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ABSTRACT 

Soil stratigraphy includes the demarcation of different soil strata, boundaries, 

lenses, and transitions and is a fundamental first step in geotechrtical site investigation. 

Soil stratification is accomplished using laboratory and in-situ testing methods, such as the 

piezocone penetration test. Piezocone testing provides three separate readings including 

tip resistance (q,), sleeve friction (f.), and pore pressure (ub), and has advantages in site 

investigation because it is fast, economical, and data are collected in the vertical direction 

every 1 to 5 em. The data are functions ofboth soil type and behavior. One of the 

primary applications of piezocone data is to provide preliminary soil identifications based 

on visual examination of different trends in cone data profiles and empirical cone

classification charts. However, the simple visual method is subjective and non repeatable, 

and in some geological conditions, both methods fail to properly indicate major changes in 

soil type and/or behavior. 

A statistical method termed cluster analysis, is introduced in this study to: (1) 

objectively define similar groups in the soil profile, (2) delineate different layer boundaries, 

(3) identifY the lenses and outliers within a sublayer. An interpretation criterion is 

proposed to define subsurface stratification based on piezocone data in terms of 

normalized cone parameters: Q = (q,-aw)lcrw' and B11 = (ub-Uo)/(qt-<rw). Piezocone 

readings are recommended to be standardized using a zscore procedure. For example, 
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zscore ofq, = (q, at a certain depth- average value ofq, readings)/standard deviation ofqt 

readings. The similarity between different attributes is determined using a cosine 

coefficient, and the data are grouped using a hierarchical single link (nearest neighbor) 

technique. A single-cosine-zscore clustering is applied to piezocone parameters from 25 

case studies representing different soil types and geological settings and the results are 

independently verified by available reference in-situ and laboratory data. Cluster analysis 

is able to detect drastic changes within the stratigraphy not evidenced by visual 

examination of the unprocessed or processed data, or other cone data interpretation 

techniques. 
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CHAPTER 1 

INTRODUCTION 

Site characterization is a fundamental step in geotechnical engineering that is 

complex due to the natural makeup, and inherent variability of the soil. The purpose of a 

site investigation is usually to define the following: subsurface stratigraphy, soil types, and 

properties (behavior). Laboratory and in-situ testing are used to determine the 

components of a site investigation. Soil stratigraphy is the focus of this research and 

indicates the depths of soil boundaries, the number of soil types, and the presence of 

lenses, or transitions between layers and outliers. An outliers is defined as a soil 

measurement that do not belong to a specific soil layer and can be different from the whole 

data. Traditionally, geotechnical site investigations have been accomplished using rotary 

drilling, augering, and soil sampling practices. While these are important in a site 

investigation program, they are slow and expensive relative to in-situ methods. 

A relatively newer direct-push technology than boreholes, such as the cone 

penetrometer, offers faster, near continuous, and economical information about the in-situ 

subsurface stratification. Piezocone testing is now routinely performed as part of site 

investigation programs because it provides as many as three separate readings, and screens 

the soil in the vertical direction at short intervals usually between 1 em and 5 em. 

Piezocone data are functions ofboth soil type and soil behavior. 

1 
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In current practice, piezocone results are visually examined to interpret the 

layering in the subsurface profile. The accuracy of this interpretation depends on user 

experience or by referencing to available empirical classification charts. The simple naked

eye inspection is not always satisfactory because it may be subjective and non-repeatable. 

Alternatively, empirical classification schemes are used to delineate different soil strata, 

however they sometimes give erroneous indications of the soil stratigraphies. In some soil 

profiles, there are drastic changes such as plastic clay over lean clay, and insensitive clay 

over quick clay. These variations are neither detected by visual examination of 

unprocessed piezocone data nor by available classification charts. Univariate and 

multivariate statistical methods (e. g., intraclass correlation coefficient and generalized 

distance) have also been tried for demarcation of soil boundaries (Hegazy et al., 1996). 

These too, however, are unable to delineate dramatic soil variations from subtleties in 

certain piezocone data, particularly clay deposits. 

In this research program, a new and powerful statistical method termed cluster 

analysis is applied for analyzing piezocone test data for stratigraphic profiling of 

geomaterials. Cluster analysis has been previously utilized in the areas of medicine and 

biology, for example, for the purpose of classifying different plants and animals in similar 

groups, and adapted in this study for applications to geotechnical data. The developed 

clustering criterion is applied to piezocone data from 25 sites having different soil types 

and geological conditions worldwide. These sites are predominantly clay deposits because 

collecting undisturbed samples in fine grained soils for the purpose of laboratory testing is 
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more feasible than in the case of sandy materials. Therefore, the behavior of clay soils is 

better understood than that of the sand soils. 

The clustering method is able to detect the inherent correlation between the 

independent piezocone test measurements and give an objective indication of a soil 

stratigraphy. The cluster results are verified using backup laboratory and in-situ data at 

the studied sites. In some surprising examples, the cluster analysis is shown to detect vast 

distinctions between adjacent soil layers where no apparent changes are evident by visual 

examination of the cone soundings or by routine processing of cone data. The method can 

serve to scan for potentially dangerous situations or unusual soils, such as cemented 

zones, sensitive clays, quick clay deposits, and the like. 

An overview of the structure of the thesis is discussed herein. A review of 

available methods for site characterization and their limitations is given in Chapter 2 with 

emphasize on piezocone data and cone classification charts. Statistical techniques such as 

the intraclass correlation coefficient and the generalized distance have been used 

previously to delineate different soil layer boundaries. A review of the applications of 

these methods using piezocone data is discussed in Chapter 3. As an alternative and 

improvement to conventional statistical approaches, cluster analysis is introduced in 

Chapter 4 for applications involving geotechnical site chMacterization. Different cluster 

methods are evaluated. Components of cluster analysis are explained and an interpretation 

criterion of clustering piezocone data is developed. 

In this study, clustering is evaluated at 25 sites for which a representative 

piezocone data at each site are divided into numbers of groups between 2 and 100. At 

3 
http://geotill.com/



each site, the statistical subsurface stratigraphy obtained using the cluster technique is 

validated by comparing the obtained primary and secondary layers, and soil lenses and 

outliers with reference laboratory and field tests. Different cluster applications including 

simple examples and a discussion of several factors affecting cluster results are presented 

in ChapterS. The verification of clustering as a powerful statistical tool to detect subtle 

changes in piezocone data where dramatic changes in soil behavior is given in Chapter 6. 

In Appendix A, a summary is given of the piezocone tests performed by the author 

during the term of this study and related field experience. Piezocone data are analyzed at 

three sites having different soil types and geological settings, and the results of different 

clustering techniques are discussed in detail in Appendix B. The growth of cluster 

analyses at 12 sites up to cluster number 100 are summarized in Appendix C. Finally, 

clustering assessment of piezocone data at 10 different case studies is evaluated in 

Appendix D. 
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CHAPTER2 

SOIL STRATIGRAPHY 

2.1. Synopsis 

Soil stratigraphy is a primary step in geotechnical engineering to identify different 

soil strata, their boundaries, and soil lenses and transitions. Soil stratigraphy is usually 

obtained using boreholes, soil sampling and laboratory testing, and/or in-situ testing. In 

this chapter, an overview of borehole and laboratory methods for soil identification is 

discussed. However these methods are slow, expensive and in some soils such as clean 

sands, high quality sampling can be very difficult. Piezocone testing for the purpose of 

geostratigraphy is the focus of this research because it is fast and economical, provides 

near continuous data every 1 to 5 em, and can be performed in different geological 

conditions including clean sands and quick clays where soil sampling is usually difficult. 

Soil stratigraphy can be obtained based on piezocone data using two methods including: 

(1) a simple visual method when different trends ofpiezocone data with depth indicate 

different soil layers, and (2) empirical soil classification charts. The simple visual method 

is subjective and not repeatable and the cone classification charts can not properly indicate 

the subsurface stratigraphy in some geological settings. These methods are reviewed in 

this chapter with a discussion of their limitations. 
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2.2. Soil Stratification Based on Borehole Sampling and Laboratory Testing 

Site investigation usually includes the following steps: visual inspection of the site 

and its topography, reviewing the surficial geology at the site, and finally, direct 

investigation of the subsurface conditions. In most instances, the latter step is achieved by 

drilling boreholes and collecting both push and drive samples to discern the various 

subsurface strata. Soil types and properties are defined both by visual examination of the 

samples and performing laboratory testing. 

Boreholes are usually made by wash, rotary, or auger drilling. Operation details 

and differences between different drilling methods are discussed, for example, by Terzaghi 

et al. (1996). Disturbed samples can be obtained using a split spoon sampler every 1.5 m 

during the advance of a borehole. These soil samples can be used in laboratory index 

tests, for instance, to determine the grain size distribution, water contents, and other soil 

index properties. Undisturbed soil samples may be obtained using thin-walled tube 

samplers (Shelby tube). These samples are commonly used to perform laboratory 

consolidation and strength tests. More details of soil sampling are given, for example, in 

American Society of Testing and Materials (ASTM) guide D-4700, and by McGuffey et 

al. (1996). 

The steps of a typical site investigation program based on borehole sampling and 

laboratory testing are shown in Fig. 2.1. The approximate time needed to complete each 

component in the program is also given. After field drilling operations, soil samples are 

transported to the laboratory for testing to determine their physical and mechanical 

properties. Soil type is the first goal in a geotechnical investigation and can be defined by 
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examining the soils by eye, feeling their texture by hand, smelling their odor (if any), and 

performing simple tests such as consistency. Guidelines for visual soil description can be 

found in ASTM guide D-2488. Then, sieve analyses are performed to obtain quantitative 

information about the percentages of different coarse and fine materials in a soil sample. 

The Unified Soil Classification System (USCS), as per ASTM guide D-2487, is the 

most commonly used approach in current geotechnical practice to define soil types in the 

laboratory. The method is based on two primary indices which include: (1) grain size 

distribution, and (2) plasticity tests (known as Atterberg limits). Casagrande (1948) 

originally developed the uses and indicated that the method uses borderlines to give a 

qualitative definition of the soil type and should be accompanied with other means of tests 

to quantify the engineering soil properties at the expected field conditions. 

According to USCS criterion, the major delineation between fine-grained versus 

coarse-grained soils is defined at a U.S. sieve size number 200, corresponding to, a 

particle size of0.07S nun. Figure 2.2 shows a simplified diagram of the classification 

scheme. Soil particles greater than 0.075 mm are defined as coarse materials (sands and 

gravels), otherwise, they are known as fines (silt and clay sizes). Coarse materials are 

divided into three subgroups based on their fines content. For instance, a soil specimen is 

classified as silty sand (SM) if its tines content is equal to 12 percent to 49 percent, 

although, this is a major disadvantage ofthe uses scheme as explained herein. 

Suppose two adjacent soil specimens where the first sample has S 1 percent sands 

and 49 silts, and the second sample has 49 percent sands and S 1 percent silts. The former 

is classified as silty sand (SM) and the latter is classified as sandy silt (ML), however, their 
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behavior is essentially the same which indicates a disadvantage of the uses procedure. 

Piedmont residual soils is a typical example in which the USeS gives unreliable indices of 

the soil behavior (Sowers and Richardson, 1983). Moreover, soil samples are 

destructured and remolded during the process of laboratory soil classification. As a 

consequence, several important factors are often neglected (Douglas and Olsen, 1981). 

For example, the effects of soil fabric, geologic origin, structure, mineralogy, sensitivity, 

and in-situ state-of-stress are ignored. 

A description of soil color, odor, texture, consistency, structure, and geology is 

combined with the uses results to develop a preliminary model of the site stratigraphy 

with approximate soil boundaries based on borehole information and experience of the 

engineer. On large scale projects, it is possible to perform extensive laboratory tests to 

evaluate detailed soil properties such as permeability, compressibility, and shear strength. 

A more reliable soil characterization is obtained based on both soil type and soil behavior. 

Soil samples always have some degree of disturbance and the field conditions are difficult 

to be completely restored or compensated in the laboratory (Jamiolkowski et al., 1985). 

Certain soils are very hard or impossible to sample, such as in the cases of quick clays and 

clean sands. Recovered soil samples represent only a very small volume of the total 

geologic mass. Therefore, it is necessary that a large number of high quality samples be 

tested in the laboratory to obtain an accurate delineation of the soil boundaries. This is 

not usually feasible in most cases due to high cost and excessive testing times. 
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2.3. Stratification by In-Situ Tests 

In-situ tests, such as the cone penetrometer and flat dilatometer, are relatively 

quick, and economical. In-situ tests can be performed in cohesionless sands in which 

undisturbed sampling is not feasible. Site investigation based on in-situ penetration testing 

is more expedient than using laboratory testing. However, there are a few disadvantages 

to in-situ testing (Jamiolkowski et al., 1985), including: unknown drainage behavior 

especially in mixed soils, uncontrolled boundary conditions, full or partial displacement, 

strain rate effects, and disturbance. As a consequence, most available interpretation 

methods of in-situ testing are empirical due to these limitations. Herein, the piezocone 

penetration test is the focus of this study with particular emphasis on its use to detect 

subsurface stratigraphy, as discussed in the following sections. 

2.4. Cone Penetration Testing 

Piezocone testing provides the most comprehensive logging of soil in the vertical 

direction compared with other available in-situ tests (Wroth, 1984). Soil stratigraphy is a 

primary use of piezocone data, which are affected by both soil type and soil behavior 

(Lunne et al., 1997). In this section, an introduction is given to different piezocone 

terminology. Then, available methods to delineate soil profiles from cone testing are 

evaluated, including: (1) simple visual criteria, and (2) empirical cone classification 

techniques. 

In the standard cone penetration test (CPT}, two stress measurements are obtained 

including: (l) cone tip resistance (qc), and (2) sleeve friction (f.). Testing procedure are 
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given by ASTM guide D-5778 and Lunne et al. (1997). The cone is designated as 

piezocone penetrometer test (PCPT) when a third channel, penetration porewater pressure 

(u), is recorded. The piezocone measurements improve the exploration of minor 

geological variations within a soil layer such as sand lenses within a clay deposit which 

may have a major effect on the drainage behavior of the stratum. 

