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ABSTRACT: The cluster analysis is a statistical method used for grouping data which have similar 
mathematical characteristics in subset with common or homogeneous values. This method can be 
used in various fields of data for which no division a priori is known and can be useful in the case 
of the identification of the soil horizons, for site characterisation. Cluster analyses for in-situ 
applications are composed of the following six steps: selection of variables; standardization of the 
data; resemblance distance matrix; choice of clustering technique; determining the number of 
clusters; interpretation of cluster results. Various types of in situ tests can be treated in this way 
like static We present here a first pressuremeter analysis by clusteur, which uses for the statistical 
variables the ratios: EM/p*l ; p*l/σv ; Ee/EM ; TanΦ as a first step. The first results relate to the 
representativeness as of the these various variables to identify the soil horizons, and the best 
possible combination of data to characterize the various geological layers of the site of the northern 
tunnel of Grenoble. 

1. INTRODUCTION 

The cluster analysis (Everitt , 1974) is a 
statistical method used for grouping data 
which have similar mathematical 
characteristics in subset with common or 
homogeneous values. This method can be used 
in various fields of data for which no division 
a priori is known and can be useful in the case 
of the identification of the soil horizons, for 
site characterisation. Cluster analyses for in-
situ applications are composed of the 
following six steps: selection of variables; 

standardization of the data; resemblance 
distance matrix; choice of clustering 
technique; determining the number of clusters; 
interpretation of cluster results. 
The regrouping of the data in cluster, can be 
carried out, along a vertical profile (Saboya  
and Balbi , 2003), but also in a given plan 
(Mlynarek  and Lunne , 1997). In both cases, 
the method of calculation is identical and the 
only difference consists of an axial or plane 
treatment of the problem. This method allows 
to : objectively define similar groups in the soil 
profile; delineate different layer boundaries; 
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allocate the lenses and outliers within a 
sublayer. 
 Various types of in-situ tests can be treated 
in this way like static penetrometer CPT, or 
piezocone CPTU (Hegazy and Mayne, 2002). 
Lastest applications relate mainly to the 
piezocone, but none was done about 
pressuremeter measurements. We present here 
a first pressuremeter analysis by clusteur, 
which uses for the statistical variables the 
ratio: EM/p*l ; p*l/σv ; Ee/EM ; TanΦ as a first step. 
The first results relate to the representativeness 
of the these various variables to identify the 
soil horizons, and the best possible 
combination of data to characterize the various 
geological layers of the site of the northern 
tunnel of Grenoble (Monnet and al., 2003). 
 
2. THE NORTH TRANSVERSAL TUNNEL 
IN GRENOBLE 

2.1 Some History 

The North Transversal tunnel project "tunnel 
under the Bastille" (Figure 1) was registered 
into the directing program of 1973 but its 
realization was considered after the southern 
by-pass of Grenoble. From the technical and 
economic point of view, the project must be 
conceived and dimensioned with an adaptation 
to the constraints of the sub-soil which must be 
recognize and know. The usual method of 
investigation is to take undisturbed soil 
samples which will be tested into laboratory. 
Unfortunately the soils, generally sandy, lie 
down in the Isere plain and are located under 
the water table so that they are difficult to 
sample. They fail at the exit of the core 
sampling spoon. The pressuremeter analysis is 
interesting because it allows to characterize 
such grounds in places with respect to their 
natural structure. This measurement technique 
was used for the recognition of the site. 

2.2. Description of the sub-soil of the North 
Transversal tunnel 

The description of the geotechnical campaign 
and the characteristics of the main geological 
formations of the northern by-pass of Grenoble 
was previously presented (Monnet and al., 
2003). 

2.2.1 General geological framework 

The project of the North transversal tunnel 
of Grenoble intersecs two distinct geological 
formations: 

- alluvial deposits of the Isere valley with 
very great thickness which can vary between 
500 to 800m. This soil is made of low gravels, 
sands, silts and clays from quaternary origin. 
The deposits are of Ice Age origin at the time 
of the last period of glaciation but also river 
origin laterly. It should be noted that the 
heterogeneous alluvial formations in which the 
tunnels are considered contain blocks of strong 
size coming from old fall or alluvial cones as 
well as possible floated tree trunks, which 
formed deposits with the alluvia. It is 
necessary to underline the very probable 
existence of many paléochanels which can 
locally provide sudden changes of facies (fine 
grained soils followed by a coarser alluvial 
deposit, for example). 

