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The  Me as ure d Hor izonta l Coe ffic ie nt  of Cons o lida t ion  

of Lamina te d, Laye red or Varve d Clays
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Me s ur e  du c oe fficie nt de  c o ns o lid a t io n  ho r izo nta le  d ’a rg ile s  fe uille tée s , s trat ifiée s  o u  varvée s

P . W . R O W E ,  S im o n  Engine e ring  Laboratorie s , Univ e rs ity  o f  Manche s te r, Manche s te r, Gre at  B ritain

D . H . S H IE L D S ,  W illiam  A . T row  & As s ociate s  L td ., W e s ton, Ontario , Canad a

S U M M A R Y

T he  rate  o f dr ainage  o f a c lay  c onta ining ar tificial laye rs  o f 
highe r  pe r me ability  has  been s tudie d by me ans  o f a  series o f 
r adia l drainage  oedome te rs  o f ne w des ign. T he  me asure d hor i­
zonta l coefficients  o f c ons olidat ion were  found to vary w ith  the  
r atio o f the thickness  o f the  clay layers  to the diame te r  o f the 
mode l in  the  ma nne r  pre dicte d by theory.

S O M M A IR E

On a é tudié  la  vitesse de  dr ainage  d ’une  ar gile  qui cont ie nt 
des  couches  ar tificie lle s  d ’une  pe r méabilité  p lus  grande  a u 
moye n de  nouve aux  oe domètre s  à  dr ainage  r adia l. Après  a vo ir  
me suré les  coefficients  de  c ons olidat ion hor izonta ux  on a 
découve r t que  l'épais s e ur  des couches  d ’argile s  divisée  par  le 
diamè tre  du modè le  var ia ie nt  de  ma niè re  pr édite  par  la  théor ie .

t h e  r a t e  o f  c o n s o l i d a t i o n  o f fo u n d a t io n  c la ys  und e r  la r ge  

e m b a nk m e n ts  w h e r e  ve r t ic a l s a nd dr a ins  ha ve  be e n ins t a lle d  

is  s om e time s  m u c h  fa s te r  th a n  the  pr e dic te d  r a te  ba s e d  o n  

c o n v e n t io n a l la b o r a to r y  tes ts . If  the  c la y  s hows  fine  la m in a ­

t ions  w h e n  c u t  a n d  s p lit , is  o c c a s io na lly  la ye r e d  w it h  s ilt , o r  

is  va r ve d, c o ns o lid a t io n  flo w  c a n  o c c u r  in  the  fie ld  b y  a 

pr oce s s  o f  r a d ia l flo w  in  e a c h la y e r  c o m b in e d  w it h  ve r t ic a l 

flo w  fr o m  th e  less  p e r m e a b le  to  th e  m o r e  p e r m e a b le  laye r s . 

In  th is  e ve nt  th e  ove r - all c oe ffic ie nt  o f  c o n s o lid a t io n  in  the  

h o r iz o n t a l d ir e c t io n, cjj, w h ic h  r e s ults  fr o m  fit t in g  the  

a ve r a ge  m e a s ur e d  de gre e  o f  c o ns o lid a t io n  to  th e  r a d ia l flo w  

s o lu t io n  fo r  a n  is o tr o p ic  s o il, w ill e xce e d th e  h o r izo n ta l 

c oe ffic ie nt  c hc fo r  th e  c la y  la ye r s  a lone . T he  r a t io  o f  the s e  

c oe ffic ie nts  ha s  be e n s h o w n  e x p e r im e n ta lly  to  inc r e a s e  w it h  

le ng t h  o f  dr a in a g e  o r  s ize  o f  s a m p le  fo r  a  fine ly  la m in a te d  

c la y  (Ro w e , 1 9 5 9 ).