A schematic diagram of a piezocone indicating alternative porous element location 

is shown in Fig. 2.3. The penetration pore pressure has been measured at one or more of 

three locations: (1) the cone face (u1 = u,), (2) behind the tip at the shoulder position (u2 = 

Ub), and/or (3) on the shaft behind the sleeve (u3) as proposed by Campanella and 

Robertson (1988). 

The water pressure has an effect on both the unprocessed qc and f. readings due to 

the effect of unequal areas of the cross section of the cone at different locations as shown 

in Fig. 2.4. For all types of cones in practical use, the recorded tip resistance qc is smaller 

than the actual intended value and the sleeve friction is larger than the true value (Senneset 

et al., 1989). Robertson and Campanella (1983) gave the correction of the tip resistance 

qc as follows: 

(Equation 2.1) 

where qt is the corrected tip resistance, aa = AJ Ac is the net area ratio, ~ = xd2/4 is the 

cross-sectional area of the load cell or shaft, and Ac = xD2/4 is the projected area of the 
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cone as shown in Fig. 2.4. Lunne et al. (1997) gave the correction of the sleeve friction as 

follows: 

(Equation 2.2) 

where A., and A.r. are the cross sectional areas of the friction sleeve at the bottom and the 

top, respectively, and A. is the friction sleeve surface area (see Fig. 2.4). 

Robertson et al. (1986), experimentally showed that the filter location and soil type 

affects the magnitude of porewater pressure measurements. Theoretical studies by 

Levadoux and Baligh ( 1986) also showed these differences. The maximum pore pressure 

measurements are on the cone face where there are maximum compression stresses. That 

is, llt measurements are always positive. At the shoulder position above the cone and 

behind the sleeve, there is normal stress relief and large shear stresses. The increase of the 

normal stresses in saturated soils produces positive pore pressure, however the 

contribution of the shear stresses in Ub measurements might be positive or negative based 

on the dilatancy of the soils. Therefore, measured porewater pressures can be positive or 

negative at the shoulder position (ub) and behind the sleeve (uJ). 

In the case of normally-consolidated to moderately overconsolidated fine grained 

soils and loose silts and sands, porewater pressures measured on the cone face and 

shoulder are positive due to contraction of the soiL In the case of heavily 

overconsolidated clays and dense silts and sands, porewater pressures on the cone face are 
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also positive due to soil compression. However, excess pore water pressures (penetration 

pore pressure minus hydrostatic pressure) at the shoulder and shaft positions are negative 

due to soil dilatancy and/or fissuring {Mayne et al., 1990). In all cases, u, is greater than 

Ub which is greater than u3• According to Campanella and Robertson (1988) and Lunne et 

al. (1997), the recommended porous filter position is at the Ub location for these reasons: 

(I) the filter is less exposed to damage or wear and its compressibility has less effect on 

the measurements, (2) the shoulder readings are necessary to convert measured tip 

resistance Qc to corrected resistance q,, and (3) during a dissipation test, measured pore 

pressure is less affected by the hydraulic pressure on the rods. However, in the case of 

highly dilatant soils (where Ub < 0}, a filter at the face location (i.e. u,) is better for 

indicating the soil variation in certain soil stratigraphy and because the Qc ~ q, correction 

is not significant for these soils (Mayne et al., 1990). To accommodate all possible cases, 

Juran and Tumay (1989) recommended the use of a dual-element cone with simultaneous 

measurements both on the cone face and shoulder. 

In this study, ub data are considered the reference piezocone measurements and 

therefore used in the statistical analysis. The effect of alternatively using face pore 

pressure data (u,) on the clustering of data is explained later for comparative purposes. 

2.5. Subsurface Stratification Using Piezocone Data 

Piezocone tests are used to demarcate layering in the soil profile in the vertical 

direction. A subjective soil stratigraphy is thus obtained based on visual inspection of the 
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piezocone data or through use of empirical CPT classification charts. Both criteria are 

evaluated herein. 

2.5.1. Visual Method 

A simple stratigraphic technique is to interpret the variation of a vertical piezocone 

profile by eye. In order to illustrate this technique, piezocone data at Amherst, 

Massachusetts (this study) and soil stratigraphy from boreholes (Lally, 1993) are shown 

on Fig. 2.5. The soil consists of a 2-m silty clay fill, 2-m sandy silt crust, and 1-m varved 

silty clay underlain by soft normally consolidated varved clay to the termination depth of 

14.5 meters. By examining the trends of the vertical profiles of the corrected tip 

resistance qt and the sleeve friction f., four different groups of data are detected. The 

visual boundaries are approximately defined at depths of2.0 m, 4.0 m, and 5.5 m which 

are in good agreement with the borehole boundaries. The Ub measurements are negative 

down to 2.6 m and not able to detect the difference between the fill and the crust during 

the penetration above the groundwater table (GWT). The porous element may have, in 

fact, become desaturated in this zone which caused a delay in the pore pressure transducer 

response beneath the groundwater table. A variation of the Ub trends is observed at a 

depth of 4 m which indicates the boundary between the crust and the varved clay. 

Therefore, qt and f. profiles are able to allocate the variation within a clay profile, but a 

primary soil boundary is missed using the ub profile due to desaturation effect. Note also 

the decays at approximate I m intervals during stops in penetration in order to place 

additional rods. 
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Another example of visual-based stratigraphic profiling is via the piezocone data at 

McDonald's Farm, south ofVancouver, British Columbia (Robertson, 1982), as shown on 

Fig 2.6. The soil profile consists of a 2-m of soft clay and silt layer, 11-m of loose to 

medium coarse sand, and 2-m of silty sand underlain by 15 m of soft clayey silt extending 

to the termination depth of the sounding at 30 meters. Four layers are evident looking at 

the vertical profiles of the corrected tip resistance q~, sleeve friction f., and pore pressure 

\4. The soil boundaries are almost at depths of 2 m (between the upper soft clay and silt 

layer and the sand layer), 13 m which indicates the top of the silty sand layer, and 15m 

where the soft lower clay layer starts. The defined soil boundaries are supported by the 

reference soil stratification as obtained from adjacent soil test borings and shown on Fig. 

2.6. Therefore, the piezocone data are able to detect successfully the differences between 

sands, clays and mixed soils, as well as the layering sequence and depths of their 

interfaces. 

In some cases, the piezocone data have only subtle changes, whereas actually 

dramatic changes occur within the soil profile. For example, Fig. 2.7. shows 

representative piezocone data and borehole stratigraphy from Masood et al. (1990) at 

Drammen, Norway (Lacasse and Lunne, 1982). The soil deposit consists of silty clay 

between the depths of 4 m arid 5 m and plastic clay between the depths of 5 m and 10 m 

underlain by a lean clay down to a depth of 16 m. By visually inspecting the vertical 

profiles of the tip resistance q, and the sleeve friction f., one possible interpretation is made 

by the author as follows: a soil boundary located at 12m where there is a slight decrease 

ofboth readings. Looking at the pore water pressure U&, a possible soil boundary is 
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indicated at a depth of 13 m. Therefore, the major change in the soil plasticity and 

strength (discussed later in this report) at a 10-m depth is not seen by naked-eye. 

2.5.2. Profiling Stratigraphy Using Cone Classification Charts 

Cone measurements have been used to develop empirical classification charts, such 

as those presented by Begemann (1965) and Searle (1979). Table 2.1 summarizes these 

methods based on electrical cone data. Unprocessed, partially processed cone data, and 

normalized parameters are correlated with different soil types. A discussion of their 

different forms is included herein. The cone tip resistance increases by increasing the size 

of soil particles from fine grained soils to coarse grained soils. The tip resistance increases 
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Table l.L Summary of Available Soil Classilicatioo Methods Usiog Cooe Data. 

Used data Reference Remarks 
Clcandf; Fugro symposium • Correlates a soil type with percentage of panicles less 

(1972)0) than 16 microos. 
C1c and I; I C1c Douglas and Olsen • Din:ctioos of increase of fine contents. particle size, 

(1981) void ratio (eo). liquidity index (LI). and in-situ stress 
parameter (K.,) are given. 

(Cic-cJ..,)/CJ.., and (Ub- Jones et al. (1981) • Based on data in oatural soil deposits and mine 
Uo)/Uo tailings. 

• cr.., = total vertical stress 

• Uo = hydrostatic pore pressure 
(q,- cr..,) and (Ut. -Uo) Jones and Rust • A description of fme grained soils coosistency and 

(1982) coarse soils deosity is given. 

Clc and fJCic Robertson and • The method only identifies the soil type but not the 
Campanella (1983) soil behavior. 

ub-u Senncset and Janbu • A description of fine grained soils coosistency and 
~andBq= 0 

(1985) coarse soils deosity is given. qt -C'vo 

q" fJq" and Bq Robertson et al. • Directions of increase of seositivity. overconsolidation 
(1986) ratio (OCR). relative deosity (D,) and e., are given. 

q,andBq Parez and Fauriel • A description of fine grained soils coosistency and 
(1988) coarse soils deosity is given. 

Clc and fJCic Erwig (1988) • The method gives a description of fine grained soils 
consistency and coarse soils density. 

q - qc: and 
Olsen and Malone • This iterative method gives a guideline of soil 

c:l- ( ')D (1988) plasticity. overconsolidation ratio. metastable C'vo 

fs I avo' 
condition and sensitivity. 

FRt= • where n = 0.6 for sands. 0.8 for silts and 1.0 for clays. 
qc: I (avo ')a • CJvo' = Effective vertical stress • 

~andBq Senncset et al. • The method gives a description of fine grained soils 
(1989) consistency and coarse soils density. 

Q = qt -avo B Robertson (1990. • The method gives an indication of the soil behavior 
I > q 1991)(2) including age. cementation. OCR. '' and seositivity. C'vo 

and F= fs 
qt -C'vo 

q,/(y., h) and Chang-hou et al. • An indication of OCR and soil sensitivity is given. 

B - (ub -uo) (1990) • y., = water unit weight. and z = the depth of a q, 
p- qt -ywh reading from the ground surface. 

Q(1 - Bq) and F Jefferies and Davies • This method gives an indication of the soil plasticity. 
(1991) dilation. sensitivity and OCR. 

Method A; Larsson and ! Method A is for fme grained soils and method B is 
qiD = (q, -cr..,) and Bq Mulabdic (1991) for all soils. 
M~odB; • Method A gives an indication of OCR. soil 
'ltD and consistency and seositivity of fine grained soils. 
(1/Bq -f/CJ.., ') • Method B gives an indication of the consistency of 

fine grained soils and deosity of coarse soils. 
{IJ . • (lJ . 

As referenced by Delft soil mechanics laboratory (1985). Cued an Wroth (1988) fust. 
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Table 2.1. (Cont'd) Summary of Some Soil Classification Methods Using Cone or Piezocone Data. 

Used data Reference Remarks 
q" Bq, and tso ]ian et al. (1992) • This method uses information of pore pressure 

dissipation tests which are usually available at few 
depths. 

• t50 = the time required for SO % dissipation of the 
excess pore pressure. 

Qcl and~/qc Olsen and Mitchell • This iterative method gives a guideline of soil 
(1995) plasticity, overconsolidation ratio, metastable 

condition and sensitivity. 
Soil index u = f(x,y), Zhang and Tumay • Indicates a significant overlap between adjacent soil 
and (1996a,b) types. 
in-situ state index V • X= 0.1539 (fJQc) + 0.8870 log (qc)- 3.35 
= f(x, y) • y = -0.2957 (fJqc) + 0.4617log (Qc)- 0.37 

with depth in the same soil layer due to the effect of the total and vertical effective stresses 

and this explains the scatter plot of the cone data representing the same soil 

type(Robertson et al. 1986). To reduce this effect, the total vertical stress is substracted 

from the tip resistance at the 541.me depth which is termed as net tip resistance = qt-<Jvo. 

Wroth (1988) recommended a normalized tip resistance parameter Q = (qt-crvu)lavo' as a 

function of soil shear strength and overconsolidation ratio for the estimation of soil 

behavior. The derived normalized parameter (Q) reduces the scatter effect (Robertson, 

1990). This parameter is also justified using limit equilibrium and cavity expansion 

theories (Olsen, 1994). Moreover, Olsen (1994) recommended to normalize the tip 

resistance with respect to the vertical effective stress [ qc1 = qJ( O'vv 'tl based on the stress 

focus concept which is defined as the intercept of different qc profiles of different soil 

types with depth at a very large vertical effective stress. The stress exponent (n) is defined 

as the slope of the trend of log qc profile with respect to log effective vertical stress. The 
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stress exponent is approximately equal to 0.6 for sands and 1.0 for clays. However, the 

stress exponent should be assumed at the beginning and a representative value of a soil 

type can be obtained by performing 3 to 9 iterations (Olsen and Mitchell, 1995). Also, the 

tip resistance is not corrected which is significant in the case of identifying nonnally to 

moderately overconsolidated clays. 

The sleeve friction readings usually follow the trend of qc: readings with depth as 

shown in Figure 2.6. Therefore, using t; may not indicate additional information about a 

soil type identified based on just qc: readings. However, the friction ratio (FR = fJqc:) is a 

better parameter to use with qc: measurements because a higher FR indicates a fine material 

and a lower FR indicates a coarse material. For example at McDonald's Farm test site, 

the average FR in the upper sand layer is equal to 0.4 percent and the average FR in the 

lower clay layer is equal to 1.6 percent. Olsen and MaHone (1988) indicated that both the 

tip resistance and the sleeve friction were functions of the vertical effective stress and 

recommended to use the ratio of the normalized qc: and t; [FR1 = (fJcrvo')/ (qJ(crvo't] based 

on the stress focus concept. However, n should be assumed and the tip resistance is not 

corrected. Wroth (1988) proposed a friction ratio parameter [F = fJ(q,-avo)] for soil 

interpretation based on piezocone data. The excess pore pressure (u&-Uo) is normalized 

with respect to Uo to reduce the scatter of the data representing the same soil type, due to 

the increase ofu& with the vertical effective stress (Jones et al., 1981). Wroth (1984, 

1988) recommended the normalized pore pressure parameter [Bq = (u&-Uo)/(q,-a,.,)] as a 

direct function of the overconsolidation ratio to estimate soil behavior based on piezocone 
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data. Houlsby (1988) proposed to combine Q and Bq in one parameter [Q(1-BJ-l = (ql

Ut,)/aw'] as a direct function of the overconsolidation ratio. Jefferies and Davies (1991) 

used [Q(1-Bq)] as a cone parameter for identification ofboth soil type and behavior. 

