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Consolidation and Secondary Time Effect of Homogeneous, 
Anistropic, Saturated Clay Strata

Consolidation primaire et secondaire des couches d ’argile homogènes, anisotropes et 
saturées

by D r T a n  T j o n g - K ie , P rofessor W u han  In stitu te  o f  M echanics, A cadem ia Sinica, H ankow , P eo p le’s R epublic 
o f  C hina

Summary

The author presents a new theory on the prim ary and secondary 
consolidation of homogeneous, anisotropic clay strata ; funda
mental assumptions are based on many results of creep, relaxation 
and oedometer tests and on records of settlement observations 
published in recent years. He points out that the stress strain 
relationships for clays as a function of the time approximately 
can be described by means of linear integral equations. The 
general differential equations for displacement and water pressure 
in the anisotropic case are presented, which in the isotropic 
case are largely simplified. In plane strain, the clay is considered 
as a porous orthotropic body defined by three independent 
operators X ',  v', me, and two coefficients of permeability k h and 
k v. By means of transformation, similar equations have been 
obtained as in the isotropic case. Hence solutions in the ani
sotropic case can be directly derived from the coresponding 
isotropic solutions ; four methods of testing with triaxial equip
ments, compression plastometers, and gauge oedometers are 
suggested. The necessity o f Theological measurements is emphasis
ed and the role of these Theological properties in secondary 
settlement is analysed. An oedometer test with recording of 
the lateral pressure is discussed in detail ; this test result shows 
that the ultimate settlement and lateral pressure as a function 
o f the time correspond satisfactorily with theory.

Introduction

In  order to m eet the increasing dem ands o f the rap id  cons
truction  on a large scale in C hina, theoretical and  experim en
tal research has been started  on  the fundam ental p roperties 
o f clays, loess and  rocks and  their app lication  to  engineering. 
The au th o r presents a p a rt o f  the research  on  the p roperties 
o f aniso trop ic  clay  deposits as they frequently  occur in  his 
country .

Since 1946 m any  results o f creep and  re laxation  tests on 
clay sam ples have been p u b lish e d ; the deform ation  in  tests 
under constan t stress consists o f  two parts, vis. an  in s tan 
taneous deform ation  and  a  deform ation  increasing w ith the 
time. Tw o types o f creep-tim e effects have been reported  :

(a) creep a t a  decelerating ra te  con tinued  by flow a t cons
tan t r a t e ; all these tests have been carried  ou t w ith the help 
o f the triax ia l appara tu s  ( H a e f e l i ,  1953; G o l d s t e i n ,  1957), 
to rsion  p lastom eter ( G e u z e - T a n ,  1953) and  com pression 
plastic m eters ( T a n ,  1957-1959);

(b) creep increasing w ith log t ; these tests have been p e r
form ed w ith the ring  shear appara tu s ( G e u z e ,  1948 ; V y a l o v -  

S k i b i t s k y ,  1957).
T ests w ith the help o f the relaxation-p lastom eters (T a n , 

1957), w hereby the sam ple is subjected to  a constan t deform a
tion, and  the stress is observed as a function  o f tim e show th a t 
in tensity  o f  this in ternal stress decreases w ith the tim e and

Sommaire

Ce rapport présente une théorie de la consolidation primaire 
et secondaire des couches d’argile homogènes, anisotropes, 
saturées ; les hypothèses fondamentales ont été choisies d’après 
les résultats de très nombreux essais de fluage, de relaxation, 
d’essais oedométriques et aussi d’observations de tassement 
communiquées pendant les dernières années. L’auteur remarque, 
que l’on peut représenter approximativem ent les relations tension- 
déformation de l’argile par des équations intégrales linéaires. 
Les équations générales pour les déplacements et la pression de 
l’eau interstitielle dans le cas du milieu anisotrope sont présentées ; 
dans le cas isotrope ces équations se simplifient beaucoup. 
En déformation plane l’argile est considérée comme un matériau 
orthotrope poreux, défini par 3 opérateurs X', v', rrfi et deux 
coefficients de perméabilité k h et k v. A l’aide de la transformation 
affine on peut obtenir des équations semblables à celles du cas 
isotrope ; ainsi on peut déduire directement des solutions du cas 
anisotrope à partir des cas isotropes correspondants. Quatre 
types d’essais utilisant des appareils triaxiaux, des plastomètres 
de compression et des oedomètres à jauges latérales sont proposés 
pour mesurer les 5 paramètres orthotropes. La nécessité des 
mesures rhéologiques est accentuée et le rôle des propriétés 
rhéologiques dans le tassement secondaire est analysé en détail ; 
cet exemple montre que la correspondance est suffisante entre 
le tassement final, la pression latérale en fonction du temps 
et la prévision théorique présentée.

