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SYNOPSIS. A broad research on the mechanical behavior of stiff intact clays belonging to 
plio-pleistocenic marine formations widespread over the italian territory is described in 
Shis paper. The general features of the 19 deposits explored are similar and make possible 
a unique investigation; the large variations of the preconsolidation load among the depo
sits allow the investigation to cover a range of mechanical properties unusually wide in 
the study of natural soils.
The virgin consolidation line of these clays ia straight up to a pressure as high as 600 
kg/cm'. The compression index depends on the in-situ void ratio, irrespective of the plasty 
city of the soil; this correlation is interpreted as an index of the prevailing influence 
of the structure of the soil.
The shape of the failure envelope in terms of effective stress and the .pore pressure respon 
se are related to the preconsolidation load deduced by consolidation teats.

1. GERERAI FEATURES OP SOILS

The Apenine range, backbone of italian penin 

sula, is girded by broad and thick forma

tions of fine grained soils deposited during 

Pliocene and most of Pleistocene mainly in a 

marine environment.
Such formations extend widely along the coa

st and in the inland of the peninsula and of 
Sicily, at elevations ranging between some 
hundreds of meters below and above the sea 
level and with a thickness reaching several 

hundreds of metera.
They conaist often of a rather homogeneous 
mass of silty clays or clayey silts, tipi- 
cally blue-grey in colour. Sometimes, on 
the contrary, a regular layering is found; 

the materials of the layers, though being 
always fine grained, show definite differen 
ces in grain size and plasticity.
These formations were originated when the 
great orogenetic phenomena of the previous 
ages were practically over and therefore 

they underwent no sensible shear stresses 
of tectonic origin. They underwent however 
remarkable vertical movements since their 
deposition, often followed by considerable 

erosion phenomena and subsequent coverage 
by new sediments. During these slow proces

ses local morphology has undergone continu^ 
us variations, finally attaining the pre

sent shape; these different and variable 

configurations of the outer surface has di-

aturbed at a varying degree the original u- 
niform stress and strain state within the 
formation.
Prom a geotechnical viewpoint, therefore, 
the fine grained plio-pleistocenic soils of 
Italy are to be distinguished according to 
their more or less homogeneous constitution 
and to their position in respect of the pr£ 
sent or past ground surface.
Several investigations have already been car 
ried out on the geotechnical properties of 
these plio-pleistocenic formations (Croce, 
1960 ; Pellegrino, 1963; Croce et al.,1964; 
Esu, 1967). The present paper deals specifi 
cally with rather homogeneous formations l£ 
cated in sites where the influence of exter 
nal morphology may be neglected. Nineteen 
deposits scattered over a wide territory ma 
ny hundreds of km apart in the italian pe
ninsula and in Sicily have been studied 
(fig. 1). The single deposits were investi
gated within an area and to a depth consi
derably different, but in every case seve
ral verticals have been explored down to 
depths ranging from some ten meters to a ma 
ximum of almost 200 m.
Laboratory investigations have been carried 
out on undisturbed samples, taken with thin 

walled piston samplers whenever possible and 
with thicker open drive samplers or double 

barrel rotary samplers in the stiffest soils.
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F i g . 1 Map of Italian peninsula and Sicily, 
showing the locations of the invest^ 

gated deposits.

In a few cases, block samples have been al

so obtained.
This paper is focused on the mechanical pro
perties of these soils; nevertheless it is 
worthwhile to mention some data about their 
index and general properties.

Grain size distribution and plasticity are 
somewhat variable within a single deposit 

(fig. 2b, 2c, 3, 4). Soils from the peninsu 
la are mostly clayey silts of medium to 
high plasticity while in Sicily silty clays 
of high plasticity are found.

It seems therefore that in the investigated 
territory two zones could be distinguished 
according to grain size and plasticity; in 

both zones the variability of these proper

ties is of the same order within the single 

deposit as well as among the different depo 
sits. The activity index falls generally 

between 0,5 and 1,0. As it will be seen la
ter, the differences between the two zones 
do not appear to affect significantly the 
mechanical behavior of the soils.