A major advantage of using the cone data to identify the soil as compared with 

other methods such as uses is that they are functions ofboth soil index and behavioral 

properties under field conditions (Mayne et al., 1995; Lunne et al., 1997). Moreover, the 

cone data can identify a quick variation of the soil type. For example, two soil layers 

consisting ofidentical45 percent sands and 55 percent clays with two different 

compositions as follows: (1) the sands are deposited interchangeably with the clays, and 

(2) the clays and the sands form a homogeneous deposit as depicted in Fig. 2.8. The 

visual inspection of the two soil samples can help to identify the difference in their soil 

compositions. Using the USeS indicates identical two deposits of sandy clay. However, 

the cone measurements can clearly indicate the major differences between the two deposits 

as follows: in the case of deposit ( 1 ), the troughs of the penetration pore pressure identify 

the locations ofthe sand seams interbedded within the clay, and in the case of deposit (2), 

the smoothness of the profiles ofboth cone records implies the homogeneity of the soil 

mixture. De Ruiter (1982) noted that the porewater pressure measurements can indicate 

soil lenses in the order of the thickness of the porous element (approximately 5 mm or 0.1 

times a cone diameter). Note also for deposit A that Qc: readings have more variability of 

that of qc of deposit B which is an indication of the soil variability of the former deposit. 

However, there are no sharp peaks in the Qc profile of deposit A at the positions of the 

sand seams because Qc: readings are affected by both soils above and below the cone tip. A 
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transition zone of 10 to 20 times the diameter of the cone is required in order to get a full 

response of qc:: at a boundary between two soil strata (Robertson and Campanella, 1989). 

This facet is discussed in more detail later in this chapter. 

Figure 2.9 summarizes different factors affecting the cone measurements. 

therefore. classification methods based on cone data give an indication of the soil 

behavior. For example. Vlllet and Mitchell (1981) conducted 80 cone penetration 

soundings in sand deposits prepared in chamber tests. The sand used was composed 

mainly of quartz and feldspar grains. The tip resistance was found to be a function of the 

void ratio or relative density. the particles size. and the state of stress including the vertical 

and horizontal effective stresses. 

In all classification schemes. empirical boundaries are identified between data 

groupings of different soil types. For instance. a soil classification chart (Robertson et al., 

1986) is shown in Fig. 2.10 in which the tip resistance q, and the friction ratio FR (f.lq,) 

and the normalized pore pressure parameter Bq = (ub-Uo)/(q,-crvo) are used. A subsurface 

stratification can be obtained by plotting measured cone data on a classification chart. The 

elevations of the boundaries between different soil layers are approximately equal to the 

depths of the data at the empirical borders between different soil-type groups. Therefore. 

a preliminary vertical subsurface profile can be identified including information of the soil

type and behavior. In the next section. limitations of available CPT classification 

techniques are discussed. 
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2.6. Limitations of Classification Methods Using Cone Data 

a 

The proposed classification methods in Table 2.1 have limitations due to the 

following items: limited size of database, different equipment and testing procedures, and 

soil transitions and lenses neglected in interpretation. 

2.6.1. Limitations Due to Size of Database 

Each of the soil classification methods are limited to the geological origins of the 

specific cone database used for their development. For instance, the method by Douglas 

and Olsen (1981) represents observed soil behavior in the Western United States. The 

method by Larsson and Mulabdic (1991) represents a summary of soil behavior in Swedish 

28 
http://geotill.com/



plastic and organic clay soils. Therefore, there is no one universal method that can be 

used in all geological conditions. Robertson et al. (1986) recommended that the method 

be appropriately modified to local experience. Certain soil properties are neglected during 

the development of the proposed classification methods. For instance, the soil density is 

not implicitly included in the Robertson {1990) chart therefore a loose sand layer might be 

indicated as silty sand or sandy silt. 

In some early methods, the measured data (specifically, qc) were used without 

correction for porewater pressure effects (e.g., Lunne et al., 1986). This error can be 

significant, especially in normally to moderately overconsolidated clay soils (Robertson 

and Campanella, 1989). The proposed indirect CPT methods are also limited to a certain 

depth of a sounding, for instance, the Olsen and Mitchell (1995) method is limited to a 

depth equal to 40 m, which is a common terminal depth of a cone sounding in the United 

States. Therefore, these methods should be used only as a preliminary guideline of soil 

type in a site investigation program (Lunne et al., 1997). 

2.6.2. Limitations Due to Equipment and Test Procedure 

In cone penetration testing, there are limitations attributed to the design of the 

cone and its manufacture which affect the repeatability of the data and cause systematic 

errors. For example, Lunne et al. (1986) quantified the accuracy and repeatability offour 

piezocone measurements (qt.£, u, and ub) at a relatively homogeneous soft clay deposit at 

Onsoy test site, Norway. The data were collected using 14 cone types belonging to 

different organizations. The cone tip resistance and the sleeve friction data were corrected 

29 
http://geotill.com/



to account for the thermal and pore pressure effects. The data were corrected using 

equations 2.1 and 2.2 to compensate the effect of the pore pressure and also the thermal 

zero shift which changed the output signals at zero load were substracted from Qc and f. 

readings. The variability of the q, readings were significantly reduced, however, theft data 

were still dispersed and their reliability was questionable. The vertical profiles of 

penetration porewater pressure indicate better repeatability than that of q, and ft at each of 

the filter positions u, and U&. Note that the inherent soil variability at different test 

locations could also contribute to cone measurements and affect their repeatability. 

The coefficient of variation (COV) was calculated for each cone measurement 

collected using a certain cone at a defined depth interval (Lunne et al., 1986). Then the 

COVs using the 14 cones were compared at the same depth interval. The coefficient of 

variation of q, readings was between 1 and 10 percent. The pore pressure readings using 

different filter locations indicated more repeatability and their COY was less than 5 

percent. However, the corrected sleeve friction readings showed the least repeatability 

and their COV was as high as 32 percent. A similar evaluation was conducted by Lunne 

et al. (1986) at Haga clay test site, and Holmen sand test site, Norway. At both sites, the 

sleeve friction was less reliable and repeatable compared with the tip resistance and pore 

pressure. 

Tanaka (1995) performed a similar study in Japanese soft clay using 8 different 

cone penetrometers, all available commercially. The readings of q, and U& indicated much 

more repeatability than the f. readings as depicted in Fig. 2.11. The differences between q, 

measurements were attributed to the thermal effect which can vary from a cone to another 
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and the ambient temperature conditions for different tests. The differences between the U& 

measurements were due to the locations of the filter which varied between 7 mm and 31.1 

mm above the cone and also due to different thickness and material of the filters. 

However, very large scatter was observed in t; readings which were measured very close 

to the lower level ofthe capacity of a sleeve friction transducer. Therefore, the fluctuation 

of a transducer response within its tolerance might have significantly contributed to the 

variability of the sleeve friction measurements. Using sleeve friction t; readings that 

depend on the specific commercial cone type adds uncertainty to the soil classification 

interpretation. Therefore, f. measurements have been excluded, in general, from the 

reminder ofthis study so as to not to affect the objectivity of a defined soil stratigraphy. 
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Figure 2.11. Reliability ofPiezocone Measurements in Soft Oay Deposit in .Japan 
Using 8 Different Cones (Data from Tanaka, 1995). 
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Systematic errors affecting the cone measurements are due to three primary factors 

summarized herein: (1) Small scale variation which means that a geological evidence might 

be missed if the cone data are measured at relatively large intervals. Therefore the 

frequency of collecting the data should be taken as high as possible. In most practical 

applications, the piezocone data are obtained every 1 to 5 em; (2) Procedural errors due to 

frequent stops to add cone-rods could result in spikes in the pore pressure profile due to 

dissipation towards the hydrostatic pressure, although, the readings of qc and f. could 

slightly decrease due to the stress relief on the cone-rods. These errors should be carefully 

removed from the data because a true geological evidence might be missed; (3) Electrical 

noise depends on the accuracy of the load cells used in the cone to measure different soil 

stresses and the location of magnifying the data whether inside the cone or at the ground 

surface. The effect of the electrical noise can be reduced by: (a) Using high resolution 

load cells with minimum fluctuation ranges, and (b) amplifying the cone records inside the 

cone especially in the cases of deep soundings, and penetration in soft clays; and ( 4) 

Measurement error sources were summarized by Post and Nebbeling (1995) as follows: 

penetration depth and verticality, calibration uncertainty, geometrical variation, errors in 

load transfer, eccentric loading, and temperature. The effects of the measurement errors 

can be minimized by taking extra care of the cone operation and maintenance as 

summarized by LuMe et al. (1997). 

In piezocone tests, the filter material can affect the pore water pressure 

measurements due to squeezing, clogging or abrasion (Robertson and Campanella, 1989). 

The chosen filter should have an adequate permeability. Its permeability should be high 
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enough to allow a fast response of the pore pressure transducer. It also should be low 

enough to resist clogging due to the entry of soil grains and air, and maintain saturation. 

The filter can be made of sintered bronze, carborundum, ceramic, plastic, teflon, or 

stainless steel (Bums, 1997). For example, hard plastic elements are usually suitable for 

use in coarse soils and show minor wear. However they can be squeezed in case of dense 

soils especially at the apex location and their compression can generate a high positive 

pore pressure (Campanella and Robertson, 1988). A ceramic filter is more brittle than the 

plastic and stainless steel filters and can be damaged during penetration in dense sands. 

The stainless steel elements can be clogged due to abrasion during penetration of a dense 

sand layer. Plastic elements were used by the author during the term of this study and 

they gave satisfactory results in different soil types including clays, silts, sands, and soil 

mixtures. The filters should be fully saturated to obtain reliable pore water pressure 

readings. Water, silicon, or glycerin can be used to saturate the filters (Campanella and 

Robertson, 1988). 

The cone size has some effect on the collected piezocone data. Two sizes 

including 10-cm2 and 15-cm2 cones are now common in geotechnical practice (Lunne et 

al., 1997) and permitted by ASTM guide D-5778. The scale effect of the cone dimensions 

on Qc, f., and/or ub measurements has been studied previously. De Ruiter (1982) and Lima 

and Tumay (1991) suggested no significance difference in Qc readings collected using 10-

and 15-cm2 cones. Juran and Tumay (1989) found no significant difference in Qc and Ub 

but indicated a possible 20 % increase in f. by using a 1 0-cm2 base cone instead of 1 S-cm2 

base cone. Moreover, Hegazy et al. (1996) confirmed that the cone size has a negligible 
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influence on the spatial analysis ofpiezocone data using geostatistical analysis. For 

example, two cone soundings perfonned by the author in Piedmont residual soils in 

Atlanta, Georgia are shown in Fig. 2.12. The two soundings were separated by a distance 

of 2 meters. The data were collected using a Hogentogler electronic 1 O-cm2 cone and 

Fugro electrical 15-cm2 cone. In the case of the electronic cone, the signals were 

magnified by an amplifier in the cone before they were transferred to the data acquisition 

system at the ground surface through a cable. In the case of electrical cone, the volt 

readings were amplified at the ground surface after traveling through a cable between the 

cone and a data acquisition system. The electronic noise due to carrying the recorded 
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Figure 2.12. A Comparison between Electronic l0-cm2 and Electricall5-cm2 

Piezocones in Piedmont Residual Silts and Sands in Atlanta 
Georgia (Data from This Study). 
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electrical signals through the cable has usually less effect on the measured data in the 

electronic cones than in the electrical cones especially in soft soils. 

The coefficient of variations (COV) are less than 8 percent7 10 percent and 3 

percent for qc, t; and Ub readings at different depths which indicates a similar variability of 

both q, and t; readings and a relatively better repeatability of pore pressure readings. The 

ranges of coefficient of variations of q, and Ub readings are in agreement with those 

indicated by Lunne et al. (1986) for data collected using 14 different cones at Onsoy, 

Norway. However, the range of the COV oft; readings using Hogentogler and Fugro 

cones is much less than that determined by Lunne et al. {1986) at three Norwegian sites. 

Sowers and Richardson (1983) indicated a drastic heterogeneity in the Piedmont residual 

soils which could contribute to the difference between the two cones readings presented 

herein in addition to cone-type and size. 

2.6.3. Soil Transitions and Lenses 

Available classification methods for the CPT are unable to categorize soil 

transitions and lenses. The soil interface above and below the tip affects qc readings 

(Mitchell and Brandon, 1998). Treadwell (1976) and Schmertmann (1978a) found that 

the full response of qc in a chamber test pushing the cone from softer to stiffer soil can be 

obtained in a distance equal to 10 to 20 times the diameter of the cone as depicted in Fig. 

2.13. However, in the case of moving the cone from stiffer to softer soils, the full 

response of qc can be obtained in a distance smaller than 10 times the diameter of the cone 

as shown in Fig. 2.13. 
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Campanella and Robertson (1989) noted the scale effects using 10-cm2 and 15-cm2 

cones on qc: readings at a transition zone. Using a 15-cm2 cone, the peaks of qc: at stiff 

lenses were not completely retrieved, but the troughs of qc: at soft lenses were reproduced 

Vreugdenhil et al. (1994) used an elastic analysis to quantify the transition zone between 

two layers. A correction was proposed for the tip resistance measured in a transition zone 

between two soil layers as shown in Fig. 2.14. The full response ofqc: was found to be a 

function of the ratio of the modulus of the two soils. The greater the stiffness ratio of two 

layers, the thicker the transition zone between them. Transition zones are generally hard 
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Figure 2.13. Transition Zone of the Cone Tip Resistance Between: (I) Soft 
Layer above StifTLayer; (II) StifTLayer above Soft Layer. 
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to quantify because they are based on soil types and stiffitess, and cone size. Therefore, 

they are not considered in the available classification methods. 