fo r fa t clay  sam ples m ay  even be reduced to zero ; this 
phenom enon supplies fu rther evidence o f the tendency o f 
clay to  flow continuously  u nder constan t deviatoric stress. 
F u rth e r add itional d a ta  concerning the time-effects have been 
ob ta ined  from  v ib ration  tests o n  clay cylinders, carried  ou t 
w ith a special dynam ic triax ial appara tu s ( T a n ,  1958) ; 
these experim ents show clearly  th a t dam ping is sensitive to  
a  change in  frequency and  this sensitiv ity  is a m easure for the 
visco-elastic p roperties o f clays. In  the case o f flow a t constan t 
ra te  the viscosities o f engineering clays are  found  to  be in the 
range o f 3-1012 to  6-1014 poises ( H a e f l i ,  1953, T a n ,  1954, 
M a s l o v ,  1955).

T ests on clay  sam ples and  w ave velocity m easurem ents 
in  the field have show n th a t n a tu ra l clay  layers have a cer
ta in  am oun t o f  an iso tropy  and  th a t this an iso tropy  increases 
w ith the clay con ten t ( L a u g h t o n ,  1957). As the structu re  of 
clay  is built up o f anisom etric plates m utually  in terconnected 
a t m any  points, it is plausible to  expect th a t these platelets 
should  assum e a definite regular o rien ta tion , w hen the clay 
layer has been subjected to  intensive un iax ial com pression of 
sufficiently long du ra tio n  (contacts type C, T a n ,  1957, 1959). 
Such a  sta te  o f stress m ay cause lam inated, stratified clay 
layers w ith definite o rien tation  o f fissures especially under 
h igh pressures.
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The first a ttem pt to  set up the stress stra in  relationships 
for porous aniso trop ic  visco elastic m aterials is due to  B il o t  
( 1956). In  this paper a new visco-elastic theory  on the conso l
idation  and  flow o f hom ogeneous, aniso trop ic  sa tu rated  clays 
will be presented, the assum ptions in  w hich are based on 
results o f labo ra to ry  and  field tests published in in ternational 
literature  and  on tests carried ou t in the au th o r’s labora to ry .

Stress strain  relationships

F o r the m ajo rity  o f cases there is an  approxim ate linear 
re lationship  betw een the stress applied and  the deform ation 
observed a t definite tim e in te rv a ls ; this re lationship  holds 
up to  a certain  yield stress, after w hich non-linear effects and 
intensifield flow occurs gradually  leading to failure. I t has been 
estim ated tha t this re lationship  m ay hold  up to  from  60-to 80 
per cent o f the failure stress. W ithin this linear range the 
deform ation e (r) from  experim ents under constan t stress a 0 
increases according to  the tim e function  F(t) as follows :

( 1)

and  the stress under constan t unconfined deform ation  s0 
relaxes w ith the function  R(t) :

o(/) =  t 0[E -  * « ] (2)

In  analogous m anner the corresponding test results for sim ple 
m ay  be described :

y M  =  +  F ( / ) J

t ( 0  =  Yf)[C -  R(t)]

(3)

(4)

( \ n t 
Y(0 = ™  + I  f i t  -  0 )T (0 ) d 0 ;

n

t ( 0  =  Gv(t) -'{(<)- I  y(i — 6) y ( 0)
• ' n

d0

A fter application  o f  the Laplace transfo rm ation  :

-»C+ / 00

7 « d / = / W ;  / ( / )  =

the above expressions becom e

e(i) =

=  _ L  /

2n i  I  _*/ C—/ 0

]

e“ '/(w )d to .

