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ABSTRACT

Hydrau l i cs  Reeearch  hae been invo lved fo r  many years  in  s tudy ing  rhe
behav iour  o f  sevage s ludge d ischarged in to  the  nar ine  env i ronoent .
Approx iua teLy  257 o f .che  senage e ludge produced in  the  UK is  d ieposed o f  a t
sea a t  l i censed dunp ing  grounds such as  tha t  in  t i verpoo l  Bay .  ih i "  r "por t
d e s c r i b e s  r e c e n t  l a b o r a t o r y  i n v e e t i g a t i o n e  i n t o  t h e  e f f e c t s  o f  t u r b i d i t y  i n
rhe  h ta te r  co lumn on the  se t t l ing  ve ioc i ty ,  conso l ida t ion  and eventua l
resusPena ion  o f  sewage e ludge ob ta ined f ron  Davyhu lme Sewage Treacment
W o r k s .

Set t l ing  tube tes ts  were  ser  up  to  inves t iga te  the  e f fec t  o f  mud on  the
s e t t l i n g  v e l o c i t y  o f  a  s l u d g e / m u d  s l u r r y .  T h e s e  t e s t s  r e v e a l e d  a  l i n e a r
i n c r e a s e  i n  m e d i a n  s e t r l i n g  v e l o c i t y  ( w i o )  w i t h  t h e  p r o p o r t i o n  o f  m u d  i n  t h e
s  I  u r r y

Fur ther  se t t l ing  te8 t8  nere  car r ied  ou t  to  ident i f y  a  re la t ionsh ip  be tween
s e t t l i n g  v e l o c i t y  a n d  e l u r r y  c o n c e n t r a t i o n .  S l u d g e ,  m u d  a n d  a  5 0 : 5 0  n i x t u r e
by  we igh t  o f  rhe  two were  tes ted  independent ly ,  each mater ia l  a t  g  d i f fe ren t
concentrat ions. In general  teruo the equal rLi t t rr"  of  s ludge and nud had
the  h ighes t  se t t l ing  ve loc i t ies  fo r  a  g i . r " r ,  concent ra t ion  w i th  the  nud
hav ing  the  lowest .  Both ,  however ,  tended to  inc rease w i th  concent ra t ion .
The s ludge ehowed no c lear  re la t ionsh ip  be tween se t t l ing  ve loc i ty  and
c o n c e n t r a t i o n  o f  e l u r r y .

Conso l ida t ion  tes ts  on  the  s ludge revea led  tha t  the  s ludge bed wae very  s low
to  conso l ida te  and a f te r  2  days  had on ly  reached a  mean dens i ty  o f  z0g7L
wi th  a  very  sna l l  dena i ty  g rad ien t  f ron  the  sur face  to  the  bo t ton  o f  the
bed '  The dens i ty  p ro f i le  o f  the  se t t led  nud bed a f te r  2  daye exh ib i ted  a
un i fo rm_rSr  shape,  a  charac ter is t i c  o f  nud bede.  The bed had conso l idaced
to  a  th in  layer  w i th  a  mean dene i ty  o f  3g5g l l  and a  la rge  dens i ty  g rad ien t
between the surface and the botton of the bed, whictr  woita provide uore
res is tance to  e ros ion .  ?he dens i ty  p ro f i l "  o i  th "  50 :50  rn i i  a f te r  2  days
l iee  be tween the  two ex t remes o f  t i re  poor ly  conso l ida ted  s ludge bed 8nd the
dense mud bed-  The genera l  fonn is  very  s iu i la r  to  thaE o f  the  nud bed,
ind ica t ing  the  impor tance o f  rhe  nud f rac t ion  in  the  conso l ida t ion  o f  the
b e d .

The res is tance o f  a  e ludge bed to  re -eroe ion  was measured;  as  a  e ludge bed,
as a eludge layer on toP of a nud bed and as a combinat ion of s ludge and
mud.  s ludge a lone and s ludge se t t led  on  a  nud bed had a  very  s in i ia r
reg ie tance to  e ros ion .  The c r i t i ca l  shear  s t ress  fo r  e ros ion  was lesg  than
0.02N/ r02 .  The s ludge/nud conb ina t ion  cons is ted  o f  a  s t ra t i f i ca t ion  o f  uud,
sludge and mud, and mud rather than a hornogeneoue bed. The cr i t ical  ehear- ,
s t ress  fo r  the  top  layer  o f  nud na l r  approx i rna te ly  0 . lN /n3 .  once the
protect ing rnud layer had been reuoved ihe 

"*posed 
sludge layer wae subjected

to  rap id  e ros ion .

The tes ts  ind ica te  tha t  the  pre8ence o f  mud in  the  water  co lumn th rough
w h i c h - a  s e w a g e  s l u d g e  i s  e e t t l i n g  h a s  a  e i g n i f i c a n t  e f f e c t  o n  t h e
behav ioura l  charac ter isc ics  o f  the  s ludge.  The reeu l ta  suggest  tha t
s e t t l i n g  v e l o c i t y  w i l l  b e  i n c r e a e e d  a n d  c o n s o l i d a c i o n  w i f l - i e  f a e t e r  t h a n
f o r  e l u d g e  a l o n e .  T h i s  w i l l  r e e u l t  i n  a  b e d  w i t h  n o r e  r e e i s t a n c e  t o
e r o e i o n .  T h e  e x t e n t  o f  t h e  e f f e c t  i s  l i k e l y  t o  b e  p r o p o r t i o n s l  t o  t h e  r a t i o
o f  s l u d g e  t o  m u d .
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I  INTRODUCTION

H y d r a u l i c s  R e s e a r c h  ( H R )  w a s  c o m m i s s i o n e d  b y  t h e

Deparcmen t  o f  t he  Env i ronmen t  (DoE)  t o  ca r r y  ou t  a

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

a s p e c t s  o f  s e w a g e  s l u d g e  d i s p o s a l  E o  s e a .

App rox ima t .e l y  10  m i l  l i on  r . onne$  bu l k  we igh t  o f  sewage

s l u d g e  p e r  y e a r  a r e  c u r r e n t l y  r e l e a s e d  i n t o  B r i t i s h

c o a s t a l  w a t e r s  a E  1 5  s i t e s .  O n e  a t  t h e s e  s i E e s ,

L i ve rpoo l  Bay ,  has  been  the  sub jec f  o f  much

i n v e s t i g a t i o n  b y  v a r i o u s  r e s e a r c h  b o d i e s ,  i n c l u d i n g

HR,  on  beha l f  o f  DoE  (Depa r t rnenE  o f  t he  Env i ronmen t ,

r972) .

The  p rog ramrne  o f  wo rk  a t  Hyd rau l i cs  Resea rch  cons i s ted

o f :

( i )  Labo ra to ry  s tud ies  t o  examine  the

d e p o s i E i o n a l  a n d  e r o s i o n a l  c h a r a c E e r i s t i c s

o f  s l u d g e  o n  a  r i p p l e d  s a n d  b e d ,

s imu laE ing  cond i t i ons  t ha f  a re  kno r rn  t o

occu r  aC  the  sea  bed  i n  L i ve rpoo l  Bay

( B u r t  a n d  T u r n e r ,  1 9 8 3 ) .

( i i )  F i e l d  e x e r c i s e s  t o  o b s e r v e  a n d  m e a s u r e  t h e

n e a r - b e d  f l o w  v e l o c i t i e s  a n d  a s s o c i a c e d

sand  bed  movemenE in  L i ve rpoo l  Bay

( H y d r a u l i c s  R e s e a r c h ,  1 9 B 6 ) .

( i i i )  Deve lopmenr  o f  a  ne \ r  ma themat i ca l  mode l

d e s i g n e d  t o  s i m u l a t e  t i d a l  f i o w ,

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

a s s o c i a t e d  w i c h  s e w a g e  s l u d g e  a n d  m a r i n e

e f f l u e n E  i n  L i v e r p o o l  B a y  ( H y d r a u l i c s

R e s e a r c h ,  1 9 8 5 ) .

I n  a d d i t i o n ,  H R  h a s  c a r r i e d  o u t  a  s e r i e s  o f  t e s t s  f o r

t he  I , I a te r  Resea rch  Cen t re  ( l , tRC)  t o  s tudy  the  seE t  I  i ng

a n d  d i s p e r s i v e  p r o p e r E i e s  o f  b o t h  ' o r d i n a r y r  a n d



t h i c k e n e d  s e r r a g e  s l u d g e s  ( H y d r a u l i c s  R e s e a r c h ,

l 9 8 3 a r b  a n d  H y d r a u l i c s  R e s e a r c h ,  l 9 g 4 ) .  F o r  r n o r e

c o s t - e f f e c t i v e  t r a n s p o r t ,  t h e  d u m p i n g  o f  t h i c k e n e d

s e n a g e  s l u d g e  m a y  b e  a  v i a b l e  a l L e r n a E i v e  c o  p r e s e n t

p r a c t i c e s .

