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1 INTRODUCTION 

The requirements of the Eurocode 7 (PN-EN-1997-1 
and PN-EN 1997-2) have caused the necessity of 
quantitative description of soils for geotechnical de-
sign. The in situ tests give this opportunity. Their 
main advantages are commonly known: continuous 
recording, decreasing the number of laboratory tests 
and drillings, reduction of total costs and time of in-
vestigations. They also allow for determining the 
soil parameters in natural conditions.  

The correlations between sounding results and 
geotechnical parameters require regional determina-
tion or adaptation for local conditions. Additional 
difficulties refer to many other factors that have an 
influence on the soil behavior and which are still 
impossible to measure, or the measurements are not 
reliable enough (Wysokiński et al. 2009; Godlewski 
2013). 

The results obtained by means of new types of 
static probes with piezocone (CPTU) or flat dila-
tometer of Marchetti type (DMT) do not have Polish 
correlations for geotechnical parameters determina-
tion, or the existing ones have not been verified yet. 
The data obtained by foreign researchers refers to 
local soils and may not be applicable for Polish con-
ditions. The results obtained from soundings are 
used mainly for geological profile investigations and 
determination of density or liquidity index of soils. 
Some geotechnical parameters necessary for design 
calculations are still assessed on the basis of the qc(t) 
→ ID, IL correlation. Many institutions in Poland

have started intensive research on interpretation 
methods of CPT/CPTU and DMT results for deter-
mination of geotechnical parameters (ϕ', cu, Eeod) 
(i.e. Bałachowski et al. 2008; Wysokiński et. al. 
2009; Wierzbicki 2010; Młynarek et al. 2013; Raba-
rijoely & Garbulewski 2013; Godlewski 2015). The 
aim of the research project (Grant Number 4 T07E 
047 30, 2008) conducted by ITB (Building Research 
Institute in Warsaw) was to find these correlations.  

2 INVESTIGATION METHODS 

ITB has large experience in in-situ soil investiga-
tions by means of cone penetration test and dilatom-
eter test. The huge amount of data, including differ-
ent types of soils for different types of constructions, 
has been collected. In the research project (Grant 
Number 4 T07E 047 30, 2008) the new results were 
added to the database and statistical calculations 
were done. Wherever it was possible, the module 
obtained from in situ tests was compared to the one 
obtained by back-analysis based on the settlements 
measurements.   

The correlations are based on the results from 
more than 30 test sites on different types of soils in 
Poland. Each test site was considered as a node, 
consisting of CPTU profile, DMT profile, geological 
profile, laboratory tests and settlement data. After 
extreme values elimination, the data was divided in-
to litho-genetic groups from different test sites. The 
following litho-genetic groups were distinguished: 
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• alluvial deposits of River beds - alluvial sands, 
• fluvioglacial  deposits - fluvioglacial sands, 
• tertiary clays, 
• glacial deposits - glacial clays (tills from Middle 
Polish glaciation), 
• eolian deposits - loess, 
• silty hollow deposits - silty sands, silty clays, silts, 
• organic deposits - gyttja, mud (alluvium silt), peat. 

All the tests were conducted in accordance with 
Eurocode 7 and specification for the CPTU and 
DMT. The tests were carried out very close to each 
other (within a 2-3 m) on chosen test sites. Because 
the frequency of measurements for CPTU (each 2 
cm) and DMT (each 20 cm), the results from CPTU 
were averaged (from upper and lower surrounding 
values) to obtain the mean value for each 20 cm. 
The measured values from these two types of sound-
ings were compared to find correlations in interpre-
tation of the profile and modulus. 

3 FROM THE TESTS RESULTS TO 
CORRELATIONS 

3.1 Tests Results 

For each type of the soil the Rf ratio (for CPTU) → 
IDMT (DMT material index) were compared. The re-
sults were plotted on existing nomograms. The best 
fitting was obtained on Schmertmann nomogram 
(Schmertmann 1986) and all further analyses were 
based on this graph (Figure 1). 

The highest variability was observed for hollow 
and organic soils. The diversity for hollow soils may 
be explained by specific sedimentation mechanism 
which causes high variability in vertical and hori-
zontal profile. The organic soils are represented by 

many lithological types of soils: organic sand, mud, 
peat and gyttja. 