+  / ( * )  M s ) ;

<r(i) =  [ E -  Y(s) ] e(s) ;

T(j) =  -Q + f ( s )

(6)

T(s) =  [ G -  yO ) ] y (j ) > 

w hich fu rther can  be w ritten  in the m ore rigorous fo rm  :

a(s) =  A ( j)e (s )

w h e n :
t (ì ) =

(7)

Ms) =
1

+(J> =

E - 1 +  f ( s )  

1

+  / ( * )

= E  -  y (j) ; 

= G — y(s)

In  the follow ing the opera to rs fo r un iax ial com pression 
A(s) and  the shear o pera to r ^ ( j)  fo r b rev ity  will be w ritten 
X and  ^  respectiviely and  accordingly all the  transform ed 
stresses and  deform ations will be w ritten  w ithout (s). In  the 
iso tropic case the six stress-strain  re lationships in  three 
dim ensions can  be w ritten  :

ex =  X 1 [ g x -  v(ff„ +  ct2)]

Yxy 't* ~xy '

. . . .  (8 ) 

cyclically.

In  the above expression :

E  =  elastic m odulus ;

G =  shear m odulus, F(t) and  R(t) creep and  re laxation  

functions for uniax ial com pression and  F(t) and  R(i) a re  the 
corresponding functions fo r sim ple shear. I f  a t the tim e t =  0 
the m ateria l is initially  free o f stresses and  deform ations the 
above expressions can be generalized :

e(/) =  ~ Y  +  f  / ( / -  0 )o (0)d0 ;  
J  o

a(r) =  £ e ( , ) -  f  * T ( / -  0 )e (6 )  d0 ;

J  o
(5)

W here :

f ( t )  =_dF(t)idt ; r{t) =  dR(t)/dt ; f ( t )  = dF(t)/dt and 

r(t) =  dR(t)/dt.

in  w hich v denotes the opera to rs fo r la teral expansion. So the 
stress-strain-relaxations a re  governed by  three o p e ra to re s ; 
from  geom etrical considerations how ever the follow ing 
re lationsh ip  applies :

X =  2^.(1 +  v). (9)

F u rth e r the follow ing expression m ay  be derived :

£  =  e j :  +  z y  +  £ z  =  ( a x  +  a y  +  » ( ' 0 )

in  w hich :

& =  X/3(1 — 2v) is the opera to r o f volum e co m p ressio n ; 
fo r a m aterial w hereby its volum e decreases w ith the tim e 
u nder constan t hydrosta tic  pressure, 0  is an  o pera to r such 
th a t it decreases w ith the tim e approaching  a definite m ini
m um  value. It becomes clear th a t it should  be v <  1/2, for 
the theoretical case th a t the deform ations u nder deviatoric 
stresses fo r infinite values o f the tim e m ight becom e unlim ited, 
thus fo r X ->0 then  v should approach  as z a n d  thus 0  
should  be lim ited. T hen the process will app roach  the state 
o f hydrosta tic  s tre s s ; and  the clay  assum es u ltim ately  the 
properties o f  a thick viscous m ass as reported  by  B e rn a t-  
z ik  (1947).

N ow  the case o f transverse iso tropy  w ith the Z -axis as axis 
o f sym m etry  will be co n sid e red ; the opera tional stress-strain 
re lationships can be w ritten in  the follow ing m atrix  form  :



in which :

X,t , \  =  com pression opera to rs in ho rizon tal and  vertical 
d irections respectively, Mhh =  o p era to r o f lateral expansion 
due to  horizontal stress in ho rizon ta l directions, and 
and  are  corresponding opera to rs o f la teral expansion  due 
to  vertical stress in  ho rizon ta l d irections and  due to  h o ri
zontal stress in vertical direction respectively, and  ll>2 and 

are shear opera to rs acting  in vertical and  horizontal planes 
respectively.

Between these seven opera to rs the follow ing two re la tion 
ships exists :

h.r̂ 'r y
\ h =  2 ^ (1  +  vhh). 

