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A Laboratory Study of Rates of Consolidation in Clays With 
Particular Reference to Conditions of Radial Porewater Drainage

Etude de laboratoire de la vitesse de consolidation de l ’argile dans le cas particulier d ’un drai­

nage radial de la pression interstitielle

by D . G . M c K i n l a y , B.Sc., A .R .C .S .T ., A .M .I.C .E ., T he R oyal College o f  Science an d  Technology, G lasgow , 
S cotland

Summary

Consolidation tests are made under the usual conditions of 
loading and drainage and the results are compared with those 
obtained in tests in which the same loading conditions are main­
tained, but where the porewater is induced to flow radially from 
the sample instead of axially.

A curve fitting procedure for the radial flow case for the deter­
mination of coefficients of consolidation is described. This pro­
cedure is similar in form to the 1 square root of time fitting method’

It is shown that coefficients of consolidation can be determined 
for the case of radial as well as axial drainage, for application to 
certain problems of settlement analysis in which the conditions 
are not those of one-dimensional consolidation in a homogeneous 
clay.

Introduction

Since the orig inal p resen ta tion  o f the one-dim ensional 
theo ry  o f conso lidation  by  T e r z a g h i  in  1925 [1] * the theory  
has been extended to  cases o f tw o and  th ree dim ensional 
po rew ater flow. T his paper deals w ith som e experim ental 
w ork  on  the  particu la r case o f the consolidation  o f cylin­
drical sam ples o f  clays in  the cedom eter (laboratory  
conso lidation  appara tu s) u nder cond itions o f axial loading 
a n d  rad ia l po rew ater drainage.

I t  was to  be expected  th a t the to ta l conso lidation  w ould  be 
independent o f the d irection o f po rew ater drainage, o ther 
things being equal, and  the results indicated  th a t this was so.

The w ork  outlined  here involved a study  o f the ra te  o f 
conso lidation  of a num ber o f clays by com paring  the coeffi­
cients o f conso lidation  fo r the ax ial and  rad ia l porew ater 
drainage conditions. These clays varied in struc tu re  from  
apparen tly  hom ogeneous m aterials to  ones in w hich lam ina­
tions w ere ju s t detectable, the la tte r being com m only encoun­
tered  in  the C lyde Valley. T he lam inations were ho rizon tal 
in the n a tu ra l soil and  this position ing  was retained  in the 
test sam ples.

C lassification tests on the range o f soils w hich were studied 
show ed the soils to  be inactive inorganic clays o f m edium  
to  high p lasticity .

T he tests were carried  ou t in the “ s tan d a rd ” type o f cedo­
m eter, the clay  sam ples being o f the o rder o f size o f 3 in. 
d iam eter and  f  in. thick. R ad ia l flow conditions were im posed 
w hen desired by  replacing  the standard  sam ple ring  w ith a 
sim ilar sized one form ed o f  a porous m etal, and  replacing 
the u pper an d  lower po rous discs w ith im pervious plates o f 
sim ilar dim ensions. T he m etal o f the po rous ring  had a coeflfi-

* N u m b ers in  b rack ets refer to  the list  o f  references.

Sommaire

Des essais de consolidation ont été entrepris dans les conditions 
ordinaires de charge et de drainage et les résultats ont été comparés 
avec ceux obtenus dans des essais com portant les mêmes condi­
tions de charge mais où l’eau interstitielle s’écoulait de l’échantillon 
dans une direction normale et non parallèle à l’axe.

L’auteur décrit la suite des opérations destinées à déterminer 
les coefficients de consolidation en faisant accorder la courbe 
expérimentale des vitesses de tassement à la courbe théorique. 
Cette méthode est semblable à la méthode de la racine carrée du 
temps.

L ’auteur a démontré que les coefficients de consolidation 
peuvent être déterminés dans le cas du drainage radial ou axial 
pour être appliqués à certains problèmes d’analyse des tassements 
pour lesquels les conditions ne sont pas celles de la consolidation 
à une dimension dans une argile homogène.

cient o f perm eability  o f ab o u t 4 m icrons/sec. —  m any times 
th a t o f the clays under test. Som e fu rther details o f the appa­
ra tu s  are given in A ppendix  I.

