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ABSTRACT 

The problem of determination of homogenous layers in respect of geotechnical parameters has fundamental meaning for the 

acceptation of the foundation design for any building. The determination of layers is carried out on the basis of results of in situ tests, 

supplemented by some laboratory tests. The main task in the determination of homogenous layers is grouping data obtained from the 

above mentioned tests. In the past, the most popular approach was to use the intuition of geotechnical engineers, supported by basic 

statistical calculations. The limitation in the use of more advanced methods was caused by the complicated procedure of calculations 

and the complex nature of subsoil. The determination of homogenous layers can be treated as a one dimensional task, related to one 

parameter (for example during the analysis of the CPTU profile), but also as a two or three dimensional task, related to several 

parameters (mapping subsoil at a certain level of Gvo). So far the use of cluster analysis was regarded to be either a one dimensional 

task (Hegazy & Mayne 2002) or a two dimensional task (Mlynarek & Lunne 1987). This paper presents the procedure of 

determination of homogenous layers in post glacial sediments. The basic parameters for cluster analysis were normalized CPTU 

parameters: Qt and R f· 

RESUME 

Le probleme de la determination des couches homogenes au respect des parametres geotechniques a une signification fondamentale 

pour I'acceptation de la fondation de chaque batiment. La determination des couches est faite it la base des resultats des tests in situ, 

completes de quelques tests au laboratoire. La tache principale dans la determination des couches homogenes consiste en groupement 

de donnees obtenues des tests ci-dessus mentionnes. Dans Ie passe, I'intuition des ingenieurs geotechniques, aides de caJcules 

statistiques de base, etait la methode Ie plus souvent appliquee. La limitation de I'utilisation des methodes plus avancees etait causee 

par la procedure de caJcule compliquee et la nature complexe de sous-sol. La determination des couches homogenes peut etre traitee 

comme la tache it une dimension reliee it un para metre (par exemple pendant I'analyse du profile CPTU), mais aussi comme la tache it 

deux ou trois dimensions reliee it plusieurs parametres (indication de sous-sol sur la carte it un certain niveau de Gvo). Ensuite 

I'application de I' analyse de groupes a ete consideree comme la tache it une dimension (Hegazy&Mayne) ou comme la tache it deux 

dimensions (Mlynarek&Lunne 1987). Cette etude presente la procedure de la determination des couches homog enes dans les 

sediments post-glaciaires. Les parametres de base pour I'analyse de groupes etaient les parametres CPTU normalises: Qt et Rr. 

1 INTRODUCTION 

Contemporary knowledge and research methodology make it 

possible to identify with high accuracy the properties of soil 

layers found in the subsoil. However, grouping data obtained 

from in-situ tests and the demarcation of homogenous 

geotechnical layers in the subsoi l sti ll remains a recurrent 

problem. Statistical methods seem to be best equipped to 

perform grouping of data. On the other hand, the geotechnical 

engineer plays a vital role in the selection of data and their 

grouping. It is their decision which has crucial importance in the 

assessment which of the data are the most essential in the 

process of selecting the foundation method for the building, in 

the assessment of subsoi l stratigraphy or the decision to conduct 

drainage of a given plot of land. 

Another very important element in grouping of data and 

determination of geotechnical layers is the adoption of a 

criterion which would constitute information on which stage the 

grouping procedure is to be completed. Analogically as in case 

of data selection, also in this situation the intervention of the 

geotechnical engineer is required. Thus, on the one hand the 

above mentioned criterion should make use of the applied 

stati stical formulas, on the other hand the geotechnical engineer 

has to decide whether the clustering of successive groups will 

have an effect on the quality of assessment of subsoil structure 

and the quality of determined shear strength parameters and 

modulus of elasticity for the grouped layers. This paper presents 

an example in which the above mentioned criteria are analyzed. 

2 STATISTICAL CRITERIA FOR GROUPING OF DATA 

2.1 Selection of parameters for grouping 

It is commonly assumed that the basic factors facilitating the 

assessment of shear strength parameters and elastic ity modulus 

for subsoil are the type of soil, soil consistency parameters and 

the degree of overconsolidation of subsoi l. A very good method 

to identify the statigraphic structure of subsoil and to assess soil 

consistency parameters, and next to move from these 

parameters to strength parameters and the assessment of the 

OCR, is the method of CPTU (Lunne et al. 1997). In this 

method, either cone resistance qc and sleeve friction fs are used 

directly in grouping data (Mlynarek, Lunne 1985), or the values 

normalized and standardized to the next form (Hegazy and 

Mayne 2002). 
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where a - area ratio of the cone, U2 - pore pressure measured 

behind the cone, a vO, a'vo - overburden stress (total and 

effective). 

