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I d 6 TIME EFFECT IN CONNECTION WITH CONSOLIDATION TESTS
R, HAEFELI
W, SCHAAD

Laboratory for Hydraulic Research and Soil Mechanics of the
Swiss Federal Institute of Technology, Zurich

I. DEFINITION OF THE PROBLEM.

In the case of natural settlement phenom-
ena, often extending over centuries, the engin-
eer is faced with the problem of predicting
the final values of such settlements with suf-
ficient accuracy on the basils of relatively
brief laboratory tests. For carrying out this
task he must correctly Jjudge .the compressibil-
ity of the respective soil layers. If the layers
are of recent date and are to be loaded heavi-
ly for the first time, an exact knowledge of
the coefficients of compression a, of the loose
sediment in gquestion will be sufficient for
this purpose 1), 2). ¥ith homogeneous mate-
rials, the total settlement is known to be
directly proportional to the coefficient of
compression.

When determining the coefficients of com-
pressibility in the laboratoty, the problem
consequently consists in obtaining accurate
values in a short a time as possible. At first
it was thought that this aim could only be at-
tained by meens of oedometer tests lasting for
a relatively long time, Tests carried out in
the Laboratory for Hydraulic Research and Soil
Mechanics at the Swiss Federal Institute of
Technology during several years have, however,
shown that this is not absolutely necessary,
since accurate results can be obtained even
with brief oedometer tests, if certain rules
in connection with them are observed.

In order to explain the results of the
tests, some of them rather surprising, the dif-
ferent stages of the settlement phenomenon is
first of all theoretically considered in con-
nection with the determination of a,. In con-
nection with this, some new points of view were
also obtained for forming a judgement on the
post-settlement.

II. THEORETICAL CONSIDERATIONS.

If we study the progress of the settle-
ment in the course of time of a loose sediment
prevented from lateral expansion, a difference
can at first be made between principal or main
and post-settlement 2). Strictly speaking,
however, the principal or main settlement can
again be divided into two processes, so that
we have the following divisions (a, b and ¢)
into three parts:

///a) Short settlement
(elastic)
\\‘b) Hydrodynamic settlement.

2, Post-settlement—c) Settlément in conse-
quence of metamorphosis.

In Fig. 1 this three-part process is dia-
grammatically represented for the case of a
loam or clay saturated with water, the time be-
ing plotted to logarithmic scale.

Regarding the three phases of the settle-
ment process the following may in general be
stated:

a) The short-settlement, which occurs with sud-
den JToading, Is very difficult to express
technically by means of measurements. In loams
and clays saturated with water it is exclusiv-

ely determined by the elastic compressibility

1. Main settlement

of the solid and 1iquid phases, above all by
the latter. In comperison with the plastic
settlement portions considered under b) and c),
this elastic yielding is naturally very small
and is therefore as a rule neglected. With
loose sediments which are very permeeble or not
completely saturated (sand, snow), sudden
loading is on the other hand often accompagn-
ied by an instantaneous change of structure
(breack-down of structure). In this case the
short settlement may become gquantitatively the
main part of the total settlement.
b) The hzdrod¥gamic settlement is conditioned
by the unsteady seepage and the gradual re-
laxing in tension of the pore water with cor-
responding compacting of the material., This
process, which takes place at a gradually dim-
inishing rate, has been closely studied by
Terzaghi and Frohlich, and has been expressed
mathematically for certain boundry conditions
4), 5). The time required for its accomplish-
ment was then found to be dependent on the
following factors: Drainage conditions, thick-
ness of layers, permeability and compressibil-
ity of the material.
c) The post-settlement cannot, in contrast to
the main settiement, be explained by mechan-
ical processes. It is in the first line con-
ditioned by colloidochemical processes, which
may finally lead in the course of geological
epochs over early metamorphosis to thefconver-
sion of a clay into a clayslate, in so far as
the necessary temperatures of that are avail-
able, 7ith constant pressure and a constant
temperature lying between freezing and boiling
point, the compacting process taking place at
a gradually diminishing rate, must finally
come to a stillstand before the porous-free
state is reached. As an analogous phenomenon
we mention that also snow under the applica-
tion of relatively low pressures and temperat-
ures (under 0° C) may, even after a very long
time, not be compacted into ice free from
pores 6), 7). Glacier ice originates above
all from the collaboration of the liguid phase
which forces its way into the pores of the
Firn (perpetual snow) and freezes there. In
the high-lying Greenland inland-ice, where no
melting processes occur on the Firn surface,
the formation of ice can therefore occur only
at very great depths (in the region of the
pressure-melting point).