Theory

The theo ry  o f conso lidation  is based on several m ain 
assum ptions, nam ely , the soil is s a tu ra te d ; bo th  the pore­
w ater and  the soil grains are incom pressib le ; d ’A r c y ’ s  

law h o ld s ; the coefficient o f perm eability  is a c o n s ta n t; 
the clay is la terally  co n fin ed ; and  for every stage o f the 
process o f consolidation , an  increase in the effective pressure 
from  an initial value p 0 to  a  final nalue p reduces the void 
ra tio  o f the clay from  an initial value e0 to  a final value e a t 
a  constan t ra te  be/bp for this range o f pressures.

T his leads to  the differential equation  o f consolidation  
for one dim ensional consolidation . [2]

b2u bu  k v 1
Cvc ^  w here cvc = --------- -

bz2 bt m vc y (0

and  is considered to  apply  to  the

Standard oedometer case— The conditions in the standard  
cedometer test under one d im ensional consolidation  are  th a t

(/') a t / =  0 an d  0 <  z <  2H  u =  ui =  A p

1 Wh ere co n so lid at io n  sym b ols b ear su ff ices it  is in tend ed  th at the 
f irst  su ff ix  (v o r  r) con veys that the coeff icien t  app lies to  co n d it io n s o f  
ver t ical o r  rad ial d rainage and the second suffix  (c ) con veys co n d i­
t io n s o f  com pression .
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(/'/') a t 0 oo and  z =  0 
z =  2H u =  0 

bit
(/'/;) at 0 ^  t ^  oo and  z =  H  —  =  0

b z

(/ v) at t =  oo and  0

U =  1
l

(2« +  l )2
exp.

-  (2« +  l ) 27t2

c t
w here Tv =  term ed the “ tim e fac to r”

T he relationsh ip  between U and  Tv is show n graphically  
in Fig. 1.

T I M E  F A C T O P  T .  AN D  X-

Fig. 1 Theoretical consolidation curves for the axial and 
radial drainage cases.

Courbes théoriques de consolidation dans le cas d’écou­
lement axial et radial.

Case o f  radial porewater flow— F o r the case w here loading 
and  com pression are  as in  th e  stan d ard  test, b u t w here po re ­
w ater flow  is restric ted  to  the rad ia l d irection  only , it has 
been show n [2] th a t the differential equa tion  o f  conso lidation  
is

/ b 2u 1 5m \ £>« k T
Crc \  - n r  H------- —  I =  —  w here cTC =  ------------

\ b r 2 r hr /  Si m ve

In  the present ad ap ta tio n  o f  the stan d ard  test the conditions 
are  th a t

(0  a t t =  0 and  0 ^  r <  R  u = ut =  Ap  

(if) a t 0 ^  t ^  oo and  r =  R

{Hi) a t 0 ^  t ^  oo an d  r =  0

(iv) a t t =  oo and  0 ^  r ^  R

T he so lu tion  o f  th is differential equa tion  fo r th e  sta ted  
conditions leads to  the  follow ing expression  [3] fo r th e  average 
degree o f  conso lidation  a t an y  tim e t

u = “i

u =  0

ÔM
=  0

dr

u =  0

U =  1 -  4

n = co

l r ;
exp. ( -  B 2 Tr)

T he solu tion  o f the above differential equation  fo r these 
conditions leads to  the follow ing expression [2] fo r the average 
degree o f  conso lidation  th roughou t the clay  thickness 2H  
a t any  tim e t a fter the app lication  o f  stress increm ent Ap

w here Bn =  w**1 ro o t o f Bessels equation  o f zero order 

and  T „ =  called th e  “ tim e fac to r” .

T he relationsh ip  betw een U and  Tr fo r th is case is also 
show n in Fig. 1.

Determination o f  coefficients o f  consolidation— M ethods o f 
determ ining the coefficient o f  conso lidation  (o r swelling) 
fo r th e  stan d ard  test conditions, are well know n. These 
involve the fitting o f  experim ental conso lidation  —  tim e 
d a ta  to  the prev iously  described theoretical rela tionsh ips fo r 
this and  thereby  deducing the ap p ro p ria te  coefficient.