F u rth e r the follow ing restrictions hold  :

v hh +  vhv <  1 ; vVh «S 1/2

<Pl 92 ?3 £ X

92 9 i 93 z v

9s 9s 94 e z

l xz ^2 y  x z

Tkyz ^2 Yvz

'"XV — _ _ YXV -

bt

bt

= — k,

= -  k ,

àw„,

~ b T = ~ k '

baJ!L
bx

à<y„,

by

bz

+ pwx*

+ ? « y * (16)

-r P,„Z
*)

w ith u w, v w, w m =  displacem ent com ponents and p w un it 
m ass o f the w ater. A s the w ater is incom pressible the con t
inu ity  cond ition  requires :

(12)
ÔE

bt bt I bx ' by

The stress-strain  relationships can be w ritten  also in  the 
follow ing form  :

and  then  is com bination  w ith (16) the follow ing equation  in 
L ap lace-transfo rm ation  m ay be obtained  :

- s z = k  ( — w -  —  A + k  — "
Ô*2 1 0 /  ) + ° bz2

(17)

W hen constan t body  forces are  assum ed. W ith the help 
o f  (13) and  (14) the equations (15) can  now  be w ritten  in term s 
o f  the displacem ents :

in w hich :

<Pi =  V 1 -  ^ hv^vh )!^

%  =  ^ vh ( l  +  V 

A  = ( 1 + V M ) ( 1 - -2v„

92 =  K ^h h + ^h v^vh )!^  ; 

94 =  ;

v ) ; 2tk  =  9 i —  92

bu

=  “  Vx ; Y- 1 b x ) '  

cycl.

Fundamental equations

L et us now  proceed to  find the equations for the stresses and 
deform ations, w hen the soil skeleton is com pletely sa tu ra ted  
w ith w ater. S tra in  com ponents fo r this skeleton  are  given 
in the com patib ility  equations :

b2u , b2u . b2U
+  92)

b2v

*  b x 2 +  (+ i bxby

+  (+2
îi2^ b a w

+  9s) bxbz ~ ~bx
“F X

. b2v b2v , b2v
+  (<K +  92)

b2u

Vl 5 ^ + 9 l b ? + '̂ b ? ôxôy

+  (^2
02>V be w

+  9s) ô^ô  _~~ w
+  Y

(14 )

/ d 2u

\b 7 >

W Ô 2 M'

ôy2

(18)

ô 2w r  b2u d 2  ̂ ~|
+ 94̂ 2 +^2 + 93) [ ^  + ^  j(brdz ôyôz 

bo„

bz
+  Z

where u, v, w represen t the displacem ent field.
The stress-field is subject to  the three equibrium  equations :

b o ,  ^

bx  cVy 5z ojc

bay b t „ ,  . ÔCT„
+  Y  =  0 (15)

b T _ .  ô t , , 2 ô c t ,  ô c t „ ,

+  + ~  + + z \ =  0
ô*  by bz bz

F o r the iso tropic case these equations are largely sim plified :

— 'j V2 v +  ^  0  +  ^  +  Y  =  0
\  3 /b y  û.y

- I ,  ^ „  +  ( ' e  +  i ' ) 5 :  +  ^ - + z - o
y 3 / b z  bz 

-  S Z = k V 2G „

(19)

w ith Gm =  w aterpressure, and  X, Y, Z  =  the body  forces 
per u n it mass. In  (14) an d  (15) a  shorten ing  should  be given 
the positive sign as pressure is considered positive.

T he squeezing o f  the overburden  pore w ater is governed 
by tw o coefficients o f perm eability  k h and  k v as follows :

T he com plete process o f conso lidation  and  secondary  
tim e effects in the iso tropic case is thus governed by two 
opera to rs 0  and  i)>. These equations are  generalisations of 
those ob tained  earlier ( T a n ,  1953, 1954) where 0  is assum ed 
constan t and  the process thus is governed by one o p era to r 
on ly  (M axw ell solid.)
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Plane strain

In  the case o f  p lane stra in  the equations (17) and  (18) 
reduce in t o ;

b2u , c)2h , .  s Ô2»*' ÔCT,„

% ô 7 * + + 2 ô 7 * + (+ 2  +  <?8) 5 ^ _ ' ô 7  + * ;

ô2h’ 5 2w b 2« ôctw

^ b ^  +  cp4 b ?  +  (^  +  % ) ô ^ _ “ô ;  + Z ;  • • • • (20) 