Fissures or other structural discontinuitiea.
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Fig. 2 General characteristics of the investigated deposits.
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have never been detected by visual inspec

tion nor have been put in evidence during 
the extensive testing. It is worth underli

ning that, on the contrary, structural di
scontinuities have been clearly observed,un 
der the same conditions of sampling and te
sting, in different, more ancient clays of 

the same region.
The preconsolidation load, as a rule, e x c e e  

ds the actual effective overburden by seve

ral kg/cm2 (fig. 2d); only in a few cases 
normally consolidated soils have been found, 

and always at great depth so that they are 

in any case stiff (e.g. fig.3)- In some de
posits widely different preconsolidation 

loads have been found at different depth, 
indicating the occurrence of sedimentation 
and erosion cycles during the geological 

history of the formation (e.g. fig.4).
As a consequence of the wide variations in 
preconsolidation load among the deposits 

or within the same deposit, the in-situ con
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sistency of these soils extends in a very 

broad range; the liquidity index varies from 
-0,2 to 0,4.

The unconfined compression strength values 
are rather scattered but always high (fig. 
2e), so that the soils are to be classified 
on the whole as very or extremely stiff 
clays.

In conclusion, the analysis of the index pro 
perties and of the general characters sug
gests the following comments :

- the investigated deposits are constituted 
by intact clays; laboratory testing on 

small specimens is therefore both feasible 
and significant;

- the general features of all deposits are 

the same, so that for the purpose of this 
research it has been possible to deal uni 
tarily with all the deposits;

- on the contrary, large variations of the 
preconsolidation load and of the consi

stency occur; for this reason the investi
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gation cover a range of parameters values 
that is very broad and quite unusual for 
an investigation on natural soils.

2. COMPRESSIBILITY

The compressibility has been investigated 
by means of consolidation tests on speci
mens of 56 mm diameter and 20 mm height 

trimmed from indisturbed samples. IXie to 

the stiffness of the soils tested, it has 
been necessary to cover a very broad pressu 
re range; a special consolidation apparatus 

allowing a maximum pressure of 600 kg/cm2 
has been designed and constructed to this 

nurpose.
The consolidation tests have been performed

p (kg/cm*)

Pig* 5 Typical results of high pressure con 
solidation tests on specimens of 56 
mm diameter and 20 mm height.

on soaked samples, allowing no initial 

swell; load increment ratio Ap/p equals uni 
ty and load increment duration equals - as 
a rule - 24 hours.

Forty five testB have been carried out on 
samples originating from 12 deposits and ta 
ken at depths ranging from 10 to 170 meters 
below ground level.

The time settlement response is that typical 
of clay soils, that is a consolidation set
tlement followed by a secondary compression. 
This response has been found even in the 

last load increment under extremely high 
pressures and pressure increments.

The values of the consolidation coefficient 
Cy range between 1x10-2 and 1x10-4 cm2/sec; 

they depend on the overconsolidation ratio, 
since they generally increase during reloa

ding up to a maximum corresponding about to 
the preconsolidation load and then decrease 
along the virgin compression line.

As far as the void ratio-pressure relations
hip is concerned, two typical experimental 
curves in the usual semilog plot are shown 
in fig. 5. The virgin branch of all curves 
is practically a straight line in the semi

log plot up to the maximum applied pressure. 
The extent of the virgin branch varies 
for each tested sample. The lowest limit goes 
from soma tens of kg/cm2, for the less consî  
stent samples, up to 100+200 kg/cm2 for the 
stiffest ones; the highest limit equals the 
maximum value of applied pressure, that is 
600 kg/cm2. Only in a few cases, namely for 
the softest samples, a slight curvature of 
the virgin line with the concavity upward 

has been found in the highest pressure ran

ge.
All e-log p curves show a definite bend 
when approaching the virgin branch; preconsj} 

lidation load pc is therefore relatively 
well defined. The values of pc reported in 

fig. 2, 3 and 4 have been determined by means 
of the well known procedure suggested by Ca- 
sagrande.

