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1. INTRODUCTION

Cluster analysis is a statistical technique used for dividing data into groups of simi-
lar traits [2]. This method can be used in these fields where the tests provide a set of
data with a priori unknown division into groups and undefined distribution of vari-
ables, which make the method different from discrimination analysis. This makes it
very useful for all kinds of subsoil research.

Grouping of data with cluster analysis can be carried out in a vertical profile [3]
[1], but there are also examples of using it in separating areas of soil with similar pa-
rameters on a given plane [5]. In both cases, the method of calculations is the same,
and only the researcher’s approach changes: one can treat this task as an axial or plane
problem. The quality of the picture obtained depends on the quality of the data col-
lected and frequency of measurements. All kinds of in situ tests, particularly static
penetration test (CPT, CPTU), open up wide possibilities. As indicated by [3], the
CPTU results supported by cluster analysis can constitute a basis for separating homo-
geneous layers in subsoil. Among the most important advantages of this technique of
profile analysis are: no need for initial knowledge on the number of layers obtained in
the final stage, possibility of taking many variables into account at the same time and
relatively simple calculating techniques.

2. THEORETICAL BASIS OF CLUSTER ANALYSIS

The parameters registered during cone penetration test, i.e. g. — cone resistance (or
corrected resistance q,), f; — sleeve friction, and u, — pore pressure, are not directly
used in cluster analysis. Their values depend on the depth of measurement, i.e. on
stress state in the subsoil. Therefore, the values measured in the same subsoil at two
depths will not be identical, and both measurements will not be included in the same
group. Hence, direct parameters from CPTU must be normalized by a vertical compo-
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nent of geostatic stress. For creating homogeneous groups it is the best to use the fol-
lowing CPTU parameters:

e normalized cone resistance Q,

Q qt — O-VO
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U, —U
Bq -2 0 ,
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e friction ratio Ry

R, = L, 100%,
q;
where:
q: — corrected cone resistance,
f; — sleeve friction,
u, — pore pressure behind the cone tip,
uy — hydrostatic pressure,
o, — vertical stress,
o, , —effective vertical stress.

The values obtained in such a way, from now on called test parameters, can be
used to carry out cluster analysis along a given profile.

Let Xj, ..., X, be variables characterizing the parameters obtained from a cone
penetration test, and:

xi :(xila-“axip)a i=l,...,l’l (1)

be a vector consisting of observations of the parameters studied at the depth 7. 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,

...y X, tO nEw
standardized variables Z,, ..., Z,, while z; = (z,, ..., z;,) has the form of:
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The algorithm of hierarchic agglomeration used requires an appropriate measure of
the distance or the similarity between pairs of the original items represented, as
a rule, by p-variable vectors and two groups, each consisting of one or more original
observations. The algorithm assumes creation of subsequent distance or similarity
matrices, each of the dimension smaller by one. Therefore, the first matrix has the
dimension #, and the last one 1. In cluster analysis, various distance or similarity
measures are used. Among the distances most often applied are Euclidean and Maha-
lanobis distances. As a similarity measure between observation vectors at given depths
there was assumed, just as in the article by HEGAZY and MAYNEY [3], cosine of an
angle determined as:

dl.j =cos(z;, zj) = iLj=1,.., n (5)

Hence, a similarity matrix is obtained:
D = (dy). (6)

The hierarchic agglomeration is a step-by-step method. In the previous step, it is
assumed that each observation creates a separate cluster. In the next step, the two
nearest (closest) observations are connected (in a sense of selected distance or similar-
ity measure) in order to obtain n — 1 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 procedure discussed) the distance (similar-
ity) measure between two groups. Among the most often used are: the method of sin-
gle linkage, average linkage, and Ward’s method. In further part of this paper, two of
them are applied: single and average linkage methods. In the former, the distance
(similarity) measure between two groups is determined as the greatest value of similar-
ity between observations belonging to different groups. In the latter method, this dis-
tance (similarity) is calculated between centroids of clusters (mean values of all observa-
tions in a given group). This method does not cause any excessive (“artificial”’) inclusion
of data by already existing groups which can happen in the method of single linkage.