_  , ô2ct10 ô 2ct,„ _

i £  h Ù X 2 +  ”  Ô Z 2

I t  will be show n fu rther o n  th a t these equations can be 
sim plified by  perform ing affine transfo rm ation . The stress- 
strain  re lationships in  p lane stra in  :

fo r p lane  strain  \ h*, A„*, vA„*, w hich are  related  to  the oper
a to rs in  (11) in  the follow inng w ay :

• A  *  =ï /xü » Vl i v

£x A * ° x A * ’'»J». A.,

:z X * CTlA7l

Yzz ^2 ^1Z

' A

(22)

w hereas : voft*Aft* =  v ^ A /

N ex t the clay  will be considered as a  po rous o rth o trop ic  
visco-elastic body  described by fou r opera to rs  A', v ', m s 
o f w hich on ly  three are  independent, since the follow ing 
re lationsh ip  will be assum ed :

A' =  2 i]/(l +  v ')

This assum ption  is reasonable  as in m any n a tu ra l c lay  
deposits the degree o f an iso tropy  has been m easured  no  to  
exceed the ra tio  Aft/A„ ^  3. Let the ra tio  'k,*l'Kv* be denoted  
by  m s, then  the follow ing relationsh ips will be in troduced  :

A,,* =  m* ; A„* =  A'/m* ;

vwl* =  v '/w 4 ; vhv* =  m W
(23)

(21)

are  governed by  the shear ope ra to r ']t2 an d  3 new  opera to rs

H ereafter affine tran sfo rm ation  will be perform ed to  the 
equations (20) w hich is defined by :

x  - m x  ; z =  z '/m  ; u = u '/m  ; w =  mw' . . . .  (24) 

T his transfo rm ation  involves the follow ing opera tions :

z x =  z x'lm 2 

ax =  m 2ax 

k h =  k 'J m 2 

X  =  m X ’

z z =  m 2z z' ;

a z =  a 'J m 2 ;

k v =  m 2k \  ;

Z  =  Z '/ /n  ;

Txz =  T =  T

Xds =  m X 'd s  ; Zds =  Z 'dslm  ; 

î>aJ ba,„ 1

..  (25)

i>x ù x ’ ÔZ m  £)z'

I t  m ay  be noticed th a t th is transfo rm ation  from  the coor
d inate  axes x  — z  to  th e  new  axes x  — z  does n o t affect the 
shear, the shearing stress an d  the shearing opera to r. (13), 
(21) an d  (23) it m ay  be derived fu rther t h a t :

9 i
7M4A'

1 -  V
75 ; 92 =  o ; 9a =

A V

1 — v'

X'
Cp4 -V.4H _

A'
(26)

m \  1 -  v '2) ’ T 2(1 +  v ')

Substitu tion  o f  (24) and  (25) and  (26) in to  (20) gives directly  ;

_  J /  V 2 u' +  +  ^ 4 -  + X ' =  0 ;
1 —  V o x  o x

- y  V 2w' +  ^  +  ^ i  +  Z ' = 0  ; (27)
1 — v ôz dz

_  _  i- ' i i-' .
Ao Kfl ^x '2 ^  '2

w hen : e ' =  +  z z

F ro m  the first tw o equations (27) it m ay  be derived :

V2z =  -  Î— V2a \  
2(]/

F o r  the so lu tion  o f  the prob lem  th e  affine transfo rm ation  
should  be perform ed also o n  the boun d ary  conditions. T hen  
th e  so lu tion  referred  to  the new  transform ed coo rd inate  axes 
x  — z ' can  be found. F o r the final so lu tion  in  the original 
x  — z  system , how ever, back  transfo rm ation  w ith the help 
o f  (24) and  (25) should  be carried  ou t, and  hereafter th e  defor
m ation , stress-d istribution  and  w ater pressure as a  function  
o f the tim e can be ob tained  by inversion o f  their Laplace 
transfo rm ations. I t occurs th a t the first tw o equations o f (27) 
referred to  the transform ed x ' — z  system  is sim ilar to  the 
corresponding  equations in  the iso tropic case referred  to  the 
original x  — z  system . This becom es clear w hen in (14) the 
iso tropic p lane strain  param eter v ' =  vc/( l — ve) w ill be 
substitu ted . H ence solu tions o f the iso tropic case in  the 
orig inal x  — z  system  are sim ultaniously  also solu tions o f 
the transverse iso tropic case in  the x ' — z  system , prov ided  
the influence o f the w ater-pressure a m can  be neglected as it 
is the case w ith the  calculation  o f  instan taneous settlem ent, 
the m axim um  settlem ent due to  conso lidation  and  the 
settlem ent due to  secondary  tim e effects.

