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TTM̂ i TTFTKCT t h  CONNECTION WITH CONSOLIDATION TESTS

R. HAEFELI 
W. SCHAAD

Laboratory fo r  H ydraulic Research and S o il  Mechanics o f the 
Swiss Federal In s t itu te  o f Technology, Zurich

I .  DEFINITION OF THE PROBLEM.

In the case o f natural settlem ent phenom
ena, o ften  extending over cen tu ries, the_engin
eer i s  faced  with the problem o f p red ictin g  
the f in a l  values o f such settlem ents with su f
f ic ie n t  accuracy on the b a s is  o f r e la t iv e ly  
b r ie f  lab orato ry  t e s t s .  For carrying out th is  
task  he must c o r re c tly  judge .the com pressib il
i t y  o f the resp ective  s o i l  la y e r s . I f  the layers 
are o f recen t date and are to be loaded heavi
l y  fo r  the f i r s t  time, an exact knowledge of 
the c o e ff ic ie n ts  of compression a , of the loose 
sediment in  question w i l l  be s u f f ic ie n t  fo r  
th is  purpose 1 ) ,  2 ). Vith homogeneous mate
r i a l s ,  the t o ta l  settlem ent i s  known to be 
d ir e c t ly  proportional to the c o e ff ic ie n t  of 
compression.

When determining the c o e ff ic ie n ts  o f com
p r e s s ib i l i t y  in  the la b o ra to ty , the problem 
consequently co n sists  in  obtaining accurate 
values in  a short a time as p o ssib le . At f i r s t  
i t  was thought th at th is  aim could only be a t
tained by means o f oedometer te s ts  la s t in g  fo r  
a r e la t iv e ly  long time. T ests ca rried  out in 
the Laboratory fo r  Hydraulic Research and S o il 
Mechanics at the Swiss Federal In s titu te  o f 
Technology during several years have, however, 
shown th at th is  i s  not ab so lu te ly  necessary, 
since accurate r e s u lts  can be obtained even 
with b r ie f  oedometer te s ts ,  i f  ce rta in  ru le s  
in  connection v/ith them are observed.

In order to explain  the r e s u lts  of the 
t e s t s ,  some of them rather su rp risin g , the d i f 
fe re n t stages of the settlem ent phenomenon is  
f i r s t  o f a l l  th e o r e t ic a lly  considered in  con
nection with the determ ination o f n ,  . In con
nection with th is , some new points of view were 
also obtained fo r  forming a judgement on the 
p ost-settlem en t.

I I .  THEORETICAL CONSIDERATIONS.

I f  we study the progress of the s e t t le 
ment in  the course of time o f a loose sediment 
prevented from la t e r a l  expansion, a d ifferen ce  
can at f i r s t  be made between p rin cip a l or main 
and post-settlem en t 2). S t r ic t ly  speaking, 
however, the p rin c ip a l or main settlem ent can 
again be divided into two processes, so that 
we have the fo llo w in g  d iv is io n s  (a, b and c) 
into three p arts:

J&) Short settlem ent
1 . Main s e t t l e m e n t ( e l a s t i c )

^ 'b) Hydrodynamic settlement.
2. P ost-settlem en t----c) Settlement in  conse

quence of metamorphosis.
In F ig . 1 th is  three-part process i s  dia- 

grammatically represented fo r  the case of a 
loam or c la y  saturated with water, the time be
ing p lo tted  to logarithm ic sca le .

Regarding the three phases o f the s e t t le 
ment process the fo llow in g may in  general be 
stated:
a) The sh ort-settlem en t. which occurs with sud

den loading, i s  very d i f f i c u l t  to express 
tech n ic a lly  by means o f measurements. In loams 
and c lays saturated with water i t  i s  e x c lu siv 
e ly  determined by the e la s t ic  co m p ressib ility

of the s o lid  and liq u id  phases, above a l l  by 
the la t t e r .  In comparison with the p la s t ic  
settlem ent portions considered under b) and c ) , 
th is  e la s t ic  y ie ld in g  is  n a tu ra lly  very small 
and is  th erefo re as a ru le  neglected. With 
loose sediments which are very permeable or not 
com pletely saturated (sand, snow), sudden 
loading i s  on the other hand often  accompagn- 
ied  by an instantaneous change o f stru ctu re  
(breack-down of s tru ctu re ). In th is  case the 
short settlem ent may become q u a n tita tiv e ly  tiie 
main part o f the to ta l settlem ent.
b) The hydrodynamic settlem ent i s  conditioned 