The  expe r imenEs  desc r i bed  i n  t h i s  repo r t  L re re  se t  uD

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

v e l o c i t y ,  c o n s o l i d a t . i o n  a n d  s u b s e q u e n E  e r o s i o n  o f

sewage  s ludge  dumped  i n  t u rb id  wa te rs  (as  occu rs  i n
t h e  n a E u r a l  e n v i r o n m e n t ) .

2 SETTLING OT SET{AGE

SLUDGE

Two ser ies  o f  se t t l ing  tesLs  r re re  car r ied  ou t  by
H y d r a u l i c s  R e s e a r c h  i n  l 9 B 4  ( S e r i e s  I )  a n d  1 9 g 6
( S e r i e s  I I ) .  T h e  a i m  o f  t h e  f i r s t  s e r i e s  o f  r e s f , s  \ r a s
t o  i n v e s E i g a t e  t h e  e f f e c t  o f  s e E t l i n g  a  s l u d g e  s l u r r y
th rough a  muddy suspens ion .  The second ser ies  o f
E e s t s  w a s  a  n a t u r a l  p r o g r e s s i o n  f r o m  f h e  f i r s t  a n d
lhese hrere  se t  up  to  ident i f y  Ehe re la t ionsh ip  be tween
t h e  s e t t l i n g  v e l o c i t y  a n d  t h e  s l u r r y  c o n c e n t r a t i o n  o f
var ious  s ludge and mud combina t ions .

The tes ts  were  per fo rmed in  the  HR Sed i rnentaE ion
Labora tory ,  us ing  appara tus  wh ich  had been
s p e c i f i c a l l y  d e s i g n e d  f o r  a n  e a r l i e r  s t u d y

inves t iga t ing  Ehe se t t l ing  o f  th ickened sewage s ludge
( H y d r a u l i c s  R e s e a r c h ,  1 9 g 3 a r b ) .

rn order Eo reduce the number of var iables encounteired
d u r i n g  e a c h  s e r i e s  o f  t e s t s ,  s i m i l a r  s u b - s a m p l e s  o f
mud were  used f rom a  bu lk  sample  ob ta ined f rom

L i v e r p o o l  D o c k s  ( R i v e r  M e r s e y )  i n  1 9 g 4 .  A  s i z e

grad ing  o f  the  macer ia l  i s  shown in  F igure  1 ,
i l l u s t r a t i n g  r h a t  i t  c o m p r i s e s  9 7 2  s i l t  ( <  6 3 g n ) .



2 . 1 S e t E l i n g

S e r i e s  I

t e s  t s

F o r  e a c h  s e r i e s  o f  E e s t s  a  s a m p l e  o f  s e w a g e  s l u d g e  w a s

ob ta ined  f rom Davyhu lme  Sewage  T reaEmen t  Works  i n

M a n c h e s E e r .  T h e  m a E e r i a l  w a s  t y p i c a l l y  4 0 7 .  d i g e s t e d

a n d  6 0 2  u n d i g e s t e d ,  a l t h o u g h  t h i s  w a s  s u b j e c r  E o

f l u c t u a t i o n .  T h e  s l u d g e  s a m p l e  u s e d  i n  t h e  S e r i e s  I

t e s c s  h a d  a  d r y  d e n s i c y  o f  8 2 g l I ,  a n d  r h a t  u s e d  i n  t h e

S e r i e s  I I  t e s E s  a  d e n s i t y  o f  3 0 g / I .  T h e  d i f f e r e n c e  i n

the  measu red  concen t ra t i ons  r {as  no t  cons ide red  to  be

impor tan t  as  each  o f  Ehe  tes t s  was  ca r r i ed  ou t  by  d ry

we igh t  ra the r  t han  vo lume .

T h i s  s e r i e s  o f  s e t t l i n g  t e s t s  w a s  d e s i g n e d  t o

i n v e s t i g a c e  t h e  e f f e c L  o f  m u d  o n  t h e  s e t t l i n g  v e l o c i c y

o f  a  s l u d g e  s l u r r y .

2 . 1 . 1  P r o c e d u r e

In  o rder  to  cont . ro l  the  var iab les  f ine ly ,  each

s e t t l i n g  t e s t  u s e d  E h e  s a m e  d r y  w e i g h t  o f  m a t , e r i a l .

E leven tes ts  q rere  car r ied  our  rang ing  f ro rn  l00Z o f  mud

by dry  we igh t  to  1002 o f  s ludge by  we igh t .  By  vary ing

t h e  r a r i o  o f  s l u d g e / r n u d  c o n t a i n e d  w i t h i n  c h e  s l u r r y  i t

w a s  p o s s i b l e  E o  e s E a b l i s h  t h e  e f f e c t  o f  p r o g r e s s i v e l y

combin ing  t .he  cwo mater ia ls .  The conpos i f ion  o f  the

s ludge/mud mix tu re  fo r  each tes t  i s  shown in  Tab le  t .

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

predeEermined amount  o f  the  maLer ia i  combina t ion  l ras

thorough ly  mixed w i th  sa l t  water  (28  pp t )  to  p roduce a

s l u r r y  v o l u m e  o f  5 0 0 m 1 .  A  0 . 0 5 r n  d i a m e t e r ,  1 . 6 m  h i g h

p e r s p e x  s e t t l i n g  c u b e  w a s  f i l l e d  w i t h  2 . 5  l i t r e s  o f

s a l t  w a t e r  ( 2 8  p p t ) .  U s i n g  a  s p e c i a l l y  d e s i g n e d

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

the  top  o f  the  fube so  tha t  i t  had  no  in i t ia l  downward

v e l o c i t y .  T h i s  w a s  c o n s i d e r e d  t o  b e  t h e  s t a r c  o f  t h e

t e s t .  A t  p r e d e E e r m i n e d  t i m e  i n t e r v a l s  a f t e r  c h i s ,



( i i )

t . '  :

3 3 0 m 1  s a m p l e s  o f  E h e  l i q u o r  w e r e  d r a v / n  f r o m  E h e  b o E t o m

o f  t h e  t u b e  a n d  s u b s e q u e n t l y  a n a l y s e d  f o r  s l u d g e / r n u d

c o n E e n t . .  B y  t h i s  m e t h o d  [ h e  s e E t l i n g  v e l o c i t i e s  w e r e

c a  l c u l a r e d .

2 . I . 2  O b s e r v a t i o n s

T h e  t e s t  o b s e r v a t i o n s  a r e s u m m a r i s e d  b e l o w :

( i ) On in jec r i on  o f  t he  500m1 s lu r r y  a  da rk

c loud f  ormed at  the t ,op of  the $rater

co lumn .  Th i s  f ea tu re  occu r red  a t  t , he

s t a r f  o f  a l l  r h e  t e s t s  w i t h  E h e  e x c e p t i o n

o f  t he  h igh  mud  to  s l udge  ra t i os  (>  802

m u d ) .

A  few  pa r t i c l es  i r nmed ia te l y  began  to

s e t t I e  t . o  t h e  b o t t o m  o f  t h e  E u b e ,

A f l e r  2  m i n u t e s ,  f l o c c u l a t i o n  w a s  t a k i n g

p l a c e  a E  t h e  i n t e r f a c e  b e t . w e e n  E h e  d a r k e r

c  l oud  and  f . he  v ra te r  benea th  i t .

( i i i )

i v )  A f E e r  5 - 1 0  m i n u t e s  ( d e p e n d i n g  o n  E h e

s l u d g e / m u d  r a c i o )  f l o c c u l a c i o n  w a s  w e l  I

advanced  and  se t t  l emen t  r i r as  more  rap id .

( v )  S e t t l e m e n t  n a e  c o m p l e t e  a f c e r  3  h o u r s  a t

w h i c h  t i m e  t h e  c l o u d  c o u l d  s t i l t  b e  s e e n

a f  Ehe  Cop  o f  Ehe  waLer  co lumn .

2 . 1 . 3  R e s u l t s

F o r  e a c h  t e s E  a  g r a p h  o f  s e t t l i n g  v e l o c i t y  a g a i n s t

pe rcen tage  be low  s taEed  ve loc i t y  was  ob t .a ined .

Examp les  o f  t hese  g raphs  a re  shown  i n  F igu re  2 ,

c o m p a r i n g  t h e  s e t t l i n g  v e l o c i t i e s  r e s u l t s  f r o m  t e s t g

I ,  6  a n d  1 1 .  T h e  g r a p h  i n d i c a t e s  t h a E  a s  t h e

4



2 . 2  S e t r l i n g  t e s t s

S e r i e s  I I

p r o p o r E i o n  o f  s l u d g e  i n  t h e  m i x t . u r e  w a s  r n c r e a s e d ,  t h e

p e r c e n t a g e  o f  m a t e r i a l  s e E t l i n g  a t  l e s s  t h a n  s o m e

f i x e d  s e E . t l i n g  v e l o c i t y  a l s o  i n c r e a s e d .