The knowledge of changes in these parameters along with depth 

facilitates the application of the so-called classification systems 

and determine drainage conditions in the subsoil, and - first of 

all - the stratigraphy of subsoil. The values obtained in such a 

way, the so-called test parameters, can be used to carry out 

cluster analysis along a given profile. 

2.2 Methodology of cluster separation 

Let X" ... ,Xp be variables characterizing the 

parameters obtained from a cone penetration test, and: 

,i = l, ... , n (5) 

be a vector consisting of observations of the studied parameters 

at the depth i. In order to eliminate the effect of different 

measurement units of each variable, usually data standardization 

is made, i.e. one moves from the initial variables X/, ... ,Xp to 

ncw standardizcd variablcs Z/, ... ,Zp, whilc Zi ~ (z", ... ,Zip) has thc 

form of: 

,i = l , ... ,n;k = l, ... , p (6) 

and 

,k = l, ... , p (7) 

,k = l , ... ,p (8) 

The algorithm of hierarchic agglomeration used requires an 

appropriate measure of the distance or the resemblance between 

pairs of the original items, represented, as a rule, by p-variable 

vectors and two groups, each consisting of one or more of the 

original observations. The algorithm assumes the creation of 

subsequent distance or resemblance matrices, each of the 

dimensions smaller by one. Therefore, the first matrix has the 

dimension n, and the last one I. In cluster analysis various 

distance or resemblance measures are used. Among the 

distances applied most often are Euclidean and Mahalanobis 

distances. 

The hierarchic agglomeration method is a step by step 

method. In the previous step it is assumed that eac h observation 

creates a separate cluster. In the next step the two nearest 

(closest) observations are connected (in the sense of a selected 

distance or resemblance measure) to obtain n-I clusters 

(groups). In each subsequent step the number of clusters 

decreases by one to create finally one cluster. There are many 

methods of determining (in each step of the discussed 

procedure) the distance (resemblance) measure between the two 

groups. Among the most often used are: the method of single 

linkage, average linkage, and Ward ' s method. In a further part 

of this paper one of them was applied, i.e. the average linkage 

method. As reported by Mlynarek et al. (2005), this method 

does not cause excessive ("artificial") inclusion of data 

by already existing groups, which may happen in the 

method of single linkage. 

2.3 Criteria of determining the number of clusters 

The procedure of grouping data, presented above, gives in effect 

very many possible divisions of the investigated soil profile into 

layers. As has already been mentioned, the initial model of 

subsoil is a model consisting of as many layers as the number of 

available measurements and for obvious reasons this model is 

potentially closest to reality (assuming that there are no two 

identical measurements). However, such a model is 

unacceptable for practical reasons. Thus, a justified question 

arises: at which stage of analysis should the number of clusters 

be considered optimal? 

One possibility is to use the procedure described by 

Mlynarek and Wierzbicki (2005). It consists in a simultaneous 

analysis of the coefficient of variation for the investigated 

parameters within clusters and the observation of changes in the 

number of the so-called major clusters (the most numerous 

ones) and zero (single data) clusters, i.e. data not connected 

with others. In the course of analysis the available geological 

data on subsoil structure are also used. The primary 

disadvantage of this method is the fact that it is time-consuming 

and that it is necessary to rely on the subjective judgment of the 

researcher at every stage of analysis. 

Another possible method to determine the optimum number 

of clusters is to apply one of the criteria used in statistics. At 

present the most commonly used is the so-called Calinski

Harabasz criterion (Calinski and Harabasz, 1972). According to 

this criterion, the trace of the intercluster covariance matrix and 

the trace of the intracluster covariance matrix are determined at 

each step of analysis. Next the so-called Calinski-Harabasz 

index is calculated according to formula 9 

tr(B)· (n - Ncl 
CH(NJ=----

(N
c 

- 1). tr(W) 

(9) 

where: tr(B) - the trace of the intercluster matrix; tr(W) - the 

trace of the intracluster matrix; Nc - the number of clusters in a 

given step of analysis; n - the number of data adopted in 

analysis. 