by the unsteady seepage and the gradual re 
la x in g  in  tension o f the pore water with cor
responding compacting o f the m ateria l. This 
process, which takes place at a gradu ally  dim
in ish in g  ra te , has been c lo s e ly  studied by 
Terzaghi and F röh lich , and has been expressed 
m athematically fo r  ce rta in  boundry conditions
4), 5). The time required fo r  i t s  accomplish
ment was then found to be dependent on the 
fo llow in g fa c to rs : Drainage condition s, th ic k 
ness of la y e rs , perm eability and com pressibil
i t y  o f the m aterial.
c) The post-settlem ent cannot, in  con trast to 

the main settlem ent, be explained by mechan
ic a l  processes. I t  is  in  the f i r s t  lin e  con
dition ed by colloidochem ical p rocesses, which 
may f in a l ly  lead in  the course of g eo lo g ical 
epochs over ea rly  metamorphosis to th e 'co n ver
sion o f a c lay  into a c la y s la te , in  so fa r  as 
the necessary temperatures of that are a v a il
ab le . '.Vith constant pressure and a constant 
temperature ly in g  between free z in g  and b o ilin g  
p oin t, the compacting process taking p lace at
a gradually  diminishing ra te , must f in a l ly  
come to a s t i l ls ta n d  before the porous-free 
sta te  i s  reached. As an analogous phenomenon 
we mention that also snow under the ap p lica
tio n  o f r e la t iv e ly  low pressures and temperat
ures (under 0° C) may, even a fte r  a very long 
time, not be compacted into ice  fre e  from 
pores 6), 7 ) . G lacier ice  o rig in a te s  above 
a l l  from the co llab oration  of the liq u id  phase 
which fo rces i t s  way into the pores o f the 
Firn (perpetual snow) and free zes  th ere. In 
the h ig h -ly in g  Greenland in la n d -ice , where no 
m elting processes occur on the Firn  surface, 
the formation of ice  can therefore occur only 
a t very great depths (in  the region of the 
pressure-m elting p o in t).

In order to i l lu s t r a t e  the above-mentioned 
conditions in  F ig . 1 , the i n i t i a l  height of 
the sample to be consolidated i s  taken as 
hi « 1 . The h orizon tal base lin e  drawn through 
the point S corresponds to the volume portion 
ns of the s o lid  substance, w h ilst the distance
S -  A is  id e n tica l with the volume portion o f 
the i n i t i a l  p o ro sity  n^. The upper settlem ent 
curve A—B^-C  ̂ th erefo re  g ives at the same time 
the change in  the p o ro sity  n, which appears as 
ordinate o f th is  curve above the horizontal 
lin e  through S. Since the porous—fre e  sta te  i s  
never reached, the curve in  the neighbourhood 
o f the post-settlem en t must approach asymptotic
a l ly  to a h orizon tal lin e  through C]_, whose 
d ista n ce_from the base l in e  S i s  id e n tica l with 
the p ossib le  f in a l  p o ro sity  n<, .

°1
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Main settlem ent and p ost-settlem en t.

FIG.1

In order to study the in fluen ce of the 
constant s p e c if ic  loading <T on the settlem ent 
p rocess, and thereby also the dependence to he 
sought o f the c o e ff ic ie n t  of com p ressib ility  

on the duration o f the te s t ,  in  addition  
to a f i r s t  settlem ent curve fo r  cr, also a se
cond curve A-B2-C2 , s ta r t in g  with the same in 
i t i a l  condition s, was drawn in F ig . 1 ; i t  cor
responds to a higher consolid ation  pressure <Jt . 
Thereby we were in terested  above a l l  in  the 
d iffe re n ce  between these two settlem ent curves. 
Under the assumption that the short settlem ent 
i s  small in comparison vith the main settlement, 
there is  f i r s t  of a l l  no doubt that the two 
curves must diverge in the region o f the prin
c ip a l settlem ent. Less c le a r , however, are the 
conditions in the region of the p o s t - s e t t le 
ment, since a p r io r i nothing d e fin ite ly  can be 
p redicted  regarding the r e la t iv e  course of the 
two lin e s . Under the assumption that both curv
es tend towards the porous-free sta te  o f the 
m aterial, but without reaching i t ,  there is  a 
c e rta in  degree of p ro b a b ility  fo r  the conver
gence shown in  P ig . 1 .