This group appears in the graph under the line 
marked along the value of qc < 1-1.5 MPa. This val-
ue for Polish conditions may be considered as the 
border of “weak” soils (often considered for re-
placement or improvement). As it may be seen in the 
graph, clays and glacial clays (tills) are characterized 
by high variability. The interbeddings of more or 
less sandy or silty layers may be observed within 
clays and the group of clayey sands may be distin-
guished additionally. The influence of granulometry 
on qc value in sandy soils was confirmed. 

On the basis of the obtained data, a simple com-
parison has been made between the two analysed 
methods. Because each point on the graph (Figure 1) 
has the assigned value of the modulus, it was possi-
ble to interpolate curves (an approximation is ap-
plied on the basis of the contour  map). In Figure 2, 
the interpolated curves of constrained modulus ob-
tained from DMT tests with a Schmertmann classifi-
cation diagram as a background are presented 
(Wysokiński et al. 2009). This simple correlation 
has its own drawback (a large dispersion of the col-
lected data, over a wide range of effective vertical 
stress), but allows to make first approximation and 
has its support by practical experience. The dilatom-
eter modulus correlates with settlements measure-
ments (see next chapter), so the values of the modu-
lus may be considered as a careful estimation of 
modulus for calculations according to Eurocode 7. 
The obtained values of modulus compared to those 
presented in PN-81/B-03020 standard for different 
types of soils are close to those obtained from oe-
dometer tests (this was also confirmed for other 
types of soils by other authors (i. e. Marchetti 1980; 
Mayne 2001; Monaco et al. 2006). 
 

 

1224



Figure 1. All results for different litho-genetic types of soils plotted on Schmertmann’s nomogram (Grant Nr 4 T07E 047 30, 2008). 

 
 

Figure 2. Experimental proposition of the nomogram of constrained modulus determination on the basis of static sounding 
(Wysokiński et al. 2009). 

 

3.2 Calibration of CPTU/DMT Probes 

The Marchetti flat dilatometer is a device dedicated 
to determine the deformation parameters of soils. 
This is supported by the specificity of measurement 
itself (Marchetti 1980). Expansion of a steel mem-
brane in the soil is a controlled displacement test, i.e. 
measurement of pressure at desired displacement. 
This allows for the estimation of the deformation 
modulus directly in the soil (in situ), which is the 
basis for prediction of displacements of the designed 
structure. Determining the magnitude of settlement 
and foreseeing such settlement is, especially for any 
structure designed in difficult geotechnical condi-
tions, an element which is crucial for the determina-
tion of foundation method. Depending on the type 
and importance of the structure, the difference be-
tween shallow founding with the necessity to exe-
cute soil improvement or "avoidance" of the prob-
lem by deep foundations is small. For typical 
buildings (up to 11 storey's) the value of permissible 
settlement is 5 cm (as per National Annex to Euro-
code 7), Polish Standard (PN-81/B-03020) allowed 
for 7 cm. Direct evaluation of parameters (including 
modulus) of soil is possible only on the basis of test 
loads and by in situ methods.  

The requirements of new European standards 
(PN-EN-1997-1 and PN-EN 1997-2) result in the 
necessity to carry out quantitative tests (mainly 
probing) when preparing the soil documentation. 
The correlations applied in practice between probing 

results and information on soil conditions of a 
founded structure require regional adjustments or 
adaptation to local conditions. This is very important 
because determination of soil-structure interaction 
demands that properly determined parameters be 
used with a particular design method (Mitew-
Czajewska 2015). 

For the new types of static penetration probes 
(such as: CPTU with a piezocone or dilatometer) 
sufficiently good (regional) Polish correlations for 
interpretation of results have not been issued yet or 
they are not sufficiently verified. The literature data 
(including that specified in the annexes to Eurocode 
7) obtained abroad in other soils are often unsatis-
factory under Polish conditions and sometimes lead 
to incorrect conclusions (Godlewski 2013). 