Juran and Tumay (1989) noted that existing classification methods are based on 

piezocone data collected in thick layers. Consequently, these methods should be used 

cautiously to identify thin layers of sands or clays within thick strata of clays or sands, 

respectively. The difference between the pore pressure measured at two or more positions 

was suggested to be included to improve the existing classification techniques to avoid the 

effect ofboundary drainage conditions. For example, Juran and Tumay (1989) noted a 

major difference between pore pressure readings in a thick sand deposit and thin sand 

inclusions within a clay layer. Moreover, information from dissipation tests at different 

depths would help also to verify the identity of different soil types. This was also 

recommended by Senneset et al. (1989), Robertson (1990). Iian et al. (1992) used the 

time required for SO percent dissipation of the penetration pore pressure at different soils 

in their classification scheme. 

The most common cone classification methods used in 32 countries worldwide are 

summarized in Table 2.2 based on their national reports which were published in 

Proceedingsofthe International Symposium on Cone Penetration Tests (CPT '95). The 

classification methods proposed by Robertson et al. (1986) and Robertson (1990,1991) 

are the most popular in use in current geotechnical practice. The two methods are 

predominantly utilized in 9 countries including Brazil, Canada, China, Iceland, Japan, 

Norway, Poland, Singapore, Malaysia, Spain, Switzerland, Turkey, and United States. 
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Table 2.2. Cone Oassification Systems Used in Different Countries Summarized 
from CPT'95 Proceedings. 

Country Cone classificatioa method(s) Cone data 
Australia Cone charts based on Qc and FR such as Douglas and QcandFR.* 

Olsen (1981). and Robertson et al. (1983). 
Brazil Robertson et al. (198§) Qr. FR.andBa 
Canada Robertson et al. (1986) q ... FR. and Bq 

Robertson (1990,1990 Q. BaandF 
China Robertson et al. (1986) Q~o FR.andBa 
Denmark Jorgensen and Denver (1987) QcandFR.* 

Luke (1994) Qc and FR.• 
Egypt Sabri and Dakhli _(_1995), mechanical cone Qc and FR.• 
Finland Halkola and Tornqvist (1995) Qc 
France Parez and Fauriel (1988) ql and Ba_ 
Germany Begemann (1965), mechanical cone Qc and r. 
Iceland Robertson (1990.1991) Q.BaandF 
India Mahesh and Vtkash (1995) Qc 
Lithuania Funnonavicius and Dagys (1995) Qc 
Malaysia Robertson (1990.1991) Q. Ba andF 
Republic of Ireland Douglas and Olsen (1981) QcandFR.• 

Jones and Rust (1982) (q,-a..,) and (llb·Ua) 
Robertson et al. (1983) Qcand FR.* 
Senneset and Janbu {1985) qt and Ba 

Italy Direct inspection of the pore pressure measurements. in Qc. FR.. and llb 
addition to cone chans based on Qc and FR. such as 
Douglas and Olsen {1981). and Robertson et al. (1983). 

Japan Robertson et al. {1986) q, and FR. 
Senneset and Janbu (1984) Qh llb 

Netherlands Computer code: UNICLASS (Peuchen et al .• 1995) Qc and r. 
New Zealand Douglas and Olsen (1981) Qc and FR.· 

Jones and Rust {1982) {qt-a..,) and {llb-Ua) 
Robertson et al. (1983) Qc and FR.· 
Senneset and Janbu {1985) qt and Ba 

Nigeria George and Ajayi (1995) FR.• 
Norway Senneset et al. {1989) qtandBq 

Robertson et al. (1986) Qt. FR. and Bq 
Robertson (1990.1991) Q.BaandF 

Poland Olsen and Malone ( 1988) Qcl and FR., 
Senneset et al. {1989) q,and Bq 
Robertson {1990.1991) QandBaandF 

Romania Marcu and Culita (1995) Qc 
Russia Trofimenkofet al. (1995) Qc 
Singa!)Ore Robertson (1990,1991) Q. BaandF 
Slovenia Robertson and Campanella (1983) QcandFR.* 
Spain Robertson and Cam~ella {1986) qt and FR. 
Sweden Larsson and Mulabdic (1991) Qr. ft. llb and Ba 
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Table 2.2. (Cont'd) Cone Oassification Systems Used in Different Countries 
Summarized from CPT'9S Proceedings. 

Country Cone classification method(s) Cone data 
Switzerland Rcbertson ct al (1986) qb FRandBq 

Rcbertson (1990,1991) Q, BaandF 
Turkey Robertson and Campanella (1986) Q~o FRandB"' 
United Kingdom Douglas and Olsen (1981) 

Jones and Rust (1982) 
Robertson et al. (1983) 
Senneset and Janbu (1985) 

United States Robertson et al. (1986) 
Robertson (1990.1991) 

Vietnam Tuong et al. (1992) 

~ 
Qc = cone tip resistance 
Cit = corrected cone tip resistance 
t = sleeve friction 
~ = corrected sleeve friction 
Uo = penetration porewater pressure behind the tip 
FR • = friction ratio = fJqc 
FR = friction ratio = fJq, 
a.., = total vertical stress 

QcandFR• 
(q,~ ... ) and (Uo-u..) 
QcandFR• 
QrandB"' 
qb FRandBq 
Q. BaandF 
Qc 

a..,' = effective vertical stress 
Uo = hydrostatic pore\\-ater pressure 
Q =normalized tip resistance= (q,-<:r..,)/a..,' 
F =friction ratio= f'J(q,-<:r..,) 
Bq =normalized pore pressure= (Uo·Uo)/(q,-<:rvo) 
Qc1 = normalized tip resistance = qJ( aoro't 
FR1 =friction ratio= (fJa..,')/[qJ(a.., 'tl 
n = 0.6 for sands. 0.8 for silts and 1.0 for clavs 

Note that some countries are using both methods such as in Canad~ and the United 

States. The Robertson et al. method (1986) was based on the corrected cone tip 

resistance q" the friction ratio FR = f/q" and the normalized pore pressure parameter Bq. 

The Robertson charts ( 1991) were developed using the normalized cone parameters that 

were recommended by (Wroth, 1984 and 1988; Jamiolkowski et al., 1985; Houlsby, 1988; 

Robertson, 1990; Mayne, 1991) for soil behavior interpretation based on piezocone dat~ 

and defined as follows: 
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Nonnalized tip resistance parameter Q = q 1 -avo 
avo' 

ub -u 
Normalized pore pressure parameter Bq = 0 

qt -avo 

fs Friction ratio F = ---=--
qt- avo 

(Equation 2.4) 

(Equation 2.5) 

(Equation 2.6) 

where aw is the total vertical stress, aw' is the vertical effective stress, and Uo is the 

hydrostatic pore water pressure. 

Therefore, the Robertson technique ( 1991) is chosen to detect the subsurface 

stratification of the studied sites in this report (Chapters 4 and 5). For example, piezocone 

data at Drammen, Norway (see Fig. 2. 7) are examined. The derived normalized 

parameters Q and Bq are shown in Fig. 2.15. The soil is classified as one clay unit and the 

major changes in the soil plasticity at a depth of I 0 m are not recognized. Therefore, a 

more objective method is needed to quantify a soil stratigraphy at a certain site. The 

technique of cluster analysis is introduced in this study. 

2.7. Summary and Conclusions 

In this chapter, different laboratory and in-situ methods for delineating the vertical 

layering and subsurface stratigraphy in soil exploration were evaluated. A common 
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method is to conduct borehole soundings and extract soil samples to be tested in the 

laboratory. However, soil sampling is usually discrete and intermediate information about 

the soil is missed. Performing extensive laboratory studies are often time-consuming and 

expensive. 

In-situ tests including the cone penetration test are quick, continuous, and 

economical. Using cone testing, a larger volume of soil is investigated in its field 

conditions compared with laboratory testing. Therefore, cone testing has become a 

routine tool in current geotechnical practice and its primary use is for soil stratification 

using visual methods and/or cone classification schemes. Available cone soil classification 

methods and their limitations have been reviewed in this chapter. The readings of the 

sleeve friction channel were excluded from the scope of this study because they were 

shown by previous studies to be more dependable on the penetrometer-type and 

manufacture than those the tip resistance and pore pressure. In some geological settings, 

the simple visual method and/or the empirical cone classification approaches can not 

detect subtle changes in the cone data and major changes in the soil profile can be missed. 
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CHAPTER3 

STATISTICAL IDENTIFICATION OF SOIL LAYER BOUNDARIES 

3 .1. Introduction 

A primary goal of a site investigation program is the delineation of subsurface 

stratification and soil type. Statistical approaches provide an objective and repeatable 

systematic technique for defining layer boundaries and the detection of small lenses and 

inclusions. The definitions of different statistical terms are given in Table 3 .1. Statistical 

Table 3.1. Definitions or Statistical terms, Modified after Lacasse and Lamballcrie (1995). 

Statistical Term Definition 
Autocorrelation Description of the correlation of the residuals about a trend in a certain distance. 
function 
FilterinJt RemovinJt elements from the raw data that indicate small inhomogeneties or errors. 
Generalized A multivariate similarity measurement between two groups of data. 
distance 
Histogram Graphical ~resentation of measurements frequency in a certain range. 
Hierarchical cluster A method for dividing the data into correlated groups. 
Intraclass A univariate similarity measurement between two groups of data. 
correlation 
coefficient 
Mean (average) Measure of the most likelv value of a random variable. 
Re~on analvsis Fitting a correlation to data points by minimizing sum squares of the residuals. 
Residuals Algebraic measure of distance between a data pojnt and a trend. 
Scale of fluctuation Distance within which there is a strong correlation of data representing a soil 

property. 
Smoothing Elimination of small inherent variability within raw data in a chosen distance. 
Standard deviation Measure of dispersion of a random variable with ~ to the mean value. 
Trigonometric Numerical technique to fit a polynomial function of a certain degree to a large 
polvnomial number of data points based on least squares method. 
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methods applied to cone data for the purpose of soil stratigraphy identification are 

summarized in Table 3.2 including goal of the analysis, and processed cone data. 

Table J.l. Applied Statistical Methods for Delineating Soil Stratigraphy Based on Cone Data. 

Statistical Analysis performed Remarks Used Reference 
methods to delineate: cone 

data 
Mean, standard homogeneous • Number of soil layers Qc Vanmarke 
deviation, sublayers within a and locations of their (1977) 
autocorrelation soil stratum. boundaries are not 
function and scale defined. 
of fluctuation 
Hierarchical cluster homogeneity of • Grouped cone data Qc Mlynarek and 
analysis physical and represented the variation Lunne (1987) 

strength parameters of soil properties \\ith 
of a clay_ d~it depth. 

Filtering, number of primary • Data are filtered and Qcand Harder and Bloh 
smoothing, mean soil layers based on some thin geological FR (1988) 
and standard visual examination evidence are missed. 
deviation of a cumulative • Data trends are 

profile of a cone subjectively indicated. 
parameter. • Univariate analysis . 

Mean, standard homogeneous • Soil stratigraphy should qcand Gbinelli and 
deviation and sublayers within a be estimated in advance. FR Vannucchi 
histogram soil stratum. • Univariate analysis . (1988) 

Regression analysis number of soi1layers • A prior estimate of soil qb~ Wickremesinghe 
by optimization of boundaries is needed. and lib (1989) 
different trends • Univariate analysis . 
using a least square 
errors method. 

Intraclass soil boundaries, • Both methods are qb ~ Wickremesinghe 
correlation lenses and unable to properly detect andllb (1989), Zhang 
coefficient (ICC} transitions. the soil stratigraphy in (1996), Hegazy 
and generalized some soil conditions. et al. (1996, 
distance (02

) • The ICC is a univariate 1997) 
analysis and the 0 2 is a 
multivariate analysis. 

Trigonometric soil boundaries at • This technique is qtand Vermeulen and 
polynomials the inflection point supplemented by a soil (qt-<JYO) Rust (1995) 

of the polynomial identification scheme to 
fitting. optimize the polynomial 

degree. 

• Univariate analvsis . 
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Statistical methods applied to cone data can be separated in two groups as follows: 

(1) univariate statistical methods in which one variable such as qt can be analyzed, 

including mean, standard deviation, histogram, scale of fluctuation, regression analysis, 

trigonometric polynomials, and intraclass correlation coefficient, and (2) multivariate 

statistical methods in which more than one variable such as q, and Ub can be analyzed, 

including autocorrelation function, clustering technique, and generalized distance. 

The mean, standard deviation, and histogram are conventional statistical methods 

for indication of the homogeneity of a soil stratum. The number of soil layers should be 

predefined or estimated before performing the analysis. In the case of analyzing the large 

cone data sets, usually normal or lognormal statistical distribution is fitted to the 

histogram ofthe data (Lacasse and Lamballerie, 1995). Then, representative mean and 

standard deviation of the cone data are estimated. A large value of the coefficient of 

variation (standard deviation/mean) relatively indicates more variability of a soil layer 

compared with other layers. Regression analysis was also applied to cone data for the 

purpose of identifying soil boundaries (Wickremesinghe, 1989). First, a number of soil 

layers in a certain profile was estimated and then linear trends were fitted to the cone data 

of each layer using the least square method. Then, based on the variances of the residuals 

of the fitted trends, the positions of soil boundaries were estimated. These steps were 

repeated until the variances of the residuals were minimum or until a predefined number of 

iterations. Wickremesinghe ( 1989) indicated improper identification of geostratigraphy in 

some studied cases. Vermeulen and Rust (1995) fitted qc data with a trigonometric 
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polynomial function of a degree n. In this analysis, the number of soil layers was defined 

using a soil classification chart and the proper n was detennined by trial and error to fit the 

predefined soil stratigraphy. The autocorrelation function can only define a distance 

within a soil layer or a soil profile in which measured data such as cone readings are 

strongly correlated. 

In the case of applying the mean, standard deviation, histogram, regression analysis 

and polynomials functions to the cone data, initial estimate of the number of soil layers and 

the locations of their boundaries is required either visually or by using classification charts. 