To in v e stig a te  the dependence o f the co
e f f ic ie n t  of co m p ressib ility  a , on the dura
tio n  of the te s t ,  the consolidating pressures 
of the two settlem ent curves to be compared 
have been chosen in  F ig . 2 as O', = 1  kg/cm2, 
and CT, = e = 2,72 kg/cm2 .

Aç-Values fo r  main and post-settlem ent.
FIG 2 (diagrammatic)

As i s  known, A , s ig n if ie s  the percentage settLe- 
ment o f a sample in  consequence o f increasin g 
the compacting pressure from O’ • 1 to <f • 
e kg/cm2, sin ce we f i r s t  o f a l l  assume that 
the two load increments act on the sample fo r  
ex a ctly  the same length o f t im e , a # can be de
termined d ir e c t ly  from the ordinate d ifferen ce  
Ay o f the two curves, i t  holding good, th at 

B):
A .-h.T h«=-± l (1)

* h, h.

Since the two curves diverge in  the reg
ion of the main settlem ent, and thus a  \j be
comes g rea ter with in creasin g  length o f time 
o f the t e s t ,  w h ilst ĥ  sim ultaneously decreas
es, the quotient a 8 increase with the tim e,un
t i l  f in a l ly  the maximum value a b  i s  reached 
when passing over from p rin c ip a l“settlem ent to 
p ost-settlem en t (normal value fo r  standard 
t e s t ) .

For the i n i t i a l  region o f the p o s t - s e tt le 
ment Buisman has shown that the settlem ent i s  
proportional to the logarithm  of the time, so 
th at the settlem ent curve appears as a stra ig h t 
l in e  when adopting the sem i-logarithm ic sca le .
A d eviation  from t h is  s tra ig h t lin e  is  only to 
be expected in  a la t e r  phase o f the process. 
Experim entally i t  i s  only p ossib le  to in v e s tig 
ate the i n i t i a l  course o f the post-settlem en t.
In th is  way i t  can be s p e c ia lly  tested  whether 
the convergence between the two lin e s  B̂  -  0 
and Bo -  C i l lu s tr a t e d  in  F ig . 2 r e a lly  e x is ts  
or not. From the ordinate d ifferen ce  of these 
two s tra ig h t lin e s  the dependence o f the a , 
value on the duration o f the te s t  is  c a lc u la t
ed as fo llow s:

lo
(2)

I f  the point o f in te rse ctio n  G of the two 
s tra ig h t lin e s  i s  moved downwards u n til i t  
reaches the point 0, becomes = , i . e .  in 
dependently of the time, which also i s  shown 
from equation (2) fo r  the sp ec ia l case c0=
and also d ir e c t ly  from F ig . 2.

In F ig . 2 the dependence h ith erto  consider
ed between the -a, value and the duration of 
loading is  diagram m atically i l lu s tr a t e d  by the 
curve E  ̂ -  Eg -  E^. The weakly pronounced maxi
mum at Eg ch a ra cterises  at the same time the 
tra n s itio n  from the main to the post-settlem en t. 
In the region o f the main settlem ent the ques
tio n  posed at the beginning regarding the time 
required fo r  determining can be answered on 
the b a s is  o f the a , curve. On the other hand, 
in  the region of p ost-settlem en t, the a ,  curve 
(Eg -  Ec ) serves only to allow  a judgement to
be formed on the mutual course o f the co rres
ponding settlem ent curves (divergence o f con
vergence). For rep lyin g  to the p r a c t ic a lly  im
portant question as to the e f fe c t  o f the p ost
settlem ent in nature or in  a stru ctu re , there 
would be no use in  having a ^, value decreasing 
with the time, whose determ ination r e s ts  on the 
load increments fo r  1 kg/cm2 or fo r  e kg/cm2 
la s t in g  fo r  equal tim es. In th is  case the dura
tio n  o f the load increment fo r  1 kg/cm2 may on
ly  be chosen equal to the duration o f the main 
settlem ent to , w h ilst the load increment e must 
extend over the time o f the p ost-settlem en t.
The corresponding A*e value may then be ca lcu 
la te d  as fo llo w s, according to F ig . 2, the spe
c i f i c  p ost-settlem en t ¿e’ occurring during 
one year being adopted as magnitude fo r  com
parison.

