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1 INTRODUCTION 

The preconsolidation effect, which occurs in over-
consolidated soils, entails the change in mechanical 
properties of the subsoil in relation to deposits un-
dergoing the process of normal consolidation. This 
change can be explained with the analysis of the 
subsoil’s behavior according to the “modified Cam-
Clay” elastic-plastic model (Burland 1967). Worth 
& Houlsby (1985) demonstrated that subsoil over-
load, and subsequent unloading, modifies the posi-
tion of the envelope elastic state for a given soil. 
Within the “Cam-Clay” model, the point that can be 
actually observed while testing subsoil’s behavior 
under the re-load, is the point defining the so called 
plasticization stress σʹy, and not the overconsolida-
tion stress in the geological sense. In this approach, 
the change in mechanical parameters of soils does 
not necessarily have to be connected with historical 
overload. The necessity to include this fact in the in-
terpretation of the test results was underscored by, 
among others, Jamiolkowski et al. (1985) and Iz-
bicki & Stróżycki (2006).  

 Following this way of thinking, it can be as-
sumed that, in the geological process, the series of 
post-sedimentation changes, which are part of gener-
ally understood diagenesis, begin with the deposition 
of sediment (Bolewski and Parachoniak 1988). The 
beginnings of the early diagenesis, in turn, (Pettijohn 
et al. 1987) are connected with the process of con-
solidation. Natural consolidation may be both  

 
 
syngenetic and post-genetic. The major interaction 
that triggers post-genetic consolidation of soil is the 
force of gravity, and the crucial mechanisms includ-
ed are related to geological and engineering regimes 
(Powell 2005). Phenomena that support consolida-
tion included also desiccation and the influence of 
hydrodynamic pressure (Jamiolkowski et al. 1985, 
Młynarek & Wierzbicki 2012, 2015). Therefore, it 
should be assumed that soils are formations at one of 
early stages of diagenesis. Overconsolidated soils, 
understood within the geotechnical meaning, may be 
then at the same stage of diagenesis as normally con-
solidated soils, i.e. the degree of diagenesis of both 
kinds of soil may be similar. Hence, as far as geolog-
ical processes are concerned, the difference between 
overconsolidated and normally consolidated soils is 
relative, visible only in the context of the current 
state of geological environment. These processes are 
well represented by subsoils found in Poland.  

In this view it becomes crucial not only to deter-
mine the general genetic type of soil (e.g. glacial 
till), but also to consider differences in sedimentary 
facies (e.g. melt-out till or lodgement till) and the 
stratigraphic position of the deposits (different phas-
es of glaciation). The present paper aims at identifi-
cation of these factors and their influence on con-
strained moduli obtained with CPTU. 
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2 CHARACTERISTICS OF THE TESTED SOILS  

Soils selected for tests were the popularly character-
ized by homogenous genesis and lithology glacial 
tills. However, these formations fundamentally dif-
fer between one another in facies (hence, in more 
broadly understood genesis as well) (Stankowski 
1996), which, in turn, leads to substantial differences 
in geotechnical properties (Wierzbicki 2009). The 
tests involved glacial tills of the Weichselian glacia-
tion, which constitute a typical for Central European 
lowlands subsoil for foundation of constructions. 
Two groups of these soils were separated. The first 
group included glacial tills of the older stage, con-
nected with transgression and retreat of Posnanian 
phase; the second group comprised of younger soils, 
connected with transgression and retreat of the so 
called Parsęta lobe of the Pomeranian phase. The 
important geological fact is that the growing Parsęta 
lobe trespassed on the earlier deposits of Posnanian 
phase, and then relatively soon retreated by melting 
of the so called dead-ice (Maksiak & Mróz 1978, 
Wierzbicki 2010). Grain size of the tills of both 
phases is similar, and the only difference is the 
smaller amount of sand fraction in the older tills 
(Fig. 1). Plasticity index of both deposits ranges 
from 11 to 18 per cent, and the CaCO3 content from 
3 to 8 per cent. Therefore, these are the deposits typ-
ically occurring in the Central European lowlands 
(Krygowski 1961). However, noticeable differences 
do occur in the facial of the sediments. These differ-
ences result mainly from the influence of geological 
processes that lead to the presence of overconsolida-
tion effect in the tills of Posnanian phase, i.e. the 
lodgement type of deposits, additionally overconsol-
idated by the transgressing Parsęta lobe. In turn, de-
posits of the Pomeranian phase belong to the group 
of melt-out tills, which remained after the rapidly re-
treating ice sheet. Such a genesis of the tested soils 
allows for the assumption that the decisive factor in-
fluencing geotechnical properties of these soils, in-
cluding compressibility, would be the variation of 
the degree of overconsolidation.  

