s ’ ole ’:; I gu t  px’ os,’soo luu ’ e’ . This,’ s ’t ’t’ 1 t u e t t ’c : ; t u : :l’e ’I ; , l s ’oI

s ot  j o t : :  v i i  1 he’ Lc swei ’ t h i ut~ii ( t i e  pt’ e’u,l t o ’ I cs,i V a l t o ’ ’ ~ltur i t - . t i e’ :~~‘ ‘~~ es,’ I i t ’s.’

( e .g . ,  t ins’s; A ansi i t h

bCa ’tt t i : s s ’ ot ’ th i s  a l  ~°p i tu g i t i t . s ’u ’i a c ’e ’ • t hi s ’ h ° O t i u i  j i l t .  l ° ’i’ t hi i s  u i 0 ’t

c ’s_ ° l i S  t u t u t t  I h iu ’ough i o u u t  t h u s  baa I a bitt I I t o ’ t ’ s ’;t ;a ’ s; ‘t wt,~’ (‘rout t his , ’ i n l e t  1° Pe’ .

This pond lug dept h ,,‘t ’ c’Oi t c ’e’I’Ii i i i  We’ I I ’  o1t’~ igu i  t h u s ’ t’iutttl 1’~ ’t t ; : t tg , f t ’~ ’t  h i

i nutied .i ate ’ ty iii t’t’s,°i it . c i ’ t h e ’ W e ’ I S .  1” o ’t ’ t h a ’  SILks , ’ ot ’ t h i s s  l’ t’j ’ u ’t ’  t ‘‘ h i

t’L’s_s i i t ci ’ (h a ’  We ’I r ” l’ s,’ I ’d ’ s to 5 ol j t Sh Oe’ ci t e—ha h i ’ s ’ C a wso I t ’  I e ’uio hi t, ii ’ , ’

l i t t ’t ’ot ;  t c i’ thi s’ cs ’ u u h  s,’t’ ci ’ I lie ’ we’ l u ’ .

~‘~ to’[ ot’5~~~ O t i t t ’ f t U tj ~~~~ _ 0 t M l i i e ’ t i t .  ~~~ l i d s

,‘.° . L i i v e ’i u  ; ; u t ’l ’ 10 1 t’ i it  i’ e’t  s l it  tOSi  I l ife ’ i l l  St s,’ouit  iii tti t ie ’ ui t . uese ’tu , flo u t —

00 1 Li i  sitU - t i u : s p s ’lt~h s ’oi so i l ~h ;: w i l l  :s s, ’ t I I t ’ . The’ hot  [ ciii layer c t ’ t’ in  Id i i i

the htis ; in will 0 ’ 0 ’ii 1st  t u u  a t itu s,’ hi I i i  ghie ’t’ c ’o t u c ’s ’ i tt  i’s t I out o~ C :;~ ‘ 1.1 ol : :  Wit! w i t  I

I t i e r s ’ ~~ i’ s ’ have gr e a ter  h it I K she ’ ll : ;  I I .y . ‘ l I t  1:; t.y pe’ ci ’ l’rc ° (‘ i t t ’ wil .1 1 eu i ol t o

~
‘ i’t ’V ~‘t i t  I’ I o u  Id I’ so ‘iii [lie ’ 1i u~ I I  o ’th t I soy s ’ t I’roun ho’ I t ig w I t  Iidx ’utwt i ov s’ S ( l i e ’ we ’ i t ’ .

i~s ° I l o t ; :  141’t ’ 0h I utchtui’gs ’s,t I ’t’ u ’iii 0’0 °t i t  s e t  i tttu ~~t t t .  st t ’ e ’U: l°e ’~’atise s’ i t  h os t’

I t i c ’v d i d  Hot n et  t I s ’ , t hey Wt’ z ’e l’ t’s t t o p o ’ u u o h s ’ol l°y :So ’Ot l i ’  • 01’ I h i t ’V Wt ’t ’e ol I : —

~ h t ’ ,i’~~t ’ot w i  t h u  s; St I [e~t I soy e ’ u’ s; c i ’ t ’ l o u t  oh . ‘l’h i e ’ :10 h i ~1~; may uiot .  lu,i’.’ s’ ::‘ I t I i,’~1

clue’ t o 1411 I u t : ; t u  t ’ t ’ I t ’ i s ’ t t  t 1 st : ;  i i i  s i  :‘.s ’  aii~t o l5t .s~u t t  I ou t  t line’, I t t i ’bti  1etu ~’s,’ , ci’ t , la ’

I’tL!’ t t o ’ I s ’ :: ‘ chem f~’aI  aui~t j ’ t t y ; ; ;  
~‘s I pi’eipt’rt Is ’;; . ‘ h u e  part i c lea l u u t vc ~ I’t’s ’ii

1 ,  5

~~~~~~~ ,_,~~



u’ e’ : ;US l ’ e ’ tude ’ot t~ ocou.o’ dots,’ to thi s , ’ drag and l ift  ou t  t ho ’ h ’ s t t ’ t  i c l o ’s; o’;oiiso ’d

t. t i e  h i  h ; L o s t  I ,.~~‘ ,t vs I s,. i i , v ci’ 1 ;t z’ hiu le ,’ t t  I e~i, l i  c ’s; , 0 ’X ’t 51; 1 t t 0 j t t e e ’~j l v

I’ ow c o i l  I t ’s , ’ t i oti  c i ’  w i  , ~~
‘ i na 1 ty , :05 ’ 1 1 led  .1 soy et’ :; Ox ’ so! ,ia sw’s o t j s ; —

~‘luax’ge ’~i ~~~~~ S t h e ’ ~~o ’ i i’ due’ t o ’ inadequate weli ’ I cuigthi and I’ cut d lu g  ~ic ’j’ ( 1;

~~“‘ ~~~
‘ 

~~~~~~ i~~~I i U l l o l  o ’I ’ t ’ l ’ a t  ion  w i l l  o’s, ’ i t t  t ’~ ’i i’e’ : t i S I ’ C l i :s l o l l  utah w i t  i i —

.1 ;‘:ow:t 0 t St i t  I s~l ta s o t C’ I ’I  al

W’~ I i ’  “ s ot ’ t ;‘ t ’ :s t t u t o i  V t ’ i’s,’0’

‘lie ’ we ’ i t ’  I e ’ti ~~t It , t ,v i’s . ~tia1’e , tU tu1  i s,’e’ st t j cit have a igni t ’ i can t

e ’ I’ ~~~ t ;; ‘:i t h e  ~~t ’ i’l ;u ’u t t  o~ual i t  y t’t’~ ’;:; colt 1 s t  1 tunet i t  soi ’ e’;o;; . F’ i ij ;; ( , t his, ’

‘:t~~ I t t  s_~ t’ th is  ,. e’ i t ’  c c i t t  ta I s  I lie’ his ,’ad 0 ’vs I’ th i s ,’ welt ’ Cci’ a t ’,~ 
V s i t  t~ ow

I t , ’sid , wh en ccl i :;  ide red w i t  hi I. lie dens i t3’ I ’t’ c t ’ i Is , ccit t rcA: ;  t h e ’ uls , ’ p ( h i

cC [t ie ’ w i t  hot .i’a w;o I L o t t e ’ . i t  it ’ de’epCX’ ( l i i  a w i t h u d  o’awod . :~os is , ( h a ’  gi’s.’st t t ’t ’

lt~’ ~ C I’ i ’ ~~ t So ’ 1 ~t a c0 5; t0 ’e,’n I i ’ t  I i o ’ l t  w I I  I be (‘ci’ so i v e u l  ha;; i t ;  e~~u i di  t i c i i .

, ‘ ~‘ . The weLt’ type soi’t’ec to t he  et ’flueutt .  qual i t  ,V i t t  :;e ’V s t’ ;t I w’oy :5

I’ I t’t’e reut t  We ’ I I ’ S , oi to ’li as broa d— o’ I’ :d t t t  t ’~’— o ’ t’ c ’ :;t ~~o1 , b ay s,’ ~1 i t ’ t’s,’t’ e’ti I 0 0—

c t ’ I ’ i 0 ’ i t ’ll L :: o h ’ di achuai’ge that. clotuige’ t h i s ,’ t’e’quii’e~1 head o’\’~~ t’ t h e ’ w e’ ii’ ~
‘ o ’t’

a gi v cut t ’I ow c cud i t  c i i .  Cott :;t ’u lt te ’ii I Ly , this , ’ dsp l i t  ci’ w i t  Iidt ’awai . and I Its ’

vs l~~o’ i t  y 
~
‘ Sc I ’ .1 le’ change’. ‘I’hi I a s o t ’ t ’s,’o’ t, t his,’ e ’ (‘1’ 1. tt eui I . qtutU i t  ~

‘ t’,v ~1 i ::~ ‘ h a t ’ 5 ’, —

tug  di  t’t’e’reuit .  vo .1 ums,’s o t’ fLuid t~ t o s;;; t h i s  I a~v et’ w i l l ;  highs ’ :s o ’ 11 , 1 ; ;

cou iceu i (ra t  I o f tS

,‘(‘ . This we’ir sh ape or ccii t’i gt ,tt ~at .~ Ot t  a ‘t’e’c [;; the ~1 I s :a ’sis I ci ;:; ci ’ I t i e ’

w i thdrawa.l L ot t e ’ and , cci’i’ea pcitol ing .ly , I- h is ,’ ~oe1’Ci cleat ci ’ di :;c ISO i’~ ’a’ .

w i d t h  o t ’ thi s  wi thdt ’aval Ls_’It t ’ expands an ~,‘i us ,’ i ;t o ’Vo ’ss t ’uo ’th ts ,’l’ i u u t s ~’ t hus ,’ 1’:i ; 5 i i :

t’rom the we it ’ ant  ii ‘[t ic zone i ’eachtea a dead ocute ci’ t l ie s ~ol s , ’ ’ ci’ I lie

li sts i i i .  l ’h i c expan s l ou t  01’ t lie wit h iotr otwa 1. L O t t e’ I’SS i i i  1 0 .111 o i~~o ’ rest :e ’ ~1 Vt’ I 0 0—

I t.~- iii t lie ~cne , The w it iudx’ awal Lol is ,’ Cci’ a welt’ t o  whi cli woo te’t’ t ’lcw : ;

l’t’s,Mfl S e ’V S ra .l d i  t ’So’ I I ~‘it a expands ciUl e’ker t ’sc:o lisa ’ i t oi l  ::~ ‘ t in t’ ,~~ ’:; I’ I u id  l i t

more thiaui Ot ie ’ di r s s _’ I. i ~n • ‘l’ h ie ’ t’Xl’ i t t l : ;  j O l t  00 ’ [hoe (‘low X’ie Id  :S ;ui rc~1to~’ I ion

ci ’ the appt’o achu vs l .~’~’ I ty reduce t lie depth  o I’ WI t .Iidrs owtU. , t ’ct i ; ; e ’o h l i s t ;  I ly

tflOX•e f1 ,Uj d in  d iso ’t i s ou ’ge ’d 1’t’~ lui [lie upper pc°i’t .u cstt ot ’ t h e ’ t c 1’  l soy e’i’ and ( t i e ’

el’ Cluent quai l t~ is improved . in t h e  cane ot ’ a po 1.ygonal we it’ w i t  hi t ’ low

appo’oachiiuig from cue si li’ec t ion , the vi ott it ct ’ wit . hi dt ’ tt wot l Loi t s ,’ Is ::mst .L l e t ’

h i ’