I f  on ly  ro ugh ly  ap p rox im ate  so lu tions are w anted, then  it 
m ay  be tr ied  :

, ,  d 2CTw' d 2<r„

(28)

~  se ' =  k ' h " 5 ? 2~ +  k 'v ~  ^ k 'hk'v y2,Tw'

. . . .  (29)

an d  the com plete process including the p rim ary , secondary  
conso lidation  and  the w ater pressure as a  function  o f the tim e
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can be derived directly  by back tran sfo rm ation  from  the 
corresponding iso tropic case.

Experimental determination of the rheological operators

I t m ay  be recalled th a t the process o f conso lidation  and  
secondary  tim e effects o f hom ogeneous, o rtho trop ic  clay- 
layers in  p lane stra in  is governed by three independent oper
a to rs : A', v ', rrfi and  tw o coefficients o f  perm eability  k h 
and kv. T he m easurem ent o f  these five quantities will no t 
be a  sim ple procedure, as clay  is a  tw o-phase m aterial, viz. 
a  po rous soil-skeleton sa tu ra ted  w ith w ater. F o r the evaluation  
o f these th ree opera to rs from  experim ental da ta , the follow ing 
relationships m ay be sum m arized :

A,

1 -  v , , 2 9  4

v ' =  m \ h* =  ; v„,* = <?3

1 -  vhli <?4

A' =  W A „ *  =  =  A ; 

Xfl. * A i,
A * = . f * --

1 -  V2

the  la teral pressure as a  function  o f tim e (T a n , 1957, 1958). 
F o r  the analysis o f these test da ta  the follow ing form ulae 
have been derived :

(a) Tests type I I I  : 

fo r t -* 0 :

(30a)

fo r t — oo : w„r, =
hq

9 4 "

%

w here Cv =  A:„<p4' ;

(b) Tests type IV  :

fo r t -  0 : un =  - ^ 1  / —
<Pl V  TV

liq

^  <7..............  (30b)
?4

. . . .  (31a)

for : Moo =  — 77
9 i

w here C„ =  k , ^ .

(31b)

In  these expressions we have to deal w ith froe opera to rs 
An, Vfihi \h>  a n d v7ir» ° f  w hich oh ly  four are independent 
because o f  the relationsh ip  (12). T hus it is necessary to  per
form  a t least fou r independent types o f tests as fo r instance :

I. U n iax ia l com pression tests on  clay  cylinders loaded 
along  their sym m etry-axis o f an iso tropy  Z ,

II . Sim ilar tests in a  d irection  perpendicu lar to this Z  
a x is ;

I I I .  C onfined conso lidation  tests in Z  d ire c tio n ;

IV. Sim ilar tests in  a d irection  perpendicu lar to  the Z

In  above form ulae : u0, 11̂ ,  w0, settlem ents in x  and  z 
directions : q =  loading in te n s ity ; h =  thickness o f sa m p le ; 
Cv and  Ch coefficients o f  conso lidation  in  vertical and  h o r
izontal d irec tions; a e =  m ean la tera l p ressu re ; cp/, cp3', cp4' 
are constan ts denoting the approx im ations for cpl7 cp3, cp4 
fo r sm all values o f tim e, w hereas these opera to rs in  the ultim ate 
state are  approx im ated  b y  the constan ts tp /' ,  cp3" and  <p4" 
respectively. T he quantities <pj/, Ch, <p4' and  Cv can  be obtained  
by  applying T ay lo r’s curve fitting m ethod  after p lo tting  u0 

and  w0 against - \ /Y ; sim ultaneously  k h and  k v can  be calculted. 