Re c e n t ly  H o r n e  (1 9 6 4 ) a nd Ro w e  (1 9 6 4 ) ha ve  o b ta in e d  

a  th e or e t ic a l s o lu t io n  fo r  th e  a ve r a ge  c o ns o lid a t io n  o f  a lte r ­

na t e  la ye r s  o f  u n lik e  c o m pr e s s ib ility , p e r m e a b ility  a nd  th ic k ­

ness . T h e  r a t io  o f  th e  a bo ve  c oe ffic ie nts  o f c o n s o lid a t io n  fo r  

the  cas e  o f  r a d ia l flo w  fr o m  a b o u n d a r y  d ia m e t e r  D  to  a  w e ll 

d ia m e t e r  D / n  w a s  fo u n d  to  be  g iv e n  by  the  s o lu t io n  o f  the  

fo llo w in g  tw o  e qua t io ns :

flL  . 

^lic
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a nd

H  c / T T
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b b F c

- 1  ‘
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W it h  r e fe re nc e  t o  F ig . 1, a =  the  r a t io  ( m vc/ m vs) ( / / e/ / / s ) ,  

b  =  the  r a t io  c lls/c | 1(., w he r e  m y, c ,„ a n d  H  a r e  the  c om pr e s s i­

b ilit y  d ue  t o  ve r t ic a l e ffe c t ive  stress  incr e as e , the  c oe ffic ie nt  

o f c o ns o lid a t io n  in  the  h o r izo n ta l d ir e c t ion , a n d  the  la ye r

f i g . 1. T he  ge ome try a nd no ta t ion fo r  a  sys tem o f a lte r na t ing 
layers .

th ic kne s s , r e s pe c tive ly . Suffix  c  r e fe r s  to  th e  le s s  pe r m e a b le  

o r  c la y  laye r , a n d  s uffix  s r e fe r s  to  th e  m o r e  pe r m e a b le  o r  

s ilt  la ye r . T h e  r a t io  N c =  c iu./ c V(., the  r a t io  o f  c oe ffic ie nts  fo r  

the  c la y  in  the  h o r iz o n t a l a n d  ve r t ic a l d ir e c t io n. T he  fa c to r  

F c =  0c/ t a n  6,., w he r e  8(. is  a ny  c hos e n n u m b e r  be twe e n 0 

a n d  i 7T. T h e  fa c to r  F s =  0s/ t a n h  0S, w h e r e  0H s at is fies  the  

e q ua t io n

0S2/ F S =  ( 8 * / F c) ( H s/ H c) ( k v c/ k Vii) (3 )

a n d  k  r e fe r s  to  the  pe r m e a b ility .

is  the  firs t s o lu t io n  o f the  Besse l fu n c t io n :

t / , ( « « x ) =  0

=  ( « “ x ) ^ o ( « n ) — ^ l ( ” «i\ )l'o (ffx)-

T h e  ob je c t  o f  the  pr e s e nt  p a p e r  is  t o  g ive  the  re s ults  o f 

obs e r va t io ns  o n  the  r a te  o f  r a dia l c o ns o lid a t io n  o f  a n  

a r t ific ia lly  la ye r e d  c la y  in  w h ic h  discs  o f  c e r a m ic  r e pr e s e nt ­

in g  the  m o r e  pe r me a b le  la ye r s  we r e  e m b e d de d be twe e n c la y
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laye r s . In  so fa r  as  the  obs e r va t io ns  s u p p o r t  the  a bov e  

e q ua t io ns  fo r  th is  s pe c ia l cas e  the y  ar e  be lie ve d to  c o n t r ib u te  

to  a n  u nd e r s ta nd in g  o f the  influe n c e  o f the  s t r a t ific a t ion a nd 

s ize  o f the  s a m p le  o n  the  me a s ur e d  ove r- all ho r izo n ta l 

c oe ffic ie nt  o f  c o ns o lid a t io n .

P R O P E R T IE S  O F  T H E  C L A Y  A N D  C E R A M IC  

A ll c oe ffic ie nts  o f c o ns o lid a t io n  w e r e  me a s ur e d  o n  r e ­

m o u ld e d  n o r m a lly  c o ns o lid a t e d  c la y  s ubje c te d  to  a n a p p lie d  

s tres s  inc r e m e n t  fr o m  2 to  4  to n s / s q .f t .  T he  me a s ur e d  coe ffi­

c ie n t  in  the  ve r t ic a l d ir e c t io n, c ve, w as  5.1 s q .ft . / y r  a n d  the  

a s s oc ia te d  p e r m e a b ility  k vc wa s  2 .5  X 1 0 ~ ° c m /s e c . In  the  

h o r iz o n t a l d ir e c t io n the  c oe ffic ie nt  c ltc w as  fo u n d  to de pe n d 

o n  the  h o r izo n ta l le ng th  o f dr a in a g e , be ca us e  the  a nis otr opi-  