________________________ - 
~~~~~~~~~~ -, - -=- .~~ ~~~~~~~~ ~~~~~~~~~~~~~~~~~~ ,, ~~~~~~~~~ -- .
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i, taut Cot ’ a ;‘ e’,.’t  suoguI sdo ’  w e t s  w i l t ;  ( i t s ,’ s; ;~ se ’ o ’i ’s,’:s( ei;1Y, h :  • ‘b ; t ; ;  S’ :s ’:s,i i t; l i s t  I

ha ’  ‘.‘e ’ I cc I 1s , ’;; i i i  I l ie ’ w i t  I ; , i t ’ ;ow :o 1 , - ,  ‘ S i t ’ :o i ; ~ t t t s ’ i ’ t h :  0 ’ i ’ I h ;s W i i  h0 t  :‘ : ows o  I :~~‘: so ’

I :t t ’Ss ’S 55, 1 b te ’t ice 5. I t s C’ I I  I Us t it  o~tili .t I t  ~ 1:1 I’~’s ’t’ d ’t’ . ‘l ’t ;; w i  1 1 l ’ s so

p I : o i s ; s _’~l i~ ~, t ’ e ’;t I s ’S d e t a i l  In  ‘sort V 1 1

F’ ins 1 i,v , I h i t ’ We,’ I t ’  1 c~~tt t  i ci t  i S I t i t ’ o ’ t ’ ( s u i t  t o ’S ’  ; s, 0’ s ’ S’ S 1 S C S I ;  0 5 5 , -

F i r s t  , i t  can he’ll ’ t ’t ’ ’Ve~ it  ::t l O t ’ I  —~~‘ i s o ’s s t  lug an~t 0’ t i : s , t t t i e ’ : s:~ • Is  ;n

V i ,,ie ’:: t h i s ,’ a5t : ;pe ’it o Ie ’oi l ’ s t t ’ t  1~’ i s ,’:; tsis ’t’ s’ I j i :;~’ t o  ‘s t I , ,~ I S S S  i : o ’,’ \ • i t

spt’ t’~t0t n out t h e ’ C Ict,’ , o’c,t;o,,’ on g t his ,’ ‘.‘e’ t oo, i i  i s ’:; I t ’. ( l i e ’ t ’~~:; I : :  Sflot

t og t h i s  So ’,’tS t ’  a l t~1 t ’ o ’S L S S ’ , t i : S  I , ‘t S  o t  t h i s ’ s - c t  s, ’ .i :sst t u ’ s ’ j , ’t , e l  t : s ’

:5 o’ o ’ t s o ’ e ’; ’ : :  i::g s;I ;c0’’, ‘ 0 .1 S I t g  st t t , 1  1 , 1 : 0  oh ’ :’ i g s  t : : o t  so t ’ o~ o , t :  t ’ s, ’p0 ’ s’ l  eat

t ’y eiai I u g h : e ’t’ . -
~

a g iv e t t  I’ low as:~i s ; ssot  5 1 1 : 0 1 • t h i s ’ t w o s 1, , ; 1 t tSi ~~ ,.’t~ t o u s t  I ’; t t ’ :e’ :—

St st’s i t t  ha ’ welt’ ,hs,’:; i g l i  Co ’s t : : e ’e ’l l u c . e’t ’ i ’’, ; t e ’~;t  ,
~ ssi I i t ,’. go :o l ; ; :i:’ s ’ o.’ o ’ i s ’

leiogt.hi stat j’ 0 ’t i o t  ; i t g  ~is ’~ ’I hi  . A , ’ti ~s,ss’ We’ I’ ’  t ’ s, ’,i t io ’so ;; I 5c~ 0le ~t ’ I  1: c i ’ t i e ’ I,- 1

0 t rawt t  1 ,a’ti~’ i’ ,’:’ a g iv eut  dens i t  p o’ -, ’C l I t ’ . I l L S 1 :0 0 ’  \ • ‘i, , 5C:o:~ 155’, I

pond lug ,le ’pl  hi p i ’ov  i d e ’;; ~ l strge ’t’ I :o v s ,’i’ 0 ’t ’ I ’ I s  i~t wi t ho i ct,’ ;; ,’ I

I r a t  i ot i S  to be di  s; o’hiso ’g e’,,i cv c ’S’ t hu s w~’ i s ’ . o ’, ’t : S u ’ ,~ t i s , ’5I l o  t hi : :  w i  1 I s’ ’ ;t

i i i  d i  :a ’ t t to t ’ge’ ,.‘ t ’ t’ ‘s ’, i i  ,1 I’z’ 0 ’:st ,‘:• c ’to t e’i’ ,h ’S t h ; ;  t ’ ; t t  w 1 1 1 5 5 :55 1 1  I o s t

e ft ’ ‘ tso’ ’t  0~tt5 I L I - v .  ‘.‘ his , ’t’ e’t ’o ° t ’ e ’ • tt I ‘ ‘ ‘ t u I e •O ‘‘ I ’ o t s , ’ V s , ’ ct’s l° s,’t w s ’s,’t ;  S s t , ’S ’ e ’ :o : :  i :o’ I Is ’

%.‘t’ it ’  I e’ t t s ,~t i i  01’ 1 I t o ’ t’S stS I t i ,~ I l i e ’ I, o ,t l , t  5 1t~~ oie ’~’I tt  t o ’ i I s ,’o~ ~, t ho ’ cC ~
‘ s:o ’’’ I .15 1:0 I t t  ,‘,

o~o’St I ;t . I t t  I S  I l~i t d e~o ° i ’ i~ 15 i t t o ’ u ’ l ’ i \ ’ S s O t  e L i  i t t I  0 t h i s ’  ole ’:: j o ’S h ’ 0 ’~ ’~’c ’0 ; : t t ’ s ’ I~ ’ ~‘ ; ‘ .  ~ ‘

t h i s’ ,j e ’S sgiiex’ t h i s ,’ :‘ 1 s’X I I ’  I I ; I \ i ie ’o ’oleol  i i i  t t i e ’ we’ i t ’  tht ~5 I ~‘. ui  , i ; se ’ 1 ~ ‘ ;: l I t ’

0u ’ i : s t  510 i t i t  ot ftitoi C,.’Ol tOtS t  I t ’ 0’ o ’t t : S  i 01~~t~t t t  I O t i s ,

~ ) . W e’ It ’ I ,osod i tog sat  c ’s; ,1se ’oi i i i  :1510 i t  t t t ’~ e’U~ I i ; e ’s t’ tug so t ’ s ‘1’ :1 t 5

it s, ’ 1 1° i i i  ds ,’;; i g u t  l ag  c on t - a i t t t s s s ’;; I ;t i ’ e’ t tS  a h iSs’ I t t s ’~ : u S e ’ S ’, ’’, ’ , :t ’ e ’;’ s,’s ’  iLl ::

vi  [ho vi rt to :u  I ly t ic 51e ’tts i ty  grad s stit out0! a re ’ S’ e ”~:i’ o ’i ::; l b  le ’ “ ‘ ‘ i ’ S ’ o ’ . i ; L’  S St

o’ ls,’ : is ’ c ’i’ c~t’I ’ l ;t s ’u t t  . The I’ c ’n ~it  sit  s,’;; s S ’, ; us , t :o t ’ ,t ;s ’ :‘ t ’ 0 ’ , ’tsz ’so ’:sd ~~~~‘ i s ’  ‘so d—

I t t g a  ,‘ t ’ 1” • t~ o~ L~ gpd~ psi’ Coot ot ’ wo ’ i t ’  t ’ot~ i s t i t I :: I ; 0 5 , . e~l~ I h s o : s  1

~‘i,s a tu :t I t ig t hat WO 1 ~~ — in ,  ~tt’edge w Ill rt ’oduce’ s i  p pi ’ ,’\ I ; s : t I  ~ \ ‘O~ ,‘ C S

1$ t s tg5i  , we l t’s o I’ cv t~ 5~ .io~L~o~ t’t i i i  I e ttg  ( h i  wo ’ i t  l o t  l’ s ’ ‘ s, ’ , 55  1 S’ t ’ ,j  , i t  I s ;

1° c:;:; j l.,° I e ’ t 0 ’ at- i i i  .‘- e ’ uutuc ’hi :~hi 0 ’t ’ t  c ’S’  We ’j  5 ’ I o ’t i ~~t I i ; ; t O t ’  ,t t ’ e’,j ,o ’. t ,t t~isi t Si’ t :L

* A t sti ° I s ’ ~~t’ t ’; to ’ t  ,‘I’ sS Cot ’ o’ o ° t t \ ’ e ’ t ’ I  ‘tag I’ . ~5 , ,‘ ; t : t  0 ’s: ;sct ’ ,\ ss: :  ( : 1  , ‘t ’ tS;s ’;o : : ;I t ’ s,’—
mcii t- to met t’ ~~ 1 ‘1 tin i t  a ;; ~‘ t~e’ss ’it t s~ i o ‘u t  i’soge ’
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coiota ituu iet t t  At’ e’;i : i t ’ tUt t ’t’ lo ’ I et it  I ’ o ’ f i o t  t I i ;I ~t ’pt hi i s  i’t’o~’ I

01 h ’r 1’5to ’t~~5’S 5\ C t ’e ’,’ t i s ,~~ H~t ’ i t t s ’ i t t  o~,t uS0 I i~~~

i, ’ . ~1; o t ’ ,y 0 ’t  l i t ’S’ t ’s to ’t  ‘‘l’s l’s, ’ :; I de ’s ( t i e ’ W e ’ i u ’  to1’t’e’~’t t his ’ e ’t ’ i ’ l s:s , ’ I i t

O j U S I  I ’. , ~‘o:ss ,, ’t t ~’. I t i e ’ ts ;os t  I t s s ; ’ o ’:’I  a t t t  s i t ’ s,’ I t t e  t ’:t:; i i i  tie’S i g it  , ( t ie ’ , l t ’ e ’oIo ~s ’,I

:s::oI c ’s’ s o  I os,’ • t h i s , ’ W c ’;i I t i e ’;’ , aS:~ I ( lie’ ~io ’ s’dg I tog cpsu’itt ( cu t  i t  ss ’t l ’ . ‘ h i  S

u’ e’~’0 ’t’ t w i I I t ’u ’o ’i i : ;  out t h t ~~:; c ’ !‘a~’ I s ’5 ’ :i ci: ,o ’ j X i : ; o ’t ’sLI ’  Ii:: t huc ’~’ 5 & t ’ i ’t ’ o’ t W e ’ l l ’

1 ;i: s i t o  ,,ts ’:t i s ’55

~ 1 . I ’ h ; e~ ( ‘so : : i t t  I :.e’ 1:: 1 Ss:(’~ ’t’ t ;o s :t  t ’ s, ’o ’ sis i : :s , ’ :i t ’ c , e ’t’ t’:o;; i i i : ; I, 5 
‘
~ Ski low

( t i c ’ ~‘~ t ;‘l 1 c j s ’;i IttO l’ s’ I l L s ’ t u ’  : se ’t I I s,’ • s it i d  b I ow e ’ S I i t s ’ V e’ I So’ I I I  s’: l t t  t l ie ’

(‘si;; I I I ,  I t I e ’ t’ s, ’’l’V O’ s,’oti to’ 1 t lo ~ :‘o ’o ’i5t’ , i ’t i e ’ t’~~;; i i i  i t t  Le t  at  ru st  t t t • s,~ s t t : , 1 : ; b t ; o ; ’~ ,‘;s , t t

~s; :s: ’, . ’ s, ’ sl ’,ct’ ’0 —~~‘ I i ’ci,t i t  I t ig  5ttol ~‘htatouoe ’ I,j  t og. h” ; i u ’t  i t s , ’ i’s:ci’~’ • I hs,’ baa : ;h tso ~’e’

o ’ S i S S  l ’t’ o’\ id~ sooi ,ts ,~ i se ’o’v ~~~ .1 L i ’s,’ C0 ’r [hoe ’ l’;o:: j u t  :~~ i,; lti~t I t i t s o l Ii ~~o ’o ’oI s’Ct ’ 1 t is ’l i t

,V l o ’t ige ’i’ , I i i  5 : ;  o ’o ’ o ’ t i t ’ :~ ;; 1ti~’e bt ta  Ii i~t t’ i ‘ I I  i t s ’st.i’ I t ie ’ l u t i s t  t’ i s ’ s t  :it:,i

I it s ’S, 1’ So ’ t ’ e ’ :: :’, i O ’  s, 0 e’ l o ’:; s ’s’ t o ~ t h i s ’ We ’ i t ’ S • ‘t ’Sii  J 1 t I~~ l i i  t his ’ I ~t t  s, ’ ’ ’ ’ ’it ’ s ’ ;; I

tag ,,towit I ~‘wsit’d [hoe’ i’.’ c ’ It ’ . I ’i t5 t ;~ so I cuoge ’t’ d i  at  tUte ’e’ toe ’ I W s ’s, ’t l I bis ,’ 1st:; l i i

inlet axis,! t his ’ We’ ‘i i ’  W i i  t: ;a i t t I  :0 5 10 t tit’g~’ pc io~i 0 ti~~ ols ’p t  h i ; ; sit t his ,’ wc ’ i t ’  C0 ’~ a

long e’ t’ t’ s,’t’ L Oo t  0 t’ I l iS t s ’ ‘,‘c ’i’tL i t  t I lt~~ SIlo ’ l’ s, ’ 0!’ ( t i e ’ t’:i;; i ui vo l  ttssa ’  1 o 1°c’ u : ;s, ’,t

(‘ci’ ;; ed I ts t s,’ t t t  ~: I , ’ ra ge’ be’ I’,’ Sc ’ ( lie ’ s’C C I u euit  s~o o st l i t  y I a I owe ’ t~s,~o 1, Mto t ’ ; ’ hi ,’, : i t s i

1’s,’ I g Ic ’ i’ :5 t s i t  S ( l ist  l’s:: Ut  o ’l’ e ’ S s i t  1010 e’tUt t°s’ i s ; i ~ ’ Soy eLI toy h’l’cpe’i’IY v s’ge’t at —

iuig t too ’ to :t :: l it  • wit i s,’lt w cii l~ t j ’e’dtto ’e’ :S o’ 05,11’ i’ s, ’I i t lS ~‘~‘t~~ I 010 0 t :S s,’ t I led is:si t s’—

t’ I s t I  , toi tot S X’ e’t’~~i itg ci’ [li e’ : ;e ’ t t I cat t~oo t s, ’u’ I so 1 t 0 ’W st 1, 1 t his ’ we’ it ’ ; 100 1’ t h e ’ t’t:;e’i’s’.

t ; i to ’t t  v e’gt ’I t i t  L o t o  s tut  cli :;sipat s t his e ’i ie ’t’g,,’, 01’ t h is’ .Luo ~ otst I t t g  wttt er su td

5 5 pi’e’ttd I hue ’ C ow t;i ~ ‘ t ’s’ 01101 Cc rush ,’.’ t b ot ’ot tgh t ciu t t his , ’ l’s:: i i i .  hlows ’v e’r . t i p e’t t y

vege’ ( 10 1 1 ot t  s tut  p u’o ’duce’ dead ‘:otie:; stood i u io t i t S e ’ :5 ho u’ t  — c i u’ 0’ u i t  I t ig . I b i s ’ s~~t’

o’t ’ t lie’ l’to: ; ;s ;  i i i  I s,’t’tfl: ~~t t his ,’ i’e’itiit t tO t u g  s ’ s 0 ( ’ s O o ’ i t  ~ t ’tU i t i l l  et’  t lie ’ ~‘o~~io ’ e ’ t i t  t ’ st —

I I ott  p so Ci It ’ ’, a t  :;o , I lie I ‘t i t us ’ so I I o ’ws~ i t’ot’ ,‘o ’t t s :~ ’ I I dat  ion  l’ s, ’ t Ws • e 5 t t  ii~~e’:; ctut

t i t i ’ i t t s u t o • so t his ,’ auttotuit- o t’ i t i i u ’0 t t ;~ o ’ I I dat ed iss st I s ’s t a t  so v so 1 1 stb l s ’ t o ’ i’s’ ;;o’ooti’ s’d

Pt ’ s~ tg,s ’d tuust e’ t’ I a l ,  t y,~~t’

‘ l ’ l ic ’ ttrcs,tged niat e’r iso I t v P~’ l o o t ’ I o t ~’ti ~’ s, ’:: t his ’ s’C Ci  usa I by :;s ’ O c t ’ 51 I

mechan I s s t tu s :  . I” I t ’ ;; t • ant i  i—~ti suuiet - eu’ p ar t  ( , ‘ 1 s ,’;: t o ’ I a~v ;; aio0I :5 i l l ; ; ::s ’ t t  i s ,’

51 1 ow s’t’ than I sot’gto—oI I tit oos ’t er pat’t. 1 c Is , ’;: t, : ; t t i t o i; : tut~l grays’ i t t  o ’ I sty ;; 0h ’ 
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:;e ’t  I I s,’ i’ to~’j o t  I’.~ lii  t ’t ’s,’a b i wa t e r  ot~~e’ to  I he ir  cc l  l o ida l pt ’opo ’t ’ i s ,’::. ;‘hic ’ ::e’

oil I’ t’e’t ’ e’t t t  I u i :;s I t  i i  tog i’Si i c’:: : 0 1 1  e ’t’  t t i e ’ o ’ ’, ’t ie ’ et i t  rat I c it  I’ t o  I ’ i Is Cot ’ oh i t ’ ? ‘e~ t ’ s,~t i t

dredged tss si t 51’ 110 1 5; i t t 0 ’ e’ el i t ’ f ’s,’ o ’c’ iit  ot i’ e’otg e’ol m u tt ’ r I  oi.I 11:0:; ~I I t ’ I ’s.’ t ’ t ’ t i  I S I

0ii a t  r [bu t  i 0 ’ uus  , t~s’~~~~tt oi  i tt a~ I L t i s ,’ WsO C c ’S’  t its ,’ sS o ’ p ar t  10 ’ i s , ’ : So t ’s ’ C I o ’o ’o ’it~

I s i t  Cd, I h t s , s ’ s, ’ t’o’t’ s,’ t t i e ’ Se ’ I t  I t s  ‘ i ~ t0’h o~~~~I o ’ u s ,’ t , ~ o~t ‘ t ’ ’~ ’~ t i s o ’ s ‘ so ; ; h i s os ’ ’,’ l,’i’e,’ak in

t hus. ’ de ’ut : : i t  v p t ’~’( ’ i 1  e’ , F’ i t i ; o  I v  , ,i s’s, ’oIo ~s, ’,l m at  s,’s’ sol  w i l l s  1S t  l’ ge ’ ~‘t ’cp ot ’ t L, , ’s:;
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j i ~~. i’hs ~tx’stit’ied—flow selective withdrawal hydraulic models

varied in their approaches but can be classified in three classes based

o i i  t h e i r  assumption for the density profile . The simplest theory was

the tw u -J ,syer’ model that  as~ uined two layers of fluid with d i f fe ren t

densities, The depth ot’ the withdrawal zone was then based on the

density difference between the two layers and the unit flow rate or weir

loading (flow per foot of weir length). The second class assumed a

linearly stratified fluid (i.e. constant density gradient). Again , the

withdrawal depth was based on the density gradient and the unit flow

rate. The third type of model could use any type of density profile .

The two—layered and linear stratification assumptions did not fit the

typical density profile exactly (see Figure 1). The typical profile

more closely represented two linearly strafified layers with a sharp

break in the density gradient between the two layers. Only the third

type of model closely represented the typical field situation but the

other models deserved comparison and testing due to the simplicity of

their approaches and usefulness in demonstrating applicability of the

models, A large number of these stratified—flow models were investi-

gated. Their characteristics are summarized below.

37. Bohan and Grace5 developed a one—dimensional computerized

model for selective withdrawal based on laboratory flume studies that

correlated the depth of the withdrawal zone with the head over the weir

and the local densimetric Froude number, This model is the WES selec-

tive withdrawal model. The program also calculates the velocity profile

based on the weir type and density profile. It is capable of using any

form of density stratification and predicting the effluent solids con-

centration. This model offered the best potential for use in the design

procedure.

38. Wood and L.ai6 developed a two—layered stratified—flow model

based on the Bernoulli energy equat ion . The approach considered the

effects of different weir types by using the weir discharge equation

with different coefficients of discharge for the different weirs. The

model predicts the depth of the withdrawal zone but cannot predict a

21
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Yelusi ty  p rof i le . The model was compared for model selection.

39. YihiT determined theoretically the critical densimetric Froude

number at which the entire depth of’ linearly stratified fluid would be

discharged to be 1/11 . However, the critical densimetric Froude number

is suft’jcient for movement but not necessary (i.e., the entire fluid can
be discharged at lower Froude numbers). Furthermore , his approach did

not consider withdrawal from fractions of the depth and therefore was
not applicable to this study .

~0. Debler8 experimentally determined the critical densimetric

Froude number at which fractions of the depth would be discharged for a

linearly stratified fluid. Ills work was compared with the other prom-

ising models. His work was one—dimensional arid slid not predict :t veloc-

ity profile.

141. Kao9 extended Yih’s work into a streamline analysi s for a

linearly st ra t i t’ied f luid  w i t h  irrotational flow by employiiu~t stream

funct ions.  The results ver i f ied  the works of Debler and Y l h i .  Kao

t’urther stated that the depth 0 1’ the withdrawal zone would be shallower

if the viscossity of the stagnant layer was greater than tha t  of the mov—

ing layer . His work cannot be easily applied in a design procedure .
10‘42. Huber assumed a fluid wi th  two layers ot  equal thickness.  S

He then used a relaxation technique to theoretically determine the

crit ical val’-o of his derisimetric Froude number. Ills model wa:; used

for comparison though his assumptions appeared prohibitive .
11 . , .

°-~3. Koh developed a two—elornensional model for a viscous ,

d it ’fusiv ’c , slightly s t ra t i f ied  laminar flow. This model was not appli—

cable since it was valid only for very small flow. Kohi also proposed a

similar model for  turbulent flow but the mod el required information on

the d i f f u s i o n  in the basin that was ioot available.

1414 , Gelhar~~ proposed a model for viscous , nondil ’t ’usive , linearly

stratified laminar plow toward a line sink. His mode l was based on the

Navier—~3tokes equation but the solution was valid only near the weir.

The model was not applicable because containment areas; havc tu rbulent

flow at the weir  while the model was for laminar flow.

145. Schlag~
”
~ experimentally developed a relationship for
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16 , . .149. Camp derived an enipirical expression b r  the cri t ical

velocity based out  data for coarse graiiular particles with boundary

Reynolds numbers greater than 1.5 (j .e. , t rans i t ion  or turbulent bound—

ary layer). h is equation wait sediment , —ty -pe s dependent by using tlie

[‘5ti’ t .iS .Le ’5 ’ specs i t’ic gravity , grain size, amid a “stickiness” factor . Ills

model was not applicable fo r  lam inar bed sh ear.
- . i (  , 18
~‘O. Vanoni and Lauler both u~;s,~d t h e  same approach. Iheir

models at’s designed to predict scour by turuient eddies , using suspended

:;s.d iu t ie i i t  p r i n c i p l es .  Ihey stated that the i’at . is of’ the settl  i l t ~ veloc-

i t y  to shear  V e’loC it y  must be greater than 1.2 to I~.0 depending 011

sedimen t type. This correlated well wi th  c lar it ’icr’ design theory where

the ra t io  of the basin velocity to this settl ing veloci ty shoul d be ie~ s

than 9 to 15. The atte st ’  velocity can be used to calculate this basin

veloci ty  using the Darcy—Welsbach fr i c t i o n  fac tor .  The Vanoni and

Laut’ei’ models used too many assump tS b e)ns that could not be ver i f ied .

51. Mign iot 1’9 correlated the in i t ia l  rigidi ty  of the sediment

w i t h  the c r i t i ca l  shear stress.  This method was undesirable for a

design j rocethu’e because the required laboratory equi pment is not

readily available to conduct t h e  r ig id i ty  test  on each sediment in the

f ie l d .  Furthermore , the tes t  was intended to be performed on par tially

consolidated sediments. hIowever~ the top layer of sediment has usually

tiot consolidated dur ing the dredging operation . l’lic model could not be

easily applied arid therefore was not tested.
00

5~~. White ’ derived a :.t emiemp irical expression for ztoncoh ieslve

sediments to determine t h e  cr i t i c a l  shear stress by balancing the l i f t ,

drag , and grav i ty forces on a particle, lie itiesluded a coefficient based

on experimental studies in a large flume . This coefficient varied for

di ff e re nt  t’low condit ions based ott the boundzu’y Rev I to ’ .! ohss  nuumtb er .  l i E s

model appeared flexible and sound.

53. lngem’soli’~~ verified the rs:su1t~ cc l’ Canop su t ol  Whit -c iii flume

studies, lie also proposed a method to calculate t h i s ’ cx’itical I’eil sh ear

stress using the averag e v e l o c i ty  anal thie surt ’ace t’ s . ’locity t’ront these

tests. This method would re o~oi i s ’ s’ t ’l uitie : t l i o ! I C ’ ss C0 ’n ’ cacti type of sedi-

ment and , therefore, was r io t  r q ’p l i~ ’u t ’I e .