_In order to illustrate the above-mentioned
conditions in Fig. 1, the initial height of
the sample to be consolidated is taken as
hﬁ = 1, The horizontal base line drawn through
the point S corresponds to the volume portion
ng of the solid substance, whilst the distance
S - A is identical with the volume portion of
the initial porosity nj. The upper settlement
curve A-B1-C; therefore gives at the same time
the change in the porosity n, which appears as
ordinate of this curve above the horizontal
line through S. Since the porous-free state is
never reached, the curve in the neighbourhood
of the post-settlement must approach asymptotic-
ally to a horizontal line through C), whose
distance from the base line S is identical with
the possible final porosity Dy .

1
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ny = Volume portion of ,solids"
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Main settlement and post-settlement.
FIG.1

In order to study the influence of the
constant specific loading ¢ on the settlement
process, and thereby also the dependence to be
sought of the coefficient of compressibility

&, on the duration of the test, in addition
tu a first settlement curve for g, also a se-
cond curve A-Bp-C2, starting with the same in-
itial conditions, was drawn in Fig. 1; it cor-
regponds to a higher consolidation pressure G, .
Thereby we were interested above all in the
difference between these two settlement curves.,
Under the assumption that the short settlement
is small in comparison vith the main settlement,
there is first of all no doubt that the two
curves must diverge in the region of the prin-
cipal settlement. Less clear, however, are the
conditions in the region of the post-settle-
ment, since a priori nothing definitely can be
predicted regarding the relative course of the
two lines, Under the assumption that both curv-
es tend towards the porous-free state of the
material, but without reaching it, there is a
certain degree of probability for the conver-
gence shown in Fig. 1.

To investigate the dependence of the co-
efficient of compressibility a4, on the dura-
tion of the test, the consolidating pressures
of the two settlement curves to be compared
have been chosen in Fig, 2 as G, = 1 kg/cm2,
and G, = e = 2,72 kg/cme.
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AgValues for main and post-settlement.
FIG.2 (diagremmatic)

As is known, A, signifies the percentage settle-
ment of a sample in consequence of increasing
the comgacting pressure from G = 1 to T =

e kg/cme, Since we first of all assume that

the two load increments act on the sample for
exactly the same length of time, a, can be de-
termined directly from the ordinate difference
é?y of the two curves, it holding good, that

h-h, a4y Q)
h.l hl

Ay =

Since the two curves diverge in the reg-
ion of the main settlement. and thus aAi be-
comes greater with increasing length of time
of the test, whilst hy simultaneously decreas-
es, the quotient a, increase with the time,un-
til finally the maximum value A, is reached
when passing over from principal "settlement to
post;settlement (normal value for standard
test).

For the initial region of the post-settle-
ment Buisman has shown that the settlement 1s
proportional to the logarithm of the time, so
that the settlement curve appears as a straight
line when adopting the semi-logarithmic scale.,
A deviation from this straight line is only to
be expected in a later phase of the process.
Experimentally it is only possible to investig-
ate the initial course of the post-settlement.
In this way it cen be specially tested whether
the convergence between the two lines By - O
and B, - C illustrated in Fig. 2 really exists
or not, From the ordinate difference of these
two straight lines the dependence of the a,
value on the duration of the test is calculat-

ed as follows:
loqf%i

Dy= By, - 7 T - i (2)
lo*‘—-}t. —FT' log((—')
If the point of intersection C of the two

straight lines is moved downwards until it
reaches the point 0, a, becomes = &, , i.e. in-
dependently of the time, which also is shown
from equation (2) for the special case Co= h

and also directly from Fig. 2.