T  ------------------ jff'
• '"r Se tt/em ent- curve  fo r  &=1 kg/cm2

Se ttlement- curve  f o r  G"= e kg/cm2

L og. tim e  scale  

%

Range  o f  pos t- s e ttlem ent \ 

____i________ i_
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Specific settlement as a function of load for 
main and post-settlement.

hl»
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FIG. 3

i e  l o g t - l o g t ,

l o g  3 6 5  - lo g  t .

à e
ze

(3)

o f a , , in  consequence o f an p ost-settlem en t 
lim ite d  to a c e rta in  time i s  p lo tte d , the dot
ted  lin e  d isp laced  downwards i s  obtained,which 
cu ts out the above-described value on the 
v e r t ic a l  through e. Depending on the mutual 
course o f  the corresponding settlem ent curves 
(F ig . 5 ), the two upper lin e s  run p a r a lle l  or 
not. Further, the longer the p ost-settlem en t 
la s t s ,  the fu rth er the dotted lin e  moves down
wards, as shown by the chain-dotted l in e .

H itherto we have t a c i t ly  assumed that the 
duration o f the main settlem ent t „ ,  or the be
ginning o f the p ost-settlem en t, i s  independent 
o f the magnitude o f  the co n solid atin g  pressure; 
th is  i s  only perm issible in  a f i r s t  approxi
mation. S t r i c t ly  speaking th is  i s  not the case, 
since the higher pressure a t  once causes great
er con solid ation  and th is  lead s consequently 
to a considerable decrease in  p erm eab ility .

OF

This equation fo r  the increase in  ^V 
holds good o f course only during the f i r s t

I I I .  METHODS OF CARRYING-OUT AND RESULTS
TESTS.

The main t e s ts ,  extending over a period 
of three years, were carried  out during the 
war (1939—1941), the complementary t e s ts  on the 
other hand only in  1947 9).
1 .  Test m a te ria ls .

In the main te s ts  the i n i t i a l  m aterial 
adopted was an e lu tr ia te d  K a o lin ite -c la y  from 
Z e t t l i t z ,  a n a ly s is  o f which showed 98.4 % c la y  
substance, 1 ,2  Js> quartz and 0,4 % fe ld sp a r . In 
1938 Dr. von Moos analysed a Z e t t l i t z  K aolin ite- 
c la y  with the fo llow ing r e s u lts :
Grain fr a c tio n  0,02 -  0,005 mm « 13

0,005 -  0,002 mm = 28 % 

le s s  than -  0.002 mm = 59 %

In the A gricultural-Chem ical I n s t itu te  o f 
the Swiss Federal In s t itu te  of Technology, 
which is  under the d irec tio n  o f P ro f. Pallmann, 
the i n i t i a l  m aterial was n e a tra lise d  with v a r i
ous ions and H -K aolin ite-clay, K -K aolin ite- 
c la y  and C a-K ao lin ite-c lay  were thus produced 
8). The p la s t ic  behaviour o f these m aterials 
can be seen from tab le  1 .

TABLE I

Flow lim its  and c o e ff ic ie n ts  of compression of the K a o lin ite-c la y s

M aterials K a o lin ite -
clay

K -K aolin ite-
c la y

C a-K aolin ite-
clay

H-Kaolini
te -c la y

Flow lim it  % 61,0 53,3 65,7 87,0
P la s t ic  lim it  % 33,3 38,6 34,3 33,1

C o e ffic ie n t of 
p la s t i c i t y  % 27,7 14,7 31,4 53,9

e valu es % - 6,23 7,04 5,07

phase o f the post-settlem en t, i . e .  in  the reg
ion where the logarithm ic settlem ent stra ig h t 
lin e s  are g u ilty .  The corresponding curve is  
shown in  F ig . 2. by the lin e  Eg -  Eq+ . In F ig .
3 the post-settlem ent i s  p lo tted  as a function 
of the compacting pressure. The stra ig h t f u l l  
l in e , shows the known dependence o f the s p e c if
i c  main settlem ent Aj on the consolidating 
pressure CTt , which is  as fo llow s:

—- = a  - I i i Aj  ; A,=—  ( 4 )
h, <Tt

If for each load increment the increase

The complementary t e s ts  were carried -ou t 
with the same c la y  as was used to form the wa
te r t ig h t  core o f the Eannalp dam.
I t s  c h a ra c te r is tic s  are given in ta b le  2 10).