T . h e  m e d i a n  s e t c l i n g  v e l o c i t y  ( W 5 0 )  i s  d e f i n e d  a s  t h e

s e t t l i n g  v e l o c i t y  w h i c h  i s  n o t  e x c e e d e d  b y  5 0 7 "  o f .  E h e

m a E e r i a l .  S i m i l a r I y ,  l O 7 "  o f .  t h e  m a t e r i a l  h a s  a

s e t . t l i n g  v e l o c i t y  l e s s  t h a n  W l 0 .  T h e  s e t t l i n g  . .

v e l o c i t i e "  W  I 0  t o  I ^ I  9 0  f  o r  e a c h  o f  t h e  e l e v e n  E e s t s  a r e

s h o w n  i n  T a b l e  2 .

T h e  m e d i a n  s e t t l i n g  v e l o c i t y  f o r  e a c h  E e s t  i s  p l o t t e d

a g a i n s t  i t s  r e s p e c t i v e  s l u d g e / m u d  c o m p o s i t i o n  i n

F i g u r e  3 .  A  l e a s t  s q u a r e s  r e g r e s s i o n  l i n e  w a s  f i t t e d

t o  t h e  d a E a  a n d  i s  a l s o  s h o w n  o n  t h e  g r a p h ,

d e m o n s t r a t i n g  t h a E  a  l i n e a r  r e l a t i o n s h i p  e x i s t e d

beEween  med ian  se t t  l i ng  ve loc i t y  (1 ,15  
0 )  and  Ehe  ra t i o

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

T h e  g r a p h s  s h o w s  c h a t  t h e  m e d i a n  s e L L l i n g  v e l o c i r y

i nc reases  w i th  t he  p ropo r t i on  o f  mud  i n  t he  s l u r r y .

T h e  a i m  o f  t h i s  s e r i e s  o f  s e t . t l i n g  t e s E s  w a s  t o

i d e n t i f y  r h e  r e l a t i o n s h i p  b e t w e e n  s e t t l i n g  v e l o c i t y

and  concen t raE . i on  fo r  s l u r r i es  o f  seq rage  s ludge ,  mud

and  a  comb ina t i on  o f  t he  two  componen ts .

2 . 2 . L  P r o c e d u r e

The  p rocedu re  adop ted  i n  t h i s  se r i es  o f  r es t s  l vas  -  l

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

t escs ,  us ing  Ehe  same labo ra to ry  appa raLus .  The  th ree

compos i t i ons ,  Ees led  i ndependen t l y r  we re  Davyhu lme

s ludge ,  Mersey  mud  and  a  m ix tu re  o f  Ehe  two  (50 :50  by

d r y  w e i g h t ) .



. '  I

E i g h t  c e s t s  w e r e  c a r r i e d  o u t  o n  e a c h  m i x l u r e .  l n  e a c h

c a s e ,  5 0 0 m 1  o f  s l u r r y  w a s  m a d e  u p  w i t h  b e t w e e n  0 . 0 5 0 9

a n d  0 . 5 0 0 9  t o t a l  d r y  w e i g h r  o f  m a t e r i a l  t h u s  g i v i n g

e i g h c  d i f f e r e n t  c o n c e n E r a E i o n s  f o r  e a c h  m i x t u r e .

( T h i s  i s  c o m p a r e d  w i t h  t h e  S e r i e s  I  r e s t s  w h e r e  E h e

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

0 . 4 f 0 g ) .  A s  i n  t h e  S e r i e s  I  r e s t s  t h e  w a t e r  a n d

s l u r r y  s a l i n i f i e s  w e r e  h e l d  c o n s t a n t  a E  2 8 p p t .

2 . 2 . 2  O b s e r v a t i o n s

T h e  S e r i e s  I I  c e s C s  o b s e r v a t i o n s  a r e  s u m m a r i s e d

be  I  ow :

( i )  I n  a l l  t h e  s e t r l i n g  t u b e  r e s r s  r h e  5 0 0 m 1

s lu r r y  t ook  on  Ehe  appea rance  o f  a  da rk

l a y e r  o v e r l a y i n g  t h e  c l e a r e r  s a l i n e  w a t e r .

Du r i ng  bo th  t he  s ludge  and  mud  tes t s  t he

dep th  o f  t he  l aye r  rema ined  cons lan t

( 0 . 3 m )  t h r o u g h o u r  t h e  3  h o u r  p e r i o d ,

v i s i b l y  r e d u c i n g  i n  d e n s i t y  a s  m a t e r i a l

s e t t l e d  a n d  d i s p e r s e d  f r o m  t h e  l a y e r  i n t o

t h e  w a t e r  b e l o w .

( i i )  D u r i n g  t h e  t e s t s  o n  t h e  s l u d g e / m u d  m i x r u r e

the  l aye r  expanded  to  802  o f  t he  t ube

leng th  w i t h in  10  rn inu tes l  t h i s  expans ion

d id  noE  appea r  t o  be  concen t ra t i on

dependen t .

( i i i )  T h e  m a t e r i a l  w a s  o b s e r v e d  t o  s e t t l e  f a s t e r

i n  t he  s l udge  tes t s  t han  i n  t he  mud

, ,  
t e8  t s  .

( i v )  T h e  m a t e r i a l  i n  t h e  m i x t u r e  E e s t s  s e t t l e d

fas t . e r  t han  e i t he r  o f  che  rwo

c o n s t i t u e n t s .



( v ) D u r i n g  a l l  o f  E h e  E e s t s  t h e  l o w e r

c o n c e n t r a t i o n s  r e s u l t e d  i n  m o r e  s w i r l i n g

o f  t h e  f l o c s  a s  t h e y  s e E t . l e d .  T h e

s w i r l i n g  o b s e r v e d  i n  t h e  m u d  a n d  L h e

s l u d g e f m u d  m i x t u r e  t e s t s  w a s  g r e a f e r  t h a n

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

2 . 2 . 3  R e s u l  t s

F o r  e a c h  s e t t l i n g  E e s r  a  g r a p h  o f  s e t t l i n g  v e l o c i t y

a g a i n s E  p e r c e n c a g e  b e l o w  s t a c e d  v e l o c i t y  w a s  o b f a i n e d .

E x a m p l e s  a r e  s h o w n  i n  F i g u r e  4 ,  c o m p a r i n g  E h e  s e C t l i n g

v e l o c i t y  o f  s l u d g e ,  o f  m u d  a n d  o f  a  5 0 / 5 0  s l u d g e / m u d

mix tu re  by  d ry  we igh t .  I n  each  tes t  shown  i n  F igu re  4

t h e  5 0 0 m 1  s l u r r y  c o n t a i n e d  a p p r o x i m a t e l y  0 . 2 8 0 g  d r y

w e i g h t  o f  s o l i d s .

Tab le  3  sunna r i ses  each  o f  t l i . e  24  seE t l i ng  t es t s  i n

t e r m s  o f  s e t E l i n g  v e l o c i t y  w i t h  r e s p e c t  t o  p e r c e n t a g e

o f  t o ta l  samp le  we igh t .  F igu re  5  i s  a  summary  g raph

o f  r o t a l  d r y  w e i g h t  a g a i n s E  m e d i a n  s e t E l i n g  v e l o c i t y

( W t o )  f o r  e a c h  o f  t h e  t e s t s .  T h e  r e s u l t s  s h o w  t h a t

f o r  m o s t  s l u r r y  c o n c e n c r a l i o n s  u p  t o  f . 0 g / 1  t h e  e q u a l

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

v e l o c i t i e s .  T h e s e  s e t t l i n g  v e l o c i t i e s  i n c r e a s e

app rox ioa te l y  i n  p ropo r t i on  t o  t he  s l u r r y

c o n c e n t r a t i o n  s t a r t i n g  a t  0 . 1 2 r n m / s  ( 0 . f g / l )  a n d  r i s i n g

t o  0 . 7 7 m m / s  ( 1 . 0 g / l ) .  T h e  M e r s e y  m u d  g e n e r a l l y  h a d

t h e  l o w e s t  s e l r l i n g  v e l o c i r i e s .  H o w e v e r ,  t h e  s e t t l i n g

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

t o  a  c o n c e n t r a E i o n  o f  0 . 5 5 g 1  I  w h e r e a f t e r  i t  r e m a i n e d

reasonab l y  cons tan t  a t  0 .35 rnm/s .  The  Davyhu lme  s ludge

g a v e  n o  c l e a r  p a t t e r n  o f  v a r i a t i o n  o f  s e t t l i n g

v e l o c i t y  w i t h  s l u r r y  c o n c e n E r a t i o n .  A t  a

c o n c e n t r a t i o n  o f  0 . 3 g l l  t h e  s e E t l i n g  v e l o c i t y  r e a c h e d

a  peak  o f  0 .4mm/s  bu t  t hen  showed  a  sha rp  dec l i ne  i n

s e r t l i n g  v e l o c i c y  a s  t h e  c o o c e n r r a t i o n  w a s  i n c r e a s e d .