- sedimentary rock formations of the mass 
of Chartreuse under the Bastille. These rocks 
date from the Jurassic Superior and Lower 
Cretaceous and reveal an alternation of 
deposits limestone and marly layers. The 
layers of these rocks present a subvertical 
obliquity. The rock is cut by three principal 
faults with crushed and deteriorated fillings 
and possible water circulations. 

2.2.2 Geotechnical description of the soils 

The geotechnical campaign took place in 1996 
-1997 on the district of the “Ile Verte”, a 
difficult point for the project, with a tunnel  
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Figure 1 :  Plan of the project of the North transversal tunnel Grenoble 

 

Figure 2 : Alternatives "Esplanade" and "Vercors" of longitudinal profiles of the tunnel 

crossing under sensible buildings. The 
geotechnical of the 20 to 40 m depth boreholes 
allows to propose a classification (Figure 2) of 
the grounds met in twelve families of soils or 
rock, according to their deposit origins, their 
localizations and their characteristics: 
- F1 family: Surface Fillings locally 1 to 4 m, 
- F2 family: Plastic Clays subjacent with the 
F1 layer, low thickness, 
- F3 family: Brown and Green Sandy Silts , 3 
to 7 m thickness, locally subjacent with the F1 
family, 
- F4 family: Fine Sands and Gravels generally 
made of grey and black sands (fine sands) with 

sometime muddy or gravel-sand (towards the 
East) of thickness 3 to 20 m and which are 
subjacent with the F3 silts. The gravels 
sometime exceed 100 mm and generally 
speaking, their maximum diameter is 20 mm. 
They are from river deposit origin, 
- F5 family: Grey Clayey Silts replacing sands 
and gravels in the East, 
 -F6 family: Fine Sands and Silts grey and 
black fairly compact located under sands and 
gravels of the F4 family with muddy layers, 
- F7 family: Deep Black and Grey Sandy Silts 
not very dense, which are located in the West 
of the project, failing at the exit of the core 
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sampling spoon. From Ice Age or fluvial 
origin, they are supposed to be a unique 
formation, their characteristics being 
homogeneous, 
- F8 family: Compact Deep Sands (fine sands) 
located very deeply. This sand can  be found 
mainly on the Sablons district, at the East with 
decreasing depths while going from the West 
towards the East. This sand is a gray fine sand 
with some gravels like the ground F6 but with 
pressuremeter characteristics much higher, 
- F9 family: Marly Rocks and Limestones 
constituting the Bastille district, 
- F10 family: Slightly Clayey Grey Sands in 
the Esplanade part of the profile, 
- F11 family: Grey Sands and Gravels in the 
Esplanade part of the profile, its nature is  
comparable to that the F4 family, 
- F12 family: Grey Sands in the Esplanade 
part, its nature is close to the F7 family. 
The geological profile of the project is 
presented on Figure 2. 

2.2.3 The geotechnical campaign 

The geotechnical campaign was carried out in 
several phases with the following 
measurements:  

- 4 destructive boreholes with recording  
parameters, on the Jouquin deck on the rigth 
side of Isere, to specify the roof of the rock,  
- 8 sampling boreholes, of 30 with 40m depth  
for laboratory tests,  
- 15 pressuremeter boreholes with standard 
tests and with cyclic tests, 30 to 40m depth, 
along the Transversal tunnel. 
The laboratory tests are: 
- physical classification tests (granulometry, 
Atterberg limits, Methyl Blue tests),  
- oedometric tests,  
- triaxial CD compression tests with 
measurement of the volume variation,  
- cyclic triaxial compression tests.  
The results of the in situ tests are shown (table 
1). We do not detail all the results of the in situ  
and laboratory tests, and we mainly discuss 
about the evaluation of the shearing 
characteristics of the silty-sandy soils from the 
icy-fluvio deposits. It was decided to use the 
pressuremeter tests for the following reasons:  
- it is an in situ test which measure the soil in 
its natural state insofar as preliminary drilling 
borehole does not disturb the soil,  
- it can be performed even in the coarse non-
cohesive soils, 
- it can be positioned in XYZ, 

 Table 1 : Results of the geotechnical in situ exploration 

Family Description ME.   (MPa) EM 

Standard 
deviation 

(MPa) 

*.lp  (MPa) pl 
Standard 
deviation 

(MPa) 

Number of 
tests 

F1 Surface Fillings 21,2 6,76 0,99 0,44 6 

F3 Brown and Green Sandy Silts 5,1 0,3 0,42 0,16 23 

F4 Fine Sands and Gravels 37,8 26,7 3,6 1,63 60 

F5 Grey Clayey Silts 2,46 0,65 0,31 0,05 5 

F6 Fine Sands and Silts  27,7 16,3 1,76 0,64 118 

F7 Deep Black and Grey Sandy 

Silts 
14,7 10,1 0,85 0,31 49 

F8 Compact Deep Sands 40,2 18,2 2,8 0,51 14 
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- it allows to determine the elastic shearing 
modulus G and the angle of friction φ' (or  
undrained cohesion cu). 