2. Preparing the m a teria l.
1 kg of each o f the three kinds of K aoli

n ite -c la y  was worked up to a paste in vacuum 
with d is t i l l e d  w ater. By being loaded in  a 
g la ss cy lin d e r, th is  paste was brought to the 
consistency su ita b le  fo r  f i l l i n g  the oedometer 
fre e  from a ir .  The water contents were then as 
shown in  ta b le  3»
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FIG.4

TABLE 2

C h a ra cte ris tic s  o f the Bannaln c la v

Flow lim it  f  in  % 76,6
P la s t ic  lim it  a in  % 34,7
C o e ffic ie n t o f p la s t ic i t y  p = f  -  a % 41,9
C o e ffic ie n t o f co m p ressib ility  a  % 8,8 -  9,0
C o e ffic ie n t of perm eability k^^an/eec 3 .7 .10 “ 8
Humus content % 1 .5

Grain d is tr ib u tio n  mm 0,2 -  0,02 0,02-0,002 0,002
Percentage weight 18,3 50,2 31,5

TABLE 3

Water contents in  % fo r  d iffe r e n t  s ta te s  o f consolid ation

M aterial

I n i t ia l  water content 
( fo r  O’ = 1 kg/cm2)

K -K aolin ite-
c lay

56,25
44,15

C a-K aolin ite-
c la y
56,20
43,10

H -K aolinite-
cla y

47,14
40 .15-41,4
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Settlement curves fo r

©  H  -Kaolin lte  - c/ay 

® K -

® a- »
¡Curves 4 ?  fo r

@  H  -K a o l in lte -d a y

®K-
® C a -

Minutes Hours

Time scale (log) —

Days

tt - 0,14 3 2 — h1
K

(5)

where h » the height o f the sample, a the co ef
f ic ie n t  o f compression and k the c o e ff ic ie n t  
of perm eability. Applied to the H -K aolinite- 
c la y , equation (5) g ives the order o f magnitude 
o f a  few days, consideration being paid to the 
e x is tin g  uncertainty o f the value o f k . I t  w ill 
be observed th at approximately a fte r  the same 
time -  namely a fte r  about 6 days -  the c o e f f ic 
ien t of compression a ,  passes through i t s  max
imum valu e. For the sake o f s im p lic ity , in  our 
diagrammatic representation  in  F ig . 2, we have

Time-settlement curves and ^ -v a lu e s  of three 
K a o lin ite -c la y s  fo r  main and p ost-settlem en t.

FIG.5

The Bannalp c la y  was prepared in  the nor
mal manner usual fo r  standard te s ts  and f i l l e d  
into the oedometer with a water content cor
responding to the A tterberg flow  lim it .
3. Carrying-out the t e s t s .

Each time when carrying-out the main tes ts , 
four d iffe r e n t  load increments were in v e s tig a t
ed in  p a r a lle l at compacting pressures o f 0 ,5 -
1,0  -  2,72 and 8 kg/cm2 . For th is  purpose eigh t 
oedometers were f i l l e d  with H -K aolin ite-clay, 
four of these samples being subjected to the 
consolidation  te s t  fo r  three years, w h ilst the 
settlem ent o f the other samples was studied 
only during 7 - 8  months. The complementary 
te s ts  with Bannalp c la y  were ca rried  out in  two 
s e r ie s ; the methods then adopted w ill  be des
cribed la t e r  in connection with the t e s t  re 
s u lts .
4. Results of the t e s t s .

The settlem ent curves in F ig . 5 f i r s t  of 
a l l  confirm that there i s  no sharp boundry to 
be perceived between main-settlem ent and post
settlem ent. The duration o f the main s e t t le 
ment can therefore not be measured d ir e c tly .
On the other hand, in  a l l  settlem ent curves in 
F ig . 4, 5 and 6, the abrupt bend at B' i s  very 
s tr ik in g . I t  l i e s  w ell w ithin the region of 
main settlem ent, and corresponds to th at moment 
of time at which the main settlem ent is  to a 
great extent completed. The remaining part of 
the settlem ent takes p lace extremely slowly 
and th e o r e t ic a lly  requires an in f in it e ly  long 
time. In the diagram the r e s t  of the main 
settlem ent, in  percentage small but in time 
very great, i s  represented by the d istance B' -  
B .