However, the intraclass correlation coefficient {ICC), the generalized distance (02
) and 

cluster analysis have been applied to cone data without prior knowledge of a 

geostratigraphy. Therefore, these methods are discussed in more detail. A preliminary 

application of clustering analysis was performed by Mlynarek and Lunne (1987), and 

homogeneous sublayers within a clay deposit were successfully identified based on cone 

data. A thorough evaluation of clustering techniques has been carried out for the purpose 

of delineating soil stratifications in this study, and detailed discussion is given in the next 

chapters. 

Both ICC and 0 2 have been applied to demarcate geostratigraphies based on cone 

data (Wickremesinghe, 1989; Wickremesinghe and Campanella, 1991; Zhang, 1994; 

Hegazy et al., 1996 and 1997). The two methods were able to properly define soil 

boundaries in several case studies, however, there are limitations associated with their 

applications that might cause misinterpretation of specific soil profiles as discussed herein. 

The analysis of ICC and D2 depends on the correlation distance which can be selected 
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using the autocorrelation function. The main or secondary soil boundaries depend on the 

chosen cut-off or statistical hypothesis used. Some examples will be presented in this 

chapter to discuss the validity and limitations of using ICC and 0 2 methods to delineate 

different soil types. 

3 .2. Autocorrelation Function 

The autocorrelation function is a description of the correlation of piezocone data in 

a certain distance. A soil stratigraphy is divided into statistically homogeneous zones or 

layers (windows) using the piezocone data. The width of this window should be equal to 

or less than the smallest thickness of a layer. Within a half of each window, the piezocone 

data and soil properties are highly correlated. In other words, the minimum layer which 

can be detected is equal to half of a window width, as depicted in Fig. 3 .1. Therefore, all 

layer boundaries could be detected. Webster (1973) suggested the window width size be 

obtained using an autocorrelation function (rah). For instance, rah of qt is in the following 

form (Christian et al., 1994): 

n 
rah = 

n-m 

n-m 

L { qt(i) - qt(av) X qt(i+m) - qt(av)} { ) 
i=l _ covh qt 

n { }2 - var(qt) L qt(i) - qt(av) 
i=l 
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in which n is the number of qt points in a sounding, m is the number of measurement 

intervals between two points, his equal tom multiplied by data interval, ql(i) is the 

corrected tip resistance at a depth i, ql(av) is the average of all qt measurements. Christian 

et al. (1994) also noted that rah is the ratio of the covariance (cov&) between the cone data 

separated by a distance h divided by the variance (var) of all data. For instance, Figure 3.2 

shows an example of correlating consecutive qt data with depth using r ah. 

Then, a model is fitted to the experimental r ah value in the following form: 

rah * = 1- y(h) 
var(x) 

(Equation 3 .2) 

in which y(h) is a simple expression "termed" variogram, var(x) is the variance of 

piezocone data such as qt, and h is the distance between the data. Some fitting models are 

summarized by Joumel and Huijbregts (1993) and include: nugget, experimental, 

Gaussian, exponential, and linear models, as shown on Fig. 3.3. The forms of these 

variograms are summarized in Table 3.3. Note that the theoretical variograms are 

conditional positive definite functions to ensure that all calculated variances are positive 

(Joumel and Huijbregts, 1993). The nugget model indicates there is no correlation 

between the data and needs only one component [the sill (S)] to be defined. The sill is the 

actual dispersion or variability of the measurements. The linear model also has only one 

parameter [the slope (b)] and indicates a drift (trend) in the data. The spherical, 
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Table 3.2. Common Fitting Variogram Forms for Autocorrelation Function 
(Based on Journel and Huijbregts, 1993). 

Name Variogram form Remarks 
Nugget y(h) = s h = distance between data 

S =sill 
Linear y@=bh b =slope 
Spherical y{h)={l,~-0'~') R=a=range 

Note: at h = R, y(h) = S 

Exponential 
y(h) = s(t-exp( -ah)) 

R' = 3a = practical range 
Note: at y(h) = 0.95 S 

Gaussian y(h) = {1-ex{ -a~')) R' = 1.73a =practical range 
Note: at y(h) = 0.95 S 

Notes: R = range from theoretical point 
R' = practical range to limit asymptote 
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exponential, and Gaussian models each have two parameters: the sill and a distance 

parameter (a). The maximum correlation distance between the data is "termed" the range 

(R.) which thus represent the minimum thickness of a layer within a soil profile. In case of 

a spherical model, R is equal to a. However in case of exponential and Gaussian models, 

the sill is reached asymptotically and a practical range can be taken equal to R' = (3 a) and 

R' = (I. 73 a), respectively, at y(h) = (0.95 S). 

For example, Hegazy et al. (1996) applied two-dimensional geostatistical analysis 

to delineate different soil layers at Surry, Virginia. Piezocone data were collected using 

both 10-cm2 and 15-cm2 tip penetrometers (Gordon and Mayne, 1987). The geological 

formation at the site consists of recent alluvial deposits underlain by interbedded Atlantic 

coastal plain sediments of clays, silts, sands, and gravels of Pleistocene Age. These layers 

are underlain by preconsolidation clays of Miocene/Pliocene age, known locally as the 

Yorktown Formation. The subsurface stratigraphy consisted of two clay layers with an 

intermediate sand layer. A representative piezocone sounding (CPS) using a I O-cm2 cone 

and the soil profile are shown in Fig. 3.4. The autocorrelation function (ra~~) was 

detennined for both qt and ub as shown in Fig. 3.5. Different models summarized in Table 

3.3 were fitted to the experimental rah and exponential models were chosen because they 

gave the least weighted sum square errors. Each point ofrah is given a weight (w) defined 

as follows: 

fori= 1 to (n-1) (Equation 3.3) 
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in which n, is the number of data pairs at a certain distance (h), n is the number of data set 

and i is a distance number where h1 equal to the shortest distance between pairs of data 

and h..-1 is the largest distance. For instance, llp(l> = n(n-1)/2. More weights are given to 

ra~a values at shorter distances because the closer data are more likely to be correlated. The 

fitted models are shown in Fig. 3.5. The exponential model of q, has a zero nugget, 

sill/variance= 1.2, and range= 6 m. The components of the porewater pressure (u2 = ub) 

in terms of an exponential model are as follows: nugget= zero, silVvariance = 1.9, and 

range= 18m. It is evident that the penetration porewater pressure readings are relatively 

more correlated than the tip resistance records because they have larger ranges. The ratio 

of the range of the former to the range of the latter is equal to 3. The correlation window 

width was chosen equal to 3 m, half of the smaller range. 

Also, Hegazy at al. (1997) performed a three-dimensional geostatistical study at 

Opelika, Alabama. The site is located in the Piedmont geologic province and the soil 

profile consists of an upper silty sandy clay layer underlain by a soil mixture of sand and 

silt, all of which are residual soil byproduct, caused by the in-plane weathering of schist 

and gneiss. A representative piezocone sounding collected by the author is shown in Fig. 

3.6. The experimental autocorrelation functions (ra~a) of q, and ub are shown in Fig. 3. 7. 

Different models were fitted to ra~a and exponential variograms gave the least weighted 

sum square errors. The fitted model of q, has the following parameters: nugget = zero, 

sill/variance= 1.5, and range= 9 m. The exponential model ofub has a zero nugget, 
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sill/variance= 1.9, and range= 15 m. It is also noticed that the correlation distance of the 

porewater pressure is larger than that of the tip resistance. The correlation window width 

was chosen equal to 4.5 m, half of the smaller range. 

3 .3. Intraclass Correlation Coefficient and Generalized Distance 

The size of the window is related to the range (R). An empirical window width 

was suggested by Webster (1973) to be about 0.5 R to 0.67 R Then, this window is 

moved along each variable of the piezocone sounding as shown in Fig. 3.8. The average 

and variance of the data points of the upper and lower halves of the window are compared 

using a univariate analysis such as ICC or multivariate analysis such as D2. In the case of 

univariate analysis, one variable such as Q or Bq is used to define the boundaries. 

However, in the case of multivariate analysis, one or more variables can be included. 

Zhang (1996) introduced the form ofiCC as follows: 

ICC= -----
1
-
1
----

1+ 2 
n - 1 (Jll - J.12) --+ _.;.;......;:"'"='""..;......:;.;...._~ 

n 2(varl2 + var2 2) 

(Equation 3.4) 

In which var1 and var2 are the variances of the lower and upper halves, respectively, J.11 

and J.12 are the averages of the upper and lower halves, respectively, and n is the number of 

data sets in a window. The larger the square difference of the two means and the smaller 

the sum of the two variances, the larger the ICC value which means that the upper half of 
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a window belongs to a soil layer and the lower half of this window belongs to another soil 

layer. The boundary layers are defined at the peaks ofiCC as shown on Fig. 3.8. The 

maximum value ofiCC is 1 where [(JJ.•- J.12)
2
/ (var12 + varl)l >> l and the minimum value 

ofiCC is (n -1) I (2n -1) where J.11 = J,12. However, the maximum value of ICC has not 

reached a value of 1 based on this study and previous applications (Hegazy et al., 1996 

and 1997) because the window width is usually chosen small enough to detect soil 

boundaries. The minimum value ofiCC is approximately equal to 0.5 if the number of 

points (n) in a window width are~ 6. Zhang (1994) recommended n to be larger than 15 

based on a parametric study, therefore the minimum value of ICC is 0.5 in the case of 

cone data applications. 

Harbaugh and Merriam (1968) introduced the generalized distance (02
) in the 

following form: 

(Equation 3 .5) 

in which d is the vector of differences between the means of the two window halves, dT is 

the transpose of the vector d, and W is the variance-covariance matrix. The vector d of 

piezocone data is expressed as follows: 

(Equation 3.6) 
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In which, Jlu and JlL are the averages of the upper and lower halves of a window of a cone 

measurement. The matrix W of piezocone data is defined as follows: 

(Equation 3. 7) 

in which SD/ is the pooled variance and covp is the pooled covariance of the upper and 

lower halves of a window in the following form, for instance, for qt and ub: 

(Equation 3.8) 

(Equation 3.9) 

in which n is the number of qt or Ub measurements in a half window, and cov is the 

covariance of qt and ub in the same half of a window and determined as follows: 

n n 
:Eqti LUbi 
i=l i=l 

n2 
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The concept ofD2 for two variables, for instance, qt and Ub, is illustrated in Fig. 

3.9. The soil boundaries are defined at the peaks of02
. Wickremesinghe and Campanella 

(1991) found that the results obtained using 0 2 to be more reliable than ICC because the 

soil layers are given based on the analysis of more than one measurement. 

Wickremesinghe (1989) suggested that the primary boundary be defined where 

ICC ~ 0.8 and a secondary boundary be given when 0.80 >ICC> 0.65. However, it was 

found that the boundaries were given at different levels of 0 2 based on the soil type 

because D2 was calculated using the cross correlation between the piezocone 

measurements. A parametric study was also performed to evaluate the effect of the 

window width on the given soil boundaries. The location of the primary boundaries were 

relatively insensitive to the window width effect, however, the secondary boundary which 

was defined at a lower level of peaks were more sensitive. It was found that too large of a 

window width might hide secondary boundaries whereas too small of a window width 

might cause noise and difficulty in interpreting some of the boundaries. Zhang (1994) 

recommended the window width to be equal to 1.5 m based on a parametric study using 

cone data at 6 sites. 

Wickremesinghe (1989) performed a statistical study of piezocone data collected 

in Canada using both ICC and 0 2 and found that neither can detect soil boundaries in two 

special cases depicted in Fig. 3.1 0. In one case, an upper layer has a gradient that is 

underlain by a layer with gradient in opposite direction. In the other case, there is a minor 

change in the averages oftwo consecutive layers as depicted in Fig. 3.10. The two 
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methods do not give information about the correlation between the defined soil layers, 

therefore the number of soil types at a certain stratigraphy can not be known. 

Furthermore, neither method is able to detect some major changes in a soil stratigraphy as 

discussed in the following section. 

3.4. Application of ICC and D2 Methods to Detect Subtle Changes in Piezocone Data 

In some soil stratigraphies, clay layers have dramatic changes in their mechanical 

and physical properties. For instance, major changes are indicated in vertical soil profiles 

at the following cases: the clay plasticity and sensitivity at Drarnmen, Norway (Lacasse 

and Lunne, 1982), the clay water content and overconsolidation ratio at Gloucester, 

Canada (Konrad and Law, 1987), and the organic content at Lilla Mellosa, Sweden 

(Larsson and Mulabdi~. 1991 ). However, at these sites, the layer boundaries are difficult 

or in some cases impossible to detect by a simple visual inspection of piezocone profiles 

with depth. Also, available classification methods based on piezocone data are not able to 

detect the drastic differences of clay properties with depth. An evaluation of the detected 

soil boundaries at Drammen and Lilla Mellosa test sites is given in the following sections. 

3.4.1. ICC and D2 at Drammen. Norway 

An example of ICC and D2 statistical analyses is presented using piezocone data at 

Drammen, Norway. A representative piezocone sounding and the soil stratigraphy at 

Drammen (Lacasse and Lunne, 1982) are depicted in Fig. 3 .11. The soil at the site 

consists of a 2-m sand layer underlain by clay. Piezocone data are reported only for the 
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interval from 4 to 16 meters deep (Masood and Mitchell, 1990). The clay plasticity 

changes with depth, particularly at a 10-m depth. The application ofiCC and 0 2 to the 

nonnalized parameters (Q and BJ is discussed herein. 

First, the experimental autocorrelation functions of Q and Bq are determined and 

the results are shown in Fig. 3.12. Each point ofra& was given a weight (w) and the sum 

ofthe weights was equal to 1. More weight was given to calculated rah using larger 

number of data pairs. Then the various models (summarized in Table 3.3) were fitted to 

the experimental r a& and a model was chosen based on the weighted least square errors 

criterion. A linear model as shown on Fig. 3.12 was fitted torah ofQ with a slope equal to 

(-0.252 1/m). An exponential model was chosen for ra& ofBq that had a zero nugget, 

sill/variance= 0.95, and rangeR= 2m. 