I
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514 . Chep1l~~ proposed an expression for the cri t ical  shear stress

based on turbulent flow condit ions in a wind tunnel. His work agreed

w i t h  White ’ s for  the turbulent flow condition thoug h his relat ionship

included a special term for l i f t , which was much greater in the wind

tunnel . his work supported this use of White ’ :; expression in the design

model .

Velocity l’roliles

55. The th i rd  phase ol ’ the  literature review was an invest igat ion

of ’ the possible velocity prof i les .  The velocity profi le  is required to

determine the e ffluen t  solids concentration given the solids profi le  and

depth of withdrawal zone. rishle following three models were available .

56. The WES selective withdrawal model by Bohan and ~ i’ace 5 pi’c—

sented the only velocity profile based on stratified flow. The model

correlated the ratio of ’ the velocity at any point to a maximum velocity

with  the rat io of ’ the product of ’ the distance between that point and -the

point of maximum velocity and the density d i f ference  between those two

points to the product of the distance between the limit of the w i t h —

drawul zone and the point of maximum veloc ity and the density dil’ference

between the two points .  This correlation was made for several weirs

wi th  d iff e ren t  coef f ic ien ts  of discharge for both free and submerged

we.ir flow to incorporate the e ffec t s  of weir type into the velocity

profile. This model appeared to be the most applicable model I’oi’

velocity profiles near the weir.

~3 
‘!~57. The Prandtl—von Karman velocity deficiency law ‘ - assumes

a logari thmic velocity profile with the shape based on the fr i c t i on

factor and the magnitude based on the shear’ velocity. The model assumes

that  the velocity profi le is generated by the boundary f r i c t ion  for

viscous flow . This model would be applicable in the basin away from the

weir where a stable interface existed between the d e nsi t y —st r a t i f i e d

layers.

58. Prandtl’s one—seventh power law
2l 

states that the ratio of’

velocity at a point to the maximum velocity is equal to t h e  ra t io  of the

25
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d i  static’s.’ of the point from the :;o ’ l i d  boundary to this dii; t o u t s ,’’.’ of’ this.’

point of ’ luaxintulli veloc i ty from this aol I ~h bowidar’y i’s i t ;ed t o  s o i ’wer

xi ( n o  = 1/1 turbulent f low ) . The powe’r , n , is a t’tu ict . i sin o ’ f ’ th i s . ’

flow eortdi t - j e ) l i .  This pl’ol’i Is .’ is emp ~ i’ I o ’u I and applicable only outs i dc ’

thie zone o ) t ’ the weir ’s .i i i f lu eu i ese .

o) . This Water lieae’ur’ escs Krlgimieer .5 l14 t ’i i i i  f - s . ’ ci emeiit i ’r ’ oo~ m’wt t  was

t h i s . ’ only other model t ha t  determined v s.’l 00 ’ 1 t . i ’ h ’ i ’ o) l ’ i h’:; . I t , h i o ’ws . ’v~~i’

was not ava i .E a’L’ Ic l’or use. l”urt,hiermere , the approach was rio t e ’:t :sy t

i u i e ’srporto te into a design procedure t ’o ’r mode .Liuig only t his. ’ we’l i’ .

- —‘--- ‘:-:- ~~~~~~~~~~~~~~~~~~~~~~ ~~~ s... ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .~~~~_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .,,~i
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FAHi ’ IV :  DATA COLLECTI ON

~‘O. l3ee;ott:;e’ there were insut’t’icient d~ t.:o i i i  the’ l i t e ra tu re to

yen t ’y the ’ m odel s, da t a were col 1~’o.’ teo l in field tn !>:; to three site’s

These wet’s on the Ya~ oe’ R i v e t ’  near Yas,oo City , h ISS .  , ott th ie  Fowl R ive r

south of Mobile , Al a.  , and at Qy :;t s .’t ’ Bay on the Cul t’ lrit i’a. ’oas t~s, I W :i t e i ’ —

way in Gul f Shores , Ala. (see I~igur e 5 for  location m a p ) .

Purpose

Cl. There were four goals in the data collection port io n of t ine

study . The f i r s t  was to determine the magnitude o~’ the weit ” s cf ’ f ’ee’t

on the effluent quali ty . In doing this , the effluent suspended solids

concentration was measured for various weir  flows obtained by adj u st in g

the head over the weir by lowering the weir crest.  Increasing the head

resulted in increases in the uni t  flow ( flow per unit width of w e i r ) ,

velocities , and depth of the withdrawal zone and , consequently, the

e f f luen t  suspended solids also increased. The nutagroitude of the effect

was demonstrated at the Fowl River disposal site where the ponding depth

was approximately 15 in. With  changes in the head over the weir , this

eff luent  suspended solids varied from 3 to 60 g/.Q . Therefore , it was

clear that the wei r  loading or , similarly, the weir length had a strong

influence on the effluent s~uality.

62. The second purpose of the data collection was to gather

representative input data for t ime various models to be tes ted.  Thie

models required informatioti  on the velocity , concentrat ion and dens i ty

profiles, flow, depth, weir length, head over the weir , velocity 01’ flow

over the weir , and grain size, specific gravity , and angle of repose of
the sediment mater ia l. Nuch of the information was available iii the

l itera ture ,l u l9~~~~~~~~
4 S # t except for the concentration and de n sity

pro t’.i les . Concern ti’s t ion profi les  lo t ’  d i f fe ren t  dredged material amid

site conditions were determined for all three sites. Other data , includ-

ing the flow velocity profile, weir length , depth of withdrawal souie ,

A. ____ ,-, ——-- —-—— ~~~~~~~~~~~~ 
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head over the weir  , veloc i t y  ~‘v> ’r t h i s, ’ we i t ’ , t I m i d  ;s peci  C L ’  f’i’t.i V i t  V . 1’ t h is. ’

dredged rust en ’ i no l , were a 1 ;5 s nea :s  5 1 0 ’S

s S .  ‘lime t h i r d  lu ~’p o:;e ’ o h ’ th is.’ ~I ; s , t s i  0 ’ ’ I ‘ 0 ’ t  i si W ; i , ; t o ’ V e t ’ i ‘V t l t s .’

models prior to the f ina l  ae. l So ’ t t O i t  0!’ o ’I i e ’  fom ’ it : ; ’ in the des igmi 
~
‘ t ’ o ’ ’ s, ’

dune. The needed v s.’r I ficat. I om t 0Ist a Inc I ~de1 mites: ; i t i ” .’ms. ’i i t  a ci’ t lie ‘,- e - 1

~ t y p So :‘i le, the e f f luen t  :;ussenslesI ;;~~l j  Is o ’o ’flC’.’it  t m ’s t o t t , t h e  si t ’;

the  withdrawal  semi s , amid t he  input ISLU o h e s o ’s ibed j ’rcv  I O U Z  I ,v f0 m’ It

st y  of weir condit j ol t :; . i h i s .~se~ da t  a were collected at l o t  i t  th i s .’ - ‘ sw

River  and 0ya t e n  Bay d i  apo:s :oi U5 s.’;LS

Time f ina l  purpose oh ’ t ime I ; s , t . ; s ,  collection was t o  o t t  S ~!I ohs t  U

to be ua ’d in the des igmt pi ’oce~lurs.  The procedure i’equi i’ed c’oxt c ’e’nt i .a—

Lion  and densi ty p r o f i l e s  for d i f f e r en t  types of ’ dredged material  ;wol

s i t-e s .  Furthermore , it required e’lassif’tcat ion ol’ t h i s . ’ o t i ’ e shf s .’oI ISO c ’s’  i : o l

CL S ;55 j f ica t  ion wi ts  based ott  the Unt i  Ci sol $o i i  C 11051; 1 f’icat~ iOU 2~~’ :; t en’ ;.

Esiti lpuieni I,. a m i d  1 ‘ i’~~e’t>o ltU’5 S

Oj ’ s.’o’ i s i  I :‘.s. ’~l ce~uipmtte t i t  a n d  p t’ o~ceoIUi’e:; were i’equ i i ’Csl 1 o ’ So ’ 1 1 s.’ o ’

dat- :o O t t  this .’ t’ollowiiig paranietex’s : v e l o c i t y , cont cen tn ’u t ioim 0!’ su : ;j ’ c t l s i e ’si

solids , density , speci f ic  gravity ol’ the sedimm ie mm t p a r t i c l es , par t  j o ’Ie

si as d i s t r ibu t ion, and sediment classi C [cat ion . Field equipment -  W ; t ; s

mod i t’ I s.’ol to adapt to s~~npling and analyzing no t  dredged material a 1 s ’S •

~ t tttidai’el or generally accepted equipment and proceo lu t ’ s.’:; were u sed when

available.

t ’t ’ . Velocities were measured at \‘aseo C i t y  and 1” owl Riven ’ w i  t h ~ ;i

Marsh—Mcl3irney Model 727 c ui’m’ent meter . ‘ l i i i : ;  pn’obs .’ Was not opt i n t l

s ira’ s it could not measure velocity within ) in. of’ th is .’ :;iti ’ t’;te’e. At

O~’;; tsr Bay a Marsh—McBirney Model 711 meter was t m: ~ooI that  could nms.’saiu’e

to with in 3 in. of time surface snid weighed considerably 1s.’ss. Thme se

meters , using electromagnetic induction princi ples, were accurate to ’

+0.01 L’ps according to the manufacturer . The velocity probes wet’s.’

-; mounted on a tripod at time weir (Figure e~ t o  keej ’ thm ’ .’imi :0, ut~ i o ’ t i s > n ’y

dur ing readings . F igure  7 a how:; t ime ~ robs.’ ni t -  t h i s . ’ end s~~i~ t l i t ’ st abi  I i  a ing

pole ; Figur e i3 ~his’W:s the vs loo ~ I t-y readout sIe’~’ ie ’ea,

I
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Figure 8. Reading veloci ty  meter

o7. Oo1. i~ts conteentrations were measured orm samples collected by a

suspended sediment sampler developed by 1 ’PC (ace Figure 9 ) .  The samples

STRING

RUBBER
STOPPER

SAMPLE
CUP —.” DEPTH M ARKINGS

Figure 9. Cedimemnt sampler

were collected by lowering the samp ler t o  the ds.’sirs.’d depth and opening

it.  Samples were taken at specific depths s ta r t ing  from the surface to

minimize disturbance of the settled material . The solids concentrations

I
31
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wer e’ then measured according to the pt’ocedures out i i imed lii 1’~’l 1110— .’—
‘9190h , Laboratory Soils Testing,’ - and Standard Methods. The suspended

solids concentration, specif ic g ravi ty , amid dissolved solids c o x t e e I ; t n ’ u-

L i sm i  were used to determine the density of the sample using the formulas

given in Appendix A. For some of time samples, the bulk density was tsie ’a-

sured directly by weighing a known volume ci’ sample ,

o’t . The sediment properties of the material to be th’edged were

deten ’;siined f r o m  samples taken from time r iver bottom wi th  a Peterson

sampler.  From the sediment samples , t he part icles ’ spe ci f ic  grav i ty ,

grain sise distribution , and sediment classification were determined by
the  I-’n’ocedu,res outlined in ~‘1 l1l0_2_l906.

28

Field Site Descni~ptiomis

Ya:oo Cit -k ’
e9. Basin 5 at tine Ya~oo Ci ty , Miss. , area was visited cmi four

dates , 23 Feb 77, 1 Mar 77, 10 Mar ‘(7, and its Mar 71. Ph me lazoc C i t y

si t e  was a new containment area t’or i’ine— and coars e—graimmed f reshwater

dr edged material  from a new work di’eol1~inmg act iv ity. Time fine—gx’ained

matei ’ial was mainly lean , san dy,  si l t y  clay ( CL )  w i t h i  low p l a s t ic i t y

The containment area was 1100 by ‘~00 ft (20 Itcl’ea). ‘:‘iic weix’ was

100 f t  long . The flow was intermittent so that  St I t t i C  head dj oi  not

exceed 2 in. The ponding depth varied front 1 to 7 ft. The th ickness ‘ -

of time settled solids of the layer it I o ’l’caseol approximately o’ i’t b etween

the f i r s t  and last sampling t r ips , pt ’ovidii mg informatioti on the ef fec t

of bas i n l i f e  on time concentration prof i le .

70. Concentration pre’Ciles were measured throu~ imout the basin on

all ci’ time v i s i t s .  Velocity pro files were measured only cit the f inal

tri p at which time the tripod foi’ mouiit ing t h e  v e loc i t y  probe had been

developed. The measured veloci t ies  wers quit e low , ~ ft - e im lower t.hm num

the accuracy of the meter .

Fowl River

71. The Fowl River dredged material disposal s i t e  was visi ted cmi

21 and 22 Apr 77. At this t ime of the year time water was fresh (about

3.-,
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1 ppt of s a l in i t y ) ,  but during low flow periods the water is salimme.

rflle site was being used for disposal of’ f in e—grained material from

maintenance dredging . The dredged material was a CH clay wi th  8 per cent

organic matter . The basin was small, about 13 acres , and ir regular in

shape. The weir was approximately 10 ft , and t u e  ponding depth was

15 in.

72 . The t r ip  to Fowl River produced several pieces of informa-

tion . First , the weir elevation was varied to determine the effect  or ’

the weir on the effluent quality. Second, the velocity pro files and

the depth of the withdrawal zone were measured at the weim’ to verify

model results. Third, concentration profiles were measured . Finally ,

sediment properties were evaluated . The data were useful t’ot ’ problem

evaluation, model input , model evaluation , and design data.

0y~~ter Bay

73. The Oyster Bay dredged material containment area was v i s i ted

on 26 Jun 77. Maintenance dredging was being performed at the site.

The water was brackish , about 7 .5 ppt of salinity , which promoted

flocculation of the dredged material in the basin. The dredged material

was a fat clay ( C M ) w i th  high plast ic i ty. The basin was about l~ acres

and rectangular, about 1100 by 600 ft (see Figure 10). In the center

of the basin , there was a large stand of pine trees about 900 by L~00 f t

which produced shor t—circui t ing  around the vegetation and along the dike

from the inlet pipe to the weir. The basin had a ponding dept h of ’ 12 to

15 in. The weir was rectangular , 20 f t  long , wi th  thmm ’ee sections of

2— by 10—i n , boards .

71t , The t r ip  provided the data required for model ver i f ica t ion

and design data for saltwater dredged material . Time concentration amid

velocity profiles at the weir , the depth of the withdrawal asnic , and the

flow velocity and head over the weir were measured for a var iety of

fl ows and density s t ra t i f ica t ions  Con’ model ver i f ica t ion . Concentration

profiles and dredged material samples were taken throughout the basin

for design data. The sediment properties and salinity were measured.

Finally , operational guideline information on weir operation , shioi ’t—

circuiting , and wind effects was gathered.

33
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Figure 10. Oyster Bay containment area

Field Data

75. Field data were collected to determine the in situ concentra—

tion and density profiles, the velocity profile at the weir , the

influent and effluent concentrations , and the soil pm’ op er t - ie s  of the

dredged material .

Concentration profiles

~6. The concentration profiles varied from site to site due to

the differences in the dredged material . Typical profi les  fox’ the

three sites are presented in Figure 11. The profiles are used to

I
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Figure 11. Typical suspended solids concentration profiles
for 1.5 ft of ponding depth
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demonstrate the differences in the suspended solids concentration at the
surface and the interface, and the concentration gradients in the upper

and lower layers for the case where the ponding depth was 1.5 ft at the

three sites. The profiles show that the bottom concentration gradient

is similar for all three sites. Furthermore , the upper concentration

gradient , and the surface and interface suspended solids concentration

are similar for the two freshwater sites——Yazoo City and Fowl River .

Finally , the suspended solids concentration at the surface and interface

and, therefore, the suspended solids concentration and gradient in the

upper layer are much less for the saltwater dredged material at Oyster

Bay.

77. The shapes and. slopes of the profiles did not vary signifi-

cantly throughout a given basin. The profiles merely shifted up and

down depending on distance from inlet. As the basin fills, it fills

closer to the inlet first and then progressively towards the weir,
resulting in higher concentration profiles nearer the inlet. This is

illustrated in Figure 12, which gives the concentration profiles at

several points in the Yazoo City basin . The locations of these points

are shown in Figure 13. The interface was highest near the inlet and

sloped downward toward the weir with a slope of 1:500.

78. The concentration profiles changed in a similar fashion with

the service life of the basin. Again , as the basin fills at a point ,
the shapes and slopes of the profile remain nearly constant with the

profiles moving higher. However, the density gradient in the upper

layer and suspended solids concentration at the surface increase

slightly. Profiles for the Yazoo City and Fowl River sites demonstrate

this point in Figures 114 and 15.

79. Basin design can have a significant effect on the concentra-

tion profile. High velocities in the basin can resuspend the settled

dredged material , thereby changing the concentration gradient. This

point is demonstrated with the profiles from Oyster Bay. As described

before, the basin at Oyster Bay had a large stand of pine trees in the

center of the basin. This caused short—circuiting with high velocities

that prevented settling of the dredged material, changing the profiles

H
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Figure 12. Effect of location on suspended solids profiles
from Yazoo City on 23 Feb 7730
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Figure 15. Effect of time on suspended solids concentration
profile for Fowl River site near the weir
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as shown in Figure 16. The profiles were measured with the dredge both
operating and not operating. Profile A was measured after a shutdown

0