3. CLUSTER ANALYSIS OF THE 
PRESSUREMETER RESULTS 

3.1. Standardization of the data 

The data standardisation is a way to use and to 
represent data in an adimensionnal space, so 
that the effects of the different units on each 
variable is reduced.  From a theoretical point 
of view, the standardisation is not essential for 
the use of the cluster method, but it is a logical 
step to use data with mean value equal to zero 
and a standard deviation equal to one. At the 
depth i, a series of measurement x of j 
variables (varying from 1 to p) can be note xij. 
The standardized variable zij corresponding to 
xij is determined by the relation: 
 

( )j

jij
ij xS

xx
z

'
−=                                               (1) 

   (1)  (1) 
with  jx , mean value of the variable j of xij 
with j varying of 1 to N different levels, 

( )jj xS'  standard deviation of the variable j of 
xij varying of 1 to N different levels.  

3.2. Similarity between data, concept of 
distance between data series 

The similarity between two different data 
series can be evaluated at least by 7 different 
methods: Pearson; Manhattan; Minkowski; 
Puissance; Euclidienne; Chebychev; Cosinus 
(Norusis, 1988). There is no specific rule to 
classify and measure the similarity between 
data. According to Hegazy and Mayne (2002) 
and Mlynarek et al.. (2005), it appears that the 
best method is the Cosine method (2) to 
estimate the distance between data, rather than 
the Euclidien method (3) which seems a priori 
more natural: 
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The interest to choose the measurement of 
distance by Cosinus lies in the concept of 
correlation related to measurement. The result 
of the relation (2) lies between -1 and +1, 
corresponding to 1 for identical data and -1 for 
data without correlation, wheras with relation 
(3) we cannot determine uncorrelated series of 
data. 

3.3 Concept of cluster 

Hegazy (1998) used various methods of 
regrouping of data and finally recommends to 
use the method of nearest close which satisfies 
the mathematical conditions of continuity and 
distortion minimum. It is the method which is 
used here for the analyses of the 
pressuremetrer tests. The method is iterative. 
For example for a set of N given data, at the 
first step, we determine the couple of values 
which are closest (dij minimum for the 
Euclidien distance, or dij nearest to 1 for the 
Cosine distance). In the following step, either a 
new observation joined the first group, or the 
two new observations form a new cluster. 

3.4 Choice of the analyzed variables 

The various variables used are classified from 
z1 to z4. The variable z1 correspond to EM/p*l 
ratio initially proposed by Baguelin et al.. 
(1978) to classify the soils according to their 
degree of consolidation, the variable z2 
correspond to p*l/σv ratio giving a 
measurement of the resistance of the soils, the 
variable z3 correspond to Ee/EM ratio giving the 
possible remoldering of the soil, and finally the 
variable z4 correspond to tanΦ giving the 
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measurement of the friction of the soil deduced 
from the interpretation of the pressuremeter 
test by theory (Monnet and Khlif, 1994). The 
value of EM corresponds to the pressuremeter 
Ménard modulus, p*l corresponds to the 
effective limit pressure (pl - p0), Ee is the 
Young modulus measured on the cycle 
unloading-reloading and σv is the vertical 
stress at the probe level.�

Table 2. Number of clusters found by the use 
of Cosine distance according to the variables 
z1 to z4 used 

dij minimum z1 to z2  z1 to z3 z1 to z4 

0,999 45 11 11 

0,995 45 11 11 

0,970 34 11 11 

0,950 34 11 10 

0,900 33 10 10 

0,850 33 8 9 

3.5 Results of the analysis by cluster �

The geological and geotechnical analysis 
allows to identify 12 families of soils. As 2 of 
them (Rock and Clay) were not tested it seems 
reasonable to refer to a number of ten in-situ 
layers. 
 It should be noticed that the number 
attached to a specific layer is a result of the 
cluster method, number 1 is attached to the 
first cluster found, number 2 is attached to the 
second cluster found, and so on. So the 
number of a specific layer is independant of 
the number of the soil family. These two 
numbers cannot be identical, but for a same 
geological family of soil, it should be found a 
unique cluster (Figures 3 to 6)�
 The analysis by cluster in Cosine distance 
shows that the study of the variable z1(EM/p*l) 
and variable z2(p*l/σv) is not sufficient to 
identify the various soil horizons. Table 2 
shows that for the very low value of 0,850 the 
software still did not detect  the 10 layers of 