3. 4 .1.1. Effect of the Window Width on the Chosen Boundaries 

The maximum correlation distance (window width) is taken equal to the minimum 

R of both models and in this example is equal to 2m. Statistical soil boundaries are 

compared using three different window widths. The smallest window width is taken equal 

to 0.5 m. The intermediate window width is selected equal to half of the correlation 

distance (1m) as suggested by Webster (1973). This also agrees with a recommendation 

by Wickremesinghe (1989). The largest window width is chosen equal to the correlation 

distance (2 m). A window is moved from point to another on the vertical profile of each 

normalized parameter and ICC and 0 2 are calculated at a window center. The determined 

profiles of ICC and 0 2 are shown on Fig. 3.13 indicating that no soil boundaries can be 
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detected visually from the Q and B11 profiles. By doubling the window width, the 

statistical profiles become smoother with less peaks. Soil boundaries are determined at the 

peaks of ICC> 0.8 and at D2 >(average+ 1.65 standard deviation) ofD2s within the 

same profile with a level of significance equal to 0.05 (Hegazy et al., 1997). 

A compaJ;son between the borehole and the statistical soil boundaries using the 

three window widths equal to 0.5 m, 1 m and 2m is shown in Fig. 3.14. None of the 

performed analyses satisfies the soil stratigraphy at the site. Applying the ICC analysis to 

Q profile using a window width equal to 0.5 m, seven statistical boundaries are detected. 

The one at a depth of 10.4 m is supported by the change from plastic to lean clays, 

however, there are no variation of the soil properties to indicate the other six boundaries. 

There are 5 boundaries defined using ICC ofQ with a window width equal to 1 m. None 

of these matches the reference borehole boundaries. Using a window width equal to 2m 

indicates two boundaries at depths of8.0 m and 12.5 m although the plastic and lean clays 

are separated at 10 m. 

The analysis of ICC (BJ using a window width equal to 0.5 m discovered 7 soil 

layers within the stratigraphy. Moreover, using a window width equal to 1 m results in 5 

primary boundaries. For both analyses, the change from plastic to lean clay might be 

demarcated between the depths of9.8 m and 10.7 m. However the other boundaries do 

not match with any reference boundary and causes uncertainty of the interpretation. By 

doubling the window width, only one boundary is detected at 8.5 m. 

Using 0 2 ofQ and Bq at window widths equal to 0.5 gives seven soil boundaries 

where six of them are matching with those defined using a window width equal to 1 m. 

68 
http://geotill.com/



4 

& 

I 

e -~10 c. 
c! 

12 

14 

1& 

~ 

Soil 
Boundaries 

silty CLAY 

rlastic CLAY 

r-

lean CLAY 

r-

ICC Boundaries 
Using Q 

1---------

~- _ ... 

~--------

ICC Boundaries 
Using Bq 

-~ ~ 

--------- --------

~-------- ·-
--------

~-------

D2 8oundarieS 
Using Q and Ba 

~-------

.............. 

········------

~-

~-------

r 

Figure 3.14. Statistical Soil Boundaries of ICC and D2 Using Piezocone 
Data at Drammen, Norway. 
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The change from silty clay to plastic clay and then to lean clay might support the statistical 

boundaries at 4.7 m and 9.8 m, respectively. However, all other boundaries are unverified 

boundaries which indicate poor reliability in the analysis. At a window width equal to 2 

m, three boundaries are found which do not match the borehole reference boundaries. 

Also, the depths of the boundaries using ICC ofQ, ICC ofBq, and 0 2 were different. At 

this site, both ICC and 0 2 indicated improper site stratigraphy and the window width has a 

very significant effect on the number and elevation of the statistical boundaries. 

3.4.2. ICC and 0 2 at Lilla Mellosa. Sweden 

Piezocone data at Lilla Mello sa test site (Larsson and Mulabdic, 1991) were 

analyzed using the single and multivariate statistical measurements ICC and 0 2
, 

respectively, to demarcate different soil boundaries. The soil profile consists of organic 

clays overlying clays and separated at 5.5 mas depicted in Fig. 3.15 which also includes a 

typical piezocone sounding at the site. To define the correlation distance between the 

data, experimental autocorrelation functions of Q and Bq are determined as shown in Fig. 

3.16. The points of rah were given higher weights where they were calculated at a 

relatively short distance between pairs of piezocone data. 

Exponential and Gaussian models which give the least square errors compared 

with other models are chosen to fit the experimental rah of Q and Bq, respectively, as 

shown in Fig. 3.16. The parameters ofthe two models are summarized as follows: (1) the 

exponential model has nugget= zero, sill/variance= 1.9, and range= 12m, and (2) the 

Gaussian model has nugget = zero, sill/variance = 2, and range = 12 m. Based on the 
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obtained ranges, the data are correlated between the depths of I m and 12 m and there is 

statistical similarity of the soil along the vertical profile, however, this disagrees with the 

soil stratigraphy depicted in Fig. 3 .I 5. 

3.4.2.2. Uncertainty ofSoi1 Demarcation 

The correlation distance (12m) defined using the fitted models is too large to 

detect changes within the soil stratigraphy. Therefore, a window width of 1 meter is 

chosen based on a parametric study performed by Wickremesinghe (1989). Also, two 

other window widths equal to 0.5 m and 2 m are used to study the size effect of a window 

on the statistical boundaries. A window is moved from point to another on the vertical 

profile of each normalized parameter and ICC and 0 2 are calculated at a window center. 

The determined profiles of ICC and 0 2 are shown on Fig. 3 .I7 which also indicates one 

soil layer looking at the profiles of the derived parameters Q and Bq. By increasing the 

window width, the peaks of the ICC and 0 2 profiles decrease. Soil boundaries are 

determined at the peaks ofiCC > 0.8 and at 0 2 >[average+ 1.65 standard deviation] of a 

generalized distance profile with a level of significance equal to 0.05 (Hegazy et al., 1997). 

Figure 3.18 shows a comparison between the borehole and the statistical soil 

boundaries of the three window widths. None of the performed analyses satisfies the soil 

stratigraphy at the site. Using a window width equal to 0.5 m, four statistical boundaries 

are detected and the one at a depth of 5.3 m supported by the change from organic clays 

to clays. None of the boundaries detected using a window width equal I m or 2m 

matches the reference boundaries. 
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The profile of ICC (BJ indicates 71ayers within the stratigraphy, however, the 

stratigraphy consists only of four layers between the depths of I m and I2 m. Using a 

window width equal to I m results in two boundaries at depths of2 m and 3.95 m which 

have no support. The analysis using a window width equal to 2 m indicates two layers 

separated at 4 m, however, the boundary between the organic clays and the underlain clays 

is at 5.5 m. Moreover, the profile of the 0 2 measurements detected 4 boundaries for each 

window width although none of them is supported by the primary reference boundaries. 

The statistical boundary at a depth of 5.8 musing a window width equal to 0.5 m is the 

closest to the borehole boundary at a depth of5.5 m. Different boundary elevations were 

obtained using ICC ofQ, ICC ofBq, and 0 2
. 

The chosen window width has a strong effect on the detected statistical 

boundaries. For too small of window width, more layers were detected than those in a 

subsurface stratigraphy. For too large of window width, some primary soil boundaries 

were missed. Choosing a window width equal to 1 m, as recommended by 

Wickremesinghe (I989), did not properly indicate the soil profiles at either the Drammen 

or Lilla Mellosa test sites. 

3.5. Summary and Conclusions 

The intraclass correlation coefficient (ICC) and the generalized distance (02
) have 

been used in the statistical analysis of piezocone data to delineate soil stratigraphy. Both 

the ICC and 0 2 methods were applied, for example, at Drammen, Norway, and Lilla 

Mellosa, Sweden. Neither method resulted in reliable soil boundaries as compared with 
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adjacent soil boring records and index data. Also, no information is given about the 

correlation of the soils between these boundaries. The number and locations of statistical 

soil boundaries depended on the chosen or determined window width using an 

autocorrelation function. A small window width gave more boundaries than expected. 

However, some boundaries were missed using too large of a window width. 

For the cases examined, the defined soil boundaries using ICC of the normalized 

parameters Q and Bq did not match with each other nor with those indicated by 0 2
. No 

information was given about the soil in the upper half of the first window and the lower 

halfofthe last window. The given boundaries depend on an arbitrary cut offvalue of ICC 

or 0 2
. Therefore, a more objective and reliable method is needed in order to screen a 

certain soil stratigraphy. 

A more consistent and reliable method termed cluster analysis is proposed and a 

review of clustering methods is given in Chapter 4. 
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CHAPTER4 

CLUSTER ANALYSIS 

4.1. Introduction 

The concept of cluster analysis is introduced to objectively define vertical data into 

similar groups in the soil profile, delineate different layer boundaries, and allocate the 

lenses and outliers within a sublayer. Different clustering methods are reviewed and the 

hierarchical techniques are found to be more feasible for the purpose of this study. The 

cluster analysis requires a selection of variables, standardization methods, similarity 

measurements, type of cluster method, and number and validity of clusters. These 

problems are evaluated and recommendations are given herein specific for clustering 

piezocone data. Moreover, the method can be used for any types of in-situ vertical data 

for the same purpose (e. g., flat dilatometer and vane shear), as well as multi-channeled 

soundings with greater numbers of independent readings (e.g., resistivity piezocone). 

4.2. Cluster Analysis Definition and Criterion 

Cluster analysis is a statistical method for grouping data which have similar 

mathematical descriptions (Kendall, 1966; Everitt, 1974; Romesburg, 1984). Clustering 

analysis can be applied to data belonging to the same group in order to divide them into 

sections based on a predetermined properties (Kendall, 1966). Hartigan (1996) suggested 
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the term "classification" interchangeably with the tenn "cluster" because it is familiar in 

different science fields such as medicine, biology and engineering. Everitt (1974) 

summarized the uses of cluster analysis, including: 

• determining a true typology (systematic classification of types that have 

characteristics in common), 

• model fitting, 

• estimation based on groups, 

• hypothesis generation and testing, and 

• data reduction and exploration. 

In this study, soil exploration by piezocone data reduction will be the primary use of the 

cluster analysis. The method can be easily applied to other types of in-situ geotechnical 

test data too, such as standard penetration test, flat dilatometer test, and vane shear test. 

It is especially valuable for the evaluation of piezocone data because these soundings 

provide continuous records of tip resistance (q,), and penetration porewater pressure (ub), 

and in some instances, additional measurements including soil conductivity and intensity 

fluorescence signal (Robertson et al., 1998). 

4.3. Current Applications of Cluster Analysis 

Cluster analysis has been used extensively in taxonomy and biology (e. g., Sakal, 

1974), chemistry and medicine (e. g., Solberg et al., 1976), and sociometry and social 

psychology (e. g., Burt, 1988). More recently, a preliminary application of clustering in 
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image analysis processing was discussed by Russ (1995). For instance, biologists used it 

to classify different types of animals and plants having a very wide variety of kinds and 

properties that can be due to inherent random variability. The analysis includes a large 

number of data. 

Mlynarek and Lunne (1987) performed a statistical study for identification of 

homogeneity of soil strength and physical properties of a clay deposit based on 

hierarchical clustering of cone data. Clustering results of their preliminary study were 

found promising for more comprehensive evaluation in geotechnical applications. In this 

study, piezocone data are evaluated by cluster analysis to obtain quantitative delineation of 

the boundaries between different soil types and to define the locations of the thin layers 

(lenses) and outliers within thick layers. Piezocone data include the inherent soil 

variability due to differences in soil type, geological formation, thicknesses of sub layers, 

age and stress history, existence of lenses and seams, soil fabric, and other factors. 

Piezocone data usually have high frequency in the vertical direction. For instance, 

data are collected at 0.01 to 0.05 m intervals. Therefore, there is a similarity in the 

an~ogy between piezocone data and other fields of applications of the cluster analysis 

because large data sets are analyzed to indicate the inherent random soil variability. 

4.4. Cluster Analysis Components 

Milligan (1996) summarized the steps of applying cluster analysis in research and 

application as shown in Fig. 4.1. Each step is discussed in detail in the following sections. 
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Figure 4.1. Steps of Oustering Analysis. 

4. 5. Selection of Variables for Cluster Analysis 

All significant variables should be included in the cluster analysis to better indicate 

grouping of analyzed data (Milligan. 1996). Applying statistical methods such as principal 

components, multivariate analysis, or factoring techniques were not successful in helping 

to decide the variables added or excluded from the cluster analysis. In this study, two 

piezocone readings namely, qt and u., are considered for the purpose of soil stratigraphy. 

The tip resistance readings can distinguish between different soil types and the variation in 

the strength within the same layer such as the differences between loose and dense sands. 

The pore pressure readings can also indicate the change between major soil types such as 

sands and clays. Moreover, pore pressure readings help in a the identification of soil 

lenses within a soil stratum. For example, the peaks within a sand layer indicate clay 

lenses and the troughs within a clay layer indicate sand lenses. Therefore the two readings 

are important for the purpose of soil stratigraphy. The two readings are used in this study 
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in normalized fonnats Q = (q,-<rw)lavo' and Bq = (ub-Uo)/(q,-<rvo), as proposed by Wroth 

(1984; 1988) for the interpretation of soil behavior based on piezocone data. The tip 

resistance increases by increasing depth and soil vertical stresses even within the same soil 

layer therefore its normalization in the form of Q helps to reduce this effect. The variation 

of Q with depth is relatively more related to the variation of soil type and/or behavior 

(Wroth, 1988; Robertson, 1991 ). The hydrostatic porewater pressure is a component of 

the penetration pore pressure but it is usually independent of the changes in the soil 

profile, and the excess pore pressure represents the variation of soil type and/or behavior. 

The division of the excess pore pressure (ub-Uo) over the net tip resistance (q,-<rvo) helps in 

better identification of the differences between different soils in a geostratigraphy because 

q, and Ub are inversely proportional in the case of primary change in the soil type during 

penetration. For example, in the case of a clay deposit over a sand deposit, the ub readings 

decrease and the q, readings increase in the sand layer compared with those in the upper 

clay layer. The differences in the profiles ofBq in the upper and lower layers are relatively 

more obvious than those between Ub measurements of the same layers. The two derived 

normalized parameters Q and Bq are functions of soil type and behavior (Wroth, 

1984,1988; Robertson, 1991). 