~~~~
— PROFIL E B ( DR EDGE OPERATING )

0.5

PROFIL E A

1.0 -

PROFIL E C

I
I—
a-
U i ’  -

2.0 -

25 .1
‘ 0 20 40 60 80 100

SUSPENDED SOLIDS CONCENTRATION , gil

Figure 16. Effect of short—circuitiimg on suspended solids
concentration profiles for Oyster Bay site near the weim’

of several hours. Profile B was measured about 1 hr after the dred~ o

started. Profile C was measured about 2 hr after the dredge st oppe d .

No te t he hi gh suspended concentration in the ponded water wh en the

dredge was operating. The profiles show that a poorly designed basin

can fail to provide adequate detention time and thus override any ef—
fort s to control the effluent quality by the welt’.
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Velocity profiles

80. The velocity profile at the weir was measured for several

different flows and concentration profiles. The magnitude of’ the veloc-

ities was a function of the head over the weir arid the withdrawal depth.

The shape of the velocity profile was a function of the weir type and

the density profile. The respective head over the weir and the density

profile are given with the velocity profiles in Figure 17. The pro-

files indicate that the depth of the withdrawal zone (depth at which

velocity profile intersects vertical axis and the velocity goes to zero)

is highly dependent on the density gradient. As the density gradient

increases, it cuts off the velocity profile much sharper than the veloc-

ity profile would be cut off if the gradient were weak. The effluent

concentrations were highest when the density (and hence suspended solids

concentration) in the withdrawal zone was the highest (b and f). The

highest weir loading (d and e) also produced the largest withdrawal

depth. (See Figure 17.) The final point of interest is that the maxi-

mum velocity occurred below the surface contrary to the models for free

weir flow and open channel flow.

Effluent and influent concentrations

81. The effluent concentration varied as a function of the flow

over the weir and the concentration profile. The effluent concentra—

tioris are presented in Figure 17. The effluent concentration increased

as the weir loading and the suspended solids concentration and gradient

in the upper layer increased. The typical influent total solids concen—

tration was 100 g/~
, at Yazoo City and 120 g/~ at Fowl River. The

influent concentration was not measured at Oyster Bay. 
‘ 

-

Sediment properties

82. The dredged materials from the three sites were analyzed to

determine their physical properties . The plastic limit and liquid limit

were measured to calculat e time plasticity index and to classify the

material under the Unified Soil Classification System. The specific

gravity and salinity were measured to determine the nature of the

settling and to correlat e the solids concentration with density . A

summary of the data for each site is presented in Table 1. These
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fable 1

Jed i :tteut i’i’opert-ies at 1’e~ L ~3i t.es

t~oi l

~p~’~~i f ic  P last i c  Liquid i’J u~~t ic  i t ,v C. i tLSS i—
:~i t o  Uul  j u l  ty Gravity L i m i t  Limit  Index fi~’~Lt ~oml

ia -z oo C i t y * Negli gible 2 . t~7 15 CL
Fowl River .0 ppt~~~ .‘ .~‘l ~0 I 0i~ Ci t

0y~ t et ’ Bay ( 1 ~ ~pt ~~~~ ~~~~ ~)0 CII

* i1 atn obtained front H . L. Motmtgomery .

** During much of t h e  yeai’, the  sal in i ty  is  muci m h igh er.

sediment  pl’opert  I es were essential t ’or c I:Ls~ I :‘y Lug and select - i m m t ~ the

comm cermtrat  iou prof i les  l’o:’ t im e des ign pr oL’edl .u’e and for ~‘aJcu~at- j ug the

respe~ t - iv e  dens i ty  profi les.

~~. The slope of the interface between t h e  set t led and unsettled

solids was measured as the b as imm t’i lJed. Timi s was determined by measw’—

ing the dif ference in height of the se tt  le.i dredged material from two
samplimig s ta t ions  and then dividing t imi  s d i f t ’et ’eumce by time distance

between time two s tat ions.  Time I,~ou1c eimtratiou1 profi les from t i t e  midd’e

and outlet areas ot ’ t i m e  Ya zoo Ci t y  and Fowl River  basins  were used :‘or

th i s  purpose. The bed slopes varied from 1:200 to 1:1000 w i t h  l:~-00

being the most typical value.
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Cm ’  i tc .’r i t t  1’ :‘ Cl.’ I e’~ L i on

i’Iie model solec L i  on was based out timree cx’it ~~~~ . First  , t h e

molt ’ should be accurate lot ’  the m’~uioe of ’ t ’ w ~utd  ~leu sit y 
~ 
rot’! les oil—

served jut cent u i u u mm ex t t  areas • Ct’L’OIid , time model sitoud d have a s o t u m d

theoret ical  or experimental basis.  Lastly , the model should 110 easy t o

develop into a s impl i f ied  design p rocedure .  That is  , nei t i1l. ’ t’  t ime mo lt ’

nor the design procedure should require  large azmmoummts 01’ L a b o r at  om’y

analysis , flume s tudies, or computer simulation . I’he dt’SLCtt procedure

should require only those labora t om’y twa ly t;os  needed f ’ot ’  ~‘lass I fyi  t I C t h e

drt ’d Ced m at - e ri a  I .  I- ’ m a  I .ly , tIme des i ~~ t t  m’rocodum’c should pm’ov ide easy

eva lua t ion  01’ design alternat ives.

~~ The applicable models d i scussed  jut time literature r ev iew are

compared for accuracy in time fo l lowing sect. ion . From these , the Fi-C

soil oct  i vo  w i th d rawa l  model was chosen t o  predict time with drawal deptim

and the veloc i t y  p rof i le , and t }mei ’cby time e I’ t’luent suspended sol i Is

con oexmtr a t  [cii. Time mode l was then vom ’it’led for ar t ’ in the  design ~~~~‘0t’C—

dure . The mode I’ basis and ease of’ app Li cat lou art ’ t hen d isc ussed .

l im e th eory of the  other models is pi’osentod in Appendix l~.

Model Select iou IT

W i t h d r a w al depth models I -

~3(1 . The five models selected for  compari soum from time literature

rev i e w  are compared with  each otimer in Figures l~~, 19, 20 , and .~l. lime

graphs are itmtended to show time relat ive withdrawal depths predicted by

each model , the ct ’ t’ect  of  di f fe ren t  deims i ty pr of iles , and the t r e nd

wimich exists between time weir loading rate (Q/B) and the with drawa l

depth.

07 . Mo st - of tile models assume that  the withdrawa l dept it e~ uai

the ponding depth; therefore , the graphs presented in F’igures 18, j ,) ,

20 , and 21 ’ assume th is  case for comparison purposes. This appr ouc im

I
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[crt c I ’ i t os together through time depth ot’ the withdrawal somn’ to deteruuuiuue

tIme effluent suspended solids coumceti1.ra tioum . As st u t  i’d Icc ’ t’t tt’ c’ , th u t ’ Wl’~I

sOle’c’ 1. 1 ye wi thdrawal  px’ogr~~n can i’a l eu l u t e  id I three : tiuc d e p t -h  oX’ I-it t ’

witlidrawul ‘zone • the vel oc ity jcrofl le, and the effluent coiteeuitvat I ovi

l”urtImerniore , this progru,utt commt u . imms  the oumly model that can use tiut’ t’Ie.It ,i

density data directly without simplit’y immg it ium t .o a two—layered t ’t ’  it

lineat’ tlensl ty stratification. Also, the ~~~ogr~~~ is r ead ily  available

for use wh ile th e other models would require  a cuuuuput ex’ pro grwuu to La’

wu ’ i t  ten to supp t -t i ’ t  t ime  uuuod e - t s for  t’oriuting time design pu’ooethur’t’ . l ot’

t hmt ’s~ reasons , time WES seLect i v e  witimdraw ai progr~~u u was used fom ’ develop-

ing a design procedure .