F u rth e r can  be com puted  from  the slope o f the a e — \Z7'
curve. T he quantities t p / ' and  o 4"  can  be ob ta ined  from  
long du ra tio n  tests. F o r  the iso trop ic  case the follow ing 
reductions ho ld  :

F o r the experim ents type  I and  II  use can be m ade o f tria- 
xial equipm ents, and  o f com pression p lastom eters, w hich have 
been designed especially for creep-and flow tests. T he fo llo
wing load ing  system  will be recom m ended : the sam ple is 
subjected to  a  constan t vertical stress fo r so long a  period 
th a t its con tinuous flow effects can  be recorded a d e q u a te ly ; 
then the vertical stress is increased by the sam e am oun t 
during the follow ing tim e in terval. This loading system  is 
continued un til fa i lu re ; a t every in terval the deform ation  is 
recorded as a  function  o f tim e. In  this m anner it is possible 
to  study the instan taneous deform ations and  the creep-flow 
effects and  to m easure the failure strength  on the long term . 
These tests da ta  enable us to  determ ine E  and  the flow function  
F(t) and  thus to  calculate A,, and  A„ in the linear range o f  the 
stress-strain-relationships. These creep-test d a ta  are required 
for the com puta tion  o f instan taneous settlem ent and  the 
secondary  time-effects due to deviatoric stresses.

The tests type I I I  and  IV will enable us to determ ine 
v;i„, vvh and  vhv, by m easuring <p1; <p4 and  o 3/cp4. I t m ay  be 
pointed  ou t th a t <px, cp3 and cp4 are o p e ra to rs ; since they vary 
w ith the du ra tio n  o f loading and  m oreover the time-effect 
o f the w aterpressure is alw ays related  to  these tim e effects, 
the m easurem ent o f these opera to rs becomes very intricate. 
These quantities, how ever, can  readily  be determ ined for 
sm all and  very large values o f the tim e by m easuring the 
settlem ent and  the la teral pressure. F o r this purpose the gauge 
oedometer has been developed, which enables us to  record

/ / / 3(1 vc) „ ~
?i  = 94  = 9  =  7T~\- - - T V  ’ 9 i  = 9 4  = 9  = &  <

(1 +  ve)

=  ; % ' / 9 4 '=  V

(32)

1 +

and  it m ay  be recalled ; 0  =  com pression m odulus, =  
elastic p a rt o f o pera to r o f  la teral expansion  v. This isotropic 
case renders it possible to  com pute cp" from  <p', w hen ve

has been determ ined from  the a e — y f  t curve.

F o r practical purposes the d isplacem ents on  the long term  
are  the m ost im portan t and  then  it well be sufficient to  take 
on ly  the values o f  the opera to rs fo r large values o f the time. 
In  practice sam ples are taken  usually  from  vertical boreholes 
w ith a  d iam eter o f less than  15 cm. T hen  the creep tests type II 
can  n o t be perform ed easily an d  we are restric ted  to  the tests 
type I, I I I  an d  IV. As sufficient da ta  no  longer can  be p ro v 
ided for the com puta tion  o f the 5 operato rs, it will be proposed 
to  in troduce the approx im ation  ~  v /  and  to  estim ate
cp/, cpj", cp4' and  <p4"  w ith the help o f  (30, 32) and  (31, 32). 
This com pu ta tion  will be illustrated  now  by m eans o f the

follow ing experim ental exam ple. The figure shows the w0 —‘\ /1

curve (1) and  the a jq  — -\/1' curve (II)  for a dense, stiff clay 
specim en w ith a  w aterconten t o f  21-5 per cent and  a height 
o f 2 cm  loaded by q =  2T kg/cm 2. F irs tly  the u ltim ate  settl
em ent after T erzaghi W r  can be calculated  according to
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T ay lo r’s m ethod  giving W t =  0-45 mm , and  then the 
follow ing quantities can  be determ ined : cp'4 =  93 kg/cm 2 ;

£
C„ =  1-8 x  10-3  cm /sec- 1 ; hv =  — =  9-1 x 10-6 cm /sec-1 .

Pw
It occurs th a t the settlem ent exceeds this theoretical value 
an d  obviously  approaches ano ther asym pto te , w hich can 
be estim ated w ith the help o f (30) and  (32). N ow  determ ine

(ps'Ap/ from  the slope o f the a j q - V  t' curve. If  we further 
assum e 9 379  4< ~  vc/( 1 —  ve) then  we find ~  0-41 and  the 
settlem ent after the au th o r’s iso tropic theory  can  be calcul
ated  wx  =  3(1 —  ve)l(l +  ve) • W t  ~  0-55 m m  and  thus 
<p4"  ~  76 kg /cm 2.