The following four different methods of clustering were discussed:

the method based on angle cosine and average linkage (avcos),

the method based on angle cosine and single linkage (singcos),

the method based on Euclidean distance and average linkage (aveuk),



18 Z. MLYNAREK et al.

the method based on Euclidean distance and single linkage (singeuk).

3. COMPARISON OF THE SELECTED METHODS OF CLUSTER ANALYSIS

Application of the presented methods of cluster analysis was tested on data from
geotechnical subsoil tests made under the corn silos in Borek Strzelinski [7]. In the
subsoil tested, cohesive sediments predominate. They were formed as moraine loams
of the Odra glaciation and are considered to be overconsolidated soils. Among mo-
raine sediments there are present sandy interbeddings and layers of fluvioglacial
coarse and medium sands typical of this facies.

3.1. SEPARATION OF GROUPS IN TEST PROFILE

A section of a selected CPTU profile between the depths of 1.2 and 14.2 m was
analyzed. Read outs of test parameters were averaged to obtain the values from every
20 cm of the profile (figure 1).

0 N
\
*LP — — I — 7<’/’_/ 70‘0
2 ! ‘ {
4 [——
i g
SEuELaNAE L
6 B — —T—T -
_ B _ L ,% - | %
E s B b
Sl INNE 1 UTel| 3
o 10 == =
a == INEZ g
_ _ - g
12 N
it
— | — - L —1
14 S —13,0
16
a1 = - T - n =~
18 T T EEEEEE I I I T T T T

0 10 20 30 40 0 0.20.40608 0 100 200 300 0 1 2 3 4 5
q, [MPa] f, [MPa] u, kPa] R, [%]

Fig. 1. Averaged test results of cone penetration

Cluster analysis for the selected profile was carried out taking into account first of
all two parameters: O, and B,, and then, additionally, R. The grouping yielded a num-
ber of possible solutions, from one cluster common for all data to maximum number
of clusters which was different for each method considered (the table). In each solu-



Use of cluster method for in situ tests 19

tion, the number of the so-called free data, i.e. such that they did not group the others,
was registered.

Following the assumptions concerning the expected geological structure, the num-
ber of 6 clusters in a profile of 13 m thickness was accepted as an initial (minimum)
one. As results from the analysis, both procedures being based on the method of
a single linkage gave clearly more free data (at the same number of groups) than the
methods being based on average linkage (figure 2).

Table
The maximum number of clusters in each method
Method Avcos Singcos Aveuk Singeuk
Number of clusters 16 15 15 12
50
gaveuk
1 singeuk
8 g avcos
€
z singcos
8
©
T

clusters

Fig. 2. Data number in clusters obtained in different methods (cluster “0” gathers the free data)

For each separated cluster mean (characteristic) values of test parameters, standard
deviations and coefficients of variation (cv) of these samples were determined (figure
3). Independently of the method of calculation, two main (the greatest) clusters are
distinguished: 1 and 2. Analyzing the values of cv of the parameter Q; it is clear that
both methods based on Euclidean distance as a measure of similarity yield a zero clus-
ter with the variability of almost twice as great as that in the methods based on an an-
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gle cosine. Comparison of size of the clusters and their variability shows a clear de-
pendence of the size reduction on a decrease in the coefficient of variation (e.g. groups
1 and 2).
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Fig. 3. Coefficients of variation (cv) of B, and O, in the clusters obtained

After increasing the number of separated clusters from 6 to 8 a marked decline in
cv within the clusters was observed (figure 4).

In this case, the coefficient of variation of Q, only for one cluster (the methods
based on an angle cosine) clearly exceeded 0.2. A characteristic feature of using the
methods that are based on measurement of Euclidean distance is an almost twofold
increase in the number of free data compared to the case of separating 6 clusters.
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Fig. 4. Data number and coefficient of variation of Q, in the case of 8 clusters