Etiuat Loris  axud Theory ~ f t h e  WEt~ iJelec 1. lvi ’ WI  t htI r~t w m t .I Mede~E

W E t iu d t ’ mi~ m tI  dep t im

The WE~3 selective wi thmdrawai model I t t  ~ ou me —diu nemus  loumal uumodel

devetopt ’tl i’i’Otui laboratory X’lunm e studies. Time t’lumue studies were 0011—

dat’ t t S j  f t , ct ’ the case wim ere the  weir t ’xteuu1 t ed across the c ’ut t -  I so w i d t h  of

I he C I utmte . The depth ot ’ mi dimueums I onles s ful ly leve l opel w ~i t .h1irnwmm I seume

was co r reLat ed  w i t h  a t,tensiiumetrit ’ F’m’oude nuuutbet’. Time t’ol low iutg equ at i oum

was developed frtmt the correlat tell Cot’ weir t’low by u s i u m g  d iu iu eum sior m le : ;s

varIables I’or’ the depth of’ tim e wi tlmiirawal seute  mmmd the dt’um:: i t ,v i’rot’i i t ’ .

v /z + i ~~~~\V 
= 0.601 W )  I I )

\
11w /

(g~
’,
0
)

V average v e lo ci t y  over the  weir , Cpu

~ dens .1 ty di ft’ei’ence ot ’ I’ 1ui~1 be t~ t’t’ui t.ht’ ci ev ~ t I ot t ; :  e t ’ ( - i t t ’
w weir o u’t’~ t, and time lower 1 lus t t et ’ the -.~olde of wi thitt~uW~i I

g/cmi

density of t’luiii at time etevut .i~ c u t  o t ’ time welt’ t ’ m ’ t ’ : m t  , g/euut

g = tic o e 1 e on t I out due to grmmv it y , I’ t / S O t ’

C vert ical  distance front the elevat ion et ’ t ime welt’ cre s t  I t ’
0 time lower l imi t  ot’ time ~‘,t cume of withdrawal • t ’t p

- - — — - -
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ii = head on the weir for free flow or depth of flow over time weir
V tor submerged flow, ft

The equation must be solved iteratively for Z . The model placed no

restr ic t ion on the nature of the density profile but required that the

density be specified at several depths. The model is empirical but

takes into account most of the important var iables. Furthermore , the

model used a sound experimental base and has been verified for flow in

reservoirs t ha t were dens i ty—st ra t i f i ed  by t emperature .

95~ During time verification pimase , time coeff ic ient , 0.60 , in the

above equation was ajusted fx’om 0. 3~ as proposed irm time model by l3ohazi

and Grace 5 in order to account for time change in the v iscos i ty  in the

lower layers due to the suspended solids c ou mc eui t r u t , ion amid to better f i t

time field data. Migniot~
’9 determined th at I -hue  v i s c o s i t y  is pro p ort i ouma l

to coui cermtra t ioum 01’ suspended solids raised to t ime fourth power.
Debler ,8 Kao ,9 arid Koh~~’ reported that an increase in t u e  viscosi ty

in the lower layers would decrease the dept im of witimdrawal iii time

upper layers. Increasing the eoef f ic i eumt  to O .t c 0 accounted for this

decrease in the withdrawal dept im.

Velocity prot’ile

96. The WES selective witimdrawa l model also p r e d i c t s  the velocity

distr ibution for both free and submerged weir (‘low. ‘rime equations are

empi r ical , based ott laboratory flume studies. ~ Time equations account

for bot im weli’ type and density s t ra t i f ica t ion. The equations for free

weim’ flow are of the following form :

1 (
~

)

where

V
1 

= local velocity in the zone of witimdrawal at a distance y
1below t he elevat ion of m~ ue maxiununi velocity V ,  l’ps

V = maximum velocity in the ‘zone of ’ witlmdr awal , fps

y1 
vertical distance from the elevation of the maximum veloc—
ity V to that of the corresponding local velocity v1 , f t

S
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~ density difference of fluid between the elevations of the
maximum velocity V amid the corresponding local velocity

g/crn3

vertical distance from the elevation of the maximum veloc-
ity V to time lover limit of time ‘zone of withdrawal , f t

= density difference of f luid betweerm the elevations of the
maximum velocity V and the lower limit of time zoute of
withdrawal , g/cu ii ’ c

= emp irical coefficient  that varies with coeff ic ient  of
discharge (n 1/2 for sharp—crested weirs)

The maximum velocity is located at the free surface for free Veil’ flow.

The submerged weir flow velocity distr ibution is broken into two parts ,

above and below t he po int of maximum velocity. The profile above the

point of maximum velocity takes the following forun :

v 1 / y~~1 (~
)

V t
\ 

Y1AP4

The prof i le  below the po int of maximumim velocity assumes the following

form:

/~~~)~~PI’) \
= 1 — 

~~
“
~~

“ )  ( t ~)

where

v~ = local velocity in the zone of ’ withdrawal at a distance y -~
above time elevation of the ma~xiunuutm ve loci ty  V , fps

= vertical distance fronm the elevat ion of t h u e  I im axiu umumiu veloc-
i ty V to that 01’ the corre spoum ding local velocit y v
ft

= densi ty  d i t ’ference of f lu id  between t ime elevations of b i t t ’
maximum velocity V and the coru’espoumding local velocity
v~ g/cm 3

= ver t ica l  distance (‘rota the e levat ion  of the un ax iuumu uim ve loc-
ity V to the upper l imit  et ’ time ~ouuc ot ’ withdrawn t • f t

= density difference 01’ f luid between tir e e lev at ioxus ol’ t i to
maximum velocity V tum mi time upper ’ l imi t  of the ~‘.ont ’ ol’
withdrawal , g/cm 3

The point of’ maximum velocity is determined by time t ’o l l owimm g ocluat  b um :
S

L~~~ ~~~ ., 
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Y I / l .5’( C1 . o
+ = [sin 

~ 
II
~ 

+ U)

where

= vertical distance from the elevation of the weir crest to
0 the lower limit of withdrawal , f t

II = head on the weir for free flow or the depth of flow over the
W weir for submerged flow , f t

97. The equations were developed experimentally to include time

effects of the major variables——weir type and density stratification .

The experiments were conducted with a fluid that was dens i ty—st ra t i f i ed

by salinity.

Effluent suspended
solids concentration

98. The effluent suspended solids concentration is predicted by

numerically integrating the product of t he velocity and concentrat ion

profiles across the withdrawal depth .

1

D 

c(y)v(y) dy

Q/B 
(8)

where

SS = effluent suspended solids concentration , g/ i

D = withdrawal depth, H + Z , f tw o
c(y) = suspended solids concentration profile, gui

v(y) = velocity profile, fps

y = depth from surface, ft

L~,13 = weir loading, cfs/ft

Model Verification

99. The WES model was verified with the field data presented in

Figure 7. The model was verified in two parts. First, the predicted

51 
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depth of withdrawal was compared with the actual depth of withdrawal.

The actual depth of withdrawal was determined from the velocity profile.

It is the depth where the velocity went to zero. Second , the predicted

effluent suspended solids cormcentration was compared with the actual

concentration to verify the velocity profile.

100. ‘rime results obtained withm the liES model using the adjusted

coefficiermt are presented with the actual data in Table 2. Time

Table 2

Model Ver i f icat io r m Couumpar I soums

Depth of Effluent Concentration Data Profiles
Trial Withdrawal, ft g/i Plotted in
No. Predicted Actual Predicted Actual Figure No.

1 1.3 1.3 19.2 —— h a
2 1.1 1.1 19.5 23.14 17b
3 0.9 1.0 0.9 0.2 lIe
14 1.14 1.3 2.5 0.3 lTd
5 l.h 1.14 14.8 1.14 l7e
6 0.8 1.0 1.2.6 7.0 17±’
7 0.8 —— 7.8 1.3 17g

withdrawal depth predictions are slightly low for the smaller fl ows

arid slighmtly high for the larger flows . The predictions and data agreed

well for time average flows and the larger density gradients. It was

concl~xded that the model is acceptable for predictiimg time withdrawal

depth in the design procedure.

101. The predicted effluermt suspended solids concentrations

approximate the field data ium most cases. Generally , the model predic-

tions were higher than the actual effluent concentrations. The pre—

dicted effluent concentration would imave been lower if the model

predicted the depth of withmdrawal exactly . Firmally , some error may

have been introduced in measuring the concen tration profile. The depthm

at which the sample s were taken could be in error by +0.1 f t ,  which
coul d make a significant difference in the results. Time WES model was

selected to model the velocity profile 8ince it is more suitable than

any model available at this time and will provide a conservative design.

- ‘-  __________ —‘ — —
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PAi~1 \‘I: DESIGN NOMOGRAIVI DEVELOPMEN T

102. The utmost important compoumetmt o t ’ time weir  de sigum procedur e is

a set of’ design uio um mog r amus which relate flow , wei r lengt h , po um di tmg depth ,

and e t ’f lue mmt suspen ded sol ids  t’o i m ocr m t l ’a t io u i  for a par t icu lar  di’~ dgt’d

material t y pe .  Timere are a large umwmmber or’ paranutet or’s cozus idered itm

t- hose design uioumog m’auuls . Timey can be div 1 dod in  to  t h ose t ’xpJ id t - ly  con-

sidered 1mm time mmemogrwrms (i.e. , values which the  des igxme’r call man i pul a l t ’

and those imp l i c i t l y  considered in t1u~ umounogran ( i . e .  , values  which  were

u t i l i z e d  i t t  the noiumogrwum development).

lmpl j o l t  I i’nuur ’ t em’s

103. rfl~e1.e are two types ~ t’ imp l i c i t-  parameters , those pe r t a in r iu m g

to time type of weir and those per tainlu ig to tire suspended solids and

deums ity 
~ 
t’o t ’ i los.

W eir ’  coums ide ra t ions

1014. Since a sharp—cre sted wolf’ inns sh allower withdrawal .~oumes

axmd is conuuon .Ly used in the f ield , it  w ail  used for time design rmomogran

development (i.e., the discharge coel’t’icient used jim time liES selective

witlmdrawal progi’ruu was 3 . 3 $) .  Siummila r ly , since a rectangular we L t’ is

less expeumsive to build and moi’e c orwuronly used 1mm the f ield , it was used

for ’ desi gn nomogr’~un development. ‘l’he cotmct’p ts of approach ~‘t’loci ty and

widtim or ’ wit,hmth’awal ~oxmc must be USt’Li to e x t e u ~d tire nomogr’a~um s to

shaft—type weirs ( drains ) or polygonal ( labyrinth ) weir s .

105. The WES selective wit imdrawal model assumes t ir at  the length

~ f the weir is time same as t ime lengt h of the side ot’ time basium in w imich

t h e  weir is located. In practice time weim’ extends across only a frac-

tion of the side or ’ time basin. L i m b s  will t e nd  to r’e drmc e t l t e  actual

approach veloc ities in comparison w i t - i m  those predicted by time model.

Since this  effect is small and will  y i e ld  more coutsex’v at ivo r e s u l t s ,

ti’e W~~ selective wit lmdra wal model was not modified to accoun t for t h i s .

Density px ’ofile coum sidera t lons

lO o. A single n omogx’am cannot he presented to cover all types ci’

S 
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dredged material under all conditions. This is because different

dredged materials will develop different concentration profiles as they

settle. The greatest accuracy can be achieved by developing a separate

nomogram for each dredged material. This is not desirable since it

would result in a very large number of nomograms and is not necessary

since most I ine—grained dredged materials can be classified into a small

number of categories based on the type of density profile they produce.

107. The two most important parameters controlling the type of

gradient are the soil classification and salinity of the material.

Clays in fresh water (salinity less than 1 ppt) do not settle well due

to their fine particle size and physicochemical properties. Therefore,

dredged material consisting of clays in fresh water will be considered

in a separate design nomogram.

108. Clays in salt water tend to flocculate, which causes them to

settle much better, producing a significantly different density profile

than in fresh water. Clays in salt water will be considered in a design

nomograzn for silts and saltwater clays.

109. Silty material settles better than freshwater clays because

of its particle size. From the available data, it was not possible to

determine the density profiles for silts. However, data from sites in

which silty dredged material was being disposed indicated that the

effluent concentration is similar to the effluent concentration from

sites involving saltwater clays. It is therefore reasonable to believe

that the density profiles will also be similar since flocculated clays

have grain size distributions which are similar to those of silts. Con-

sequently , the same nomogr ain will also be used for these materials.

110. In order to utilize the WES selective withdrawal model a

consistent set of density and suspended solids profiles must be used in

the model for each class of nomogram. The suspended solids or density

profile can be described by four pieces of information (see Figure 1)——

the suspended solids concentration or density at the surface, the sus-

pended solids concentration or density gradient in the upper and lower

layers, and the ponding depth (the depth to the interface between the

two layers). The characteristics of the two sets of profiles (one for

60 
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small that it was reasonable to use the same surface suspended solids

concentration and upper layer suspended solids concentration gradient

for all ponding depths. The same lower layLr suspended solids concentra-

tion gradient was also used for all ponding depths.

Explicit Parameters

113. The parameters which the user can directly manipulate in the

design nomogram are flow, weir length, ponding depth at the end of the

service life, and effluent suspended solids concentration. In develop-

ing the nomogram , the flow, weir lengtn, and pond,ing depth were chosen ,

and then the liES selective withdrawal program was run to predict the

effluent suspended solids concentration, thus generating one point for

the lower half of the nomogrwn. The flow was then varied, producing a

different weir loading for the same ponding depth , and the program was

run again to generate another point. Once several points were deter-

mined, they were plotted to generate a curve on the nomograzn. The pond—

ing depth was then varied and another set of weir loadings were eval-

uated to produce the remaining curves in the lower half of the nomogram.

The curves in the top half of the nomograms are straight lines which

pass through the origin and have a slope equal to the weir length in

feet.

ll~. The ponding depth was varied from 0.5 to ~~~ ft and the veir
loading was varied from 0.1 to 3.0 cfs/ft. These ranges should suff i-

ciently bracket the desirable values for ponding depth and weir loading.

115. The design nomograms were developed to provide quick design

alternatives without long or tedious computations. The procedure was

designed to be complete, requiring only that the designer classify the

material and be familiar with the site and equipment constraints. One

nomogram was developed for each class of material. The two design

nomograms are presented in Figures 214 and 25.

116. In summary , the design nomograms are comprised of two

quadrants. The top half of the riomogram graphically divides the flow,

Q , by the veir length , B , to obtain the weir loading Q/B . The
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bottom half of the nomogram was formed by running the computerized WEll

selective withdrawal model for a matr ix 01’ weir loadings and pendi ng

depths . From each computer run, the et’fiuent imuspemided solids concentra—

tion was obtained . These were plotted against the weir loading for cacti

pending depth In the lower half of the noxnograzn. The nomogrwn relates

t ime flow , the weir length , t he ponding dep th , aumd the effluent cou t cermt n ’a_

t iou m with each other in a single diagram .