In Fig. 2 the dependence hitherto consider-
ed between the o, value and the duration of
loading is diagrammatically illustrated by the
curve EA - Ep - EC. The weakly pronounced maxi-

mum at Ep characterises at the same time the
transition from the main to the post-settlement.
In the region of the main settlement the ques-
tion posed at the beginning regarding the time
required for determining &, can be answered on
the basis of the a, curve. On the other hand,

in the region of post-settlement, the a, curve
(EB - Ec) serves only to allow a judgement to

be formed on the mutual course of the corres-
ponding settlement curves (divergence of con-
vergence). For replying to the practically im-
portant question as to the effect of the post-
settlement in nature or in a structure, there
would be no use in having a a, value decreasing
with the time, whose determjination rests on the
load increments for 1 kg/cm® or for e kg/cm
lasting for equal times. In this case the dura-
tion of the load increment for 1 kg/cm® may on-
ly be chosen equal to the duration of the main
settlement tm, whilst the load increment e must
extend over the time of the post-settlement.
The corresponding A, value may then be calcu-
lated as follows, according to Fig. 2, the spe-
cific post-settlement d¢' occurring during
one year being adopted as magnitude for com-
parison,

1B’
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This equation for the increase in Ay
holds good of course only during the first
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of a4, , in consequence of an post-settlement
limited to a certain time is plotted, the dot-
ted line displaced downwards is obtained,which
cuts out the above-described a; value on the
verticel through e. Depending on the mutual
course of the corresponding settlement curves
(Fig. 5), the two upper lines run parallel or
not. Further, the longer the post-settlement
lasts, the further the dotted line moves down-
wards, as shown by the chain-dotted line.

Hitherto we have tacitly assumed that ihe
duration of the main settlement t,, or the be-
ginning of the post-settlement, i$ independent
of the magnitude of the consolidating pressure;
this is only permissible in a first approxi-
mation. Strictly spesking this is not the case,
since the higher pressure at once causes great-
er consolidation and this leads consequently
to a considerable decrease in permeability.

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

The main tests, extending over a period
>f three years, were carried out during the
war (1959—19415, the complementary tests on the
other hand only in 1947 9).

1. Test materials.

In the maln tests the initial material
adopted was an elutriated Kaolinite-clay from
Zettlitz, analysis of which showed 98.4 % clay
substance, 1,2 % quartz and 0,4 % feldspar. In
1938 Dr. von Moos analysed a Zettlitz Kaolinite-
clay with the following results:

Grain fraction 0,02 - 0,005 mm = 13 %
0,005 - 0,002 mm = 28 %
less than - 0,002 mm = 59 %

In the Agricultural-Chemical Institute of
the Swiss Federal Institute of Technology,
which is under the direction of Prof. Pallmann,
the initial material was neatralised with vari-
ous ions and H-Kesolinite-clay, K-Kaolinite-
clay and Ca-Kaolinite-clay were thus produced
8). The plastic behaviour of these materials
can be seen from table 1.

TABLE I
Flow limits and coefficients of compression of the Kaolinite-clays
Materials Kaolinite- |[K-Kaolinite=-|Ca-Kaolinite-| H-Kaolini-
clay clay clay te-clay
Flow limit % 61,0 53,3 65,7 87,0
Plastic limit % 33,3 38,6 34,3 33,1
Coefficient of
plasticity % 27,7 14,7 31,4 53,9
e values . - 6,23 7 4O4 5,07
phase of the post-settlement, i.e. in the reg-

ion where the logarithmic settlement straight
lines are guilty. The corresponding curve is
shown in Fig. 2. by the line EB - EC*. In Fig.

3 the post-settlement is plotted as a function
of the compacting pressure. The straight full
line, shows the known dependence of the specif-
ic main settlement A; on the consolidating
pressure J, , which is as follows:

-h; G;
A‘-ELE:=A.J"A,; A=—

If for each load increment the increase

(#)

The complementary tests were carried-out
with the same clay as was used to form the wa-
tertight core of the Bannalp dam.