 

 
Figure 1. Standard grain size distribution of the tested soils. 

 
 

 

 

Figure 2. Results of oedometric tests of glacial tills of Posnani-
an phase and the values of preconsolidation stress, determined 
via Casagrande (a) and Janbu’s (b) methods. 
 

3 RESULTS OF LABORATORY TESTS ON 
OEDOMETRIC MODULI  

The tests for determination of constrained moduli by 
means of CRS oedometric method were conducted 
with the Geonor device in compliance with guide-
lines introduced by Sandbaeken (1986). In the CRS 
test, a sample was being variably loaded with con-
stant value of gradient of relative sample defor-
mation in-situ. Initially, the sample was consolidated 
to the σv0 value, and the actual test was initiated after 
the value of consolidation stress had been obtained. 
The test was carried out up to a stress value of 900 
kPa. The sample was and then unloaded and re- 
loaded to a stress value of 1.1 MPa. The CRS test 
provided constrained modulus distribution and 
graphs of changes in the values of oedometric con-
strained modulus - M0ed in the function of stress 
changes (Fig. 2). Overconsolidation stress was de-
termined with use of Casagrande graphic procedure 
(Fig. 2a) and Janbu et al. (1981) method (Fig. 2b). 
The soil samples, for which sample results are pro-
vided by Fig. 2, were block samples extracted from 
the depth range of 3,0 to 3,5 m of the tested profile. 
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The sample of Pomeranian phase till was extracted 
from the bottom layer of the profile, whereas the 
sample of Posnanian phase till from the top of the 
profile. The obtained results support the hypothesis 
of the differences in geotechnical properties between 
both sets of glacial till differ. Noticeably higher val-
ues of overconsolidation stress were received for 
tills of the Posnanian phase, hence the higher OCR 
values and twofold higher values of constrained 
modulus of these deposits in comparison to the 
Pomeranian phase. 

4 IN SITU TESTS RESULTS 

Twelve piezocone static penetration (CPTU) were 
conducted with the Hyson 20Tf penetrometer in the 
area of occurrence of the analyzed soils. As a com-
plementation of these tests, samples for analysis of 
physical properties of the soil were extracted from 
boreholes. Based on this analysis, grain size distribu-
tion and liquidity index were determined. Fig. 3 pre-
sents results of the tested soils against the lithologi-
cal profile.  

For CPTU test, overconsolidation ratio (OCR) 
was determined using Wierzbicki (2010) nomo-
grams for Polish soils (Fig. 4). Obtained results were 
compared with OCR values from oedometric tests, 
from an open pit in the direct vicinity of the CPTU 
(Fig. 5). Figure 5 indicates that CPTU yield results 
concerning the change pattern of OCR with depth 
and the actual values of the parameter. The Pomera-
nian phase tills are characterized by sharp decrease 
of OCR with depth, to the value of 2 at 5 m, and 
they are visibly separated from the lower tills of the 
Posnanian phase. 

 
Figure 3. Example of CPTU results in the analyzed soils 
against the lithological profile. 

 

 
Figure 4. A nomogram for calculating the OCR values of cohe-
sive soils with plasticity index IP<30%, based on the Qt pa-
rameter and the IP value (Wierzbicki 2010). 
 
On the border between the two sets a clear increase 
in the OCR values to about 12 can be observed. Fur-
ther decline of the OCR values with depth is no 
more as pronounced as in the younger tills. The re-
sults of the in situ tests interpretation have been con-
firmed by the laboratory tests results. 
 
 

 

Figure 5. Changes in OCR values in the glacial tills profile. 
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5 INFLUENCE OF OVERCONSOLIDATION ON 
THE VALUES OF CONSTRAINED 
MODULUS  

Values of the constrained modulus of tested soils 
were calculated with formula (1), commonly used 
for cohesive soils in Poland, for CPTU (Młynarek et 
al. 2003). 
 
MCPTU = 8,25 (qt – σv0)            (1) 

 
where: qt – corrected total cone resistance. 
This formula constituted a starting point for the fur-
ther analyses aimed at clarification of the relation-
ship between moduli from oedometric tests and from 
CPTU tests. To this end, values of the constrained 
modulus were determined also from the CRS tests. 
As a reference value, the v0 value determined for 
stresses occurring at the depth of soil samples ex-
traction. CPTU and laboratory tests results were 
compared with the ’v0 and ’p values. Figure 6 
show two distinct trends of changes in the Moed value 
depending on ’v0 – for normally consolidated and 
overconsolidated soils (Fig. 6, 7). The values of Moed 
moduli are similar to MCPTU moduli in overconsoli-
dated tills, but not in the case of normally consoli-
dated soils.  