The discussion of experimental results wili 

be based on the values of the compression in 

dex Cc , that is the constant slope of the 
virgin compression line. Values of Cc ranging 

from 0,15 to 0,70 have been measured and a 
consistent relationship has been found bet
ween them and the in situ void ratio e0. It 
can be seen from the diagram of fig. 6 that 
by increasing eQ , the index Cc increases 
with an almost linear trend. Though on the 

whole the less plastic soils are characteri
zed by the lowest Cc values, actually the 
compression index of different specimens 

with the same plasticity varies in a wide 

range. As an example, for Cuecimens having
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wj, = 60i 70$, Cc values covering almost the 

whole measured range have been found.
This result suggests the following comments. 
In general terms the behavior of a soil un
der applied stress, as described for exam

ple by the compression index, depends on 
the properties of the soil constituents and 

on the properties of the soil aggregate.

The former are those which are unaffected 
on remoulding; the latter include particles 

arrangement and electrical and chemical 
bonds. In the following, we will refer to 

the soil aggregate properties with the term 
"structure" of the soil (Yong, Warkentin, 

1966).
In remoulded clays the compression index 
depends only on the liquid limit (Skempton, 

1944) that is typically a soil constituent 
property; in our undisturbed plio-pleistoce 

nic clays, on the contrary, the controlling 

factor is the in-situ void ratio. This para 
meter may then be assumed to characterize 
the structure of the soil.
It is to be noted that this assumption is 
justified only within the investigated fa
mily of clays and geological region.Within 

these limits the structural characters of 
the clays in the different deposits are 
probably similar, and therefore one of them
- namely the in-situ void ratio eo - can 
characterize the structure as a whole.In a 
different soils family and in a different 
geological region it may be inferred that 
Cc is still dependent on soil structure, 

though the relationship between Cc and e0 
SQlild in general be different. A confi±uin- 
tion of this hypothesis has been obtained 

by the Authors in a deposit of lagoonal

clays of much more recent age, where a rela
tionship of the same kind of that shown in 
fig. 6 has been actually found to hold.
It is worth underlining that CQ is related

to the structure of the soil in situ that

soil gradually attains during the laborato
ry test. The experience shows in fact that 
the virgin compression line is straight 

(Cc = const. = f(e0) ) in the wide range of 
void ratios attained during the tests.

This is to be attributed to the deep diffe
rences between what occurs during the labo

ratory test and what occured in situ during 
past geological history. In laboratory the 
soil is subjected only to stress variations, 

and furthermore with quite particular proce
dures: high load increments, abruptly appl^ 

ed and acting for very short times. In other 
words, only some of the factors which deter

mined the structure of the soil in situ are 
varied, and with deeply different procedures. 

As a consequence, the structure of the soil 
undergoes only minor changes and the mecha

nical behavior, as described by the compre£
sion index Cr is not influenced.

An analysis of the profiles of investigated 
deposits (e.g. fig. 3 and 4) reveals in eve
ry deposit some differences in the structure 
of the soils, as made evident by different 

values of eo . These differences do not de
pend only on the stress history, as they oj; 
cur at the same depth and even within the 
same sample: they must then be controlled al 
so by other than purely mechanical factors. 
For the same reasons the preconsolidation 

load desumed by the consolidation tests is 
but an approximate evaluation of the maxi
mum past applied pressure. This is confir
med by the fact that at the same depth, and 

even within the same sample, different va
lues of this load have been determined.

Finally, the question arises wether the 

clay deposits have been formed following a 

compression line with a constant value of 
Cc, or according to the relationship of fig.

6, that is with a C0 gradually decreasing 
by decreasing eo .
An answer to this question could be obtained 

by the analysis of the in-situ void ratio 
variation with depth in normally consolida

ted clay deposits. Unfortunately, the inve
stigated plio-pleistocenic clay formations 
are as a rule heavily overconsolidated; the 
few exceptions do not lend themselves to 
such an analysis. As an example, in Milazzo 

deposit (fig. 3) because of the thick over
burden the in-situ effective pressure is 
always high and varies in a narrow range.
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16-

%In this range the scatter of eo values cau

sed by other than mechanical factors and by 

variations of the characteristics of the so

il is such that no conclusions may be drawn 

on the virgin consolidation line of the de

posit.