Its characteristics are given in table 2 10).

2. Preparing the material.

1 kg of each of the three kinds of Kaoli-
nite-clay was worked up to a paste in vacuum
with distilled water. By being loaded in a
glass cylinder, this paste was brought to the
consistency suitable for filling the oedometer
free from air. The water contents were then as
shown in table 3.
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kain and post-gettlement of H-Kaolinite-clay observed during three years

(four load increments:

¢=-0,5-1,0 - 2,72 and 8,0 kg/cm2 )

FIG.4
TABLE 2
Characteristics of the Bannalp clay
Flow limit £ in % 76,6
Plastic limit a in % 34,7
Coefficient of plasticity p=f -a % 41,9
Coefficient of compressibility a % 8,8 = 9,0
Coefficient of permeability k,gocn/sec 3,7.1078
Humus content % 1,5
Grain distribution mm 0,2 - 0,02 0,02-0,002 0,002
Percentage weight 18,3 50,2 31,5
TABLE 3
Water contents in % for different states of conmsolidation
Material K~Kaolinite- | Ca=Kaolinite- | H-Kaolinite-
clay clay clay
Initial water content w 56,25 56,20 47,14
w, (for @ = 1 kg/cn?) 44,15 43,10 40,15-41,4
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The Bannalp clay was prepared in the nor-
mal manner usual for standard tests and filled
into the oedometer with a water content cor-
responding to the Atterberg flow limit.

3, Carrying-out the tests.

Fach time when carrying-out the main tests,
four different load increments were investigat-
ed in parallel at compacting pressures of 0,5 -
1,0 - 2,72 and 8 kg/cm2. Por this purpose eight
oedometers were filled with H-Kaolinite-clay,
four of these samples being subjected to the
consolidation test for three years, whilst the
settlement of the other samples was studied
only during 7 - 8 months. The complementary
tests with Bannalp clay were carried out in two
series; the methods then adopted will be des-
cribed later in connection with the test re-
sults.

4. Results of the tests.

The settlement curves in Fig. 5 first of
all confirm that there is no sharp boundry to
be perceived between main-settlement and post-
settlement. The duration of the main settle-
ment can therefore not be measured directly.
On the other hand, in all settlement curves in
Fig. 4, 5 and 6, the abrupt bend at B' is very
striking. It lies well within the region of
main settlement, and corresponds to that moment
of time at which the mein settlement is to a
great extent completed. The remaining part of
the settlement takes place extremely slowly
and theoretically requires an infinitely long
time. In the diagram the rest of the main
settlement, in percentage small but in time
very great, is represented by the distance B' -

According to Terzaghi and Buisman the time
of the main settlement amounts to :

t,-0,1432-%h’ (5)

where h = the height of the sample, a the coef-
ficient of compression end k the coefficient

of permesbility. Applied to the H-Kaolinite-
clay, equation (5) gives the order of magnitude
of a few days, consideration being paid to the
existing uncertainty of the value of k., It will
be observed that approximately after the same
time - namely after about 6 days - the coeffic-
lent of compression a, passes through its max-
imun value. For the sake of simplicity, im our
diagrammatic representation in Fig. 2, we have
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assumed that the time of maximum », value (Ep)
is identical with the division B between main
and post-settlement.

In Fig. 4 the settlement curves are given
of four different load increments for H-Kaolin-
ite-clay in the range of the three years after
settlement. The straight-line course of all
four lines first of all confirms that, during
the first phase of the post-compacting the ad-
ditional settlement z is directly proportional
to the logarithm of the pressure, as already
determined by Buismar. The mutual course of the
logarithmic straight-lines, however, shows no
uniformity; whilst the lines for ¢ = 1,0 and

0 = e kg/cm2 clearly converge with increasing
time, there is a slight divergence between the
settlement straight-lines for 0 = 1 and O =
0,5 kg/cn=, On the other hand, since the2
straight lines for ¢ = 1 and ¢ = 8 kg/cm“ run
practically parallel, all three possibilities
are here represented (convergency, divergency
and parallelism).