The “ logarithm  o f tim e fitting m ethod” [2, 4] as used for 
the one d im ensional (axial drainage) case m ay also be used 
fo r the rad ial drainage case as the theoretical curves, though  
show ing different num erical relationships, have  sim ilar 
characteristics w ith po in ts o f inflection a t ab o u t U =  75 per 
cent. I t  is believed th a t this m ethod  has been applied  to  
the rad ia l drainage case. [5, 6]

This curve fitting m ethod  using the log10 p lo t o f tim e 
requires ra th e r e labo ra te  trea tm en t and  the detailed  obser­
vations (o f ra te  o f  settlem ent o f the lab o ra to ry  sam ple) 
have to  be carried  ou t over a  period  o f a t least a  day.

T he au th o r considered th a t an ad ap ta tio n  o f the “ square 
roo t o f tim e fitting m ethod” [2, 4] was w orth  investigating, 
as this m ethod  fo r the ax ial case usually  gave a  read ily  
determ inable linear p o rtion  on  th e  square  ro o t p lo t and  only  
required  detailed observations over a  period  o f  say  an 
h o u r from  the  tim e o f load  application .

T he “ square ro o t o f tim e fitting m eth o d ” is based on  the 

observed fac t th a t if  U is p lo tted  against against V  T v the 
p lo t is linear up  to  a  value o f U o f 52-6 per cen t beyond  
w hich th e  curve tends to  an  asym pto te  a t  U =  100 p e r cent. 
F u rth e r a line draw n from  the origin to  th e  p o in t on  the 
curve co rresponding  to  U =  90 per cen t (T v =  0-848) has 
abscissae 1-15 tim es the abscissae o f  th e  s tra igh t p a r t o f  the 

U ~  p lo t.

T he test curve, a t  any  load  increm ent, also show s an  in itial 
linear p a r t w hen the conso lida tion  o f th e  sam ple is p lo tted  
against ( t im e )1/2. A  line draw n from  th e  in tersec tion  o f  th is 

s tra igh t w ith  the axis ( \ / 1  =  0) an d  hav ing  abscissae 1-15 tim es 
th a t o f th e  in itia l s tra igh t on  the tes t curve, is considered to  
cu t th e  cu rve a t a  p o in t correspond ing  to  90 per cen t p rim ary  
conso lidation . T his p o in t gives th e  tim e tak en  to  reach  
90 per cen t conso lidation , and  hence allows th e  determ ination  

0-848 H 2
o f cve from  cve =  — --------.

‘ 90

A  sim ilar app roach  is follow ed fo r th e  case o f rad ia l p o re ­
w ater flow. I t  is show n in  A ppend ix  I I  th a t if the U  ~  Tr 
re lationsh ip  is p lo tted  in  the fo rm  U against Tr0'465 an 
in itia l linear p a r t is ob tained  up  to  ab o u t U =  50 per cent. 
T he p o in t on  the curve correspond ing  to  U =  90 per cent 
has an  abscissa 1-218 tim es th e  abscissa o f th e  con tinuation  
o f  th e  in itial stra igh t, an d  a t U =  90 per cen t Tr =  0-3345.

H ence the  correspond ing  m ethod  o f  fitting the observed 
conso lidation  —  tim e d a ta  fo r any  load  increm ent is to  
p lo t th e  conso lidation  o f the sam ple against (tim e) °-465. 
T his exhibits th e  expected  in itial linear p a rt. A  line is then  
d raw n  as above, b u t th is tim e hav ing  abscissae 1-22 tim es 
th a t o f the in itia l stra igh t on  the  test cu rve and  is again  cons­
idered to  cu t th e  cu rve a t a  p o in t co rresponding  to  90 per cen t 
p rim ary  conso lidation . This p o in t gives the tim e taken  to
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reach 90 per cen t consolidation  under rad ia l porew ater 
flow conditions an d  hence allows the  determ ination  o f  cro from