T he la teral stress decreases initially  w ith tim e until a  definite

In  the discussions during the F ou rth  In ternational C onfer
ence in L ondon  1957 it was concluded th a t the m ajo rity  of 
settlem ents observed in  practice is larger than  predicted by 
the cu rren t m ethods o f com putation . I t  has been poin ted  
ou t tha t this fact m ay  be due to  the follow ing factors : (a) effect 
o f dev iatoric  stresses causing an  instan taneous deflection 
follow ed by secondary  tim e effects due to  la teral f lo w ;

(b) secondary  time-effects due to  volum e creep as m easured 
in oedometer tests. T herefore it is necessary to  determ ine the 
Theological p roperties and  the m easuring technique suggested 
above is fairly  simple. In  practice tw o m ain  types o f secondary  
tim e effects h a v e  been recorded ( T e r z a g h i ,  1953) : the settl-

Conclusion

Settlement as a function of yf~ t (Curve I)

R atio lateral/vertical pressure c jq  as function of \ /  t (Curve II) 

Tassement en fonction de \ / " T  (Courbe I)

Rapport pression latérale/verticale Gejq en fonction de ■sj t (Courbe II)

m inim um  is reached, bu t then  gradually  rises to  a  m axim um . 
This test-result is com m on for dense clays, bu t this increase 
has been no t yet observed for loose clays. T he decrease is 
due to  the w aterpressure, w hich relaxes w ith tim e. S im ul
taneously  shear and volum e creep occur, thereby  gradually  
an  increasing p a rt o f the stress is transferred  to  the rigid ring 
o f  the gauge oedometer ; so the in terre lation  o f the tw o com plex 
processes, conso lidation  and  flow, has been m easured. This 
test result is in agreem ent w ith the theory  presented  here, 
w hich predicts tha t the o p era to r o f la teral expansion  v should 
increase w ith the tim e leading to  a  g radual rising o f the lateral 
pressure to  its u ltim ate  m axim um . In  above exam ple the 
o p e ra to r v increases from  0-41 to  0-44, w hen com puted with 
the help of (30b) and  (32).

em ent proceeds a t constan t ra te  o r increases linearly  w ith 
log t. As it has been analised above this secular settlem ent 
is m ainly  governed by the shear o pera to r In  the first case 
o f  constan t ra te  the assum ption o f a po rous M axw ell body 
m ay  be satisfactory  an d  the shear o p era to r m ay be w riiten : 
4* =  'i)g sI(g  +  7)s); in  the second case a good app rox im ation  
m ay  be : ^  =  v)c/(c — r\ log c s );

F o r the determ ination  o f u ltim ate  settlem ent in the one 
dim ensional case, w hich is larger than  predicted  from  Ter- 
zaghi’s theory , sim ultaneous m easurem ents o f la teral pressure 
an d  settlem ent are  required , b u t the calcu lation  itself is a 
sim ple procedure. In  o rder to  estim ate secondary  settlem ent 
in m ore d im ensional cases long term  creep and  flow tests are 
re q u ire d ; the com pu ta tion  o f settlem ent due to  dev iatoric
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stresses is sim ilar to  th a t in the elastic theory  except th a t fo r [4] 
the shear m odulus G the shear o pera to r should  be substit
uted. F o r p lane stra in  in the transversely  iso tropic case the [5] 
stress and  deform ation  fields can readily  be derived from  the 
corresponding  iso tropic case by back affine transfo rm ation . [6] 

T he au th o r states th a t in C hina m ulti-layered clay  deposits [7] 
hundreds o f m etres deep frequently  occur, consisting o f  [8] 
regularly  a lternating  plane parallel layers several m etres 
deep. By ensuring  the con tinu ity  o f displacem ents o f the 
consecutive layers it is possible to  com pute the equ ivalen t [9] 
aniso trop ic  param eters o f the en tire  clay  m ass and  to  bring 
this problem  back to the case o f transverse iso tropy.
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