ç a lly  c o ns o lid a te d  c la y  s ho w e d  la m in a t io n s . T he  coe ffic ie nts  

w e r e  me a s u r e d  in  a  ne w  type  o f  oe do m e te r  (S h ie ld s  a nd  

Ro w e , 1 9 6 4 ) w h e r e b y  dr a in a g e  ta ke s  p la c e  r a d ia lly  to  a  t h in  

c e n tr a l s a n d d r a in  o f d ia m e t e r  1 / 2 0  b y  oe do m e t e r  d ia me t e r . 

By  th is  d ir e c t  m e th o d , te s ts  o n  the  c la y  a lo ne  w it h o u t  the  

in s e r t io n o f dis cs  ga ve  the  r e s ults  s h o w n  in  T a b le  I.  T he

T A B L E  I .  M E A S U R E D  V A L U E S  O F  C]ic A N D  N c

Dia me te r  of oe domete r  D £T]1C
(inches ) (s q .ft ./ y r ) N c

10 13 .8 2 ,7 0
6 8 .3  1.63
3 7 .9  1.55

p e r m e a b ility , k vs, o f the  c e r a m ic  w as  me a s ur e d  d ir e c t ly  

acr os s  its  le as t d im e n s io n  to be  3 X 1 0 - e  c m / s e c . It  ha s  be e n 

a s s ume d th a t  the  va lue  o f k h& wa s  the  s a me . T he  c om pr e s s i­

b ility  o f  the  c e r a m ic , m VH, w a s  ve r y  s m a ll c o m p a r e d  to th a t

T A U L E  I I .  D E T A IL S  O F  T E S T S  A N D  R E D U C T IO N  O F  R E S U L T S

Oe dome te r  
diame te r  D

(in.)
Clay  thickness  IIC 

(ill.)
Ce r amic thickness  / / ,

(in.)
i<IO

(niins )
Cu

(s q .ft ./ yr ) C h /C h e (I1 '/D)V N < b/a

10 8 .6 0 0 .6 0 7350 34 2 .5 1.410 31
10 9 ,46 0 .6 0 8700 29 2.1 1.550 28
10 3 .96 U. 14 2185 115 8 .3 0 .650 16
10 1.96 0.3 0 790 319 23.1 0 .320 6S
10 1.0 0 0 .3 0 350 720 52 ,2 0 .160 133
10 0 .5 0 0 .1 4 157 1600 116 0.082 124
10 0 .2 9 0 .1 4 148 1700 123 0 .048 214

6 0.5 5 0 .1 4 82 1105 133 0.117 187
6 1.95 0 .2S 572 158 19.1 0 .415 106
3 2 .0 0 0 .2 0 438 52 6 .5 0 .830 101
3 1.00 0 .1 6 141 161 2U.3 0 .415 124
3 0 .4 9 0 .1 6 47 4S3 6 1 .0 0 .204 254

T A B L E  I I I .  C A L C U L A T IO N  P R O C E D U R E  F O R  T H E O R E T IC A L  R E L A T IO N  B E T W E E N  H I E  R A T IO S  ( O i/ O . c )  A N D  { IIr/ D)y / N c

0*

8c

Fc = la  n 0c
0c

V F ,

{ H JD ) V  A'c O.A'hc

b/a = 30 100 200 b/a =  30 100 200

0 1 0 0 0 0 31 101 201

0 .2 0.9800 .202 . 0390 .0217 .0153 30 .6 9 9 .6 198.2
0 .4 0.9402 .411 . 0806 .0443 .0314 2 9 .4 9 5 .6 190.2
0.G 0 .876S .641 .126 . 0G90 . 0489 27 .3 88.7 176.4
0 .8 0,7769 .906 . 178 .0976 .0691 2 4.3 7 8 .7 156.4
1.0 0.6419 1.246 .244 . 134 .0948 20 .2 0 5 .2 129.4
1.2 0.4604 1.700 .344 .189 .134 15.0 4 7 .0 9 4 .2
1.4 0.2413 2 .850 . 560 . 307 .217 8 .2 25.1 49 .2
1.5 0.1063 4 .600 . 902 .495 .350 4 .2 11.0 22 2
1.54 0.0482 7.0 2 1.38 . <;>o . 535 2 .4 5 .8 H). 6
1.555 0.024 4 9.9 5 1.95 1.070 . 757 l.< 3 .4 5 .8
1.565 0.0087 16.8 3 .3 1.81 1.28 1.26 1.9 2 .7