0-335 R 2

*90

In  b o th  cases, if de term inations o f m vc are m ade from  the 
observed d a ta , the values o f k v and  k T can  be calculated  a t 
any  stage o f loading o f the sam ples from

k v =  cvc y,„ m vc and  k T =  crc y w m vc

T he assum ption  in  the theory  o f the rad ia l flow case th a t 
the porew ater does flow en tirely  rad ia lly  is one o f  convenience. 
In fact a  com bination  o f rad ia l flow a long  th e  silt layers and  
ax ial flow from  the clay  layers in to  the silt layers w ould be 
expected in the test cond itions sta ted . T he tim e taken  to  
consolidate to  any  given degree will depend on  the relative 
perm eabilities and  thicknesses o f the clay and  silt layers 
and  on  the significance o f  the nom inal length o f the flow 
path . (i.e. the  radius) [7]. The influence o f  these features 
on the results quo ted  has n o t yet had  adequate  study.

Results

T he values o f coefficient o f conso lidation , as derived from  
the foregoing procedures, fo r any  given clay  m ateria l were 
reasonab ly  consistent am ongst repeat tests. G enerally  six 
conso lidation  tests w ere m ade on  each clay, three tests w ith 
ax ial drainage and  th ree w ith rad ial drainage.

T he d a ta  from  these tests show ed th a t to ta l conso lidation  
was n o t no ticeably  affected by the drainage conditions, bu t 
th a t the rates o f conso lidation  differed to  a degree dependent 
on  the lack  o f hom ogeneity  o f the clay. W here the clays were 
apparen tly  hom ogeneous, little difference show ed up in  the 
tests and  as the lam inated  structu re  becam e m ore  apparen t, 
this difference becam e m ore m arked  an d  the general fo rm  o f 
the results is as indicated  in Fig. 2. T he term  lam inated

L A M I N A T E D  P L A S T I C  C L A Y

( G O V A N ,  G L A S G O W )

S I Z E  F R A C T I O N S % ow w iw m t )

L L P  L
C L A Y S I L T F IN E SA N D

3S 23 50 45 5

( r fo

1
RA D IA L  F L O .

T ES T S

- -

I

'
> 5c >

i □

- - - - - - - -
H O

—  a  —  

Ô
— —

SY M B O L S R EF ER  T O  IND IN
i 1 i 1

ID U A L  T EST  1 U N s

EFFECTI V E PRESSURE (  T O N ^ / s Q .  FT )

Fig. 2 Results o f tests on a clay.

Résultats d’essais sur une argile.

struc tu re  applied to  these clays, is in tended  to  suggest one 
form ed o f layers o f plastic  clay  ab o u t £ in. thick, separated  
by dustings o f silt sizes and  the range o f clays studied  in

these tests was lim ited to  this degree o f an iso tropy , since 
sa tisfactory  trim m ing  o f  th e  sam ples was n o t possible when 
th icker silt layers w ere encountered .

T he coefficients o f conso lidation  show ed on ly  slight 
differences th roughou t the range o f pressures —  tending to 
increase a little  w ith increasing pressures bu t fo r practical 
purposes, arguab ly  o f  constan t value. T ak ing  these coeffi­
cients to  be constan t, crc =  7) cm w here 1 <  rj <  4 in  the 
range o f  tests carried  out.

I t  follow s th a t if cvc (crc) is taken  as constan t th roughou t 
th e  pressure range, th e  tim e to  reach  a  specified degree o f 
conso lidation  is independent o f th e  pressure increm ent 
causing the consolidation .

T he coefficients o f perm eability  derived from  cvc and  cTC 
show ed the expected decreases in  value when m easured at 
increasing effective pressures though  it is im plied by the 
foregoing th a t k j k v =  rj also.

Tw o fu rther po in ts o f in terest em erged from  these tests. 
F irst, it was no ted  generally  th a t the p ro p o rtio n  o f p rim ary  
conso lidation  was appreciab ly  greater in the rad ial flow 
case, and  second, the coefficient o f swelling was also greater 
in  this case though  less than  t j tim es so for lam inated  clays 
and  was n o t constan t in  value, being considerably greater 
in the higher pressure ranges than  in the lower.