This step of analysis, in which the determined CH index 

reaches the highest value, is considered to be the step in which 

the optimal number of clusters was determined. 

3 TESTING SITE 

Cluster analysis was conducted for data collected during 

standard geotechnical tests, conducted within the framework of 

an investment project of Michelin-Polska in Olsztyn, Poland. 

Subsoil, up to the depth of several dozen meters, is composed of 

boulder clays and fluvioglacial sands of Holocene glaciations 

(Mlynarek et al. 2004). These soils show symptoms of 

overconsolidation, connected, among other things, with 

repeated changes in the glacier limits in that area. Cohesive 

soils found in subsoil are solid-plastic, while noncohesive are 

medium dense or dense in state. 

In order to accurately determine the subsoil structure for the 

purposes of the industrial building foundation design, several 
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dozen drillings and cone penetration tests were performed along 

with laboratory tests. In this study the methodology and results 

of demarcation of geotechnical layers are presented on the basis 

of a selected typical experimental profile (Fig. I) . 
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Fig. I. Typical CPTU profile used in cluster analysis. 

4 RESULTS OF ANALYSIS 

Two parameters obtained on the basis of cone penetration test, 

i.e. Qt and R f, were used for ana lysis. It was assumed that the 

former reflects strength parameters of subsoil , whereas the latter 

is connected with the grain size distribution of soil found in the 

subsoil (Lunne et al. 1997). According to the procedure by 

Mlynarek - Wierzbicki (Mlynarek et al. 2005), data along the 

profile were averaged every 0.2 m. As a result of grouping, 49 

possib le models of subsoil structure were obtained, resulting 

from successive steps of analysis . 

Whi le selecting the optimum model according to the 

criterion of Mlynarek - Wierzbicki, the investigated profile was 

divided into 8 clusters , out of which 4 constituted single data 

not connected with others. Such a model of subsoil structure 

was obtained in step number 42. Mean va lues and determined 

coefficients of variation for individual parameters are presented 

in Table I. 

Table I. Mean values and coefficients of variation for parameters Q, and 
R, and cluster size, determined in step number 42. 

Cluster Q, 
CVQt R

J 
CVRf Cluster 

no. size 

I 74 .7 0.63 2.5 0.15 23 

2 61.4 0.41 3.8 0.08 15 

3 149.5 0.30 1.2 0.08 6 

4 252 .0 0.06 2.9 0.06 2 

Next the optimum number of layers (clusters) in subsoil was 

determined according to Calinski - Harabasz (1972). For this 

purpose for each cluster analysis step the CH index was 

determined (Fig. 2). As may be seen, the maximum value is 

reached in step number 35. In this step there are 15 clusters 

distinguished in the profile, including 4 single clusters. Mean 

va lues and determined coefficients of variation for parameters 

Qt and R f for this system of layers are presented in Table 2. 

However, on the basis of the available geological data, 

obtained from drillings and other archive data, such a number of 

layers in subsoil was considered to be too high from the 

practical point of view (although statistically justified). 

Consequently app lying the Calinski - Harabasz criterion, the 

model of subsoil structure was investigated, based on the resu lts 

of step number 41 of cluster analysis, in which the CH index 

value reaches the second successive maximum (Fig. 2). 

~ .. 
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Fig. 2. Diagram of changes in CH index in successive steps of cluster 
analysis. 

Table 2. Mean values and coefficients of variation for parameters Q, and 
R, and cluster sizes, determined in step 35 of analysis. 

Cluster Q, CVQt R
J 

CVRf Cluster 

no. size 

137.5 0.12 2.8 0.04 6 

2 53.0 0.31 4.0 0.02 5 

3 60.0 0.41 3.5 0.03 8 

4 40.9 0.25 2.8 0.06 5 

5 120.5 0.07 1.3 0.05 4 

6 20.7 0.17 2.2 0.07 5 

7 89.4 0.18 2.5 0.04 3 

8 79.2 0.25 1.9 0.09 4 

9 207.6 0.02 1.2 0.13 2 

10 252 .0 0 .06 2.9 0.06 2 

11 88.0 0.47 4.4 0.01 2 

In this step 9 clusters were distinguished, including 4 single 

ones. Mean values along with the determined coefficients of 

variation for the investigated parameters are presented in Table 

3. Such a model of subsoi l structure is both consistent with the 

general geological structure of subsoil in the investigated area, 

described above, and acceptable in view of design practice. It 

should be mentioned here that the model adopted on the basis of 

the Mlynarek - Wierzbicki criterion is very close to the second 

of the Calinski-Harabasz models, and the high value of the CH 

index for the whole model (step 42 of cluster analysis) makes it 

possible to assume that its selection is also justified statistically. 