Three separate stresses are measured in piezocone testing (q" Ub, and f.). Lunne et 

al. (1986) and Tanaka (1995) studied the repeatability of the three piezocone 

measurements using different commercial penetrometers. They found that q, and u 

measurements at the same depth were relatively repeatable for most cone penetrometers. 
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However, a large scatter of the f. data at the same depth was observed and indicated the 

dependency of the measurements on the specific commercial type of cone. 

The effect off. readings on the cluster analysis is studied at the Amherst test site in 

Massachusetts and shown to cause incorrect interpretation of the soil stratigraphy as 

discussed in chapter 5. Therefore, f. measurements have not been included in the cluster 

analysis of sites considered herein. However, if the reliability off. measurements is 

improved, clustering can easily accommodate the third reading, as well additional 

measurements such as resistivity, dielectric readings, or other parameters. 

Robertson (1991) proposed a classification method including two charts using: (I) 

Q and F, and (2) Q and Bq. The chart based on the derived normalized parameters, Q and 

Bq, is used to indicate different soil layers at the analyzed sites. In order to use these two 

parameters, the groundwater table (GWT) and the total unit weight (y,) must be known, or 

else assumed. 

4.6. Standardization of the Data 

Standardization is a means to represent the data in dimensionless format to 

eliminate the effect of using different units for different variables (Romesburg, 1984). 

Standardization also decreases, for instance, the influence of q, or Q measurements, which 

always have larger values than ub or Bq readings at the same depth, respectively, on the 

classification results. Standardization is not essential, but it is a logical or an optional step 

in cluster analysis (Milligan, 1996). The relative influence of different parameters used in 

clustering can be correlated with the average and standard deviation of each one of them. 
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The more the value of the mean and standard deviation of a parameter, the more its 

influence en the obtained groups of data. Therefore, Standardization can be essential in 

the case of clustering piezocone data to stratifY the soil profile because the means and 

variances of the unprocessed measurements (or the two normalized parameters) are quite 

different. 

For instance, results from a piezocone sounding at a uniform soft clay site at 

Bothkennar, UK (Nash et al., 1992) are shown in Fig. 4.2. The means and variances of 

the unprocessed piezocone readings (qt and U&) and the normalized parameters (Q and BJ 

of the layer between 2.5 m and 19.5 mare summarized in Table 4.1. The ratio [mean 

(qt)/mean (u&)] is equal to 1.7 and the ratio [variance (qt)/variance (u&)] is equal to 2.3. 

While the ratio [mean (Q)/mean (BJ] is equal to 9.3 and the ratio [variance (Q)/variance 

(BJ] is equal to 39.3. Seven common forms of standardization (Romesburg, 1984 and 

Milligan, 1996) are summarized in Table 4.2. In Table 4.2, Zij is a standardized value of a 

certain cone variable Xj (for example, qt) at a certain depth i, Xij is a cone reading, 

Max(Xj) is the maximum of a cone variable such as qt. Min(Xj) is the minimum of a cone 

variable, E{Xj) is the average of a cone variable, and SD{Xj) is the standard deviation of a 

cone variable. The average and standard deviation are in the following forms: 

n 

:Lxu 
E(Xj) = Mean(Xj) = .:..;;;;i=-=-1 -

n 
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Figure 4.2. Piezocone Results in a Uniform Soft Oay at Bothkennar, 
Scotland (Piezocone Data from Nash et al., 1992). 
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Table 4.1. A comparison between Means and Variances ofPiezocone Parameters at 
Bothkennar, Scotland (Piezocone Data from Nash et al., 1992). 

Cone parameter Mean Variance 
qJp.• 6.4 5.48 
Ut/p.• 3.8 2.36 

Q 5.6 1.57 
Bcr 0.6 0.04 

(•) p. = unit atmospheric pressure :: 0.1 MPa 

• 
Table 4.2. Different Methods of Data Standardization (adapted from Romesburg 

(1984) and Milligan (1996)]. 

Standardization Method Formula 
None (data in the original format) Zi; =xi; 
Zscore x·· -E(X·) IJ J z··-

IJ- SD(Xj) 

Range X;; 
~; = MID( X;)- Min(X;) 

Rescale X---Mii(X.) 
z;; = '1 1 

, where 1 ~ Zij ~ 0 
MID(X;)- Min(X;) 

Max X--
Z- = '

1 
, where Zij s 1 IJ Max(X;) 

Mean X;; 
Z-- = 

IJ E(X;) 

Stdev x·· IJ z··-
IJ- SD(Xj) 

Notes: (I) Xii is a cone reading (e. g., q, at a certain depth) 
(2) Xi is a cone variable (e. g., q, at any depth) 
(3) Z;; is a standardized value 
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Stdev(Xj) = 

n 2 
:E [xr -E(X ·)] 
i=l lJ J 

n-1 
(Equation 4.2) 

in which n is the number of data points collected with depth. Note that the standard 

deviation is the square root of the variance. 

The seven available standardization methods are applied to piezocone data at 

Amherst, Massachusetts (this study). A representative piezocone sounding and the soil 

profile at the site are shown in Fig. 4.3. The soil at Amherst consists of a clay fill over a 

silty clay crust, which is underlain by a thick soft varved clay layer (Lally, 1993). Figure 

4.4 shows the derived normalized parameters Q and Bq. Figure 4.5 compares the 

standardized Q and Bq using the other six methods. Looking at the standardized Q, soil 

boundaries can be defined at approximate depths of 1m, 2m, 2.5 m, 3m, 4 m, and 5.5 m. 

Note that the standardization using the zscore method and the mean methods can better 

indicate the difference between the fill and the crust above 4 m and the lower soft clay 

layer down to a depth of 14.5 m than the other methods. In the case of the zscore 

method, the soil above 4-m depth is denoted by positive zscores, however, the soil below 

4-m depth is denoted by negative zscores. In the case of the mean method, there is a 

relatively wide range of the means ofQs between 2 and 13 in the upper 4 meters, 

however, the mean of Qs in the soft clay layer below a depth of m is almost constant and 

equal to 1. For the stdev method, the standardized data are in the range between 0 and 4 

and for the range, rescale, and max methods, the range of the standardized data is between 
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0 and 0.4. Therefore, using zscore or mean methods for standardization of the Q are 

preferred in this example. 

Looking at the standardized Bq, two primary layers are identified with a boundary 

at 4-m depth. Using the zscore method clearly indicates the difference between the soil 

above 4 m which has negative zscores and the lower soft clay layer which has positive 

zscores. In the other 5 methods, the standardized data are positive. The stdev method has 

a larger range between 0 and 4 of the standardized records than that of the range, rescale, 

max and mean methods, therefore, it is relatively better to identity the soil stratigraphy. 

Using zscore and stdev methods are preferred for standardization ofBq at Amherst test 

site. The zscore technique is suitable for the standardization of both Q and Bq at this site. 

Milligan and Cooper (1988) performed a simulation study on 864 artificial data 

sets generated from multivariate normal distributions with uncorrelated variables to 

evaluate different methods of standardization using different cluster methods. The range 

and rescale standardization formulas are found to have a superior ability to recover 

predefined groups in the simulated data. However, Milligan (1996) noted that yet a 

generalized rule has not been established and standardization is optional based on the 

characteristics of the analyzed data. A parametric study is performed to choose a 

standardization method of the cone data used in a cluster analysis as discussed in this 

chapter, and the zscore method is superior to properly indicate a soil stratigraphy at a 

minimum cluster number. The zscore, for example, for Q is defined in the following 

format: 
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Zscore = Qi - E(Q) 
SD(Q) 

(Equation 4.3) 

in which Qi is a normalized tip resistance at a certain depth i, E(Q) is the average of all Q 

measurements, and SD(Q) is the standard deviation of all Q measurements. 

4.7. Resemblance (Distance) Matrix 

The resemblance (distance) is a statistical measurement of the similarity between 

data points. Clustering of a data set depends on the similarity between different records. 

The most similar data points are grouped in one cluster. Piezocone data can be visualized, 

for instance, in q" and U& space as shown in Fig. 4.6. The two cone measurements at a 

certain depth (i) forms a vector (qti. U&i). Each element in the resemblance matrix can be 

viewed as a distance or a scale to measure the similarity between two vectors of piezocone 

data at two different depths. For instance, Euclidean and cosine resemblance 

measurements are depicted in Fig. 4.6. The former is the magnitude of a vector between 

two pairs of cone data, and the latter is defined as a cosine of an angle between two 

vectors in qt, and U& space. Another way to look at the piezocone data is to put them in a 

matrix (D) format as follows: 
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Figure 4.6. Definitions of the Euclidean and the Cosine Measurements 
in the "Octahedral" Space of Piezocone Data. 
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(qt)u (ub)l2 

0 
= (qthl (ubh2 (Equation 4.4) 

in which the readings in a row are at the same depth. The distance of resemblance is 

calculated between pairs of data [e.g., {(q,)u, (u&)I2} and {(q,)2I, (u&)22}] at different 

depths. Table 4.3 includes a summary of eight available methods for calculating the 

distance matrix. In Table 4.3, vark is the variance of a variable Xj (e.g., q,) in the 

following form: 

n 2 
L [Xjj- E(X j)] 

vark = Variance(X j) = ..:..i=_;l:...._ ____ _ 
n -1 

(Equation 4.5) 

For example, four points ofQ and Bq are chosen from a piezocone sounding at 

Amherst, Massachusetts (see Fig. 4.5). Two points are from the crust clay layer between2 

m and 4 m and two points are from the soft clay layer below 4 m. The points are selected 

to represent two different layers and listed with their depths in Table 4.4. The similarity 

between different points is measured using the eight methods listed in Table 4.3 
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Table 4.3. Summary of Methods for Determining the Resemblance Matrix 
[Modified from Noursis (1993)). 

Typ_e of Distance Formula Reference 
Pearson r n Sokal & Rohlf(l962) 

dij =~ L(xik -xik)2 /vark 
k=l 

Block (Manhattan D Carmichael & Sneath (1969) 
dii = :Lixik- xJltl Distance) k=l 

Minkowski I Jardin & Sibson (1971) D p -

dii=<:Lixik-xikl )P 
k=l 

Power (p,r) D I 

dij =<:Lixik -xjkr>; 
Jardin & Sibson (1971) 

k-1 

Euclidean ft Everitt (1974) 
dij =~ L(xik- xik)l 

k=l 
Cosine ft Romesburg (1984) 

:LxikxJlt 
d·· = k=l 

IJ 
ft ft 

~{; (xik)l ~ (xjk)2 

Squared ft Everitt (1984) 
d;i = :L<xik -xik)2 Euclidean lc=l 

Chebychev dii = Max I Xik - Xitc I Noursis (1993) 

Notes: (I) dij is the similarity between two vectors, Xik and Xjk, of two cone readings 
(e. g., q,) at different depths i and j 

(2) p and r are integers. 

and the results are summarized in Table 4.5. In all methods except the cosine method, the 

smallest statistical distance between pairs of data at different depths indicates the most 

similarity amongst the analyzed data. For instance, using Pearson method, Q and Bq of 

points 3 and 4 at depths of 6 m and 10 m, respectively, are the most similar measurements. 

93 
http://geotill.com/



Table 4.4. Four Selected pairs or Q and B41 or PCPTl sounding at Ambers~ 
Massachusetts ( Piezocone Data from this study). 

Point number Depth (m) Q Bq 
1 2.0 103.57 -0.011 
2 2.5 61.18 -0.016 
3 6.0 5.21 0.996 
4 10.0 4.62 0.834 

Table 4.5. Summary or the similarity measurements between four selected points or 
Q and B11 ofPCPTl sounding at Amherst, Massachusetts (Data from this 
study). 

Data Pearson Block Minkowski Power Euclidean Cosine Squared Chcbycbev 
points p•l p=l Euclidean 

r•l 
1 and2 0.88 42.39 42.39 6.51 42.39 1.000 1796.77 42.39 
1 and3 2.77 99.37 98.36 9.97 98.37 0.982 9675.81 98.36 
1 and4 2.59 99.79 98.94 9.99 98.95 0.984 9790.73 98.94 
2and3 2.21 56.99 55.91 1.55 55.98 0.982 3133.91 55.91 
2and4 1.97 57.41 56.56 7.58 56.56 0.984 3199.32 56.56 
3 and4 0.30 0.15 0.59 0.86 0.61 1.000 0.37 0.58 

Also, Q and B11 of points 1 and 3 at depths of 2 m and 6 m are the most dissimilar 

measurements. In the case of cosine measurement, a relatively higher cosine measurement 

indicates more similarity between pairs of cone data at different depths. A cosine value of 

1 indicates maximum similarity and a cosine value of -1 indicates absolute dissimilarity. 

For example, points I and 2 have maximum similarity as well as points 3 and 4, however, 

points I and 3 have minimum similarity as well as points 2 and 3. 

Milligan (1996) claimed that there is no specific rule or theory to base the choice 

of a similarity distance on. The selection of a distance measurement depends on the type 
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of data. Seven standardization methods and eight similarity measurements are discussed. 

A parametric study is performed to examine the 56 available combinations and compare 

the given soil layers at a certain test site with the determined layers using cluster analysis. 

Three sites are chosen for this study, namely, (I) Amherst, Massachusetts (this study), (2) 

McDonald's Fann, British Columbia, and (3) Fort Road, Singapore. Each of these sites 

have different soil conditions and a different number of soil layers. 

The soil at Amherst, Massachusetts (Lally, 1993) consists of a clay fill over a silty 

clay crust, which is underlain by a thick soft varved clay layer as shown in Fig. 4.3. The 

soil stratigraphy at McDonald's Farm (Robertson, 1982) consists of a top soft clay layer, 

sand and silty sand in turn, underlain by a deep deposit of soft clay. The soil deposit at the 

Fort Road site (Chang, 1991) consists of a soft marine clay and intermediate silt layer. 