A few stan d ard  tests were m ade on  sam ples cut w ith their 
axes horizon ta l so th a t as positioned in the oedometer cell 
the lam inations lay  in  vertical planes. T his gave a new loading 
condition , though  the drainage was along the lam inations 
as in the rad ia l flow case. T he coefficients o f consolidation  
derived  from  these tests were in term ediate  in value between 
those from  the tw o cases previously  described though  m uch 
closer to  the rad ia l flow case, as m ight be expected.

N o  tests were m ade u nder floating ring  conditions though  
results should be sim ilar depending on  w hat relative ring 
friction effect existed.

Conclusions

F o r settlem ent analysis in an iso trop ic  clays a know ledge 
o f cvc an d  cTC is required . I t  has been show n [8] th a t the three 
d im ensional rad ia l and  axial flow case can be resolved in to  
its com ponents, so th a t the average degree o f consolidation  
in three d im ensional axially  sym m etrical flow is

u =  1 -  (1 -  Uv) (1 -  UT)

in w hich the varia tion  o f  U w ith  Tr can  be deduced from  the 
equations fo r Uv and  UT for specified ra tios H /R  [9],

T he param eter for axial flow is ob ta inab le  from  the stan ­
dard  test and  the po rous ring  m ethod  described here provides 
a sim ple w ay o f determ ining the coefficient o f  consolidation  
fo r rad ia l porew ater flow. M inor m odifications only  are 
requ ired  in the standard  appara tu s and  the problem  o f  m ain­
tain ing the porosity  o f  the rings is no  greater than  th a t encoun­
tered w ith the porous discs in  the stan d ard  appara tus. L ike­
wise, the proposed m ethod  o f curve fitting is no m ore com pli­
cated  th an  the “ square-roo t” m ethod  for the ax ial case since 
it is a  sim ple m atter to  p repare a  m aster chart w ith abscissae 
o f (tim e) 0465 from  w hich any  num ber o f  copies can be 
taken.

I t  appears from  the tests th a t for practical purposes the 
coefficients o f consolidation  can be taken  as constan ts and  
the values fo r rad ial porew ater flow along the lam inations 
o f  such clays can read ily  be distinguished from  those for 
flow across the lam inations. F o r  the size o f appara tu s  used in 
th is study, there will be a  lim it to  the scope o f the m ethod  
as the thickness o f the clay /silt lam inations increases.

T he w ork was carried  ou t in the Soil M echanics L abo ra to ry  
o f the  R oyal College o f  Science and  Technology, G lasgow  
and  thanks are  due to  P rofessor A .S.T. T hom son and  P ro ­
fessor W. F razer for the facilities provided.
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Appendix I

Details o f  Apparatus— T he loading and  cell arrangem ents 

o f  the appara tu s do no t call fo r special com m ent, these 

being o f a general form  com m on to  the p roducts o f several 

m anufacturers o f soil testing equipm ent.

F o r  b o th  the axial and  rad ial drainage cases, the tests were 

m ade under fixed ring  conditions.

The usual arrangem ent o f com ponents in the cell was used 

fo r the ax ial drainage case viz. an  im pervious m etal ring 

con tain ing  the sam ple, w ith a  po rous disc above and  below 

th e  sam ple, the load being applied to  the upper disc, w hich 

can  en te r the ring as the clay consolidates, and  the ring 

an d  sam ple resting on the low er disc.

In  the rad ial drainage case, the assem bly was essentially  

the sam e except th a t the ring  in w hich the sam ple was co n ta i­

ned was m achined from  a porous stainless steel, while the 

loading discs above and  below the sam ple were solid steel. 

T he coefficient o f perm eability  o f the porous rings was m ea­

sured and  found  to  be o f the order o f 4 x  10-4 cm /sec. — 

m any  times th a t o f the clays under test. I t  was considered 

th a t these rings w ould offer little obstruction  to  the passage of 

po rew ater from  the soil.