During analysis of the profile of interest by means of an avcos method, 6, 9, 10
and 11 clusters were subsequently separated (figure 5). It is worth noticing that after
exceeding the number of 10 clusters, a very rapid increase in the number of free
data takes place. Hence, it should be expected that from a practical point of view the
maximum number of clusters which should be separated in a profile is 10. In each
case of separating 6, 9 or 10 clusters, domination of three clusters was observed,
which is very clear in the case of separating 6 clusters. This indicates regrouping of
data while maintaining a certain predominating division of the profile studied.
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Fig. 5. Changes in data number within clusters, depending on an increase in the cluster number

Introduction of the third variable, i.e. Ry, into the analysis brought about a marked
decrease in the number of free data and only a slight increase in cv of the parameter Q,
of the most numerous clusters. The cv of the index Ry is on the level similar to that of
O, and reaches its maximum value of 0.3. A characteristic feature is the observation
that in none of the main clusters the highest variability indices of both parameters
occur simultaneously. As earlier, also this time the parameter B, has clearly the high-
est variability. Separating additional clusters (to the total of 9 and 10) caused
a decrease in cv of each parameter; however, this prevented us from obtaining main
clusters with low coefficient for the parameters Ry and Q, (below 0.2). It was also ob-
served that R, reveals much greater homogeneity in the separated clusters than Q..
Hence, it could be supposed that the profile studied is more differentiated with respect
to the kind of soil than to strength parameters.

3.2. SELECTION OF THE METHOD

The analysis does not indicate definitely an advantage of one of the methods over
the others. However, observations allow some conclusions which could be helpful in
eventual choice of the clustering method.

The number of clusters, hence the suggested number of geotechnical layers sepa-
rated in a profile, must be considered individually for each case. The criteria facilitat-
ing the choice can be as follows: the number of free data, coefficient of variation of a
cluster, and size of clusters (e.g. separation of the main clusters if indicated as
a result of geological assumptions).
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At a small number of clusters, the methods using a single linkage yield more ho-
mogeneous groups, but this results in much greater number of free data. Hence, the
picture of subsoil only seems to be more clear since a great number of free data dis-
torts its effectively.

The choice of an angle cosine as a measure of similarity results in even more
size of the main clusters than in the case of Euclidean distance. In the case of
a great number of clusters (which warrants lower variability coefficients within the
clusters), the former method yields less favourable results (higher variability coeffi-
cients) than the latter. At the same time the methods being based on Euclidean dis-
tance are more sensitive to an increase in the number of groups which results in
rapid rise in free data.

Simultaneous application of three test parameters caused separation of an addi-
tional main group. At the same time the effect of increase in the number of groups on
determined variability coefficients was clearly weaker. This indicates difficulties
which can be encountered during attempts at characterizing subsoil on the basis of
different parameters. Doubtlessly more clear picture can be obtained while considering
parameters previously grouped with respect to an actual design task.

4. SEPARATION OF GEOTECHNICAL LAYERS

The clusters obtained can constitute the basis for separating geotechnical layers in
the subsoil studied. A comparison of the results obtained using two grouping methods
which are based on average linkage for the test point selected, is given as an example.
In such a case, geotechnical layers were separated simultaneously based on the three
CPTU parameters discussed. For each of the 6 clusters mean values of the parameters
were accepted as characteristic ones. The subsoil picture obtained by means of the two
methods on the one hand reveals significant similarities, but on the other one it shows
some differences (figure 6).

In the upper part of the profile, a layer of a high O, (1 in the avcos method and 2 in
the aveuk one) is clearly marked. The middle and lower parts of the profile are also
characterized by a similar Q, obtained in both methods. However, in the case of the
parameter Ry, the difference is clear. In the aveuk method, the layer 1 strongly pre-
dominates, while in the avcos, two almost identical layers (2 and 3) are separated.
These layers have different values of the friction coefficient R, therefore, indirectly, it
can be assumed that they belong to different soil types. In turn, in subsurface part of
the profile, the avcos method allows us to identified one layer (No. 4), while the aveuk
— several layers, differing in all parameters. In the case of both methods, between 6
and 7 m of the profile there is a layer of a high O, (No. 6). However, it is not as homo-
geneous as the layers 1 (avcos) and 2 (aveuk). Characteristic interbeddings in the
lower part of the profile are also detected by both methods. The main difference be-
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Fig. 6. Characteristic values of CPTU parameters for 6 clusters derived by avcos (a)
and aveuk (b) methods
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tween application of both methods is related to presentation of the middle and lower
parts of the subsoil as a layered one (the avcos method) or relatively homogeneous
(the aveuk method). To assess the importance of this difference, its effect on the result
interpretation, i.e. identification of soil type and its characteristic geotechnical parame-
ters, was presented. This evaluation was made based on an example of placing each
layer on the Robertson classification diagram [8] (figure 7).
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Fig. 7. Location of geotechnical layers obtained by avcos and aveuk methods
on the Robertson [8] classification chart