Worldwide experience (Monaco et. al. 2006) in-
dicates that DMT is highly useful in determination 
of soil deformation modulus. This method is relia-
ble, provided that it is calibrated and validated (by 
other methods). In this case, the best method is to 
compare the settlement values measured at given 
structures or performance of test loads against the 
settlement values obtained from DMT. Comparison 
of settlement values measured at the structures with 
respect to those obtained by dilatometer and litera-
ture data (26 structures) (Monaco et. al. 2006) and 
own observations (23 structures) (Godlewski 2015) 
is presented in Figure 3. For a total of almost 50 
structures, the type of foundation (pad, strip or slab 
foundation) and soils at the foundation level were 
indicated (sandy soil: Sa, cohesive: saSi, sasiCl, Cl 
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and organic: Or). These are mainly typical residen-
tial and industrial buildings not exceeding 11 sto-
rey's with the exception of 2 road structures (abut-
ment and embankment). Additionally a set of 
measurements for improved soil was added, wherein 
the dilatometer was used to determine the defor-
mation modulus of the "composite" – soil and soil 
improvement elements (Dynamic Replacement / 
sand and gravel / Controlled Modulus Columns / 
concrete columns). 

The described set of buildings shows high corre-
lation (R

2
 = 0.92). It should be added that the given 

set of buildings was limited to structures with shal-
low foundation (including those on improved soil). 
For the purpose of evaluation and forecasting set-
tlement, the dilatometer is a well-calibrated device 
for typical structures. In the cases of founding on 
very soft and organic soils in which the quality of 
drilling and collected samples is insufficient, only in 
situ probing allows for obtaining reliable parameters 
for design calculations. 

 

 
Figure 3. Calibration curve obtained for Polish conditions relat-
ing to measurements from literature (Godlewski 2015). 

3.3 Correlation of CPTU/DMT results 

Dilatometer modulus as a reference value allows for 
calibration of CPT/CPTU results (qc i Rf) with mod-
ulus values. The results obtained at each test site by 
means of CPTU and DMT soundings were com-
pared. The analysis was based on Mayne’s experi-
ence (Mayne et al. 2004). Dilatometer modulus (ED) 
were converted to confined modulus (M’) by Mar-
chetti method (Marchetti 1980).  

In the first approach to data correlation, the graph 
of dilatometer modulus (MDMT) versus net cone re-
sistance (qn, comprising vertical stress qn=qc-σvo) 
was drawn. The method of linear regression allowed 

for obtaining the calculation coefficient for each test 
site. Example graphs show in Figure 4-5.  
 

 
 
Figure 4. MDMT versus qn for glacial clays and river sands. 

 

 
Figure 5. MDMT versus qn for all analysed organic soils. 

 

The best validation was obtained for river sands 
and hollow silts (R

2≥0.6). In case of glacial clays or 
organic (special muds) deposits the correlation was 
unsatisfactory (R

2≤0.3). This is due to specific char-
acter of these soils. Glacial clays are a type of mixed 
material: from silty sands to clays, with large natural 
variability. The same situation is in the case of or-
ganic deposits. 

The next step included the correlation determina-
tion for classifying parameters for each type of 
sounding. The Rf (sleeve friction / cone resistance 
ratio 100fs/qc) from CPTU and material index ID (in 
publications IDMT or ID, it should not be considered 
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as density index) from DMT were taken into correla-
tions. Both the material index from DMT and sleeve 
friction from CPTU refer to particle size distribu-
tion. This correlation was described for each litho-
genetic type (Table 1). It should be mentioned that 
for highly variable soils (for example hollow depos-
its) the obtained correlations are general. 
 

Table 1 – Obtained correlations from CPTU and DMT tests 

Litho-genetic type of 

soil: 
ED= (a) * qn ID = (b) +/_ (a) * Rf 

alluvial sands  

NC (α = MDMT/qc = 3÷10) 

OC (α > 10) 

 

3.7 * qn 

9.8 * qn 

 

4.8 – 144.0 * Rf 

4.8 – 22.2 * Rf 

fluvioglacial sands OC 20.2 * qn 3.0 – 17.0 * Rf 

tertiary clays: 

clays from Cracow 

clays from Warsaw 

 

3.4 * qn 

6.9 * qn 

 

0.7 + 5.3 * Rf 

1.2 – 5.5 * Rf 

glacial tills  

(Middle Polish glacia-

tions) 

4.4 * qn 2.0 – 4.4 * Rf 

loess deposits 5.8 * qn 2.5 + 7.8 * Rf 

hollow deposits:  

silty sands 

slity clays and silts 

 

3.5 * qn 

4.3 * qn 

 