It appears that on the basis of the present 

knowledge^0 ^no definite answer may be given 

to the aforesaid question.

3. SHEARING RESISTANCE

The shearing resistance in terms of effect^ 

ve stress has been investigates by means of 

drained (CID) and consolidated undrained 

(CIU) triaxial compression tests on speci

mens of 3,6 cm diameter and 7,2 cm height, 

in the range of confining pressure between 

0,2 and 10 kg/cm2.. A few tests have been 

carried out under higher pressures, up to a 

maximum of 20 kg/cm2 .

Deviator stress has bean applied under stre^ 

ss controlled or strain controlled condi

tions, with time-to-failure of the order of 

3+5 days in CIU tests and 12+15 days in CID 

tests. In undrained tests a back pressure 

roughly equal to the in-situ water pressure 

was maintained; pore pressure was measured 

with a manual null indicator.

Extensive testing (over 100 tests in total) 

has been carried out on the two deposits of 

Agrigento and Milazzo. Typical results on a 

sample of Agrigento deposit taken at a depth 

of about 52 m are reported in fig.7 .

Drained and undrained tests results fall v£ 

ry nearly on a unique failure envelope in 

terms of effective stress. This has been al 

ways the case in our tests on plio-pleisto- 

cenic clays, and therefore no further distin 

ction will be made between the two kinds of 

test in the course of present study.

Tests have been performed with consolidation 

pressures both lower and higher than the pre^ 

consolidation load.

The failure envelope fitting experimental po 

ints show a marked variation corresponding 

approximately to a value of (a} + a^)/2 =

= pc(1 + k 0 )/2. This value, shown with an ar 

row on fig.7, is an estimate of the maximum 

past stress state; therefore the points fal 

ling at its left represent tests on overcon 

solidated specimens, and those at right on 

normally consolidated specimens.

In the range of normal consolidation the fai

(°) The evidence available in the literature 
is also very limited and refers to very 
shallow deposits (Skempton, 1944; Schmer 

tman, 19 53) or lends itself to both in
terpretations (Skempton, 1967).

pc from consolidation test -18 kg/ cm2 

k0 = 1 -  Sin (f '

• CIO ^ — *

+ CI U

4 - 

0

Pc ( ^ )

12 16 20 24 2d 32 

° L ± 3 .'(*g / cm > )

Fig. 7 Effective stress envelope of a sample 

of Agrigento deposit taken at 52,3 m 

depth .

lure envelope may be approximated by a stra

ight line passing through the origin, but it 

shows a distinct curvature with the concavi

ty downward at the upper boundary of the ex

plored stress range. In the overconsolida

tion range the failure envelope is markedly 

curved and falls well above the prolongement 

of the normally consolidated envelope.

Taking now into consideration the whole of 

the experiences performed,the above outlined 

pattern is fully confirmed. The following co 

mments may be done :

- the scatter of experimental results within 

a single deposit is relatively small, so 

that it is meaningful to speak of a unique 

failure envelope of the deposit, contained 

in a rather narrow range;

- the failure envelopes of the two deposits 

have the same pattern. In both deposits 

the curved overconsolidated envelope ends 

up approximately midway of the range of 

preconsolidation loads; therefore the ex

tent of overconsolidated envelope is lar

ger for Agrigento deposit. The increase 

in shearing resistance over normally con

solidated envelope is also dependent on 

preconsolidation load, and is therefore 

higher for Agrigento than for Milazzo. In 

the range of normal consolidation, no dif 

ferences seem to occur between the two d£ 

posits;

- the increase in shearing resistance cau

sed by overconsolidation is considerable. 

In this connection it is interesting to 

point out that other researchers, testing 

remoulded laboratory overconsolidated sam 

pies, have measured a much lower increase 

of the resistance; they concluded on the

se basis that the effective stress envel£ 

pe is litle affected by overconsolidation 

(Withman, 1963; Ladd, 1964). This appears 

as a further indication that geological
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history deternines ir.to the soil a parti

cular structure that does not depend only 
or. -echar.ical factors end therefore can- 
r.ct be reproduced in laboratory ;

- a* r.i/r. stress level the virgin failure en 
v°lope is clearly curved; at o \ =20 kg/cm^ 
rr.e ir.clinati or. of its tangent is only of 
1-°. Though our results are too limited 

to al]ow any definite conclusion, it is 
*o be nointed out that a similar trend 
has beer, found for the London Olay (Si

s' op et al., 1965 ).