S
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PART VII : WEIR DESIGN AND OPERATIONAL PROCEDURES

117. Suff ic ient  weir  length and pomiding depth near the weir must

be provided in a containment area to prevent water with high suspended

solids concentrat ions from flowing out u l’ time basiur .  The following

sect ion prov ides a design procedure that uses nomogruruis for selecting

weii’ length and pending depth at the weir to maintain eff luent  quality ,

given time ruraterial -typo and desi gn flows . The design procedure is based

on the principles of selective withdrawal 01’ stratified fluids by Iloltatm

and. Grace~ as modified in the earlier sections of th is  repor t .  The

procedure is  applicable for f ine—graiur ed dredged material contui uuuu eur t

areas . The performance of a basin for dredged material that is

exclusively sands and gi’avels will not be s i g n i f i c a n t l y  influenced by

the weir design.

Desi.~ n Procedur e

Data required

118. The data required for  t h i s  design procedure c on s i s t  a t ’ the

dredged material type, salinity , des.igmi flow, a-nd effluent quality

desired.

119. For’ the purpose of time design procedure , fine—grained

dredged material is classified as either a clay or a silt. To classify

the material , the material must first be classified under the Unif ied

Soil Classification System. If the material is class it’ied as a silt or

an organic silt (ei ther ML , MIt , or OL), then it is classified as a silt

in the design procedure. Ii’ tine mater ial  ix ; c l a s si f i e d  ax; a matrix of

soil types , such as a CL—OL matrix , then the materi al would be

classified as the worst sett ling type , in th is  case as a clay since

clays settle slower than silts. Similarly, it’ several d i f ferent  types

of dredged material are to be disposed in the swume basin , the slowest

settling type would be used in the design pn ’ooodtu ’e. Not all ol’ the

above classes of material have beeti examined in the f ie ld but they were

classified as x’ecominended above based on their set t l ing p rop e rt i e s .  if

L - - ‘~~~~~‘ - 
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the observed settling of a dredged material is significantly different

from the settling of its recommended classif ication, as det er ’mint ed by

the suspended solids concentration profiles in Table 3, therm adj us t i ts

classif icat ion to f it  the classification presented iii Table 3 for the

observed concentration profile.

120. Clay s behave quite differently it ’ time sal ini ty u t ’ t ime

dredged. slurry water exceeds 2 to 5 ppt because the clay particles

floccu.lute and settle much quicker. Below 1 ppt 01’ s al i n i t y  ox’ total

dissolved solids , the water is considered to be fresh and th e clay

p a r ti cles  do not flocculate. Because of the el’t’eet of f loccula t ion , a

different design nomogranm is used for clays in saline water . I t ’ time

salinity is between 1 and 3 ppt , the clay material will probably beh ave

as an intermediate or transition type for which tine effluent suspended

solids concentration will be better’ than that predicted for freshwater

clays but not as good as that predicted for saltwater clays. The

designer must use j ud~~ ent or past experience with time dredged material

to predict the ef f luent  suspended sol ids  con cen tration for dredged

mater’ials in th i s transition range.

121. In estuariuie areas , time salinity may vary through the year

due to differences in the freshwater flow and the location of the salt—

water wedge. Therefore , the lowest probable salinity of the near—bot tom

water in the area to be dredged during the projected dredging operation

should be used since this provides the most conservative desiL~um .

122. Knowing the salinity and the soi l type , the desi~~niei’ can

select the correct nomogramum from Table it . The nomogrurum in  Figure 214 15

for freshwater clays. The nomogram in Figure 25 is for si l ts  and all

Table 14

Nomo&ram Selection

Clays 2 i i t s  
-

Salinity <1 ppt Figure 71~ 1’ i~~lt re ~~
Salinity 1—3 ppt Transition flange F i gure 25

Salinity >3 ppt Figure 25

S
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saltwater fine—grained dredged material. The nomogram in Figure 714 is

t’or dredged material that settles slowly, and the nomogrurni in Figure 25

is for dredged. material that settles more rapidly .

123. The design flow refers to the peak flow over’ the weir during

the design life or’ the basin. Typical discharge rates for different

si~~o dredges are shown in Table 5’ If the dr’edge is not operating for a

Table 5

Flow Ranges from Various Sized Dredges

Range of DI5L’harge Rates
Discharge Pipeline (for Flow Velocity of
Diameter , in. 12 to 18 fp s) , * cfs

8 it.2—6.3
10 6 .5—9. 7
12 9.14—114.1

12.8—19.3
16 l6.5_214.8
18 21.2—31.8
20 26 .2— 39 .3
214 37 .3— 56 .6
27 147.6.-71.5
28 51.3—17.0
30 58.9—88.14
36 814.9—127.3 —

* To obtain discharge rates for other velocities ,
multiply the lower discharge rate shown in this
tabulation by the velocity arid divide by 12.

considerable period of time, the flow rate over the weir may be less

than the inflows shown in Table 5. Therefore, a value on the low end of

the flow range for a given dredge size in Table 5 should be sufficiently

conservative. The actual flow rate will be a function of the dredge,

the head loss in the pipe, and the elevation of the discharge pipe at

the basin.

1214. The designer must determine the appropriate effluent sus-

pended solids limit for his dredging operat ion based on effluent stan—

dards , the water quality of the receiving stream , and environmental

concerns . The effluent suspended solids concentrat ions predicted by

the nomograms are average values. If the designer wants to design for
I
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worst conditions , he must assume a value for the ratio of the maximum to

average effluent suspended solids concentration for a given weir loading

(Q/B) and pending depth. A ratio of 1.5 to 2.0 was observed in the

field data.

Use of nomogçam

125. The design procedure using the nomogram should be an itera—

tive procedure . There are four variables that the user can manipulate

to achieve an optimal design . These are design flow (Q), weir length

(B), ponding depth (y ), and the effluent suspended solids (ss). The

designer can select any three variables (Q , B , y , or Ss) and

solve for’ the fourth. To minimize cost , both the weir length and the

pending depth should be minimized . But for a given flow , soil classi-

fication , and effluent goal, the weir’ length is inversely related to the

pending depth, that is , a shorter weir requires a larger ponding depth.

By evaluating various weir lengths and pending depths , the designer can

arrive at a design that meets his needs .

126. The weir loading (Q/B , the flow in cfs per f t  01’ weir

length) is the principal design parameter. If the designer wishes to

use a low ponding depth , the wei r loading must be kept small. Lower

weir loadings will produce better effluent quality at the cost of a

longer weir. Weir loading is related to static head (H) above the weir

for a sharp—crested weir by:

~~~= 3.3FI l
~~~ ( 9 )

The veir loading should be kept between 0.1 and 3.0 cfs/ft to maintain

good effluent quality without requiring excessively long weirs or deep

basins. This corresponds to a range of static heads of 1 to 12 in. or a

range of depths of flow over the weir of 0.8 to 10 in.

127. The pending depth also provides the designer with a pararn-

eter through which he can contr’ol effluent quality. The optimal range

for this parameter is from 1 to 3 ft. Pending depths of greater than

3 ft will result in high and hence expensive dikes , while not consid-

erably im proving the effluent quality . Depths of less than 1 ft will
p
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result in poor effluent quality. Ideally, the pending depth and depth

of withdrawal zone will be equal at the end of the basin’s service life.

128. A trial design using the nomograms consists of a single line

that starts at the flow (Q) axis and proceeds horizontally right until

it intersects a desired weir length (B) line. From there it drops verti-

cally through the weir loading (Q/B) line until it intersects the

desired pending depth (y0) line. From there it proceeds horizontally

left until it intersects the effluent suspended solids (ss) line. The

designer should make a number of trial designs until  he feels he has

optimized the design.

Example designs

129. The use of the noinograrns can best be illustrated by the

following example problems.

130. In Problem 1, a weir is to be designed for a freshwater

dredging site. The dredged material is classified as a CL clay. The

design flow is 30 cfs and the effluent standard is 8 g/2~

131. The designer first selects the proper rxomogram from Table it.

Since the material is a freshwater clay, the nomogram in Figure 214

should be used. The designer then decides to maintain an average

effluent suspended solids concentration of 5 g/i at the end of the

basin’s service life in order to insure that the maximum effluent sus-

pended solids concentration will not exceed the 8—g/i effluent stan—

dard, despite fluctuations in conditions. Variable effluent quality can

be caused by fluctuations in the influent dredged material slurry, sus—

pended solids concentration , the wind disrupting settling, and marry

other factors. The designer is now ready to use the nomograrn.

132. The designer draws horizontal lines on the nomogram at his

design flow, 30 cfs, and his effluent suspended solids concentration ,

5 g/9~. These parameters are shown as solid lines and (
~
) en Fig-

ure 26. The designer can now select an infinite number of combinations

of weir length, B , and pond.ing depth, y , to meet his design param-

eters, 30 cfs and 5 g/~ . A possible combination is determined by

drawing a vertical line connecting the horizontal lines at 30 cfs and

5 g/9,. . Six combinations that cover the range of feasible alternatives

p
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Figure 26. Example Problem 1 1.
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are presented as dashed lines (
~ ) (

~ ) (~j ) ( (
~j )  and

These alternatives are tabulated below. -

Ponding Depth
ft Weir Length Weir Loading

Line y0 B , f t  Q/B , c fs/ f t

C1 1.5 1140 0.21

C2 1.7 75 0.140

C
3 

2.0 148 0.62

C4 2.7 30 1.00

C
5 

3.0 214 1.25

C6 
14.0 16 1.88

Any of the solutions above would be adequate. However, the designer

would most likely choose a weir length between 30 and 50 ft since he

saves very little ponding depth if he uses a longer weir but may have to

add a great deal of pending depth for a shorter weir. If the designer

is not satisfied with any of the alternatives, or if he wishes to eval—

uate the effects of using different design parameters, he may select a 
- 

-

different dredge size and design flow. Similarly, he may reevaluate

the effluent quality goal and select a mere appropriate goal for his

design conditions. Then the designer would once again use the nomogram,

as illustrated before, to select his new design alternatives.

133. In Problem 2, several different cuts of fine—grained mate-

rial are being dredged by a 27—in, dredge in an estuarine environment .

The dredging is to be performed during the late summer , at which time

the salinity of the near—bottom water is 6 ppt. The effluent quality

goal is 50 JTIJ (Jackson Turbidity Units).

1314. The first step in solving the problem is to select the nomo—

gram. Since the water is saline, the noniogram in Figure 25 should be

used. To use the nounogram, the effluent quality goal, 50 JTU , must be

converted to effluent suspended solids concentration expressed in g/l~ .

To convert the effluent quality goal, the designer must conduct a

correlat ion test on the dredged material, measuring both the turbidity
in JTU and the suspended solids concentration in g/i for various con—

centrations of dredged material. From these tests, the designer

72
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determines that 5 )  JTU corresponds to 1.2 g/~ of suspended solids.

(Note: Any correlation between suspended solids and turb id i ty  is highly

dependent on the dredged matex’ial. A gener ’al correlation cannot be

given . )

135. The range of expected flows from a 27—in ,  dredge is 14 7 .0 t .o

11.5 cfs . The dredging s i t e  is r’u ir i y t’ar from the disposal area and

the .lown t ime is expected to be considerable due t o  t im e location of the

cuts;  therefore , a design flow of 50 cr ’s will be used in the design

procedure.

1St). The designer now draws horizontal lin es at 50 cfs and

1.2 g/i on the niomogram , l in es and in Figure 2 7 .  The designer

evaluates the al ternatives and c h o oses to use a 30—ft weir length .  lie

then draws a ve r t i ca l  line ( l ine ® ) down fi’om tite intercept of ’ the

horizontal line at 50 cfs ( l ine  ® ) and the ~~0— t’t weir length l i n e to

the hor i zontal line at 1.2 g. ( l ine ® ) ( see Figure 2 1) . The

designer reads from the nomogram at the intersect-iou of lines

and that he must maintain a pouding depth of 1.9 ft at the end ox ’

the basin ’s service life.

137. Now , suppose that the dredging is scheduled to he performed

iii time spring during the high t~low period for  a nearby river . Durinr~
this  period , it  is possible t hat the sa l in i t y m a y  be too low fez ’ the

material to flocculate well. Therefore , the design must be checked

using the freshwater classif icat ions.  To select the proper riomogram fez ’

freshwater material , each cut of  dredged material is class i f ied  accord-

ing to the Unified soil Classification System. The dredged material is

found to be composed of lean silts (ML). organic silts (OL), and lean

clay s (CL); therefore, it is classified as a clay ( t i n e  sl owest settl iii~
case). Table 14 indicates that the nomnograrn in Figure 214 should be used

for freshwater clays.

138. The designer checks his design en the f reshwater  nornogram . —

Starting on the design flow m~xis at 50 cfs , a horizontal line (line ~~~
on Figure 28) is drawn to the 30—ft weir length line. Line is t mli Su

drawn vertically down through a weir loading of 1.ol cfs/ft to a pending

depth of 1.9 f t  and then line is drawn horizontally to the  effluent
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suspended solids concentration axis. The designer reads that the

effluent concentration will be 7.7 g/i at the end of the basin ’s life

for freshwater conditions (see Figure 28). This is larger than the
design effluent quality goal of 1.2 g/l.

139. Suppose that the designer can tolerate 5 g/i for freshwater
conditions. He now draws a line on Figure 28 at 5 gIl and finds

that he must have 3.7 ft of pending depth for his weir design to main-

tain the design effluent quality goal. Now, suppose that the maximum

ponding depth he can use is 2.5 ft due to basin volume constraints. He

then draws line on Figure 28 and finds that the weir must be at

least 59 ft long. The designer now checks the design on the saltwater

nomogram to determine the minimum allowable ponding depth for the new

weir design under saltwater conditions and the effluent suspended solids

concentration assuming 2.5 ft of ponding depth at the end of the basin ’s

service life. Line of Figure 27 indicates that a minimum of 1.1 ft

of ponding depth would be tolerable and line indicates that, for the

design ponding depth of 2.5 ft and weir length of 60 ft, the effluent

concentration will be 0.14 gIl. The 60—ft weir should be acceptable.

Other Design Considerations

1140. While the following factors are not explicitly accounted for
in the design nomograzns, they must be considered in the design procedure .

Weir design and basin sizin,g

1141. Weir length and, pending depth are only two parameters in the

overall containment area. The site must have sufficient area to permit

proper settling, sufficient volume to retain all of the dredged material,

and a flow pattern to minimize short—circuiting. These topics are

addressed in other DMRP reports.3’30’31 The design procedure developed

here is based on the assumption that sufficient area and volume are pro-

vided in the basin and that short—circuiting is not excessive.

1142. If the basin is undersized and good settling does not occur

in the basin, then the suspended solids concentration profiles utilized

in development of the nomograms will no longer be representative of the
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concentration profiles found in the basin. The suspended solids con-

centration at the surface and the concentration gradient in the upper

layer will be larger and, consequently , effluent suspended solids will

be higher than predicted by the nomograms.

1143. If the area is large (>200 acres), the weir design will not

be as critical as in smaller areas because the solids concentration in

the withdrawal zone will not be as high as in smaller areas, provided

adequate ponding depth is maintained.

11414. If sufficient volume is not provided in the containment area

for all the material, then the design ponding depth for the end of the

service life of the basin cannot be maintained. Consequently , the

design effluent quality goal cannot be maintained. Therefore, adequate

volume is quite critical.