The influence of overconsolidation and effective 
geostatic stress 'v0 on the constrained moduli calcu-
lated from CPTU are shown in Figure 6 and 7. It is a 
generally known principle that in the subsoil com-
posed of lithologically homogenous soils of a nearly 
constant value of liquidity index, a linear trend of 
constrained modulus with depth can be observed. 
 

 
Figure 6. MCPTU and Moed moduli variation in comparison to 
σ’v0. 

 

 
Figure 7. MCPTU and Moed moduli variation in comparison to 
σ’p. 

 
In the case of the tested deposits, the constrained 
modulus is a random variable, which depends on 
stress variability 'v0, OCR and liquidity index LI or 
sensitivity (Karlsrud et al. 2005). This fact is well il-
lustrated by Figure 6. The obtained linear trendlines 
for relationship between constrained moduli Moed 
and MCPTU are characterized by relatively low values 
of correlation coefficient (R2~0,3), because the other 
two variables, σʹp i LI, not included in this assump-
tion, also affect the correlation. At the same time in 
the discussed correlation the decrease of the differ-
ence between normally consolidated and overconsol-
idated tills is observed with the increase of liquidity 
index. Following this,  Figure 7 demostrates the ef-
fect of σʹp on MCPTU modulus variability. Unambigu-
ity and statistical significance of the influence of this 
variable are confirmed by high values of correlation 
coefficient which reached 0,75 for overconsolidated 
soils. 

Figure 6 leads to two crucial conclusions that 
should be included in the assessment of the con-
strained modulus values from CPTU: 
 Straight trendlines of MCPTU and Moed moduli vari-

ablity clearly separate normally consolidated tills 
from the overconsolidated ones. This fact sub-
stantiates the indication that the formula (1) can-
not be treated as universal and has to be adjusted 
by inclusion of the overconsolidation effect. 

 An important element of the analysis is the fact 
that the impact of overconsolidation effect van-
ishes in the plastic states of both kinds of till (LI 
> 0,3), and the predicted values of moduli yield in 
this area similar results for all CPTU and oe-
dometric tests. 
In the overconsolidated tills, the application of 

the formula (1) allows for fair estimation of the 
MCPTU value in comparison to oedometric test. Re-
sults obtained in normally consolidated tills, in turn, 
seem to be underestimated compared to the laborato-
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ry values. The corrected value of coefficient in 
CPTU formula for normally consolidated tills can be 
calculated on the basis of data shown on the Figure 6 
and is given in the equation 2. 

 
MCPTU = 13,13 (qt – σv0)           (2) 

 
The coefficient values exceeding 13 were also de-

termined by Robertson for fine-grained soils with Ic 
> 2,2 and Qt >14 (coefficient equal to 14). 

6 CONCLUSIONS 

The conducted tests confirmed two general and es-
sential hypotheses. The first hypothesis was that 
CPTU allow for identification of subsoil’s overcon-
solidation effect that is connected with soil genesis. 
The second one stated that the overconsolidation ef-
fect influences the values of constrained moduli 
clearly and unambiguously. Inclusion of the influ-
ence of overconsolidation effect on the values of 
constrained moduli variation is made possible with 
introduction of such variables as OCR coefficient 
and plasticity index into the formula for the relation-
ship between cone resistance (CPTU test) and con-
strained modulus (Moed). This way of deformation 
moduli assessment has been known for shear modu-
lus G0 (e.g. Hardin 1978, Godlewski & Szczepański 
2013, Młynarek et al. 2013). However, such a solu-
tion requires a great number of tests in soils of var-
ied genesis and grain size. Another way is the pro-
posed method of separating normally consolidated 
from overconsolidated soils that occur in the subsoil. 
A preliminary method of classification of soils into 
one of these categories may be classification charts 
for CPTU (Lunne et al. 1997). At the second stage, 
OCR or ʹp values need to be determined for each 
group. For overconsolidated deposits, the formula 
(1) can be recognized as satisfactory for determina-
tion of changes of constrained moduli in the subsoil. 
In the case of normally consolidated tills, the modi-
fied formula with the 13.13 coefficient can be used. 
It has to be remembered that in soils of massive 
macrostructure, e.g. alluvial soils and loess, values 
of this coefficient may be different. 
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