the site. By adding the variable z3(Ee/EM) ratio 
or the variable z4(tanΦ) the sofware find the 
correct number of layers with a maximum  
�
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Figure 3 : Comparison of classification by 
cluster (triangle blue) and the indications of 
the borer (square pink), borehole SP21, 
Cosine method, dij minimum 0.999, 4 variables 
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Figure 4: Comparison of classification by 
cluster (triangle blue) and the indications of 

the borer (square pink), drilling SP22, Cosine 
method, dij minimum 0,999, 4 variables 
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value of 0.999. The measurement of Cosine 
distance allows to easily identify 10 different 
layers as soon as the threshold value of 0,900 
is reached (Table 2). If we observe the results 
on borehole SP21 (Figure 3) it can be found 
that the two layers Slightly Clayey Grey Sands 
(Family 10) and  Grey Sands (Family 12) are 
correlate with respectively the clusters 8 and 7, 
the interface between Families 10 and 11 
would be lower (15m) than the value indicated 
by the borer (11m). The Grey Sands (Family 
12) seems also rather heterogeneous, with  
different clusters (n°3;4;6) between 19 and 
22m depth. If we observe the results on 
borehole SP22 (Figure 4), the Surface Fillings 
(Family 1) is correlated with the cluster 9, the 
Slightly Clayey Grey Sands (Family 10) is 
correlated with cluster 10, the Grey Sands and 
Gravels (Family 11) is correlated with cluster 
2, but seems undoubtedly heterogeneous, by 
the alternations of gravel and sands and a 
correlation with different clusters (n°4;5;7). 
The Compact Deep Sands (Family 8) seems 
rather homogeneous, with a clear correlation 
with cluster n°7. 

 Tableau 3. Number of clusters found by the 
use of Euclidien distance according to the 
variables z1 to z4 used 

dij maximum z1 à z2  z1 à z3 z1 à z4 

1 13 38 34 

2 5 23 22 

3 3 14 17 

4 3 12 13 

5 3 9 8 

10 1 6 7 

20 1 5 5 

 
The analysis by cluster in Euclidien distance is 
a little more sensible, because there is no 
threshold value in distance. It appears that the 
use of the variable z3(Ee/EM) ratio or the  
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Figure 5: Comparison of classification by 

cluster (triangle blue) and the indications of 
the borer (square pink), drilling SP21, 

Euclidien method, dij maximum 4, 4 variables 
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 Figure 6: Comparison of classification by 
cluster (triangle blue) and the indications of 

the borer (square pink), drilling SP22, 
Euclidien method, dij maximum 4, 4 variables 

variable  z4(tanΦ) allows to identify a huge  
number of layers (Table 3) as soon as the 
threshold value dij of 1. The analysis of 
borehole SP21 (Figure 5) does not show a 
stability of the solution for the two principal 
soil layers. The analysis of borehole SP22 
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(Figure 6) allows to identify only the second 
layer of Grey Sands (F10 Family) correlated 
with cluster n°4 and the third layer Grey Sands 
and Gravels (Family 11) correlated with 
cluster n°1. Unfortunatly the fourth layer 
Compact Deep Sands (Family 8) is not clearly 
separate from the previous one at 35m depth. 
The Euclidien distance does not allow to find a 
difference between Grey Sands and Gravels 
(Family 11) and Compact Deep Sands (Family 
8).�

4. CONCLUSION 

The analysis of the results of the pressuremeter 
campaign of the North transversal tunnel of  
Grenoble was undertaken by the method of the 
clusters. This study shows that it is necessary 
to use at the same time the ratio EM/p*l the 
ratio p*l/σv the ratio Ee/EM and eventually  
tanΦ , to identify the different soil layers. 
 The measurement of the distance between 
the various data series by the Euclidien method 
appeared  not sufficient, but the use of the 
measurement of Cosine distance seems 
completely relevant and able to point out the 
differences between the geological layers of 
soil. 
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