4.0 – 13.0 * Rf 

2.8 – 30.9 * Rf 

organic soils: gyttja 

                      mud 

                      peat 

6.4 * qn 

3.1 * qn 

3.1 * qn 

0.7 – 1.1 * Rf 

0.7 – 1.0 * Rf 

0.6 – 3.1 * Rf 

 

On the basis of CPTU test results the values of 
the modulus were determined. The same calcula-
tions as for DMT were used, taking the correlations 
from table 1 for ED and ID. According to Marchetti 
instruction and proposed formulas (Marchetti 1980) 
the modulus may be obtained having RM coefficient 
(RM=M’/ED), which is calculated from material in-
dex ID and vertical strain coefficient KD. Having ED 

and KD according to Marchetti correlations, RM co-
efficient and constrained modulus were obtained. 
Example graphs show in Figure 6. 

 

 

Figure 6. Validation of CPTU method for evaluating DMT 
Constrained modulus: for example in sands and hollow soils.  

 
The mean values obtained from CPTU and DMT 

allow for correlation of these two methods. The av-
erage of regression line is about 0.7÷1.1. For all ana-
lysed litho-genetic type of soils, the best validation 
was obtained for glacial clays and silts. In the case 
of loess deposits and gyttja, all correlation results 
are placed below the theoretical curve (y=1.0x). This 
is due to specific character of these soils (loess is 
characterized by collapsing settlements and gyttja is 
very sensitive). For these types of soils the character 
of penetration (kinematic, static) and undisturbed 
sampling are very important. In the case of clays all 
correlation points are spread along vertical line. This 
refers to their anisotropy and the direction of pene-
tration. 

4 DISCUSSION 

Of course, the author realize that given correlations 
and values require consideration of additional fac-
tors affecting insufficient correlation parameters. 
This requires further analysis with the use of more 
advanced statistical methods. 

However, the coefficients for each soil type (i. e. 
empirical cone factor "α") very well characterised 
by specificities of Polish ground conditions were ob-
tained. This is particularly evident in the case of gla-
cial clay (tills) or tertiary clay, which are “very 
strong” soils (rated by soil consistency as hard to ex-
tremely hard). In this case, the values are several 
times higher than proposed in the literature. In 
Polish practice, in the interpretation of CPTU tests, 
three factors are most commonly used: α = 15 for 
non-cohesive soils, α = 8 for cohesive soils and α < 
1.5 for organic soils. Sometimes, significant differ-
ences clearly indicate that it is not correct approach 
in all the cases.  

Presented methods of interpretation are very sim-
plified (Sanglerat 1972, Mayne 2001). In literature 
(Tanaka 1998; Sikora 2006; Wierzbicki 2010) more 
complex methods of determining the constrained 
modulus value from CPTU tests were presented - 
with regard to overburden stress (σv0) or stress histo-
ry (OCR). But these methods, (based on general 
formula described by Sanglerat) are still more popu-
lar in geotechnical practice.  

Presented results relate to large number of tests 
and have high statistical value because about 2500 
results were used for the analysis. 

Constrained modulus (M') taken for presented 
empirical cone factor (α) applies to range of effec-
tive vertical stress from 50 to 400kPa. 
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5 CONCLUSIONS 

The development of interpretation methods of 
soundings is based mainly on statistical correlations 
which demand huge set of measurements. The ex-
amples of these sets are in PN-81/B-03020, geologi-
cal and engineering atlas of Warsaw and ITB guide-
lines. The comparison of the results gave local 
correlations or allowed adjusting the classification 
from the literature to local conditions. All existing 
nomograms may be used only if the appropriate (ac-
cording to standards) penetrator is used according to 
particular procedure. The correlations presented in 
the article are the example which may be used in the 
national annex to Eurocode 7. The obtained correla-
tions may be compared to the data from literature as 
a background. It should be underlined that presented 
analyses support the Eurocode 7 implementation 
process. The main goal of these analyses was to in-
tercorrelation between CPTU and DMT tests for 
Polish soils. However, some issues still need to be 
supplemented: loess, gravels and sand and gravel 
mixtures should be added to the database and over-
consolidation and cementation processes should be 
taken into consideration for sands as well as ani-
sotrophy of clays. These factors probably cause high 
scatter of the results (Bałachowski et al. 2008, 
Młynarek et al. 2013).  

Because of the article size limit, not all issues 
have been presented. The author give only infor-
mation about the problem which needs further inves-
tigations. 
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