Safety factors

1145. In the development of the design procedures, conservative

values were consistently employed when there was a question as to the

magnitude of a given parameter. Designers are advised to use conserva-

tive values whenever there is a question about a given design parameter.

If this practice is followed, there should be no need to increase the

pending depth or weir length by adding safety factors.

Sharr,—crested weirs

i146. Sharp—crested weirs should be used in dredged material con-

finement basins whenever possible. They require a smaller ponding depth

because the depth of their withdrawal zone is smaller. Consequently,

the effluent quality will also be better. A weir is considered sharp—

crested if the thickness of the weir is less than two—thirds of the

depth of flow over the weir.~
2 Except for very low flows, a veir made

up of 2—in .—thick boards can be treated as a sharp—crested weir.

Shaft—type weirs

1147. In some cases the outflow structure is a four—sided drop

inlet or shaft located in the basin . The weir length (B) determined

from the nomograms is for a rectangular weir. In converting the values

to make them applicable to shaft—type weirs, the approach velocity of the

fluid is the key consideration. To minimize the approach velocity and
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hence the withdrawal depth , the shaft  weir should not be placed too near

the dike . In Figure 29, location A is the most desirable since l’low can

approach it from all four sides (foui’ effective sides). Location B is

less desirable since flow can only approach from tlu’cc directions ( t h ree

effect ive sides). Location C is the least desirable since it has on l y

two e ff e ct i v e  sides.

1148. To convert the weir length (B)  determined from the nomog1’wus

to be length (
~

) oX ’ a side of the square shaft weir , use the following

formula:

(10)

where n is tine number of e ffec t ive  sides. A side is considered au

effective side it’ i t  is at least 5~J f t  away from the nearest dike ,
mounded area , or other dead zone . This d is tance , 5S , i s  gener aLly

accepted as be ing  su ffi c i en t  to p i’cveuit . the flow z ’es tr i ct i oni  caused by

the flow c o nt r a ct i o n  and bending due to the walls.

1149. When the shaft -  weir is installed and operated , aU of the

sides must be kept at. the same elevation . If not , the wei r will have ~
weir loading (Q/ B) of t h e  lowest s ide.

150. Since et’fluent pipes must run from the shat’t weir under the

dike to the receiving strenm , a loca t ion  such as A in F i~~ u’e 29 may

not be optimal since it is far from the dike and will r e q u i re  a longer

pipe than B , whi ch is easier to epez’ate.

Polygonal ( labyrinth)  wei r s

1’l. Polygonal (labyr in th)  weirs have been used to reduce the

head over t ine weir .  Such weirs have very l i t t le impact on of f lu e n t

quality since the controll ing factor for the depth of withdrawal trn’.t

~‘c:zsequent1.y the effluent suspended sol  tds concentration is not the head

L ’~~t the  app roach velocity. For a g ivemn flow , even though the depth oX’

1’ 1 -w a-al veloc i ty over the weir crest are less for a poj,vgonal vein ’ , t ine

~~ : coach veloe i t ies , and therefore al s o  the dep t h  of withdrawal and

“ f f 1  z t ’s~ pn :t  I I  t ,v will be essentially the same as those  for a roe tangulan’

- - f  c-I  ~~~~~ hoz ’ i zontal length along the dike , L , as shown in
1

_______________________________
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Figure 30. Figur e 30 illustrates the width of the withdrawal zone or

effective weir length (B)  for three types of weirs. The arrows indicate

the approaching flow towards the weir. The minimum width through which

the flow must pass is the width of the withdrawal zone or the effective

weir length. For a given flow, the approach velocities are the same for

different withdrawal zones of equal size. Therefore, the approach

velocity and the withdrawal depth for the rectangular weir in Figure 30a

would be the same as that for the polygonal weir in Figure 30b even
though the total weir length for the polygonal weir is considerably

greater . Both weirs have the same effective length (B = L). It is

possible to achieve a greater effective weir length from a design like

that shown in Figure 3uc , in which the effective length B = L + 2M

152. Since there is no reason to expect an improvement in

effluent quality due to polygonal weirs , there is no ju s t i f i ca t ion  for

incurring the greater cost of such weirs.

Weir location

153. Short—circuiting and dead zones can be reduced by the

judicious placement of weirs .  Consider the basins shown in Figur e 31.

The shaded area in Figure 3la indicates dead zones caused by use of one

weir. By use of three weirs (each with length one—third that  of the
weir in Figure 3la) . the dead zones are reduced in Figure 3lb. The

short—circui t ing can also be reduced by use of a spur dike as in Fig—

ure 3lc as proposed by Gallagher .3

1514. When several weirs are used in an area , they should be

operated with the same weir crest elevation .

Board size

155. The elevation of the vein’ crest is controlled by the number

of boards placed in the weir. These boards usually range in sise from

2 by 14 in. to 2 by 10 in. In order to allow the operator flexibility

in controlling the depth of the withdrawal sonic and the flow over the

weir , small beards should be used near the top of’ the weir. Use ot’ a

large board such as a 1~~~ by 10—in, board at the top of the weir would

result in a drastic increase in effluent suspended solids if it is

removed. However , the basin could be drawn down slowly without  a

I
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significant deterioration in the effluent quality by the removal of a

small board.

156 . Since some water with  h i g h  solids concentration may leak

between the boards , a small number of larger boards may be preferable to

a large number of small boards neai’ the bottom of the weir .  Figure 32

___________ _______________ __________ 
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Figure 32. Suggested weir boarding

shows a weir that will be boarded up to (~ t’t but will be operated

between 5 and 6 f t .  Ten—in , boards are used for the bottom lay ers  w i t h

14—i n ,  boards for the higher zone.

Operational Guidelines

157. Once the weir is installed and operating , the ef f luent

quality can only be controlled by adjusting tine flow or tine elevation of

the weir crest and hence, the pending depth. Some basic !‘u les  ol’ o~~e1’u—

tion are given below. 
—

General guidelines

158 . The best ef f luen t  quality in a dredged material  ceun t- zL iutmen t

area can be achieved it ’ the veir crest is maintained at the h igh est

t
I

-
‘

— .~~~~~~~~~ ~- ~~~~~~~~~~~~~~~~~ .- - .—— --.~~~~~~~~:~~~~: -



~~~~~~TTI E~~E--
~~ T_ ’

~~~~~~~~~~~~~
’ ~~~~~~

feasible elevation . This provides the maximum pending depth at any

given time.

159 . The weir elevation may need to be lowered to provide the

necessary f reeboard, or to protect the integrity of the dikes. In such

a case , the preservation of the dikes is more important than effluent

quality , and the boards may be removed quickly.

160. In operating the weir , it is necessary to keep floating

debris from lodging in front of the weir as this will result in more of

the flow coming from greater depths with higher suspended solids

concent rations .

i6i. If multiple weirs or a weir with several sections are used - 
-

in a basin, the crests of all weirs or weir sections should be kept at

the same elevation.

162. If the effluent quality deteriorates below an acceptable

limit, the pending depth (y) must be increased by raising the elevation

of the weir crest , that is , by adding more boards to the weir. If the

weir crest is at the highest possible elevation and the effluent quality

is still unacceptable , the weir loading (Q/B) must be decreased by lower—
ing the flow into the basin and over the weir. The flow ma,y be lowered

by using a smaller dredge or by operating the existing dredge inter-

niittently. The new weir loading may be selected by using the nomograms

or by measuring the effluent quality for various weir loadings . The

weir loading is controlled in the field by using the head over the weir

as an operational paramet er since the flow over the weir ( Q )  cannot

easily be measured.

Operating head

163. The head over the weir is the best criterion for weir

operation. While the weir loading is a very useful design parameter ,

the head is the operational parameter used to control weir loading .

They are related by the following equation for sharp—crested

veirs.

2/3
H = (ii)
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where

H = static head over the weir , ft

Q = flow over the weir , cf’s
B = weir length, ft

QJB weir loading, cfs/ft

Using the above equation with the weir loading selected from tine nomo—

grain, the operator or designer can determine the maximum allowable head

to prevent deterioration of the effluent quality . If the head in the
basin exceeds this value , the dredging must be discontinued until

sufficient water is discharged from the weir to lower the head to an

acceptable level . The dredging should then be performed intermittently

to maintain the head within an acceptable range , not exceeding the maxi-

mum allowable head. The operator does not need to be concerned with tine

weir loading or head over the weir if acceptable effluent quality is

being maintained.
1614. The head over the weir (static head) can be determined by two

methods. First, it can be determined directly by using a stage gage,

located in the basin where the velocities caused by the weir are small

(at least 10 to 20 f t  from the weir), to read the elevation of water

surface. The elevation of the weir crest can be read from the weir box
providing it is calibrated to the same datum as the stage gage. The

difference between the elevat ions of the water surface and the wcir crest

will equal the static head (see Figure 2 ) .  For example , if the eleva—

tion of’ the weir crest read on the weir box is 68 in. and the elevation

of the water surface read on the stage gage is 714 in., then the stat ic

head equals 6 in. (714 — 68 = 6 ) .

165. The static head can also be determined indirectly by measur-

ing the depth of flow over the weir , h (see Figure 2 ) .  According to

Rehbock ,32 the ratio of depth of’ flow over the weir to static head (h/H)

equals 0.85 for sharp—crested weirs. This ratio approaches O.h’( for

broad—crested weirs. Since the depth of flow over the weir is directly

proportional to the static head , it may be used directly as an operating

parameter . In this case , the weir loading can be controlled by the

I
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depth of flow over the weir by using the following equation for sharp—
crested weirs.

2/3
h = 0 .85H = 0.85 

(0. 3 

~
) (12)

Therefore, using the above equation with the weir loading selected from

the nomogram , the operator or designer can determine the maximum

allowable depth of flow over the weir to prevent the deterioration of

the effluent quality to unacceptable levels. As discussed for the

static head , if the maximum allowable depth of flow over the weir is
exc eeded , the dredge must be operated intermittently to maintain the
depth of flow over the weir in a range that does not exceed the maximum

allowable value.

166. The previous equations for the weir loading , static head,

and depth of flow over the weir are valid only for sharp—crested weirs.
If a different type of weir is used , tine above equation must be modified

to account for the differences in the coefficient of discharge and the - 
-

ratio of depth of flow over the weir to static head. Information on
polygonal weirs has been documented by Hay and Taylor 3

~ and Indelkofer

and

167. The head over the weir or depth of flow over the weir would

be used as an operating parameter when the basin conditions or dredging

operation exceeded the design limits. To illustrate how to use these

parameters, suppose that an existing basin with a sharp—crested weir was

designed to operate with a weir loading of’ 1.5 cf’s/ft with an la—in.
dredge; however , due to breakdown of the 18—in, dredge , the contractor

decides to use a 214—in, dredge. The 214—in, dredge produces enough flow

to maintain a weir loading of 2.5 cf’s / ft . Therefore , the dredge must

operate intermittently after the effluent quality starts to deteriorate.

At this time , the maximum allowable static head or depth of flow over

the weir for the design weir loading (Q/B) of 1.5 cfs/ft must no longer

be exceeded. Therefore , the operator calculates the maximum allowable

for the static head (H) and the depth of flow over the weir (h) as

follows :

86
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2/3
H = 

~~ 
(i-)] (13)

= [o.3 l.5]2~
’3

0.59 f t 7 .O in.

and H

h = 0, 85H (114)

= 0 .85(7 .0  i n . )

6.0 in.

Therefore , the dredging should be performed intermittently so that the
static head and the depth of flow ever the weir do not exceed 7 in. and
6 in., respectively .

Undersized basin

168. If’ the basin is undersized and/or slow settling is occurring

in the basin , added retention time is needed to achieve better settling.

Added r etent ion t ime can be obtained by first raising the weir crest to

its highest elevation to maximize the pending depth , and then if

necessary , by operating the dredge intermittently or using a smaller

dredge . The retention time with intermittent dredging can be controlled

by setting a maximum allowable static head or depth of flow over the

weir based on the effluent quality achieved at those heads. The operat.-

ing procedure is analogous to the weir leading example since the weir

loading and retention time are directly related for a giver basin , pond—
irng depth, and weir.

Critical effective basin length

169 . The length of basin from the weir to the inlet over which

water is ponded , hereafter termed the effective basin length (L), can

serve as a means for est imating the ponding depth at the weir near the
I
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end of the basin ’s service life . In a basin , the dredged material f irst

settles closer to the inlet and then farther and farther from the inlet.

This forms a sloping interface in the basin (see Figure 14 ) .  For a given
basin with interfacial slope (a )  and effective basin length ( L ) ,  the
ponding depth at the weir would be determined by the following equation.
(See Figure 33.)

INLET ‘N
L’