Fig. 5 shows on the one hand the three
settlement curves for ¢ = e = 2,72 kg/cn< in
the range of the main and post-settlements of
the three Kaolinite-clays, and on the other
hand the corresponding development of the a4,
values as a function of the time. In all three
A, curves the maximum (Ep) reached after 2 - 6
days can be clearly recognised. This occurrence
is, as has already been shown in section II,
conditioned by the mutual run of the settle-
ment curves, - divergency in the region of the
main settlement and convergency in the region
of the post-settlement. As previously mention-
ed, the moment at which the maximum occurs is
temporarily regarded as the boundary between
main and post-settlement.

The occurrence of a maximum in the a,curve
could also be determined during the first se-
ries of tests with the Bannalp clay. The con-
siderably greater scattering of the a, values
is conditioned by the special kind of testing
method adopted here. Whilst in the tests hith-
erto discussed the a,-values were determined
on the basis of two parallelly conducted load-
ing tests with 1 and e kg/cm? respectively, in
the case of the Bannalp clay only one test was
made at first to determine each A, value. In
Fig., 6 the corresponding settlement curves are
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given for a duration of loading of 64 hours
per load increment.

In a second series of tests with Bannalp
clay, as in the case of Kaolinite-clay, two
parallel tests were carried out. After the_sam-
ples had been preconsolidated at 0,5 g/cma,
one of them was loaded to ¢ = 1 kg/cm= and the
other at the same time to ¢ = e kg/cm2. The
two settlement curves run practically parallel,
as is shown by the constancy of the ah and a,
values (cf. table 4),

ations considered above lead to the following
conclusions:

1) In the main settlement, a fundamental dis-
tinction may be made between short settle-
ment and hydrodynamic settlement. In those cas-
es where short settlement cannot be neglected,

the above-mentioned distinction is the refore

justified, since the two settlement parts stress

the structure in quite different manners.

2) There is no sharp boundary between main and
post-settlement. In spite of that, it is im-

TABLE 4

Agvalues for Bannalp clay as a function of time
(For the same duration of loading of the load incre-

ments 0 = 1 or e kg/cm2 respectively).

Duration of
loading in 0,5 1l 2
hours
Sample height
h1 in mm 16,056 16,022 16,005
Sample height
he in mm 14,618 14,590 14,567
ah = hl-hecm 1,438 1,432 1,438
A = ah in % 8

e = Zlq 7 8195 8.94 p97

4 8 16 32 128

15,985 15,970 15,953 15,933 15,888

14,550 14,538 14,529 14,504 14,463

1,435 1,432 1,434 1,429 1,425

8,98 8,97 8,93 8,96 8,97

No maximum could be perceived here. Apart
from the slightness of the scattering it is
above all interesting from the technical point
of view of testing that already a duration of
loading of half an hour was sufficient to give
the exact a, values. For carrying-out the
above-mentioned tests with Bannalp clay we are
indebted to Mr. G. Amberg, engineer.

For the quantitative judging of the post-
gsettlement it will be found preferable to cal-
culate the percentage increase in settlement d
in the course of the first year after the main
settlement. The long-time tests with kaolinite-

portant to separate them, since they are sub-
jected to different laws. The logarithmic
straignt line determined by Buiaman was confirm-
ed in the range of a three-years post-settle-
nent.
3) The coefficient of compressibility a, , ex—
pressed as a function of the time, is just
as suitable for judging the main and the post-
settlement. For comprehending the main settle-
ment, use is made as previously of the maxi-
mum value A,,, - in the standard test 2), 8)
briefly designated A, , - which is reached dur-
ing the transition from main to post-settle-

clay gave the following figures in this connec- ment,
tion (cf. Fig. 4 and 5). 4) Through the long-duration tests with four
TABLE 5
Post=settlement in the course of one year,
: . Z , z o,
Material hlB 4':; q.Ez A, i
mm % *% %
K-Kaolinite-clay 17,215 0,865 0,514 6,23 8,2
Ca-Kaolinite-clay | 17,377 0,805 0,640 7,04 9,1
H-Kaolinite-clay 18,527 0,635 0,474 5,07 9,4

The percentage increase due to post-settle-
ment, given in the last column of the coeffic-
ients of compressibility vary only slightly dur-
ing the one-year post-settlement. For H-Kaolin-
ite.clay a, value is calculated from equation
(3) as follows:

logt-log 6
Alea, 1400094 —3°2"092
L ]

log 365-logb

For 10 years, for instance, the percentage
increase of &,* in consequence of post-settle-
ment would amount to about 2 x 5,4 = 18,8 %.

