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INTRODUCTION

A considerable part of the subsoil structure 
in European Lowlands is composed of alluvial 
deposits. These deposits fill contemporary river 
valleys as well as previous vast ice-marginal val-
leys of rivers and glacial channels. A proper water 
management, including the flood-protection ac-
tivity, requires comprehensive actions on a broad 
scale, including building hydro-engineering con-
structions. In case of large dams and reservoirs, 
a detailed geological and geotechnical investiga-
tions are commonly carried out. Unfortunately, 
the most of basic hydro-technical constructions, as 
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ABSTRACT
The article presents an analysis of geotechnical parameters of the alluvial deposit (the 
areas of the Vistula and Warta river valleys) with a view to using the soil as an earth 
construction material and as a foundation for buildings constructed on the grounds test-
ed. Strength and deformation parameters of the subsoil tested were identified by the 
CPTU (cone penetration test) and DMT (flat dilatometer test) methods, as well as by 
the vane test (VT). The article includes the analysis of overconsolidation process of 
the soil tested and a formula for the identification of the overconsolidation ratio OCR. 
Equation 4 reflects the relation between the undrained shear strength and plasticity of the 
silts analyzed and the OCR value. The analysis resulted in the determination of the Nkt 
coefficient, which might be used to identify the undrained shear strength of both sedi-
ments tested. On the basis of a detailed analysis of changes in terms of the constrained 
oedometric modulus M0, the relations between the said modulus, the liquidity index and 
the OCR value were identified. Mayne’s formula (1995) was used to determine the M0 
modulus from the CPTU test. The usefulness of the alluvial deposit as an earth construc-
tion material was analysed after their structure had been destroyed and compacted with a 
Proctor apparatus. In cases of samples characterized by different water content and soil 
particle density, the analysis of changes in terms of cohesion and the internal friction 
angle proved that these parameters are influenced by the soil phase composition. On the 
basis of the tests, it was concluded that the most desirable shear strength parameters are 
achieved when the silt is compacted below the optimum water content.

Keywords: silty soils, strength, deformation, overconsolidation.

for example flood banks, are treated as low costs 
projects, and the funds for them are insufficient 
on the proper geoengineering investigations. Cou-
pled with the complex soil composition of alluvial 
deposits, it could implicate serious problems dur-
ing constructing and using these facilities. 

There are two issues that seem to be crucial 
for the proper description of geotechnical prop-
erties of alluvial soils. One of them is the evalu-
ation of the properties of these soils, and above 
all the interpretation of the characteristics deter-
mined by in-situ and laboratory studies, when 
these soils constitute a foundation for earthen 
structures. The other problem is the use of these 
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soils as a material for earthen structures. In order 
to clarify these issues, analyses were conduct-
ed on normally consolidated alluvial deposits, 
found in the areas of the Vistula and Warta river 
valleysand investigated during in situ and lab-
oratory tests. For the evaluation of the proper-
ties of selected deposits in the geostatic state of 
stress (in situ), cone penetration test (CPTU) and 
dilatometer test (DMT) methods were used. The 
laboratory Proctor and Tri-axial Tests allowed 
to evaluate the geotechnical properties of com-
pacted alluvial deposit used for the man-made 
constructions. The results of those investigations 
are presented in this paper.

GEOTECHNICAL VARIABILITY OF RIVER 
DEPOSITS

Alluvial deposits often vary form a very com-
plex subsoil. This is also due to different depo-
sition conditions (as different as flood plain and 
channel environments) which causes in sand, silt 
(mud) and clay layers occurred within the valley 
fulfils, and strong influence of erosion on a conti-
nuity of alluvial layers. 

Strong variability of geotechnical parameters 
of alluvials was described, among others, by Wi-
erzbicki and Smaga [2014], who found that only 
10% of the investigated profiles can be treadted as 
geotechnicaly repeatable on the area of less than 
0.5 km2. Moreover, Wierzbicki [2005] proposed 
a model of part of the Vistula river vallley which 
clearly shows both the differences in the shear 
strength parameters of alluvials along the valley 
and the changes in these parameters due to long 
term flood conditions (Figure 1).

The observed strong variability of river val-
ley deposits emphasizes the need of precise and 
accurate investigations in the case of geotechni-
cal description of the site, even if the engineering 
task seems to be simple and easy. 

SHEAR STRENGTH PARAMETERS

The shear strength of a subsoil of the fine-
grained type in the geostatic state of stress is 
described by the undrained shear strength Su or 
Coulombian parameters expressed in effective 
stresses ϕ’, c’ [Lunne et al. 1997, Senneset et al. 
1982, Sandven et al. 1988].

The function that defines undrained shear 
strength in the geostatic state of stress for a layer 

of alluvial soil, homogenous in terms of grain size 
distribution, it may be described in the form:
 su = f(σv0, LI, OCR, ϴ)  (1)

where:  LI – liquidity index, OCR – overconsoli-
dation ratio, ϴ – coefficient of macro-
structure of the soil.