A f E e r  a  c o n c e n t r a E i o n  o f  0 . 5 g / 1  t h e  s l u d g e  a g a i n



j

e x h i b i t e d  a n  i n c r e a s e

c o n c e n t r a r i o n  a n d  h a d

a t  l . 0 g / r .

s e t t l i n g  v e l o c i t y  w i t h

s e t t l i n g  v e l o c i t y  o f  0 . 6 2 m o / s

I n i t i a l l y ,  t h r e e  c o n s o l i d a t i o n  t e s t s  v r e r e  c a r r i e d  o u t

w i th  the  a im o f  inves t iga t ing  the  e f fec t  o f  mud on  the

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

us ing  mater ia l  co l lec t .ed  f rom the  Davyhu lme Sewage

l lo rks .  The th ree  Cests  examined a  bed o f  s ludge,  a

bed o f  mud and a  50 /50  combina t ion  by  dry  we ighr  o f

t h e  t w o  n a t e r i a l s  r e s p e c t i v e l y .  T w o  f u r t h e r  t e s E s

were  car r ied  ou t  -  the  resu l ts  f rom Ehese were

r e q u i r e d  i n  t h e  a n a l y s i s  o f  t h e  e r o s i o n  t e s t s
( S e c t i o n  4 ) .

A l l  the  conso l ida t ion  tes ts  were  car r ied  ou t  in  a

perspex  se t t l ing  co lumn wi th  in te rna l  d iameter  0 .092rn

and height 10rn. Once a sediment bed had formed in the

bot tom o f  the  co lumn i ts  dens i ty -depth  pro f i le  cou ld

be measured a t  any  t ime.  Measurements  were  made us ing

a Harwe l l  rad ioac t ive  t ransmiss ion  probe mounted on  a
purpose-bui l t  f rarne which al lowed i t  to be moved up

and down the column. The instrument nas cal ibrated

us ing  sa l t  so lu t , ions  o f  known concent ra t ion  in  the

co lumn.  In  the  ana lys is  o f  t .he  da ta ,  a l  lowance was

made fo r  Ehe de ter io ra t ion  in  the  s t rength  o f  the

s o u r c e  a f t e r  c a l i b r a t i o n ,  a c c o r d i n g  t o  i t s  k n o w n

h a l f - l i f e .

T h e  s e t t l i n g  c o l u m n  n a s  f i l l e d  t o  5 . 6 m  w i t h  s a l t  w a t e r

(32ppt ) .  A  s lu r ry  was then prepared by  mix ing  1509

d r y  w e i g h t  o f  s l u d g e  w i t h  1 5  l i t r e s  o f  s a l t  w a t e r

(32ppt ) .  The s lu r ry  nas  then poured in t r r  the  cop o f

Lhe co lumn g iv ing  a  Eota l  depth  o f  7 .85m.

l n

a

CONSOLIDATION

A SLUDGE BED

OF

3 .1 S l u d g e  E e s t



3 .2 M u d  t e s t

t . '  :

T h e  s l u d g e - w a t e r  i n t . e r f a c e  E o o k  a b o u t  4 5  m i n u t e s  f o

reach  the  base  o f  t he  co lumn ,  a l rhough  i t  was

p receded  by  l a rge r  pa r t i c l es  wh i ch  had  b roken  a \ ray

f r o m  t h e  d i s p e r s i n g  m a s s .  C o n s i d e r a b l e  f l o c c u l a t i o n

\ { a s  o b s e r v e d  i n  t h e  f a l .  l i n g  s l u r r y ;  E h e  f l o c s  w e r e

s m a l l  a n d  d e n s e l y  p a c k e d .  A f t e r  a b o u t  6 0  m i n u L e s  a

0 . 0 5 m  f r o c h y  l a y e r  h a d  f o r m e d  a t  t h e  t o p  o f  t h e  c o l u m n

and  rema ined  Eh roughou t  t he  resE  o f  che  Ees t .

A f t e r  a l l  t h e  s l u d g e  ( e x c e p t  t h a E  r e m a i n i n g  i n  t h e

f r o t h y  l a y e r )  h a d  s e t t l e d  o n E o  t h e  b e d  ( a b o u t  t  h o u r s )

i t  c o n s o l i d a c e d  r a p i d l y  f o r  4  h o u r s  a f t e r  w h i c h  t i m e

t h e  c o n s o l i d a g i o n  r a E e  g r a d u a l l y  d e c r e a s e d  r o w a r d s  t h e

e n d  o f  E h e  t e s t  ( 7  d a y s ) .  A f t e r  2  d a y s  c o n s o l i d a t i o n

the  bed  had  reached  a  ch i ckness  o f  0 .485m and  was

p r o f i l e d  u s i n g  r h e  r a d i o a c L i v e  p r o b e .  T h e  m e a s u r e d

d e n s i t y - d e p t h  p r o f i l e  i s  r e p r o d u c e d  i n  F i g u r e  6 ,

s h o w i n g  a  n a t u r a l  s c a t t e r  i n  E h e  r e s u l t s  f o r  a  b e d  o f

v e r y  l o w  d e n s i r y  ( m e a n  d e n s i t y  2 0 g l I ) .

The  same p rocedu re  was  adop ted  as  f o r  t he  s l udge  tes t .

App rox i rna te l y  1509  d ry  we igh t  o f  R i ve r  l " l e r sey  mud  was

m a d e  u p  ! o  a  v o l u m e  o f  1 5  l i t r e s  u s i n g  s a l t  w a t e r  ( 3 2

pp t ) .  The  p repa red  s lu r r y  r , r as  pou red  i n to  t he  cop  o f

E h e  c o l u m n  r e s u l t i n g  i n  t o t a l  d e p u h  o f  7 . 8 5 m .  A f t e r

a b o u t  4  m i n u E e s  t h e  m u d  h a d  f u l l y  d i s p e r s e d  t h r o u g h o u t

the  en t i r e  dep th  o f  t he  co lumn .  The  bed  reached  i t s

max imum th i ckness  a f t e r  2  hou rs  and .Ehen  rap id l y

conso l i da ted  ove r  t he  nex t  8  hou rs  a f t e r  wh i ch  the

ra te  o f  conso l i da t i on  dec reased  to \ ra rds  t he  end  o f -  t he

t e s t .

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

2  d a y s  c o n s o l i d a t i o n .  T h e  m e a s u r e d  d e n s i t y - d e p t h

p r o f i l e  i s  s h o w n  i n  F i g u r e  6 ,  i l l u s E r a t i n g  t h a t  t h e

b e d  h a d  c o n s o l i d a r e d  E o  a  t h i c k n e s s  o f  0 . 0 5 1 m '

( o n e - E e n E h  t h e  t h i c k n e s s  o f  t h e  s l u d g e  b e d



3 .3

3 . 4  R e s u l t s

S Iudge  /mud

t e s  t

c o n s o l i d a t e d  f o r  t . h e  s a m e  p e r i o d ) .  T h e  m e a n  d e n s i c y

o f  r h e  b e d  w a s  3 8 5 g / 1 .

As Ehe resu l ts  f rom th is  tes t  were  to  be  compared w i th

those o f  the  f i rs t  two tes ts  i t  was  dec ided Eo use the

same amount  o f  each mat .e r ia l :  1509 s ludge and 1509 mud

were  made up in to  a  15  l i t re  s lu r ry .  SaI t  was  added

t o  t h e  s l u r r y  u n t i l  a  s a l i n i t y  o f  3 2  p p t  w a s  r e a c h e d .

Aga in  the  co lumn r^ ras  f i l l ed  to  a  depth  o f  5 .6m wi th

rda ter  o f  the  same sa l in i ty .  The prepared s lu r ry  was

poured inco  che top  o f  Ehe co lumn resu l t ing  in  a  to ta l

d e p t h  o f  7 . 8 5 n .  A f t e r  2 8  m i n u t e s  t h e  s l u r r y  i n r e r f a c e

had reached the bottom of the column. The f locs

wi th in  the  s lu r ry  were  observed to  be  smal l  and

d e n s e l y  p a c k e d .