Both methods allowed us to classify the layers 1 (avcos) and 2 (aveuk) as slightly
overconsolidated sands and the layer 6 as strongly overconsolidated sands. Such an
interpretation is in accordance with stratigraphic position of the layers and confirms
that the assumptions accepted for the genesis of the area tested are well-founded. Also
the layers 5 (avcos) and 4 (aveuk) identified as interbeddings in the middle and lower
parts of the profile were classified as overconsolidated sand-silt mixtures (loamy
sands). According to the earlier observations, some differences are observed between
the layers 2 and 3 (avcos) and in the same part of the profile, layer 1 (aveuk). Treating
subsoil as one layer we would define it as consisting of overconsolidated loams or
loamy sands. In the case of separating an additional layer No. 3, the subsoil structure
should be described as a layered one. In such a case, however, the type of soil does not
change completely, the layer 2 is made of loam and sandy loam, and the layer 3 of
sandy loam and loamy sand. Therefore, it can be assumed that in the example dis-
cussed, application of both methods allows effective and realistic separation of geo-



26 Z. MLYNAREK et al.

technical layers. The method based on angle cosine enables detecting an additional
group of layers, but this is of rather more geological-stratigraphic importance com-
pared to geotechnical one.

5. CONCLUSIONS

In the context of the analysis, a general conclusion can be drawn that cluster theory
methods can be a statistically objective and effective way in searching for geotechni-
cally homogeneous layers in subsoil. At present, however, the procedure of gradual
construction of the layers starting with one-axis grouping (in a single test profile) and
passing to plane grouping at a constant level of the stresses o, in subsoil with result-
ing spatial picture of homogeneous subsoil layers is inevitable. A starting point of
constructing geotechnical layers should be appropriately selected method of in situ
soil testing. It is doubtless that the most favourable way is the cone penetration test
(CPTU) since the parameters measured in this strength test provide information about
history of subsoil load (OCR) [9], differentiation due to grain-size distribution,
strength and deformation parameters and conditions of subsoil drainage. Analysis
indicated that to obtain a full picture of the changes in these geotechnical parame-
ters it is worthwhile considering three parameters: g. (Q,), R; B, in clustering. A
particular position in separating the layers in subsoil takes the parameter B,. In sepa-
rating homogeneous layers, the variability coefficient of B, was always the highest
which means that B, is the most variable parameter. This is a very beneficial result of
the analysis because B, is the coefficient sensitive to the changes in pore pressure in
subsoil, hence to the changes in drainage conditions. This fact is very significant in
making decisions about choosing the method of interpretation of the shear strength
parameters. This problem is also encountered when soils of differentiated or anisot-
ropic structure, e.g. varved clays, occur in a subsoil. Therefore, applying the parame-
ters O, and Ry, it is possible to separate genetically homogeneous layers of these clays
differing from others in their genesis or grain-size distribution, while with the parame-
ter B, it is possible to separate additional zones of differentiated directions of filtra-
tion. The homogeneous layers identified according to the criteria assumed by a geo-
technician from CPTU parameters will also be described in terms of their strength
and deformation, since knowing CPTU parameters one can use interpretation meth-
ods which allow determination of strength parameters and deformation moduli [4],
[6].

The cluster analysis methods discussed facilitate objective qualitative and, which is
important, quantitative analyses of test profiles. Hence, they constitute very useful tool
in geotechnical design. The analysis must include a conclusion which underlines geo-
technican’s role in the process of layer identification. The goetechnician should decide
which of the parameters should play the main role in formation of homogeneous lay-
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