In case of alluvial soils of organic origin, 
equation (1) has to be supplemented with a vari-
able defining the content of organic particles. The 
function (Eq. 1) is dimensionally non-uniform. 
It may be transformed to a uniform dimensional 
form by the normalization of su, then:
 su / σv0 = f(LI, OCR, ϴ) (2)

Several highly significant conclusions for the 
evaluation of undrained shear strength of alluvial 
soils result from equation (1). A solution of func-
tion (1) has not been given to date. Generally, 
partial functions are determined, which represent 
the so-called local correlations and belong to a 
family of functions for different types of alluvial 
soils. The effect of structure on undrained shear 

Figure 1. The map of values of friction angle ϕ 
of alluvial deposits of Vistula valley near Puławy, 

before and during a flood
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strength is most frequently presented with a sen-
sitivity index – St. This index may also be deter-
mined from CPTU with the function [Lunne et al. 
1997, Schnaid 2009, Robertson 2009]:

   𝑆𝑆𝑡𝑡 =
𝑁𝑁𝑠𝑠
𝑅𝑅𝑓𝑓

              (3) 
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 (3)

where: NS – constant, recommended average val-
ue of 7.5.

For the soils tested, the St coefficient was 3.8 
(NC) in the Warta valley, and 4.0 in the Vistula 
valley. The values of this coefficient indicate that 
these soils are classified among soils of medium 
sensitivity.

A very important conclusion concerning po-
tential in-situ testing methods may be drawn from 
function (1). The value of su is not determined di-
rectly from CPTU and DMT, and so the value ob-
tained from those tests has to be referred through 
correction formulas to tests directly determining 
su, such as the vane test, or to laboratory analysis 
[Mayne, 2009]. Therefore appropriate Nkt coeffi-
cientneed to be determined for CPTU. The qual-
ity of these coefficients will determine the qual-
ity of undrained shear strength determined in situ 
[Młynarek 2010].

In the case of the deposits tested, undrained 
shear strength was referred to the critical shear 
strength from VT – τumax. In the solution of equa-
tion (2) for these soils a multiple linear regression 
method was applied, which yielded the following 
relationship:
su = 58.15 – 144.6LI + 34.74OCR ; R2 = 0.91  (4)

The value of the multiple regression coeffi-
cient indicates that as much as 91% variation in 
undrained shear strength is related to the variation 
in OCR and the liquidity index. 

Partial functions resulting from equation (1) 
are of a significant practical importance, since 
they determine the relationship between und-
rained shear strength and changes in the liquid-
ity index of deposits in the subsoil or OCR, or 
possibly the overburden stress σv0 (Figures. 2, 3, 
4). Changes in undrained shear strength with a 
change in the stress σv0 show a linear trend, simi-
larly as for fine-grained soils [Robertson 2009]. 
The relationship between a change in su and the 
liquidity index, however, is described by an ex-
ponential function, approaching asymptotically 
the value of shear strength at the liquid limit. This 
value is close to 2 kPa for all fine-grained soils 
[Młynarek 1970, Horn 1964]. Figure 3 shows 

that the trend of changes in su related to changes 
in the liquidity index is very similar and almost 
identical to changes from the vane test. In order 
to determine the trend of changes in su related to 
changes in the liquidity index and the consistency 
of these changes with the changes in τmax with 
the liquidity index, the values of undrained shear 

Figure 2. Relationship between undrained shear 
strength (su) and overconsolidation ratio (OCR) 

for Warta site [Młynarek et al. 2012]

Figure 3. Relationship between normalized undrained 
shear strength su and liquidity index LI 

for different Nkt values
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strength found in Figure 3 were determined for 
the coefficient Nkt = 10 (Warta river) and Nkt = 17 
(Vistula river). The consistency of trends makes it 
possible to determine the real value of Nkt for the 
two groups of deposits tested. If undrained shear 
strength is referred to strength from the vane test, 
then the values of Nkt are 7.5 for alluvial deposits 
from the Warta valley and 6.5 for alluvial deposits 
from the Vistula valley.

CONSTRAINED DEFORMATION 
MODULUS

The relationship between the constrained 
modulus M0 and the parameters describing prop-
erties of alluvial subsoil is described by the same 
function which determines equation (1). The pa-
per is focused on the analysis of the possibility 
to calculate constrained moduli M0 of silts from 
CPTU results, which is commonly described by 
basic Mayne [1995] formula. 