Af te r  Ehe resu l t ing  bed had been a l lowed to

c o n s o l i d a t e  f o r  2  d a y s ,  t h e  d e n s i t y  p r o f i l e  w a s

measured us ing  Ehe rad ioac t ive  probe.  The th ickness

of  the  bed a t  th is  s tage r ras  0 .56m,  w i th  a  mean bed

d e n s i t y  o f  6 5 g / 1 .  T h e  d e n s i t y - d e p t h  p r o f i l e  i s  s h o w n

i n  F i g u r e  7 ,  a l o n g  w i t h  p r o f i l e s  o f  c h e  b e d  a f t e r  7

and 33  days .  I t  can  be  seen tha t  Lhe dens i ty  p ro f i le

is  smoothed ou t  as  the  bed conso l ida tes  w i th  t i rne .

Mud beds which have been sett led out of suspension and

conso l ida ted  commonly  demonst ra te  a  dens i ty  p ro f i le

wh ich  inc reases  f  rom zero  aE the  sur f  ace  o f  the  bed, ' tb

a  max imum at  the  bo tcom,  w i th  a  charac t .e r is t i c  rS l

shape. This is shown by the Grangemouth mud in Figure

B.  The pg ten t ia l  fo r  resuspens ion  by  eros ion  o f  a  bed

depends on the surface density of the bed and how

qu ick ly  the  dens i ty  o f  the  bed increases  w i th  depth .

l 0



4 . 1

EROSION OP A

SLUDGE BED

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

Compar ing  the  2  day  dens i ty -depth  pro f i les  fo r  each

tes t  shows Ehat  the  s ludge bed has  a  very  smal l  change

in  dens i ty  be tween the  sur face  and the  bo tEom o f  the

bed (wh ich  has  a  max imum dens i ry  o f  abour  4 }g l l )  and

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

eros ion  Ehan t .he  mud bed,  wh ich  has  a  very  la rge

c h a n g e  i n  d e n s i t y  o v e r  a  c o m p a r a b l e  d e p t h .

The bed se t t led  f rom the  s ludge/ rnud mix tu re  ( f igure  7)

shows a  pro f i le  be tween Ehe s ludge bed pro f i le  and the

mud bed pro f i le ,  w i th  an  inc rease in  dens i ty  w i th

depth ,  par t i cu la r ly  a t  the  bo t to rn  o f  the  bed.  Th is

ind ica tes  tha t  Ehe mud f rac t ion  makes a  s ign i f i can t

cont r ibu t ion  to  the  conso l ida t ion  o f  the  bed,  wh ich

i n c r e a s e s  i t e  r e s i s t a n c e  t o  e r o s i o n .

Three eros ion  tes ts  rdere  car r ied  ou t  to  inves t iga te

Ehe erod ib i l i t y  o f  a  bed o f  sewage s ludge and to

ident i f y  a  poss ib le  re la t ionsh ip  be tween bed

c o n f i g u r a t i o n  a n d  r e s i s E a n c e  t o  e r o s i o n .  E a c h  t e s t

used a  d i f fe ren t  bed prepara t ion  procedure  as

fo  I  lows :

A  s ludge bed was se t t , led  th rough sa l t  water

and a l lowed to  conso l idace fo t  7  days  be fore

t e s  t i n g ;

A bed o f  rmrd  was f i rs t  se t t led  inEo the

eros ion  f lume and le f t  to  conso l ida te  fo r  7

days .  A  s ludge bed was then se t t led  on  top

of  the  nnrd  and a l lowed Eo conso l ida te  f ,o r  2

days  be fore  tes t ing ;

1 .

2 .
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4 . 2  E r o s i o n  T e s t s

3 .  A  m u d  b e d  w a s  s e t E l e d  o u t  o f  s u s p e n s i o n .

A f t e r  2 *  h o u r s  c o n s o l i d a t i o n ,  a  s m a l l  a m o u n t

o f  m u d  s E i l l  r e m a i n e d  i n  s u s p e n s i o n ,  a t

wh i ch  t ime  a  s l udge  s lu r r y  was  added  Lo  the

e r o s i o n  f l u m e .  T h i s  r e s u l t e d  i n  a  b e d  o f

s l udge  sandw iched  be tween  l aye rs  o f  mud .

The  tes t  \ r as  ca r r i ed  ou t  a f t e r  a  f u r t he r  24

h o u r s  c o n s o l i d a t i o n .

As fo r  a l l  the  sEud ies  car r ied  ou t  fo r  the  Depar tment

o f  the  Env i ronment  Ehe s ludge used in  these tes ts  came

from Davyhulme Sewage TreatmenE Works in ! ' lanchester.

I dea l l y ,  nud  f rom the  R ive r  Mersey  (as  i n  t he  se t t l i ng

and  conso l i da t i on  t es t . s )  wou ld  have  been  used  as  a

base  ma te r i a l  i n  c .he  second  and  th i rd  t es t s .  Howeve r ,

i n  o rde r  t o  reduce  the  number  o f  va r i ab les  encoun t ,e red

iE  was  dec ided  Eo  use  GrangemouEh  mud ,  a  mud  w i th

p rope r t i es  more  Eho rough l y  unde rs tood  by  Hyd rau l i cs

Resea rch .  Mud  ob ta ined  f rom Grangemou th  Docks ,

l ocaLed  on  the  sou th  bank  o f  t he  Fo rLh  Es t ,ua ry ,  has  ,

been  i nEens i ve l y  s tud ied  by  t tR  (Hyd rau l i cs  Resea rch ,

L 9 7 7 >  a n d  i t s  e r o s i o n a l  p r o p e r t i e s  w e l l  e s t a b l i s h e d .

Compar i son  o f  t he  dens i t y  s t ruc tu res  o f  beds  o f

Mersey ,  Grangemou th  and  Jun in  (Pe ru )  muds  conso l i da ted

ove r  a  s i r u i l a r  pe r i od  o f  t i ne  (F ig  8 )  i nd i ca te  t ha t

the bed st ructures of  } , lersey and Grangemouth muds are

n o t  r a d i c a l l y  d i f f e r e n t .

4 . 2 . 1  E r o s i o n  F l u m e  F a c i l i t y

T h e  e r o s i o n  f l u m e  h a s  a  r e c t a n g u l a r  c r o s s - s e c t i o n  0 . 3 m

w i d e  a n d  0 . 2 m  d e e p .  T h i s  c h a n n e l  c o n s i s E s  o f  a n

e n t r y  s e c t i o n  ( 8 . 5 m  l o n g ) ,  a  w o r k i n g  s e c t i o n  ( 2 . 3 m )

a n d  a n  e x i t  s e c t i o n  ( l . B m ) .  R e g u l a r l y  s p a c e d  g l a s s
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windows in  bo th  s ides  o f  the  en t ry  and work ing

s e c t i o n s  a l l o w  o b s e r v a c i o n s  o f  t h e  s e t E l e d  b e d  E o  b e

m a d e  d u r i n g  a  t e s t .  T h e  r o o f  o f  t h e  w o r k i n g  s e c E i o n

c a n  b e  e n t i r e l y  r e m o v e d  a n d  r e p l a c e d  w i t h  a n

o p e n - b o c t o m e d  E a n k ,  t h u s  c o n v e r t i n g  i t  i n L o  a  2 m  d e e p r .  ,

0 . 3 m  w i d e  a n d  7 . 3 m  l o n g  s e t t l i n g  t a n k .  T h i s  i s  u s e d

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

d e p o s i E e d  o n  t o  E h e  f l o o r  o f  E h e  w o r k i n g  s e c t . i o n .  A
i

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

p i p e  p r o v i d e s  f l o w  t h r o u g h  t h e  c l o s e d - l o o p  s y s t e m .

D u r i n g  a n  e r o s i o n  E e e E  m e a s u r e m e n E s  o f  \ r a t e r

d i s c h a r g e ,  s u s p e n d e d  s o l i d s  c o n c e n t r a U i o n  a n d

Cempera tu re  a re  regu la r l y  made .  The  shea r  s t ress  on

E .he  bed  due  to  t he  f l ow  i s  ca l cu laEed  f rom the

p ressu re  g rad ien t  a long  the  work ing  sec t i on ,  wh i ch  i s

measu red  a t  seven  pos i t i ons  a long  the  l eng th  o f  t he

b e d .

The  fac i l i t y  i s  desc r i bed  i n  more  de ta i l  i n  a  p rev ious

r e p o r t  ( H y d r a u l i c s  R e s e a r c h ,  1 9 7 7 ) .