Table 3. Mean values and coefficients of variation for parameters Q, and 
R, and cluster sizes, determined in step 41 of analysis. 

Cluster Q, CVQt R
J 

CVRf Cluster 

no. size 

92.7 0.50 2.7 0.06 14 

2 6 1.4 0.41 3.8 0.08 15 

3 149.5 0 .30 1.2 0.08 6 

4 46.7 0.71 2.1 0.11 9 

5 252 .0 0.06 2.9 0.06 2 
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In order to observe the differences between individual 

models of subsoil structure a graph is presented, symbolizing 

successive stages of clustering to form larger groups (Fig. 3). 

The practical importance of these differences is evident while 

observing changes in the mean values of the investigated 

parameters and their standard deviations during successive 

stages of the grouping process. On the basis of integration of 

clusters 1,4 and 7 from step number 35 of analysis into cluster 

I from step 41 it may be observed that a reduction in the 

number of clusters leads to increased standard deviation (Fig. 

4). Moreover, standard deviation of the mean of the larger 

cluster generally covers in its range the range defined by the 

smaller clusters. Thus the designer may choose between two 

options: the adoption of a more detailed (but at the same time 

more complicated) model of subsoil structure, giving as a 

consequence more reliable calculations, or the adoption of a 

generalized model, with the same mean value of the parameter 

as the previous one, but resulting in larger uncertainties in the 

structural analysis. 

step 42 

step 41 

step 35 

Fig. 3. Diagram of cluster integration at successive steps of analysis. 

I 
I 

I 
I 

1(41) 1(35) 4(35) 7(35) ::r:: Mo;on±SLd"y 

Fig. 4. Diagram presenting a comparison of mean values and standard 

deviation in cluster I from step 41 of analysis with mean values and 

standard deviations of clusters I, 4 and 7 from step 35 of analysis . 

Inference on the optimal number of clusters may also be 

supplemented with the analysis of significance of differences 

between mean values of parameters in clusters which we intend 

to combine into one layer, resu lting from a successive step of 

grouping (clustering). In the discussed example only in one 

case, i.e. the integration of clusters 2, 3 and II from step 35 into 

cluster 2 from step 41 , differences between means (tested by the 

t-Student test) are statistically non-significant. In the other cases 

the determined p-values show statistically significant 

differences between mean values both for parameter Qt and R f, 

indicating the necessity to deal with sets of data separately. 

However, this inference seems to have a certain practical 

disadvantage as, while moving back in the analysis by several 

steps, we will find that (taking into consideration the statistical 

significance of differences analyzed by the t-Student test) also 

earlier there was no basis for data grouping. 

The system of layers, obtained on the basis of cluster 

analysis, made it possible to develop a final model of subsoil in 

the investigated site (Fig. 5). This model includes clustered 

parameters of the CPTU test and strength parameters for the 

subsoil, determined on the basis of their mean values. 
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Fig. 5. The system of geotechnical layers in the investigated site, 

adopted on the basis of cluster analys is. 

5. CONCLUSIONS 

The determination of homogenous geotechnical layers in the 

subsoil using cluster analysis, in which parameters of the CPTU 

are used, is very effective as the obtained subsoil division very 

clearly demarcates layers in terms of their genesis, grain-size 

distribution and strength parameters. 

Very good consistence in the determination of cluster size 

was obtained on the basis of two criteria : i.e. Mlynarek -

Wierzbicki and Calinski - Harabasz. Both methods applied 

jointly seem to give a justified guarantee of a rational - from the 

engineering point of view - subsoil division. 

The layers demarcated in the profile of the CPTU test 

constitute an excellent starting point for the determination in the 

investment site of homogenous areas in individual layers of 

overburden pressure in the subsoil. This problem may be solved 

again using cluster analysis (Mlynarek and Lunne 1987) or 

advanced interpolation methods, e.g. kriging (Mlynarek et al. 

2005). 
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