Current studies showed that there is a strong 
relationships between the modulus M0 and pre-
consolidation pressure σp, vertical stress σ’

v0 and 
liquidity index LI, which is highly significant 
for practical purposes. The analysis of this rela-
tionship shows that it needs to be considered as 
a joint function. The abovementioned effect of 
overconsolidation effect and liquidity index on 
the modulus M0 seems to be even stronger than 

on undrained shear strength. This fact is very well 
illustrated in Figures 4 and 5. Moreover, it can be 
observed that the influence of pre-consolidation 
pressure on the value of constrained modulus is 
stronger than in the case of vertical overburden 
stress. The joint function, describing the relation-
ship between the M0 modulus and σp, σv0 and LI, 
takes the form:
 M0 = 22.16 – 1.16 LI – 0.19 (σp/σ

’
v0)       (5)

Owing to a high variability in grain size dis-
tribution and the overconsolidation effect on the 
value of the constrained modulus, the effect of 
stresses σ’v0 on a change of the modulus does not 
have a functional relationship (Figure 6). This 
conclusion is confirmed by statistical analysis, 
since a change in the M0 modulus is caused in as 
much as 98% by variation in LI and OCR, and 
only in 1% by a change in σv0 itself. This con-
clusion is of interest, since in homogenous de-
posits, which are classified as alluvial deposits, 
an increase in the value of the M0 modulus with 
an increase in σv0 is a commonly acknowledged 
fact. It results from function (5) that the evalua-
tion of changes in the M0 modulus for practical 
solutions requires the construction of a profile in 
the 1-D or 2-D system for each isolated subsoil 
layer (a model of subsoil rigidity – [Młynarek 
et al. 2007, Tumay et al. 2011]) with the use of 

Figure 4. Relationship between constrained modulus 
M0 and liquidity index LI [Młynarek et al. 2012]

Figure 5. Relationship between constrained modulus 
M0,vertical overburden stress σ’v0 and pre-consolida-

tion pressure σp for the Warta test site
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basic relationships between the cone resistance 
qc and M0 modulus.

ALLUVIAL DEPOSITS AS MATERIAL 
FOR BASIC HYDRO-TECHNICAL 
CONSTRUCTIONS

The Proctor criterion is commonly applied in 
the evaluation of the suitability of soils for use 
in earthen structures. One of the criteria for their 
suitability is the compactibility and the another 
one is the determination of the most desirable 
shear strength parameters after the soil is embed-
ded into an earthen structure. The shear strength of 
alluvial soils classified as silts is described by two 
parameters which are expressed in total stresses: 
cohesion cu and internal friction angle ϕu. These 
parameters are understood as random variables, 
and they are joint random variables (Benjamin & 
Cornell 1970, Młynarek et al. 1988), since their 
variation is influenced by both moisture content 
w and density ρd (Figure 7). 

Thus the key questions are as follows: (i) 
what is the effect of independent variables, i.e. 
moisture content and density, on both strength pa-
rameters and (ii) is the optimal moisture content 
criterion from the Proctor test a definite criterion 
for the determination of their most desirable val-
ues? To confirm the effect of both variables on 

cohesion and internal friction angle, we may use 
a diagram of soil phase composition [Kezdi 1969, 
Młynarek and Kezdi 1980]. Variables ρd and w 
are replaced in this system by the components of 
the phase composition in the form:
 S = ρd / ρs ·100%, 
 V = w · ρd / ρw ·100%,
 L = 100% – (S + V) (7)

where: S – the share of the skeleton, V – the share 
of water, L – the share of air, ρw – density 
of water, ρs – specific density of soil solids.

Figure 8 shows that the effect of phase com-
position on cohesion and the angle of internal 
friction is clear. Isolines for cohesion and the an-
gle of internal friction may be obtained for differ-
ent phase compositions in a unit of soil volume, 
depending on the position of test points on the 
Proctor curve (Figure 7). It results from the Proc-
tor curve that the silt tested is a soil of good com-
pactibility, since the curve has an evident point of 
inflexion at the optimal moisture content.

Figure 6. Relationship between constrained modulus 
M and overburden pressure σ’v0.

Figure 7. Standard Proctor compaction test results for 
the alluvial subsoil

However, this point does not correspond to the 
most desirable shear strength parameters. Thus, in 
order to obtain the most desirable shear strength 
parameters of the alluvial soil under analysis, it 
should be embedded into an earthen structure at a 
moisture content lower than the optimal level. It 
is an important statement from a practical point of 
view, confirming a conclusion presented in the lit-
erature on the subject [Wiłun 2000]. It needs to be 
stressed that the cohesion values obtained above 
the optimal moisture content are very similar to 
undrained shear strength from CPTU.
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CONLUSIONS

1. Alluvial deposits are characterized by high 
spatial variability in terms of their grain size 
distribution and state parameters. This fact 
also results in a considerable spatial varia-
tion of strength and deformation parameters 
in the subsoil, despite a similar genesis. 
Each alluvial deposit should be considered 
as a separate interpretation problem for in-
situ tests. 

2. The quasi preconsolidation effect should be 
taken into consideration in the interpretation 
of shear strength parameters and constrained 
moduli of these soils. CPTU seems to be a 
proper testing method for such a subsoil, 
and a continuous recording of measured 
parameters. Despite this, the use of CPTU 
for design purposes requires to use formulas 
calibrated for the alluvial soil case.

3. Alluvial soils classified as silts are soils with 
good compactibility, meeting the criterion 
for their use in earthen structures. The most 
desirable shear strength parameters are not 
found at the optimal moisture content: in the 
case of the silt tested moisture content be-
low the optimal by approx. 1% was found. 
Above this point a rapid decrease in shear 
strength is observed.
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