4 . 2 . 2  E r o s i o n  T e s t  I

A  bed  o f  Davyhu lme  s ludge  was  se t t l ed  i n  t he  wo rk ing

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

p e r i o d  o f  7  d a y s  a f t e r  w h i c h  i t  t r a a  a t E a i n e d  a

th i ckness  o f  0 .055 rn .  The  se t t l i ng  Eank  was  chen

removed  f rom above  the  work ing  sec t i on  o f  t he  f l ume

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

.  - : ,

Be fo re  t he  s ta r t  o f  an  e ros ion  Les t  t he  ax ia l  f l ow

pump was run for  30 minutes at  i ts  min imum discharge

( m e a n  f l o w  v e l o c i t y  =  0 . 1 2 m / s )  i n  o r d e r  L o  c l e a r  a n y

a i r  t r apped  i n  t he  sys tem and  to  p i ck  up  any  ma te r i a l

i n  p laces  o the r  t han  the  work ing  sec t i on .  Jus t  be fo re

the star t  o f  the test ,  samples r . tere reooved f rom Ehe

f low and averaged to determine the background

13
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c o n c e n C r a f i o n  f o r  E h e  E e s t .

w a s  a p p r o x i m a t e l y  0 . 0 2 2 g 1 I .

Fo r  Tes t  I  Ehe  backg round

The  Ees t  was  a  run  i n  a  number  o f  d i sc re te  phases  w i th

t h e  w a t e r  d i s c h a r g e  Q ,  ( a n d  h e n c e  m e a n  f l o w  v e l o c i t y ) ,

b e i n g  i n c r e a s e d  i n  d i s c r e t e  s t e p s  b y  i n c r e a s i n g  t h e

speed  o f  Ehe  ax ia l - f l ow  punp .  A f t . e r  each  i nc rease  Ehe

d i scha rge  rdas  gene ra l l y  he ld  cons tan t  un t i l  t he

concen t ra t i on  o f  t he  \ . r i t hd rawn  samp les  became

conscan t .  Th i s  was  te rmed  Ehe  equ i I i b r i u rn  cond i t i on

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

d i scha rge  was  i nc reased  t . o  t he  nex t .  des i red  va lue .

F igu re  9  shows  the  concen t ra t i on ,  mean  f l ow  ve loc i t y

a n d  a p p l i e d  s h e a r  s c r e s s  a g a i n s t  t i m e  f o r  T e s t  1 .  I t

can  be  seen  tha t  by  t he  end  o f  t he  f i r s t  phase  (mean

f l o w  v e l o c i t y  0 . 1 4 m / s ) ,  t h e  c o n c e n t r a E i o n  o f  E h e  f l o w

had  reached  an  equ i l i b r i um a t  app rox ima te l y

0 . 2 3 0 g / 1 .  T h i s  s u g g e s E e d  t h a t  r h e  c r i r i c a l  s h e a r

sL ress  f o r  t he  sEa r t  o f  e ros ion  o f  t he  s l udge  bed  had

b e e n  e x c e e d e d .  T h e  s h e a r  s t r e s s  a p p l i e d  t o  t h e  b e d , a t

t h i s  d i scha rge  was  ca l cu la ted  to  be  l ess  t han

0 . 0 2 N / m 2 .

Dur ing  the  second  phase  (mean  f l ow  ve loc i t y  0 .L lm ls ) ,

t he  concen t rac ion  i nc reased  by  a  f ac to r  o f  f ou r ,

ind icat ing urass erosion of  Ehe bed.  By the end of  the

Lh i rd  phase  (mean  f l ow  ve loc i t y  0 .25m/s )  more  Ehan

ha l f  t he  o r i g i na l  bed  had  been  e roded .  The  tes t  was

s topped  a t  Uh i s  s tage  as  i t  was  suspec ted  tha t  t he  bed

along the cenfre of  the f lume had eroded down co the

f l ume  f l oo r  due  to  t he  seve re  scou r i ng  ac t i on

o b s e r v e d .
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4 . 2 . 3  E r o s i o n  T e s t  2

A bed o f  Grangemouth  mud was se t t led  in fo  the  work ing

s e c t i o n  o f  E h e  f l u m e ,  A f t e r  7  d a y s  c o n s o l i d a t i o n  t h e

bed had a  th ickness  o f  0 .048o.  A  s lu r ry  o f  sewage

s ludge was then punped in to  the  top  o f  the  seEt l ing

tank  and a l lowed to  se t t le  on  Eop o f  the  ex is t ing  rnud

bed.  A f te r  a  fu r ther  two days  the  s ludge layer  had

a E t a i n e d  a  t h i c k n e s s  o f  0 . 0 1 " 0 m  ( i . e .  a  t o t a l  t h i c k n e s s

o f  a b o u t  0 . 0 5 8 n ) .

To  g ive  an  ind ica t ion  o f  rhe  l i ke ly  dens i ty  p ro f i le  o f

the  bed a  conso l ida t ion  tes t  was  conducted  by  se tC l ing

a sludge bed on Eop of a mud bed. A bed of

Grangemouth mud \cas sett .  led on to the base of a

se t t l ing  co lumn and a l lowed to  conso l ida te  to t  24

hours  a f te r  wh ich  a  s ludge s lu r ry  was poured in to  the

c lear  water  over ly ing  the  mud bed.  A f te r  a  fu r ther  I

and 6  days ,  Ehe resu l t ing  bed was pro f i led  us ing  the

Harwe l l  rad ioac t ive  t ransmiss ion  probe.  The dens i ty

pro f i le  o f  the  bed a f te r  7  days  conso l ida t ion  is  shown

in  F igure  10 ,  i l l us t ra t ing  the  layer  o f  low dens i ty

s ludge a t  the  Cop o f  the  bed,  above Ehe h igher  dens i ty

mud layer .

As  the  c r i t i ca l  shear  s t ress  fo r  che  sEar t  o f  e ros ion

of  the  s ludge bed was exceeded in  Tes t  1 ,  i t  was

dec ided to  inc rease the  d ischarge in  smal le r

inc rements  so  tha t  the  c r i t i ca l  ve loc i ty  fo r  e ros ion

cou ld  be  de termined more  accura te ly .  The ax ia l  f low

pump was run ac its minirnum speed (roean flow veloci'ty
-  0 . 1 2 n / s )  d u r i n g  t h e  f i r s t  p h a s e .  E v e n  a t  t h i e  f l o w

veloci t ,y the sludge bed was obeerved Lo be undergoing

eros ion .  Th is  ind ica ted  tha t  rhe  c r i t i ca l  ve loc i ty

f o r  e r o s i o n  o f  t h e  s l u d g e  i s  l e s s  t h a n  0 . 1 2 m / s .

F igure  11  i l l us t ra tes  tha t  the  bed shear  s t ress

assoc ia ted  w i th  th is  f low ve loc i ty  was approx imate ly

0 . 0 1 N / u r 2 .
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Dur ing the next  three phases s ludge cont inued to be

eroded f rorn the bed sur face unt1 l  by the end of  the

fou r th  phase  (mean  f l ow  ve loc i t y  0 .21n /s )  a l l  o f  t he

sludge had been resuspended,  leavlng the mud bed

exposed .  The  e ros ion  tes t  was  con t i nued  un t i l  nass

erosion occurred at  a bed shear s t ress of

approxinate ly  O.6BN/# .

4 . 2 . 4  E r o s L o n  T e s t  3

The airu of the thtrd erosion test was to reproduce the

sea bed condlt ions whlch may occur in turbid water.

For this purpose a mud slurry was Lntroduced into the

sett l lng tank and al lowed to sett le out of  suspension

for 2| hours. A slurry of sludge was then also punped

into the tank. The two slurry suspensions were

al lowed to sett le and consol idate for a further 24

hours after which time a l_ayered bed had forned. Thls

consisted of a mud bed 0.051n thlck covered by a

sludge/mud bed 0.OO8m thick whlch in turn was covered

by a further thin layer of nud about 0.003n rhlck.

This strat i f icat ion of the bed existed beeause the

sludge had a faster sett l ing velocl ty than the f ine

mud f rac t lon .

During the f i rst  phase (nean f low veLoctry 0.12n/s),

erosion did not take place. At the second and third

dlscharges (bed shear stress approximately 0.1N/#)

the surface mud layer was resuspended (see Fig 12)

IeavLng the sl-udge bed exposed. The large increase in

suspended sollds concentration observed durlng the,,: -

fourth phase (nean f low veLoctty 0.20n/s) was due to

erosion of the sludge. The bed shear stress

assocLated with this f low velocl ty was about 0.12N/#.

The sludge cont inued to be resuspended during the

f i f th and"slxth phases, bed shear stressea of up to

0.34N/f belng recorded. At the start  of  the seventh

phase aLl the sludge had been eroded, leaving the mud

I 6



bed  exposed .  Mass  e ros ion  o f  t he  mud  bed  took  p lace

du r i ng  the  seven th  and  e igh th  phases .