Som e in itial difficulty was experienced in th a t despite 

careful m achining o f the rings from  the porous m etal b lanks, 

the surface pores becom e blocked and  the rings rendered 

alm ost im pervious. T his was overcom e by  subjecting  each 

ring , a fter m achining to  size, to  a process o f electrochem ical 

co rrosion . In  brief, the  ring  was im m ersed in  an  electro ly te 

and  m ade the anode o f a  c ircuit w ith a lead  b a r  as cathode. 

D irect cu rren t to  a  density  o f 1 am p./sq .cm . was applied  to 

each ring  in tu rn  until inspection show ed th a t th e  process o f 

co rrosion  had  revealed the true  po rous structure . In  this case, 

it was found  necessary to  m ain ta in  the cu rren t density  for 

ab o u t ten m inutes. A fter cleaning the rings, the ir perm eability  
was m easured  and  found to  be as sta ted  above.

The perm eability  o f the rings tended to  decrease w ith 
repeated  use, a lthough  it was alw ays m uch  greater th an  th a t 
o f  the clay, and  could be im proved again w hen requ ired  by  
subjecting  the rings to  fu rther electrochem ical corrosion.

Appendix II

Curve fittin g  method for the radial flow  case— T he theoretical 
expression  relating  average degree o f conso lida tion  to  tim e 
fac to r fo r this case has been given w ith a sim ple p lo t o f the 
re la tionsh ip  (Fig. 1) in the text.

T he tab le  below gives som e correspond ing  values 
o f  U and  Tr and  shows the linearity  o f  the U 7^ ° '4 65 
re la tionsh ip  fo r values o f U up  to  ab o u t 50 per cent.

The linear p a rt approx im ates to  the sim ple law 
U =  1-83 r 0-465.

Value o f  7’0-465 Col. (3)

V Tr From From
Col. (2) U  =  1-83 r°-465 Col. (4)

(1) (2) (3) (4)

0-1008 0-002 0-0556 0-0551 ~  1
01687 0-600 0-0925 0-0922 ~  1
0-2153 0-010 0-1175 0-1176 ~  1
0-2986 0-020 0-1621 0-1631 — 1
0-3598 0-030 0-1958 0-1965 ~  1
0-4096 0-040 0-2238 0-2239 ~  1
0-4521 0-050 0-2484 0-2471 ~  1
0-4894 0-060 0-2702 0-2674 ~  1
0-5228 0-070 0-2903 0-2856 1-016
0-6058 0-100 0-3428 0-3311 1-035
0-7821 0-200 — — — .

0-8780 0-300 — — —

0-9000 0-335 0-6013 0-4917 1-22
0-9316 0-400 — — — .

0-9616 0-500 — — —

0-9932 0-800 — — —

H aving  established the slope o f  the in itial stra igh t on  this 
p lo t o f U ~  T 0' 465, the chord  from  the origin to  U =  90 per 
cen t (T r =  0-335) has abscissae o f  1-22 tim es the abscissae 
o f the straight.

References

[1] Terzaghi. Erdbaumechanik. Deuticke, Vienna 1925.
[2] —• Theoretical Soil Mechanics.
[3] C a r s l a w  &  J a e g e r . Conduction of H eat in Solids. Oxford

University Press, 1947.
[4] Ta yl o r . Fundamentals of Soil Mechanics.
[5] S i l v e i r a . Consolidation of a cylindrical clay sample with

external radial flow of water. Proc. 3rd International 
Conference Soil Mechanics and Foundation Engineering, 
vol. 1.

[6] Ba r r o s , J. (1951). Ensaio de adensamento de argilas com
drenagem radial externa. Rev. Clube de Engenharia No. 174, 
Rio de Janeiro.

[7] Ro w e  (Sept. 1959). M easurement of the Coefficient of
Consolidation of Lacustrine clay. Geotechnique, vol. ix, 
No. 3.

[8] Car il l o  (M arch 1942). Simple Two-and Three-Dimensional
Cases in the Theory of Consolidation of Soils. J. Math, 
and Phys., No. 1, p. 1.

[9] G ib s o n a nd  Lumb  (M arch 1953). Numerical solution of
some problems in the Consolidation of clay. Proc. Inst.
C.E., vol. 2, No. 2.

228