According to Terzaghi and Buisman the time 
o f the main settlem ent amounts to :

c la y .

FIG.6

assumed that the time of maximum At value (Eg) 
i s  id e n tica l with the d iv is io n  B between main 
and post-settlem en t.

In F ig . 4 the settlem ent curves are given 
o f four d iffe r e n t  load increments fo r  H-Kaolin- 
i te - c la y  in  the range o f the three years a fte r  
settlem ent. The s tr a ig h t- lin e  course o f a l l  
four lin e s  f i r s t  o f a l l  confirms th a t, during 
the f i r s t  phase o f the post-compacting the ad
d itio n a l settlem ent z i s  d ir e c t ly  proportional 
to the logarithm o f the pressure, as already 
determined by Buisman. The mutual course o f the 
logarithm ic s tr a ig h t- lin e s , however, shows no 
uniform ity, w h ilst the lin e s  fo r  cf - 1 ,0  and 
<T = e kg/cm2 c le a r ly  converge with increasin g 

tim e, there i s  a s lig h t  divergence between the 
settlem ent s tr a ig h t- lin e s  fo r  O' = 1 and CT »
0|5 kg/cm2 . On the other hand, since the? 
stra ig h t lin e s  fo r  O' = 1 and & = 8 kg/cm run 
p r a c t ic a lly  p a r a lle l ,  a l l  three p o s s ib i l i t ie s  
are here represented (convergency, divergency 
and p a ra lle lism ).

F ig . 5 shows on the one hand the three 
settlem ent curves fo r  CT ■ e - 2,72 kg/cm2 in 
the range o f the main and p ost-settlem en ts of 
the three K a o lin ite -c la y s , and on the other 
hand the corresponding development of the a ,  
values as a function  o f the tim e. In a l l  three 
Ae curves the maximum (Eg) reached a fte r  2 - 6  
days can be c le a r ly  recognised. This occurrence 
i s ,  as has already been shown in  sectio n  I I , 
conditioned by the mutual run o f the s e t t le 
ment curves, -  divergency in  the region o f the 
main settlem ent and convergency in  the region 
o f the p ost-settlem en t. As p revio u sly  mention
ed, the moment a t which the maximum occurs is  
tem porarily regarded as the boundary between 
main and post-settlem en t.

The occurrence o f a maximum in  the a , curve 
could also  be determined during the f i r s t  se
r ie s  of te s ts  with the Bannalp c la y . The con
sid erab ly  greater sca tte rin g  o f the a , values 
i s  conditioned by the sp ec ia l kind o f te s tin g  
method adopted here. W hilst in  the te s ts  h ith 
erto discussed the a , - values were determined 
on the b a s is  o f two p a r a l le l ly  conducted load
ing t e s ts  with 1 and e kg/cm2 re sp e ctiv e ly , in  
the case o f the Bannalp c la y  only one te s t  was 
made a t  f i r s t  to determine each a ,  value. In 
F ig . 6 the corresponding settlem ent curves are
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given fo r  a duration o f loading o f 64 hours 
per load increment.

In a second s e r ie s  o f te s ts  w ith Bannalp 
c la y , as in  the case o f K a o lin ite -c la y , two 
p a r a lle l t e s ts  were ca rried  out. A fte r  the sam
p le s  had teen  preconsolidated at 0 ,5  Jig/cm ,̂ 
one of them was loaded to cr « 1 kg/cm^ and the 
other at the same time to CT - e kg/cm2. The 
two settlem ent curves run p r a c t ic a lly  p a r a lle l ,  
as i s  shown by the constancy o f the Ah and a , 
values ( c f .  ta b le  4 ).

ation s considered above lead  to the fo llo w in g  
conclusionst
1) In the main settlem ent, a fundamental d is

t in c tio n  may be made between short s e t t le 
ment and hydrodynamic settlem ent. In those cas
es where short settlem ent cannot be neglected, 
the above-mentioned d is tin c tio n  i s  the refo re  
ju s t i f ie d ,  since the two settlem ent p arts  stress 
the structure in  q u ite  d iffe r e n t  manners.
2) There i s  no sharp boundary between main and 

p ost-settlem en t. In sp ite  o f th a t, i t  i s  im-

TABLE 4

A .valu es fo r  BwTinnin c la y  as a fu n ction  o f time
(For the same duration o f loading o f the load in cre 
ments (T = 1 or e kg/cm2 r e s p e c t iv e ly ) .