CONCLUSIONS

1 . A ser ies  o f  laborar .o ry  tes  ts  \das  cons  t rucEed to

examine the  behav ioura l  charac ter is t i cs  o f  sewage

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

s e a ,  i . e .  s e t t l i n g ,  c o n s o l i d a t i o n  a n d  e r o e i o n .

Tes ts  h rere  car r ied  ou t  in  the  HR labora tory  us ing

samples of Davyhulme sewage sludge. l . lersey rnud

was used in  the  se t t l ing  ces ts  and Grangemouth

n u d  i n  t h e  e r o s i o n  t e s t s .

Set t l ing  tube tes ts  l re re  se t  up  to  inves t iga te

the  e f fec t  o f  rnud on  the  se tE l ing  ve loc i ty  o f  a

s ludge/mud s lu r ry .  These tes ts  revea led  a  l inear

increase in  med ian  se t t l ing  ve loc i ty  ( I {uo)  w i t t r

the  propor t ion  o f  mud in  the  s lu r ry  ( f ig  3 ) .

FurLher  se t t l ing  tes ts  rdere  car r ied  ou t  to

ident i f y  a  re la t , ionsh ip  be tween se t t l ing  ve loc i ty

and s lu r ry  concent ra t ion .  S ludge,  mud and a  
:

50150 mix tu re  by  we igh t  o f  the  two nere  Les ted

independent ly l  each maler ia I  a t  8  d i f fe ren t

concent ra t ions .  In  genera l  te rms Che equa l

mixture of s ludge and mud had Ehe higheet

s e t t l i n g  v e l o c i t i e s  f o r  a  g i v e n  c o n c e n t r a t i o n

wi th  the  mud hav ing  the  lowest .  Both ,  however ,

tended Eo increase w i th  concent ra t ion .  The

s ludge showed no c lear  re la t io i rsh ip  be tween

s e t t l i n g  v e l o c i t y  a n d  c o n c e n t r a t i o n  o f  s l u r r y - . , , .

(F is  s ) .

Conso l ida t ion  tes t ,s  on  Ehe s ludge revea led  Ehat

the  s ludge bed was very  s low to  conso l idaEe and

af te r  2  days  had on ly  reached a  mean dens i ty  o f

20g l t  w i th  a  very  smal l  dens i ty  g rad ien t  f ro rn  Ehe

sur face  to  the  bo t tom o f  the  bed (F ig  6 ) .  The

d e n s i t y  p r o f i l e  o f  E h e  s e E t l e d  m u d  b e d  a f t e r  2

2 .

3 .

4 .
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d a y s  e x h i b i t e d  a  u n i f o r m  ' S '  s h a p e ,  a

c h a r a c t e r i s t i c  o f  m u d  b e d s  ( F i g  6 ) .  T h e  b e d  h a d

c o n s o l i d a L e d  t o  a  L h i n  l a y e r  w i t h  a  m e a n  d e n s i t y

o f  385g/ I  and a  la rge  dens i ty  g rad ienu be tween

the  sur face  and t .he  bo tEom o f  Ehe bed,  wh ich

wou ld  p rov ide  more  res isEance Eo eros ion .  The

d e n s i t y  p r o f i l e  o f  t h e  5 0 : 5 0  m i x  a f t e r  2  d a y s

( f ig  7 ) ,  l i es  beLween the  t l ro  exEremes o f  Ehe

p o o r l y  c o n s o l i d a t e d  s l u d g e  b e d  a n d  E h e  d e n s e  m u d

bed.  The genera l  fo rm is  very  s i ru i la r  to  rha t  o f

the  rnud bed,  ind icaEing  the  impor tance o f  Ehe mud

f r a c t i o n  i n  t h e  c o n s o l i d a t i o n  o f  t h e  b e d ,

The res is tance o f  a  s ludge bed to  re -eros ion  was

m e a s u r e d ;  a s  a  s l u d g e  b e d ,  a a  a  s l u d g e  l a y e r  o n

Eop o f  a  mud bed and as  a  combina t ion  o f  s ludge

a n d  m u d ,  S l u d g e  a l o n e  a n d  s l u d g e  s e t L l e d  o n  a

mud bed had a  very  s imi la r  res is tance to  e ros ion .

T h e  c r i t i c a l  s h e a r  s E r e s s  f o r  e r o s i o n  w a s  l e s s

than 0 .02N/m2.  The s ludge/mud combina t ion

c o n s i s t e d  o f  a  s t r a t i f i c a t i o n  o f  m u d ,  s l u d g e  a n d

mud, and mud raEher than a homogeneous bed. The

cr i t i ca l  shear  s t ress  fo r  the  t ,op  layer  o f  mud

r^ 'as  approx imate ly  0 .1N/ rn3 .  Once the  proEect ing

mud layer had been removed the exposed sludge

layer  was sub jec ted  to  rap id  e ros ion .

The tests indicate that the presence of mud in

t ,he water column through which a sewage sludge is

s e t t l i n g  h a s  a  s i g n i f i c a n t  e f f e c t  o n  t h e

behav ioura l  charac ter is t i cs  o f  the  s ludge.  T ! ,? ,

r e s u l E s  s u g g e s t  t h a t  s e t t l i n g  v e l o c i t y  w i l l  b e

increased and conso l ida t ion  w i l l  be  fas te r  than

f o r  s l u d g e  a l o n e .  T h i s  w i l l  r e s u l t  i n  a  b e d  w i t h

more  res is tance to  e ros ion .  The ex ten t  o f  the

e f f e c t  i s  l i k e l y  E o  b e  p r o p o r t i o n a l  t o  E h e  r a t i o

o f  s l u d g e  E o  m u d .

6 .

l 8



. : , ;  j

6 REFERENCES

l .  Depa rLmen t  o f  Env i ronmen t .  Ou t  o f  S igh t  Ou t  o f

M ind  -  Repo r t  o f  a  t r l o r k i ng  pa r t y  on  s ludge

d i s p o s a l  i n  L i v e r p o o l  B a y  V o l . 2 ,  1 9 7 2 .

2.  I l ydrau l i cs  Research .  Proper t ies  o f  Grangemouth

l " lud .  Repor r  No EX 7Bl ,  Ju ly  L977 .

J,

3 .  H y d r a u l i c s  R e s e a r c h .  R i v e r  S h e l d t  S u r g e  B a r r i e r

:  S t u d y  o f  e s r u a r y  s e d i m e n t s .  R e p o r t  N o  E X  9 2 8 ,

November  1980.

4 .  H y d r a u l i c s  R e s e a r c h .  S e t t l i n g  o f  s e w a g e  s l u d g e .

Repor t  No EX 1130,  Apr i l / l ' tay  1983.

5 . ' '  T  N BurE and K A Turner .  Depos i t ion  o f  sewage

s ludge on  a  r ipp led  sand bed.  I l ydrau l i cs

Research  Repor t  No IT  248,  June 1983.

6 .  H y d r a u l i c s  R e s e a r c h .  S e t t l i n g  o f  T h i c k e n e d

Sewage S ludge.  Repor t  No EX LZL2,  June 1984.

7 .  H y d r a u l i c s  R e s e a r c h .  S l u d g e  d i s p o s a l  i n  c o a s t a l

w a E e r s ;  M a t h e n a t i c a l  m o d e l l i n g  o f  t h e ,  E r a n s p o r t

o f  heavy  meta ls  in  L iverpoo l  Bay .  ReporL  No

S R  7 0 ,  M a r c h  1 9 8 5 .

8 .  l l y d r a u l i c s  R e s e a r c h .  S l u d g e  d i s p o s a l  t o  s e a ,

Liverpool Bay bed r ipple survey f984. Report  No

SR 92,  May 1986.

l 9





, . i  i

TABLES.





Conpos i  t  ion

:

o f  s ludge/nud rn ix tu ree f o r  S e r i e s  I  t e s t eTABLE I :

T e s t  N o

I

2

3

4

5

6

8

9

l 0

l t

S I  udge
( m l  )

5 .0

4 .5

4 .0

3 .5

3 .0

2 .5

2 .0

r . 5

1 .0

0 .5

0 .0

f racE ion
(" / " )

100

90

BO

70

60

50

40

30

20

l0

0

M u d  f r a c E i o n
(e )  (7 " )

0 .000  0

0 .041  10

0 .082  20

0 .  123  30

0 .  164  40

0 .  205  50

0 .246  60

0 .287  70

0 .328  80

0 .369  90

0 .410  100

N B 5ml  o f s l u d g e  =  O . 4 l 0 g  d r y  w e i g h E  o f  s o l i d s .