The s.vailable data concerning pore pressure 
response during undrained tests agree ra
ther well with the interpretation outlined 

above for the failure envelope.
Ir. fig. 8b the values of the pore pressure 
coefficient at failure A f  are plotted again

st (c^ + c \ ) l 2; they show a clear dependence 
on the overconsolidation ratio.

?or Kilazzo samples - where the consolida
tion pressure of CIU tests has been often hi 
gher than the preconsolidation loed, Af in
creases gradually at increasing stress level 
up to values of 0,5 and more, typical of nor 
mally consolidated clays. For Agrigento sam 
pies, on the contrary, CIU tests have been 
confined to a stress range lower than the 
preconsolidation load; accordingly, Af va

lues are very small and even negative.

4. CONCLUSIONS

The peculiar characters of italian plio-ple^ 
stocenic clay formations allowed us to under 
take a research on a regional basis, taking 
into account the results of investigations

Fig. 8 a) Shearing resistance in terms of effective stress of samples of Agrigento and Mi- 
lazzo; b) Pore pressure parameter at failure Af of samples of Agrigento and Milazzo.
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COM PRESSIBILITY AND STRENGTH

on several deposits widely distant one from 
the other. By relating the mechanical pro
perties of the soils with the general cha
racters of the deposits, the following con
clusions have been drawn:
- the structure of the soil in situ dependB 
not only on mechanical factors, but also 
on factors of a different kind whose in
fluence has been found to vary even wi
thin very small volumes;

- in the usual plot of void ratio against 
log pressure, the virgin compression line 
of the consolidation teats ia atraight up 
to the maximum test pressure(600 kg/cm2). 
At such a pressure the void volume is ra
ther small and of the order of 15+30$ of 
the volume of soil particles ;

- the slope of the virgin compression line, 
that is the compreaaione index Cc, depen
ds largely on the in-situ structure. By 
decreasing the porosity of the soil, the 
values of Cc decrease remarkably. Since 
soil structure, as said above, may vary 
in connexion with different factors, the 
compresaion index variea within a deposit 
in a fairly broad range; ita determina
tion, as a consequence, has to be based 
on statistical criteria;

- the shearing resistance depends largely 
on preconsolidation load. The failure en
velope in terms of effective stress ia 
markedly curved in the overconsolidated 
range. Both the increase in shearing resi 
stance over the normally consolidated en
velope and ita extent are of relevant ma
gnitude and depend on preconaolidation 
load. In the normally conaolidated range 
and at low atress level the failure enve
lope may be assimilated to a straight li
ne passing through the origin; at higher 
atreaa level the envelope shows a defini
te curvature. A clear influence of the 
preconaolidation load on pore pressure r e  

sponse is also evident;
- the influence of local variationa of soil 
structure has little bearing on the shea
ring reaiatance in terms of effective 
stress; actually the whole deposit-may be 
characterized by a unique failure envelo
pe comprised in a narrow range. Signifi
cant differences are found on the contrary 
among different deposits, owing to their 
different overoonaolidatlon ratioo.

The aforesaid concluaiona arise from the a- 
nalysis of a large number of samples, taken 
at various depth in many deposits widely dĵ 
stant one from the other. On these basis we 
feel allowed in giving to such conclusions 
a validity that goea beyond the investiga

ted deposits and applies to the whol.’ ran
ge of the homogeneous intact plio-pleistoce 
nic clay formationsof our country.
It ia to remind finally that the research r^ 
fers to stiff claya with structure and pre
consolidation load variable in a wide range. 
This makes poaaible to put in clear evidence 
the influence of these factors on the mecha
nical behaviour; such an influence ia belie
ved to occur also in fine grained soile of 
different origin and location.
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