Duration of 
loading in  
hours

0,5 1 2 4 8 16 32 128

Sample height 
h  ̂ in  mm 16,056 16,022 16,005 15,985 15,970 15,953 15,933 15,888

Sample height
h in  mm e 14,618 14,590 14,567 14,550 14,538 14,529 14,504 14,463

Ah = h, -h  cm 1 e 1,438 1,432 1,438 1,435 1,432 1,434 1,429 1,425

* e  = ÎE£ in 8., 95 8,94 8,97 8,98 8,97 8,93 8,96 8,97

No maximum could be perceived here. Apart 
from the s lig h tn e ss  of the sca tte rin g  i t  is  
above a l l  in te re stin g  from the tech n ical point 
o f view o f te s tin g  th at already a duration of 
loading of h a lf  an hour was s u ff ic ie n t  to give 
the exact a ,  values. For carrying-out the 
above-mentioned t e s ts  with Bannalp c la y  we are 
indebted to Mr. G. Amberg, engineer.

For the q u an tita tiv e  judging of the post
settlem ent i t  w ill  be found p referab le  to c a l
cu late  the percentage increase in settlem ent 
in  the course of the f i r s t  year a fte r  the main 
settlem ent. The long-tim e te s ts  with k a o lin ite -  
c la y  gave the fo llow in g fig u re s  in  th is  connec
tio n  ( c f .  F ig . 4 and 5).

portant to separate them, sin ce they are sub
je c te d  to d iffe r e n t  laws. The logarithm ic 
s tra ig h t l in e  determined by Buisman was confirm
ed in  the range o f a th ree-years p o s t - s e t t le 
ment.
3) The c o e ff ic ie n t  of co m p ressib ility  a .  , ex

pressed as a function  o f the tim e, i s  ju s t
as su ita b le  fo r  judging the main and the post
settlem ent. For comprehending the main s e t t le 
ment, use i s  made as p revio u sly  o f  the maxi
mum value A es, -  in  the standard t e s t  2), 8) 
b r ie f ly  designated A* , -  which i s  reached dur
ing the tra n s it io n  from main to p o s t - s e t t le 
ment.
4) Through the long-duration t e s ts  with four

TABLE 5

Post-settlem ent in  the course of one year.

M aterial hlB
mm • %

S t “'»%
*e»

%

£

K-Kao1 in i t  e -c la y 17,215 0,865 0,514 6,23 8,2
C a-K ao lin ite-c lay 17,377 0,805 0,640 7,04 9 ,1
H-Kao1 in it e- clay 18,527 0,635 0,474 5,07 9,4

The percentage increase due to p o s t- s e tt le 
ment, given in  the la s t  column of the c o e f f ic 
ien ts  of co m p ressib ility  vary only s l ig h t ly  dur
ing the one-year post-settlem en t. For H-Kaolin- 
i t e .c la y  value i s  ca lcu la ted  from equation 
(3) as fo llow s:

log t -log 6 
a ! «  a -  1 + 0,00 94 S

log J6 5-log6

For 10 years, fo r  instance, the percentage 
increase of a , '  in  consequence of p o s t- s e tt le -  
ment would amount to about 2 x 5,4 - 18,8 %.

IV. CONCLUSIONS.
The theoretical and experimental investig-

d iffe r e n t  Kinds o f c la y  i t  was proved m a t 
s u f f ic ie n t ly  accurate a .  values fo r  judging 
the main settlem ent could be obtained with 
short-tim e oedometer t e s t s .  While, as previous
ly ,  one day per loading increment i s  to be re 
commended in  the standard t e s t ,  so th a t fo r  a 
_a , measuring corresponding to the three load 
increments o f 0,5* 1 and e kg/cm^ a t le a s t  
three days are required, the a .  value in  urgent 
cases may be determined with su ffu c ien t accur
acy with a load increment o f one hour fo r  each 
load. On the other hand, fo r  te s t in g  the post
settlem ent, long-tim e te s ts  are fo r  the moment 
s t i l l  e s s e n tia l.
5) Since as a ru le  one must be s a t is f ie d  with 