S e t t l i n g  V e l o c i t y  A n a l y s i s ,  S e r i e s  I  T e s t sTABLE 2 :

S e t t  t  i n g
Tube No

5

o

7

8

9

S l u d g e /
I lud
R a t i o

1 0 0 / 0

9o /  10

Bolzo

To l l o

60140

5olso

40 loo

30 l t o

20 leo

1o /90

0 / r00

I

2

3

4

wto  wzn

0 , 0 1 4  0 . 0 3 3  0 . 0 6 5

0 . 0 1 8  0 . 0 6 1  0 . 1 6 0

0 . 0 1 9  0 . 0 5 4  0 , r 2 4

0 . 0 3 0  0 . 0 8 1  0 . 1 7 0

0 . 0 4 9  0 . 1 5 5  0 . 2 9 5

0 . 0 3 1  0 .  1 0 5  0 . 2 4 0

0 . 0 4 3  0 . r 5 5  0 . 3 2 0

0 . 0 5 7  0 . 1 7 8  0 . 3 4 0

0 . 0 5 5  0 . 2 0 0  0 . 3 7 0

0 . 0 7 6  0 . 2 2 7  0 . 4 r 0

0 . 0 4 2  0 . 4 3 0  0 . 7 1 0

S e t t l i n g  V e l o c i r y  ( m m / s )
W g O  W q o  W s o  t ' l O O  l l Z O weo  wgo

0 . L 2 2  0 . 2 2 8  0 . 3 8 4  0 . 5 7 0  0 . 7 7 5  1 . 3 2 0

0 , 2 5 0  0 . 3 4 5  0 . 6 0 0  0 . 9 0 0  1 . 3 2 0  2 . 0 0 0

0 . 2 4 0  0 . 3 7 5  0 . 5 5 0  0 . 8 0 0  1 . 1 8 0  1 . 8 2 0

0 . 3 3 0  0 . 5 7 0  0 . 7 9 0  1 . 1 0 0  1 . 7 5 0

0 . 4 5 5  0 . 6 6 0  0 . 9 2 0  1 . 3 0 0  1 . 9 0 0

0 . 4 r 5  0 . s 9 0  0 . 8 6 0  1 . 3 3 0  2 . 3 0 0

0 . 5 0 0  0 .  7 0 0  0 . 9 8 0  t . 4 2 0  2 .  i 0 0

0 . 5 8 0  0 . 8 5 0  1 .  2 3 0  1 . 8 5 0

0 . 6 0 0  0 . 8 4 0  1 . 1 3 0  L . 6 4 0

0 . 6 4 0  0 .  B B 0  r .  1 6 0  1 . 7 0 0

r . 1 1 0  1 . 7 0 C

10

11





T A B L E  3 :  S e t t l i n g  V e l o c i t y  A n a l y s i s ,  S e r i e s  I I  T e s t s

S e t t l i n g  D r y  w e i g h c
T u b e  i n  W r r i  W e n

N o  5 0 0 m 1  ( g )

SLU DG E

S e t t l i n g  V e l o c i t y  ( m m / s ;
W3, " ,  Wqo  Wso  Woo  | ]  l o  Wso  wgo

I
.)

0 . 4 9 9

0 .  4 7 0

0 . 2 7  2

0 . 2 4 7

0 . 2 0 4

0 .  1 5 1

0 . 1 1 0

0 . 0 4 8

0 . 0 3 7  0 . 0 9 8

0 . 0  l 6  0 . 0  3 7

0 . 0 0 6  0 . 0 1 1

0 .  0 0 9  0 . 0  r 3

0 . 0 2 7  0 . 0 5 6

0 . 0 2 9  0 . 0 7  2

0 . 0 2 4  0 . 0 5 4

0 . 0 0 7  0 . 0 0 8

0 .  2 1 0  0 . 4 1 0

0 . 1 2 0  0 . 2 4 5

0 . 0 3 6  0 . 0 7 4

o . 0 2 4  0 . 0 6 4

0 . 0 9 0  0 . t 4 2

0 . 1 4 4  0 . 2 5 9

0 . 0 9 8  0 .  r 6 6

0 . 0 1 2  0 , 0 1 7

0 . 6 2 0  0 . 8 7 5

0 . 3 9 5  0 . 6 1 6

0 . 1 7 0  0 . 3 4 7

0 . 1 4 3  0 . 3 0 0

o . 2 t 7  0 . 3 1 5

0 . 4 1 5  0 , 5 B B

0 . 2 7 8  0 . 4 6 7

0 . 0 2 5  0 . 0 4 1

1 . 1 6 5  I . 5 4 5  2 . 4 5 5

0 .  9 0 0  1  .  3 0 0  2 .  2 0 0

0 . 6 3 8  1 . 0 3 0  1 . 5 5 0

0 . 4 4 0  0 . 6 5 5  1 . 0 5 5

0 . 4 4 5  0 . 6 6 0  1 . 2 1 0

0 .  8 6 0  1  .  1 0 0  1 . 7 0 0

0 . 7 3 0  1 . 1 0 0  r . 8 2 5

0 . 0 7 5  0 . 3 1 4  1 . 1 9 0

{

4

6

8

M U D

9

l 0

l 1

T 2

1 3

I 4

1 5

1 6

5 0 / 5 0  1 4  r x

0  . 5 4 7

0 . 3 7  4

0 . 2 8 7

0 . 2 t 5

0 . 2 1 3

0 . 1 7 8

0 .  1 2 9

0 .  0 9 0

0 . 5 2 0

0 . 4 3 4

0 . 2 r 4

0 . 2 4 3

0 . 2 0 4

0 .  1 6 9

0 .  0 9 9

0 .  0 4 1

0 . 0 2 5  0 . 0 7 3

0 . 0 1 6  0 . 0 6 2

0 . 0 2 5  0 . 0 8 8

0 . 0  l 2  0 . 0 2 7

0 . 0 1 4  0 . 0 3 4

0 . 0 1 0  0 . 0 3 7

0 . 0 1 2  0 . 0 2 3

0 .  0 0 8  0 .  0  1 4

0 . 1 4 5  0 . 2 2 0  0 . 3 0 5

0 .  1 4 6  0 . 2 6 4  0 . 3 4 4

0 . 1 7 4  0 . 2 6 8  0 . 3 5 9

0 . 0 4 9  0 . 0 8 0  0 . I 2 4

0 . 0 7 1  0 . L 2 2  0 . 1 7 5

0 . 0 5 5  0 . 0 8 4  0 .  1 2 3

0 . 0 3 9  0 .  0 6  1  0 .  0 9 0

0 . 0 2 4  0 . 0 4 3  0 . 0 7 2

0 . 3 9 5  0 . 4 8 2  0 . 5 4 7  0 . 6 t + 2

0 . 4 2 r  0 . 5 1 5  0 . 6 3 7  0 . 8 2 0

0 . 4 5 4  0 . 5 5 3  0 . 6 6 0  0 . 7 8 0

0 . 1 8 0  0 . 2 3 5  0 . 3 1 5  0 . 4 7 0

0 . 2 3 4  0 . 3 0 0  0 . 3 8 8  0 . 5 8 5

0 . 1 7 9  0 . 2 5 2  0 . 3 4 7  0 . 6 0 0

0 . 1 3 2  0 . 2 0 1  0 . 3 4 0  0 . 7 5 0

0 . 1 1 8  0 . 1 9 8  0 . 3 8 0  1 . 9 0 0

t ?
L I

1 8

l 9

20

2 l

2 2

2 3

24

0 . 0 2 1  0 . 0 9 4

0 . 0 0 7  0 . 0 5 2

0 . 0 2 4  0 . 0 9 2

0 . 0 0 8  0 . 0 4 0

0 . 0 0 9  0 . 0 2 9

0 . 0  I  I  0 . 0 2 8

0 . 0 2 7  0 . 0 5 8

0 . 0  1 3  0 . 0 3 1

0 .248  0 .475

0 .165  0 .334

0 .  r 87  0 .308

0 .131  0 .29L

0 .074  0 .181

0 .063  0 .125

0 .098  0 .  153

0 .050  0 .081

0 . 7 8 0  1 . 0 9 0

0 . 5 9 0  0 . 9 0 4

0 . 4 4 8  0 . 6 0 8

0 . 4 9 5  0 . 6 8 5

0 .  3 3 8  0 . 5 0 1

0 . 2 t 5  0 . 3 3 0

0 . 2 2 5  0 . 3 0 9

0 . 1 3 5  0 . 2 2 6

1 . 3 2 0  1 . 6 r 5  2 . 3 5 0

r . 2 5 0  1 . 5 0 0  1 . 9 3 0

0 . 7 8 0  0 . 9 5 7  L . 2 2 0

0 . 8 3 9  1 . 0 0 0  1 .  3 5 0

0 . 6 9 0  0 . 9 r 0  1 . 3 0 0

0 . 4 9 2  0 . 6 8 0  0 . 9 9 0

0 . 4 1 0  0 . 5 9 3  1 . 0 0 0

0 . 3 8 8  0 . 7 1 5  t . 0 5 2
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