IV. CONCLUSIONS.
The theoretical and experimental investig-

different kinds of clay it was proved tnat
sufficiently accurate a, values for judging
the main settlement could be obtained with
short-time oedometer tests, While, as previous-
ly, one day per loading increment is to be re-
commended in the standard test, so that for a
A, measuring corresponding to the three load
increments of 0,5, 1 and e kg/cm® at least
three days are required, the a, value in urgent
cases may be determined with suffucient accur-
acy with a load increment of one hour for each
load. On the other hand, for testing the post-
settlement, long-time tests are for the moment
still essential,
5) Since as a rule one must be satisfied with

determining the A, value decisive for the



the facts mentioned

principal settlement
it possible essentially to

above under 4, make

reduce the laboratory equipment, since the num-

ber of oedometers required may be diminished
proportionally to the reduction in the durat-
ion of the tests.
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INTRODUCTION

The first law of thermodynamics can be
succesfully applied to the consolidation pro-
cess, in order to evaluate the influence of
loading speed on the amount of work to obtain
a definite amount of consolidation. The in-
fluence of loading speed on the consolidation
process has proved to be a practical problem
of outstanding importance in soil mechanics.

One possibility of approaching this prob-
lem is the analytical method. Terzaghi's theo-
Ty on conso[i&a%ion 1) is an example of a
mathematical method of analyzing the consolid-
ation process. This theory was elaborated by
Terzaghi and Frohlich 2) to give the proper
solution of the rate of settlement for a given
relation between load and time. The findings
of Buismen 3) a.o. in connection with secular
time-effects (or secundary time-effects) com-
plicated the consolidation properties of cohe-
sive soils to such an extent, thet the appli-
cation of the above-mentioned mathematical
theories could not be maintained any longer.
Buisman tried to give an approximative solu-
tion (I.c. par. 49, p. 119) based on the as-
sumption of the soil constants, Oy, Tesp, ox,
expressing the direct an e secular effect
of an instantaneous load on consolidation, and
the retarding effect of hydrodynamic stresses,
as expressed by a set of successive sinusoidal
isochrones. One of the authors' principal ob-
Jections to this point of view is the use of
the secular effect o, as a constant in the com-
putation of settlement. So far no definite
proof has been given of the existence of a

gecular effect of constant magnitude during the
hydrodynemic phase of the consolldatlon rocess

ou some elfTect mus e suppose e pre-

sent, Investigations on the magnitude of
during the hydrodynamic phase are still in
progress (see another report by the senior
author for this Conference, entitled: "Consolid-
ation characteristics of cohesive soils").
Meanwhile the authors tried to approach
the subject by the application of a generally
valid theory from an energetic point of view.
The results of a series of consolidation tests
with varying speeds of increasing loads gave
the opportunity to study the effect of applic-
ation of the first law of thermodynamics. Re-
sults of this study are given in the following
report. Use has been made of this opportunity
to prove the existence of the link between the
above-mentioned process and the physico-chemic-
al properties of soil. These latter are inves-
tigated by the authors simultaneously and will
be the subject of later publications.

EXTERNAL TORK ON A SOIL SAMPLE.

The work done on a soil sample by a load
P during a settlement dz is given by:

dV = Pdz

and in general, as found by integration:
Te
W= |Pdz
(-]

Thus W can be easily obtained by graphical
integration for any load-time relation. The
work done on a gemple, which is supposed to be
saturated with water or a dilute solution 1is
mainly used to overcome:

i. the side-friction between the sample

and the ring in the consolidation apparatus.
1i. the internal frictional resistance dur-