o f the  c la y , m vc, so t h a t  the  r a t io  1 / a  == 0  fo r  the  r a ng e  o f 

la ye r  th ic kne s s  r a t ios  s tudie d . Lik e w is e , c lts fo r  the  c e r a m ic  

was  ve r y la r ge  a nd  b - * co.

G E O M E T R Y  O F  T H E  L A Y E R IN G  A N D  O F  T H E  M O D E L

A ll th e  r a d ia l dr a in a g e  tes ts  w e r e  m a d e  w it h  a n  oe dom e te r  

d ia m e t e r / s a n d  d r a in  d ia m e t e r  r a t io  n =  20 . T a ble  II  

s um m a r ize s  the  s a m p le  g e om e tr y  a n d  m e a n  c o ns o lid a t io n  

t ime s  to  9 0  pe r  c e nt , ba s e d  o n  a ve r a ge  s e t t le me nt , e ac h 

t im e  b e ing  the  m e a n  o f tw o  tes ts . C o lu m n  5 in  T a b le  I I  is 

c o m p le te d  us ing  the  s t a nda r d  s o lu t io n  fo r  r a d ia l flo w  a t /90 

fo r  n  =  2 0 , n a m e ly  =  (0 .6 9 D 2/*9 o)*n2/ m in  =  2 5 2 0 (D 2/  

/00)s q .ft / y r  w h e r e  D  is  e x pre s s e d in  inc he s  a n d  /90 in  

m in u te s . C o lu m n  6 is  c o m p le te d  us ing  T a ble  I.  In  C o lu m n  8 

the  r a t io

b = kM H , ^  3 X  1 0 ~ 6 J _  H,  =  1 2 0 0  H,  

a k„cHc 2 . 5 X 1 0  ~*'N C'H C N c ' Hc '

T H E  T H E O R E T IC A L  S O L U T IO N

F o r  a ll the  case s  c ons ide r e d  the  r a t io

g .fe y . ^  0 114 2.5 X  IQ- 9 =  , 

HX.  0 .29 3 X  10“ 6 X  '

In  th is  case , us ing  E q u a t io n  3, F B =  1. In s e r t ing  the  s pe c ia l 

va lue s  o f a a nd  b in t o  E q u a t io n s  1 a n d  2

cIT/ciic =  ( b / a ) F c +  1 (4 )

a nd

§  V iV c  =  - 4 ^ ( - V 5 (5)
V I<cn a ij ' a
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f i g . 2. Compa r is on be twe en the or y and e xpe r ime nt us ing 
ce r amic discs e mbe dde d in nor ma lly  cons olidate d clay.

T H E  C O E F F IC IE N T  OF  CON S OLIDAT IO N  IN  T H E  F IE L D

F u r th e r  te s ts  o n  a lte r n a t e  c la y  la ye r s  a r e  in  progr e s s  w it h  

the  s a me  obje c t ive , n a m e ly  t o  c h e c k  the  the o r y  a ga ins t  the  

me a s ur e d  c o m p o n e n t  pa r a me te r s . M e a n w h ile  it  m a y  be  

no t e d  th a t  F ig . 2  s hows , e x p e r im e n ta lly  a n d  th e or e t ic a lly , 

h o w  the  c oe ffic ie nt  o f  c o ns o lid a t io n  o f  a  la ye r e d  de pos it  

inc r e a s e s  t o  a  m a x im u m  w it h  inc r e a s e  in  the  s ca le  o f  the  

s a m p le  d ia m e t e r  te s te d. A lt h o u g h  th e  p e r m e a b ility  a n d  

th ic kne s s  o f  the  in d iv id u a l la ye r s  o f  a  la ye r e d  de po s it  c a n no t  

be  m e a s ur e d , th e  s a m p le  s ca le  m a y  be  va r ie d  s o as  to 

e x tr a po la te  to  the  m a x im u m  a t fie ld  s ca le  w h e r e  D  is  la r ge .