~~— WEIR

L*: CRITICAL EFFECT iVE BASI N LENGTH

~~~ 
DESIGN PONDING DEPTH
SLOPE OF INTERFACE

Figure 33. Effective basin length

y = a L  ( 15)

A typical value for a is 0.002 ft/ft.

170. If the calculated ponding depth from the above equation is

less than the design ponding depth , the operator should use the nomo —

gram to select a lower weir loading in order to maintain the effluent

quality.

171. In a similar manner , the equation can be used to solve for

the approximate effective basin length needed to maintain the design

ponding dep th , hereafter termed the critical effective basin length

(L*). (See Figure 33.)
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(16)

When the effective basin length approaches the critical effective length ,

the operator knows the basin is at the end of’ its service life and the

weir loading must be lowered if he wishes to extend the basin ’ s service

l i f e  without deteriorat ing the effluent quality .

Basin drawdown

172. Similarly , once the dredging operation is completed , the

ponded water must be removed so that drying can occur . To drain the

basin , the weir boards should be removed one row at a time . Preferably ,
2 by 14—in. boards should be used in order to minimize the withdrawal of

settled sclids . The next row of’ boards should not be removed until the

water level is drawn down to the weir crest an d. the outflow is low .

This process should be continued until the interface is reached. It is

desirable to eventually remove the boards below the int er face so that

rainwater can drain from the area .35 Ph es~ hoards can be removed only

after the material has consolidated sufficiently so that it will not

flow from the basin. If it begins to do so , the boards should be

replaced.

p
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PAR T VIII : CONCLUSIONS

173. The flow over the weir from an upland containment area can

be adequately described by a modified version of the WES selective with-

drawal model for density—strn~.tified flow. The withdrawal depth is a

function of the density profile and the weir loading. The model pre—

dicts that a stronger density gradient in front of the weir reduces the

withdrawal depth. The effluent quality is highly dependent on the

suspended solids concentration in the ponded water . The model further

predicts that higher weir loadings will increase the withdrawal depth

and , consequently , the effluent suspended solids concentration .

1714. Field data indicated that larger ponding depths reduce the

suspended solids concentrations and gradient in the upper layer. Thus,

larger pending depths produce better effluent quality. To insure a

large ponding depth during filling of the area , the weir crest should

therefore be maintained at the highest feasible elevation to minimize

the effluent suspended solids concentration. The model further showed

that sharp—crested weirs have shallower withdrawal depths than broad—

crested weirs. Also, polygonal weirs produce only a negligible improve-

ment in the effluent quality as compared with rectangular weirs.

175. The model was used to develop two nomograms for designing

weirs , one for clays in fresh water and the other for silts and clays in

salt wat er . Two nomograms are needed since dredged materials form

di f fer ent suspended solids concentration profiles depending on the soil

classifications and water salinity. Saltwater clays settle much better

than freshwater clays. The suspended solids concentration profiles

found in the field for freshwater clays and saltwater clays were used to

develop the two nomogrezus . If the suspended solids concentration pro—

file observed in the field for a given dredged material does not agree

with the profile used for its classification in the nemograzu development ,

the designer must use Jud.gemernt in selecting and using the presented

nomograins .

176. For a given dredged material type , a nomogram relates the

flow, weir length, pending depth, and effluent suspended solids
p
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concen tr a t i o n  with each other.  This allows the designer to develop

tradeoti~ between them to select a weir design . l o r  design purposes ,

the weir loadi ng (Q/ B ) ,  expressed in flow per Ien~ th ot’ weir , is the

best parameter for relating the flow over t h e  wei r wi th  the ponding

depth and e f f luen t  quality. The weir  ica d i n~ should be designed in the

range of 0.1 to 3.0 cfs/ft to maintain good eff luent  quality without

a ring  extremely long weirs or large ponding depths . While the veir load—

ing in ct’s/ f t  is useful in design , for operating purposes the f l~~- over

the w e ir  is best managed by controlling the static head over t he weir

( H )  or depth or ’ flow over the weir ( H ) .  For sharp—crested weirs operat-

ing in the above range of’ weir loadings , the static head and depth of

flow over the weir should be operated in the range of 1 to 12 in. and

0.3 to 10 in. , respectively.

l~~ . The weir can only main tai n the quality of the water ponded

in front of the weir ; it cannot improve it. The quality of the pouded

water in front of the weir is dependent on basin design. Proper weir

design can prevent an increase in the effluent solids by preventing dis-

charge of settled solids with the ponded water. Proper weir placement

can reduce short—circuiting in the basin.
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APPENDIX A : EQUATIONS TO RELAT E DENSITY AND SOLI DS CONCENTRATION

1. Several equations are required to convert the density or con-

centration data obtained from the laboratory analyses into the required

form for use in the model. The model needs the density measurements

expressed in grams per cubic centimetre and the suspended solids con-

centrations expressed in grains per litre. Eonversion of the various

forms of solids concentration required a measurement of both the spe-

cific gravity of the soil particle and the salinity of the water plus

the concentration or density measurement. The specific gravity test is
08*

outlined in EM 1110—2—1906.’- The salinity may be measured with a

salinity probe or by the method outlined in Standard Methods29 for total

dissolved solids. The salinity is used to calculate the density of the

filtered fluid as follows.

Sal
= ~ + 

1000 - Sal 
Al

where

= density of the filtered fluid, g/cm3 (PF = 1.00 for
fresh water, = 1.03 for ocean water)

Sal = sai.~nity of total dissolved solids, ppt

2. The normal laboratory procedure for analyzing samples with

high suspended solids concentration (greater than 1. percent by weight)

is outlined in EM 11lO_2_1906.
28 In th is procedur e, a quantity of

sample is weighed and then dried and weighed again. From this procedure ,

the total weight of the sample , the weight of water (evaporate), and the

weight of the solids are obtained. These measurements are used in the

following set of equations to calculate the percent solids and suspended

solids by weight in the samples.

— 
Wt. Solids X 100 (A2)— 

lit. Total

* Rais ed numbers refer to similar ly numbere d items in the Referenc es
at the end of the main text .

Al
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Ewt . Solids — 

Sal) Wt. “2°~~ 
100

- wt. ‘rotal (A3 )

= total solids concentration , percent by weight

%SS suspended solids concentration , percent by weight

Wt. Solids weight of solids in the sample, g

Wt. Total total weight of the sample, g

Wt . 1120 = weight of water in the sample , g

Sal salinity, ppt

3. The percent solids and percent suspended solids by weight are

used in the next set of equations to calculate the density and the sus-

pended solids concentration of the sample.

/ 
(A14 )

~ 
1~~~~~~(~~

F — l
lOO~S.G.

S.C. -p = (As )
~ (1 — 

~F 
+ 5.G.) — ~~~~~~~~ ( s.G . —

10p~,%SS
S.S. Conc . = (1t6)

l00 \ L3 .G.

1000(i3.G. — 1 — p s.c.)
u.S. Cone . — (A7 )

— — P~,,) 
+ 1.

where

p — density of the sample , g/ cm 3

S.G. specific gravity of the soil particles

S.S . Cone . = suspended solids concentration , gIL

A2
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th e rest ~ t’ t~tue var tables art’ an defIned before.

Pt ’ r stusplea w i t h  Low suspended soil do couuceuutrat ons ( 1 t’s

han 1 peroeuu t by weight ) the uspeuuded so l ids eoncent rat. I on may be

m~aau~red direc t ly b v the procedure outlined In St andlu ’¼1 Met o,l;~ 
. ¼) 

‘Ii ~
values can be conve r t  t’~t to densIty by (hue following t ’¼1UUt Ion .

— + 
5.5. C~ uc. 

— tAS~

The ¼1C~ it y can a iso be measured ~1 I eec t_ I y . I h u t ’se den s i t  v t ’uca —

sureunents can be coutvei’ t.ed to suspeuude~i aol Ida coneentrat. Iouu by the

f o l l o w i n g  equation.

— ~)

5.5 • Cone . 
F (A’))

1 —

I
A t
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APPENDIX B: WITHDRAWAL DEPTh AND VELOCIY PROFILE MODELS

1. Wood and Lai used a theoretical approach to evaluate the flow

H of a two—layered fluid over a broad—crested veir with contracting. They

incorporated the Bernoulli equation for each layer with the continuity

equation and the simple broad—crested weir theory to form the following
6*equation for one—dimensional flow.

14
(l +a)~~~~-j+y1

= Y
1 

(Bl )
yl

where

(B2)

2/3
= 

~~~~ 
(B3 )

for sharp—crested weirs. The variables are defined as follows.

a = dimensionless density difference ratio

= static head on the weir , ft

= height of flow over the weir, ft

= thickness of the top layer, ft

p
1 

= density of the top layer, gf cm3

= density difference between the bottom and top layers , g/cm3
¼ 

Q = discharge rate, cfs

B = veir length, ft

2. According to Rehbock,32 y1 
and are interrelated by the

following equation for sharp—crested weirs.

= °‘8
~~t 

(Bk)

* Raised numbers refer to similarly numbered items In the References
at the end of the main text.

Bl
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The coeff ic i e n t  approaches t) .t”j us the  flow approaches c ri t  ical depth

for narrow— and broad—cre sted wel ra . -

~~~ 
i~y use ot’ this relationship, the

e~1uat ion can be solved to determine the thickness of the top layer ~‘x~
ponding depth that will prevent discharge oX’ the bottom layer for any

g i ven  dens i t y  difference auu d weir flow . The equatiouu was verified In a

small labo r ato ry  flume using a layer of fresh water and a colored layer

of salt water .  ‘ftc model has not been verified in the  field or w i t h

fluids that were dens i ty—st ra t i f i ed  by suspended so l i d s .

3. Debler° experimentally determined the c r i t  ical t ien sinuetr i c

F’roude numb er for various rat t oo o t’ withdrawal depth t 0 t o t :t.1 tte i~ t it •

In his experiments , he discharged the bottom layers t hronglu a line  s i n k

at the bo t tom ot ’ the laboratory t’ltune. Ills approach assumed a linear

density stratificat ion ,

( i ; ’~)

and defined his dens imeti ic Froude number as

F = — (1k~

lii.; result s were as follows :

F
l t d  (critical )

1.00
0. ~~ 0. • ‘t~
0.13

0. ~t’
0.3’)

0.20

The cri t ical  den a imet r ic Froude number varie d as a runction ot ’ h, d due

to the viscous effect- s of the boundaries. The model is an approximation

(‘or the one—dimensional , inviscid , nondi ft ’usive flow case. I l l s  work has

been theoretically supported by a streamline analysis pert’ormed by Kao . ’
~

I lls model has not been veri fied in the field or with suspended s ol ids .

h u. Iluber analytically solved the ease for one—dimensi onal ,

L - - -—~ ~~ - - ~~~~~~~~~~~~~~~~~~~~~~~~~
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u0 = shear velocity, fps

V = kinematic viscosity , cm2/sec

p = fluid density , g/cm ”

The angle ~~t
’ r epose typically varies from ..‘~~~

° to 1u5° depending on the

sediment type.

t .  Equation i~5 is applicable for noncohesivo sediments and shoul d
be similarly applicable for unconsolidated sediment deposits. The

equation can be incorporated into a model for determining the required
ponding depth by relating the critical shear stress to a critical mean

velocity by

‘
~c

=

where

= critical mean velocity, fps

f = Darcy—Weisbach friction factor

= critical shear stress, psf

= fluid density, g/cm 3

The friction factor, t , is a function of the boundary roui, hness and

the depth. It generally ranges from 0.02 to 0.05. The depth is then

iteratively determined by using the continuity equation and the mean

velocity equation.

=~~~~~~~= 

~~ 
(Blo)

where

= mean velocity , fps

Q = f low rat e, cfs

B = length of weir , ft

LI = depth , ft

bed shear stress , psf

The equation has been verified experimentally for sediments , primarily

sands, but never on dredged material that may become cohesive during

consoli dation. This model gives criteria for scour prevention throughout
1

Bit
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the basin. It does not consider any effects of stratification and

assumes that the velocity distribution is generated by boundary shear.

7. The second velocity distribution available was the

von Karman—Prandtl velocity deficiency law. This is the most commonly

applied velocity profile in the field of sediment transport . The veloc-

ity distribution equation is:

T=  5. 75 log (
~
‘)+ C (Bll)

C equals 5.5 for laminar flow and 8.5 for turbulent flow. Integrating

over the depth , the mean velocity equals

U = 5. 75 u0 log (
~‘) 

+ 6u~’ (B12)

and therefore by subtracting the mean velocity from the velocity distri-

bution equation, the profile equals

u = 2.5u*(l + log 

~
‘) + (Bl3)

As described earlier, the mean velocity U equals Q/BD = u*~~ä/f and

the shear velocity u0 equals . The profile is based on

boundary—generated shear and does not consider the convective inertia

effects generated by the weir or the density—stratification effects.

The profile has been widely used in open channel flow but never for weir

flow. The equation can be incorporated with any of the models for pond—

ing depth to determine the effluent suspended solids concentration .

8. The final velocity distribution investigated was I’randtl’s

one—seventh power law for turbulent flow. The profile is an empirical

fit of the following form:

= (1 — y/D )~
’1
~ (Bit)

wher e
u — velocity at depth y, fps

maximi.u~t velocity located at the surface , fps

B5

-1



I

y • depth of velocity u , ft
LI = total depth , ft

This equation is empirical and could be fitted with a different exponent
to match the data. Similarly, it could be modified to account for the
case where the maximum velocity is located below the surface. The equa-
tion is widely accepted for turbulent flow in pipes or over flat plates.

SB6
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APPENDIX C: NOTATION

B Effective weir length , ft
c(y) Suspended solids concentration profile , gR

C Bed shear stres s coefficient
CD Weir discharge coefficient

d Depth in Debler ’s model, It; also grain diameter of sedi-
ment particle, ft

D Withdrawal depth, ft

f Darcy—Weisbach friction factor

F Densimetric Froude number

g Gravitational constant , 32. 2 ft/ sec2

h Depth of withdrawal in Huber ’s and Debler’s models, It;
also, depth of flow over the weir , ft

H Stat ic head, ft

H Static head for free flow or depth of flow over the veir
w for submer ged flow , ft; also, static head in WES selective

withdrawal model, ft

k Roughness height of the bed , ft

L Available effectiv e basin length, ft
L0 Critical effective basin length , ft

n Coefficient for weir type in WES selective withdrawal
model; also, number of effective sides for shaft—type weir

q, Unit flow rate, cfs/ft

Critical unit flow, cfs/ft

Q Flow rate or weir discharge, cfs

Q/B Weir loading or unit flow rate , cfs/ ft

S Length of a side of a shaft—type weir , ft

SB Effluent suspended soli ds concentration, g/~
Sal Salinity of the water , ppt

S.G. Specific gravity of the dredged material

S.S. Cone . Suspended solids concentrat ion of a given location or
sample, gIL

T Thickness of veir, ft

u Velocity at any point , y , in the profile , fps

Umax 
Maximum velocity , fps

Cl
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Mean vt’loc it .y , (‘pui

Cr i t  l o s t  mean vt ’  t o ~ i t  v , (‘pa

it 0 ~ h ic ’;t u’ ~ c i  o~’ i t  V ,

V Vt’ t~~~ ’ t t  ~ i~t ~ t’t’,’ point in t he prol’t he , ~
‘i’°

‘I V t ’ t oo  i t ,v prot ’ i h e , fpa

~,ocS l \ e  l ’ ’~’ I ~y in t he  ~‘.oiie s ’t ’ w i t  t i d r awa l  at a di ot •iact ~
be low t lie t ’ t ’~ i t t  j o l t  ‘ f I but ’ max i miun V I  ‘1o~ : t •v V ,

I .oo;i I v t ’ 1cc i t  y in (lie :oua’ o I ’ wit hidr~wa I at a ~u i  1

• above t ha’ e e~- at I ott of t. he ttu~~ tU~di% V S ’ 1~ ’~’ i ~ ,

V Max i niunu ‘~
‘ ‘ I o~’ i ty lit t bit ’ .-o ue ci’ w i t  h~ I i: .twa I

V Ma\ i UII .UtI V 0 ls ’s ’ it ~.‘ iii thC vt ’i 00 it V p rot’ l ie , (‘pax
V Avei ’a ~ c.’ ye icc it v ov er  the we i i ’ , t’jt;;
w

W t . U~ L’ Wt ’ i t ,tit ~ I’ watei ’  iii a saitip h e , g

Wt. • ~~~~‘ i i  ~1’; ‘s t ’ ght  o t’ s o i l  di ; i ii a snznp I e

W t • ;t l o t  a 1 weigh t  o t ’ a atuaple ,
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~
‘
~~
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y Specific weight of water, lb/ f t3; also, specific weight
of the dredged material, lb/ft3

~ 
Specific weight of the particle, lb/ft3

tip Density difference between two fluid layers, g/cm3

tip
1 

Density difference of’ fluid between the elevations of the
maximum velocity V and the corresponding local velocity
v1,  g/cm3

~~2 
Density difference of fluid between the elevations of the
maximum velocity V and the corresponding local velocity
v2 , g/cm

3

tip~ Density difference of fluid between the elevations of the
weir crest and the lower limit of the zone of withdrawal,
g/cm3

Density diffe~’ence of fluid between the elevations of the
maximum velocity V and the lower limit of the zone of
withdrawal, g/cm3

Density difference of fluid between the elevations of the
maximum velocity V and the upper limit of the zone of
withdrawal, g/ cm3

c Linear density stratification slope, ft ’
~
’

0 Angle of repose , deg

v Kinematic viscosity, cm2/sec

p Density of fluid , g/ c m3

p
1 

Density of fluid in the upper layer, g/cm3

~~ 
Density of sample, g/cm3

Density of fluid at weir crest , g/cm3

Density of filtered fluid, g/cm3

t Bed shear stress , psf

Critical bed shear stress, psf

%S Percent solids by weight

%SS Percent suspended solids by weight

S
C3 
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