determining the /\t value d e cis ive  fo r  the



p rin cip a l settlem ent, the fa c ts  mentioned 
above under 4, make i t  p o ssib le  e s s e n t ia lly  to 
reduce the lab orato ry  equipment, since the num
ber o f oedometers required may be diminished 
p ro p o rtio n ally  to the reduction in  the durat
ion o f the t e s ts .
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INTRODUCTION
The f i r s t  law o f thermodynamics can be 

s u cce sfu lly  applied  to the consolidation  pro
cess, in  order to evaluate the influence of 
loading speed on the amount o f work to obtain 
a d e fin ite  amount o f  con solidation . The in 
fluence o f  loading speed on the consolidation 
process has proved to be a p ra c tic a l problem 
of outstanding importance in  s o i l  mechanics.

One p o s s ib i l i t y  o f approaching th is  prob
lem i s  the a n a ly tic a l method. T erzagh i's  theo
ry  on consolid ation  1 ) is  an example of a 
mathematical method o f analyzing the consolid
a tio n  process. Jh is theory was elaborated by 
Terzaghi and Frohlich  2) to give the proper 
so lu tio n  o f the ra te  o f settlem ent fo r  a given 
r e la tio n  between load and tim e. The findings 
of Bulsman 3) a .o . in  connection with secular 
t im e-effe cts  (or secundary tim e -e ffe cts) com
p lica te d  the con solid ation  p roperties o f cohe
s ive  s o i ls  to such an exten t, thet the ap p li
catio n  o f  the above-mentioned mathematical 
th eories could not be maintained any longer. 
Buisman t r ie d  to give an approximative solu
tio n  ( I .e .  par. 49, p. 119) based on the as
sumption o f the s o il  constanta. txp resp. tx, 
expressing the d ire c t  and the~secular e f fe c t  
of an instantaneous load on con solid ation , and 
the retard ing e f fe c t  o f hydrodynamic stre ss e s , 
as expressed by a set of successive sinusoidal 
isochrones. One o f  the authors' p rin cip a l ob
je c tio n s  to th is  point o f view i s  the use of 
the secular e f fe c t  « ,  as a constant in  the com
p utation  o f settlem ent. So fa r  no d e fin ite  
proof has been given o f  the existence o f a 
secu lar e f fe c t  o f constant magnitude during the 
hydrodynamic phase o f the consolid ation  process. 
though some errect must be supposed to De pre

sent. In v estig atio n s on the magnitude o f  otg 
during the hydrodynamic phase are s t i l l  in  
progress (see another report by the senior 
author fo r  th is  Conference, e n tit le d : "Consolid
ation  c h a ra c te r is tic s  o f  cohesive s o i l s " ) .

Meanwhile the authors tr ie d  to approach 
the subject by the a p p licatio n  o f a g e n e ra lly  
v a lid  theory from an energetic point o f  view.
The r e s u lts  o f a s e r ie s  o f con solid ation  te s ts  
with varying speeds o f  increasing loads gave 
the opportunity to study the e f fe c t  o f a p p lic 
a tio n  o f the f i r s t  law o f thermodynamics. Re
s u lts  o f th is  study are given in  the fo llow in g 
rep o rt. Use has been made o f th is  opportunity 
to prove the existence o f the lin k  between the 
above-mentioned process and the physico-chem ic
a l p ro p erties o f s o i l .  These la t t e r  are in ves
tig a te d  by the authors sim ultaneously and w il l  
be the subject o f la t e r  p u b licatio n s.

EXTERNAL TORK ON A S T I T T .  sampt.E-
The work done on a s o i l  sample by a load 

P during a settlem ent dz is  given by:
dV - Pdz

and in  general, as found by in tegration :
f**W - Pdz
Jo

Thus W can be e a s ily  obtained by graphical 
in teg ra tio n  fo r  any load-tim e r e la tio n . The 
work .done on a sample, which i s  supposed to be 
saturated with water or a d ilu te  so lution  is  
mainly used to overcome:

I .  the s id e - fr ic t io n  between the sample 
and the rin g  in  the con solid ation  apparatus.

I I .  the in tern al f r ic t io n a l  resista n ce  dur-