T he  ove r - all fie ld  va lue  w ill a ls o  de pe nd  o n  the  ge om e tr y  

o f the  s t r a t ific a t io n o f  the  de po s it  a s  a w hole . T he r e  m a y  be  

o c c a s io na l ve r y  p e r m e a b le  th in  la ye r s  a t  s pa c ings  o f  m a n y  

fe e t. Wh e r e a s  the  m a x im u m  cj^ v a lu e  de d uc e d fr o m  te s ts  o n  

s m a ll s a m ple s  m a y  r e fe r  to  th e  c la y  be twe e n the s e  w id e r  

p e r m e a b le  la ye r s , the  ove r - all g e om e tr y  a n d  la y e r  pr ope r t ie s  

ha ve  t o  be  us e d in  c o n ju n c t io n  w it h  the  the o r y  to  pr e d ic t  

the  influe nc e  o f  the s e  o c c a s io na l laye r s . It  is  h ig h ly  de s ir a ble  

the r e fo r e  t h a t  r e por ts  o f  d is s ip a t io n r ate s  o f  po r e  pre s s ur e  in 

s a nd d r a in  in s t a lla t io ns  s h o u ld  in c lu d e  a  de t a ile d  de s c r ip t io n 

o f  the  s t r a t ific a t ion o f  the  e n t ir e  de po s it  a s  o b ta ine d  by  

c o n t in u o u s  s a m p ling .

C ON C LU S IO N S

T h e  p r e dic t e d  r a te  o f  c o ns o lid a t io n  o f  a  la y e r e d  de po s it  

inc re as e s  w it h  the  s ca le  o f  th e  s a m ple  und e r  a na lys is . De ­

t a ile d  obs e r va t io ns  o n  a  c la y  de po s it  a r t ific ia lly  la ye r e d  w it h  

th in  c e r a m ic  d is c s  s ho w e d  g o o d a g r e e m e nt  w it h  th e  the or y . 

A  kno w le dg e  o f  a ll m in u t e  de ta ils  o f  s t r a t ific a t io n o ve r  the  

e nt ir e  d e p th  o f  a  c la y  de po s it  m a y  a llo w  a n  im p r o ve d  e s t i­

m a te  o f the  r a te  o f  fie ld c o n s o lid a t io n  w he r e  s a nd d r a in s  are  

ins ta lle d .

F o r  n  =  2 0  th e  p r o d u c t  n a N =  0 .9 2 9 . T he  s o lut ions  d o  no t  

de pe nd ve r y  c r it ic a lly  o n  the  b / a  v a lue  e x c e pt  tow a r ds  the  

m a x im u m  r a t io  o f  c oe ffic ie nts  cJ7/ c ]lc, a n d  s o lu t io ns  ha ve  

be e n o b ta ine d  fo r  b / a  =  3 0 , 100, a n d  2 0 0 . T he  s te ps  in  the  

s o lu t io n  o f  E q u a t io n s  4  a n d  5  a re  illu s t r a te d  in  T a b le  III .

T he  the o r e t ic a l va lue s , T a b le  I II ,  a r e  c o m p a r e d  w it h  the  

e x pe r im e n ta l va lue s , T a b le  II ,  in  F ig . 2 . T h e  th in n e s t  c e r a m ic  

dis c , 0 .1 4  inc he s , o f  10- inch d ia m e t e r  w a s  ins uffic ie nt  to  

b r in g  th e  te s t obs e r va t io ns  o n  to  the  the or e t ic a l pe a k  c]7/ c 1)e 

va lue . A  s im ila r  c o m p a r is o n  o f  re s ults  ba s e d  o n  th e  me a s u r e d  

por e  w a te r  pre s s ur e  gave  e q ua lly  g o o d  a gr e e m e nt  fo r  the  

c ho s e n  inc r e m e n t/ p r e s s u r e  r a t io  o f  un it y .
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