Figures 4.7a and b show the piezocone data and soil stratigraphies from borings at the 

three sites. These sites were chosen for this parametric study because a visual 

interpretation of the piezocone data at each site clearly matches with a defined soil 

boundary based on nearby borehole information. The piezocone data at each site are 

analyzed using the available 56 cluster methods combinations and the results are discussed 

in greater detail in Appendix B. 

The zscore standardization and the cosine similarity measurements are concluded 

to give the best indication of the soil stratigraphy at a minimum cluster number at each of 

the three sites. 
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4.8. Clustering Technigues 

After data standardization and the calculation of the similarity between different 

pairs of measurements, the data are divided into correlated groups. Two piezocone 

vectors would be combined in one cluster if the distance between them is smaller than the 

distance between either vector and the rest of the vectors. A simple example to visualize 

this concept is shown in Fig. 4.8. Milligan (1996) reported that there is no single method 

that can be applied for all types of data and there is no unifYing theory of clustering that 

has been widely-accepted. However, he summarized general rules to aid in choosing the 

best available clustering method. The chosen method should recover the inherent 

classification groups, be insensitive to the errors or outliers in a data set, and be 

automated. 

There are several clustering techniques, such as hierarchical, optimization

partitioning (k-means), density, and clumping (overlapping) techniques (e. g., see Everitt, 

1974; Arabie and Hubert, 1996; Milligan, 1996). The development ofthese methods and 

their limitations is discussed herein. 

4.9. Hierarchical Technigues 

Hierarchical clustering techniques can be divided into two main groups, namely, 

agglomerative and divisive methods (Everitt, 1974). In the agglomerative criteria, each 

datum of the analyzed observations begins in a separate cluster. For example, in the case 

of a data set of n observations, there are n individual clusters. In the first step, the two 

observations closest together are joined. In the next step, either a third observation joins 
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partitions (P) of a number of data set (N) into (g) groups be calculated using the following 

formula: 

a-t 
P(N,g) = (gN- Lgea-il(N, i))/ g (Equation 4. 7) 

i=l 

in which, g C!: 2, N C!: g, P(N, g) is the number of distinct partitions containing exactly g 

clusters and &cs-i> = g(g-1)(g-2) ... (g-i+1). Everitt (1974) gave an example as follows: if N 

= 19, and g = 8, then the number of possible partitions P = 1709 x 1012
• Therefore, the 

partitioning techniques are not considered feasible, especially with large data sets, if a 

complete optimization is required, even after the attempt of reducing the number of 

studied partitions of a data set (Gower, 1967; Scott and Symon, 1971 ). Moreover, Fisher 

and Van Ness (1971) evaluated the partitioning cluster analysis and concluded 

unsatisfactory performance in detecting the underlying clusters. Milligan (1996) 

suggested that the number of clusters should be specified in advance before performing the 

k-means clustering which brings subjectivity in the analysis. Based on this discussion, 

using partitioning techniques is not recommended for clustering piezocone data for the 

purpose of this study. 
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4.11. Other Clustering Methods 

Clumping techniques: In this method, overlapping would be allowed between 

different clusters. First the data are divided into two groups by minimizing, for example, a 

cohesion function proposed by (Parker-Rhodes and Jackson, 1969) as follows: 

(Equation 4.8) 

where A and B are the two groups into which the data are partitioned, A is a smaller 

cluster than B, Sxy is the sum of the similarities between members of any two clusters x 

and y, nA is the number of entities in A, and p is an arbitrary parameter to allow the user 

some control over the size of the overlap. Arbitrary points are chosen as centroids for 

initial number of clusters (Jones and Jackson, 1967). Then, many iterations are performed 

and individual data are assigned to the chosen initial clusters by dividing each available 

cluster into two clusters satisfying the condition of minimizing the cohesion function. 

Some disadvantages are associated with this method, including that a diagnostic 

test be performed for the smaller group of each division. The overlap between the clusters 

is defined arbitrarily by the user which might lead to significant differences in the results 

and also the number of iterations are user-dependent. Due to the uncertainty produced 

during the different steps of clumping analysis, the method is not used for piezocone data 

in this study. 
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Density-seeking methods: Gengerelli (1963) sought methods to separate data with 

lower density than those with higher density (more repeatable data). In other words, the 

purpose of this method is to find the points that can represent a specific data set. The 

concept of this method is not applicable to the purpose of defining a soil stratification 

based on cone data, especially in the case of multilayered profiles. For example, suppose a 

soil log consists of a layer of sand and a layer of clay, it is meaningful to find a subset of 

data that can represent both soil-types. 

By comparing the limitations of the various cluster methods, the hierarchical 

techniques are concluded to be the most feasible for clustering piezocone data into 

correlated groups. Therefore, the hierarchical types of clustering is applied through this 

study. 

4.12. Simple Examples ofHierarchical Clusters 

The cluster results using the agglomerative scheme can be visualized via a 

dendogram (tree) diagram (Everitt, 1974) which is a summary ofthe consequence link 

between two individual points, one point and a group of data, and two groups of data. 

For example, Table 4.8 includes 10 readings ofQ and Bq at chosen depths ofPCPTl 

sounding at Amherst Massachusetts. The data are standardized using zscore method and 

the results are listed in Table 4.8. A cosine measurement is used to indicate the similarity 

between the data and the statistical distances (cosine) between pairs of data at different 

depths are summarized in Table 4.9. A single-link (nearest neighbor) technique is used to 
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Table 4.8. Selected Points of Q and B41 of PCPTl at Amherst, Massachusetts (Data 
from this Study). 

Point No. Depth (m) Q B. zscore (Q) zscore (B .. ) 

1 1 147.0 -0.011 1.89 -1.40 
2 2 103.6 -0.011 1.16 -1.40 
3 3 62.4 0.006 0.47 -1.36 
4 4 13.7 0.272 -0.34 -0.70 
s s 12.3 0.533 -0.37 -o.os 
6 6 5.2 0.997 -0.49 1.10 
7 7 2.6 1.584 -0.53 2.56 
8 8 4.9 0.9-W -0.49 0.97 
9 9 4.8 0.928 -0.49 0.93 
10 10 4.6 0.834 -0.50 0.88 

Table 4.9. A summary of the Cosine Measurement (Similarity) Between Selected 
Points of Q and B41 of PCPTl at Amherst, Massachusetts 
(Data from this Study). 

Point number 1 l 3 4 5 6 7 8 9 10 
1 1.00 0.97 0.79 -0.12 -0.69 -0.93 -0.74 -0.96 -0.96 -0.98 
2 0.97 1.00 0.91 0.11 -0.51 -0.99 -0.88 -1.00 -1.00 -1.00 
3 0.79 0.91 1.00 0.51 -0.12 -0.96 -1.00 -0.94 .0.93 -0.91 
4 -0.12 0.11 0.51 1.00 0.80 -0.25 -0.58 -0.18 -0.15 -0.11 
5 -0.69 -o.5 1 -0.12 0.80 1.00 0.38 0.04 0.46 0.48 0.52 
6 -0.93 -0.99 -0.96 -0.25 0.38 1.00 0.94 1.00 0.99 0.99 
7 -0.74 -0.88 -1.00 -0.58 0.04 0.94 1.00 0.91 0.89 0.87 
8 -0.96 -1.00 -0.94 .0.18 0.46 1.00 0.91 1.00 1.00 1.00 
9 -0.96 -1.00 -0.93 -0.15 0.48 0.99 0.89 1.00 1.00 1.00 
10 -0.98 -1.00 -0.91 -0.11 0.52 0.99 0.87 1.00 1.00 1.00 

group the data of two classes based on the closest statistical distance between their 

elements and the consequence of grouping the data is summarized in Table 4.10 and Fig. 
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4.9. At a step number zero, every point is in an individual cluster, and, obviously, the 

similarity level between a point and itself is 1 on a scale between zero and 1. 

At a step number 1, the closest two points (8 and 9) are grouped in one cluster, 

and the total number of clusters is dropped by 1. At a step number 2, the next two most 

similar points (8 and 10) are grouped in a cluster at a similarity level of0.996 and the 

points 8, 9 and 10 form one group. The procedure continues until all points are grouped 

in one cluster at a step number 9. The points numbers 6 to 10 are highly correlated and 

grouped together at a similarity level C!:: 0.937 which indicates that they have the same soil 

Table 4.10. Summary of Oustering Consequence of Selected Piezocone Data at 
Amherst Using the Cosine Method for the Similarity and Single Linkage 
for Grouping the Data. 

Step Number of Similarity Joined points Number of data 
clusters level points in new cluster 

0 10 1.000 Each point is one cluster 
1 9 0.999 8 9 2 
2 8 0.999 8 10 3 
3 7 0.996 6 8 4 
4 6 0.973 1 2 2 
5 5 0.937 6 7 5 
6 4 0.9I2 I 3 3 
7 3 0.795 4 5 2 
8 2 0.5I7 4 6 6 
9 I 0.510 1 4 10 

109 
http://geotill.com/



0.50 
0.55 

~0.60 
i 0.65 
=eo.7o 
Ci5 0.75 
~ 0.80 
~ 0.85 
0 0.90 

0.95 
1.00 

1 

-
-~ 

-
--
-
--
~ 

1-

·I-

2 

[!] 

I 
I 

Piezocone Reading Number 
3 4 5 6 7 8 9 

I I I _I • 
I I 

~ [!] cluster step 
number 

[!] 
Note: similarty level 

between -1 and 1 

@] 

r1 ~ [!] [!] 

Figure 4.9. A Dendogram (Tree) Diagram Summarizes the Consequence 
of Clustering of Piezocone data at Amherst, Massachusetts. 

10 

type and/or behavior. Looking at the dendogram, three groups of data are identified as 

follows: (1) group 1 includes points from 6 to 10 and its data are highly correlated 

because their similarity levels~ 0.937, (2) group 2 includes points from 1 to 3 and the data 

are also highly correlated because they have similarity levels~ 0.912, and (3) group 3 

includes points 4 and 5 which are relatively moderately correlated at a similarity level of 

0.795. Then the correlation of the three groups is relatively weak at similarity levels equal 

to 0.510 and 0.517. This suggests that each group belongs to a separate soil stratum. 

Group 1 represents the soft clay layer, group 2 represents the upper fill layer, and group 3 

represents the clay crust layer. 

110 
http://geotill.com/



In some cases, there are subtle changes in piezocone data which can not be 

identified by a simple visual method. For example, piezocone data and the soil 

stratigraphy at Troll test site, North Sea are shown in Fig. 4.10. A detailed study of the 

site was performed by Amundsen et al. (1985) and the soil is classified as soft clay in the 

upper 17m underlain by a stiff clay down to the termination of the sounding at 45 m. In 

the upper layer, the average water content and sensitivity are equal to 59 percent and 5.8, 

respectively, and the;r averages in the lower layer are equal to 24 percent and 2.2, 

respectively. Selected points ofQ and Bq are listed in Table 4.11 to represent both layers. 

Cluster analysis is performed to divide the data into correlated groups. First, the data are 

standardized using a zscore method and the results are summarized in Table 4.11. Then 

the similarity between pairs of data at different depths is determined using a cosine 

measurement and the results are listed in Table 4.12. 

Table 4.11. Selected Piezocone Data and Their Standardization Using Zscore 
Method at Troll, North Sea (Piezocone data from Amundsen 
et al., 1985). 

Data No. Depth (m) Q Bq ZQ ZBq 
1 3 2.35 1.09 -0.42 3.10 
2 6 3.73 0.78 -0.24 0.91 
3 9 3.92 0.72 -0.21 0.42 
4 12 4.21 0.70 -0.17 0.28 
5 15 4.22 0.70 -0.17 0.33 
6 20 4.66 0.77 -0.11 0.82 
7 25 5.16 0.61 -0.04 -0.33 
8 30 5.20 0.58 -0.04 -0.55 
9 35 5.04 0.60 -0.06 -0.39 
10 40 4.98 0.64 -0.07 -0.15 
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Table 4.12. A summary of the Cosine Measurement (Similarity) Between Selected 
Points of Q and B11 of PCPT1 at Troll, North Sea (Data from Amundsen 
et al., 1985). 

Data point 1 2 3 4 5 6 7 8 9 10 
1 1.000 0.956 0.633 -0.088 0.091 0.040 -0.983 -0.998 -0.999 -0.987 
2 0.956 1.000 0.833 0.208 0.380 -0.256 -0.994 -0.972 -0.970 -0.991 
3 0.633 0.833 1.000 0.714 0.828 -0.748 -0.765 -0.680 -0.673 -0.751 
4 -0.088 0.208 0.714 1.000 0.984 -0.999 -0.096 0.028 0.037 -0.075 
5 0.091 0.380 0.828 0.984 1.000 -0.992 -0.272 -0.152 -0.142 -0.252 
6 0.040 -0.256 -0.748 -0.999 -0.992 1.000 0.145 0.022 0.012 0.124 
7 -0.983 -0.994 -0.765 -0.096 -0.272 0.145 1.000 0.992 0.991 1.000 
8 -0.998 -0.972 -0.680 0.028 -0.152 0.022 0.992 1.000 1.000 0.995 
9 -0.999 -0.970 -0.673 0.037 -0.142 0.012 0.991 1.000 1.000 0.994 

10 -0.987 -0.991 -0.751 -0.075 -0.252 0.124 1.000 0.995 0.994 1.000 

Finally, the data are clustered based on their similarity using a single link method. 

A summary of the consequence of clustering is given in Fig. 4.11 and Table 4.13 . First, 

each point is in a separate cluster, then the most similar points are grouped together until 

all points forms one cluster. Points 8 and 9 are grouped first with a similarity level equal 

to 0.9999 (-1.000) then points 7 and 10 are grouped at a similarity level equal to 0.9997 

( -1.000). Points 7 and 8 are the most similar points and a new cluster is formed including 

points 7, 8, 9 and 10 at a similarity level equal to 0.995. Then points 4 and 5 of the upper 

soft clay layer are grouped at a similarity level equal to 0.984 and clustering continues 

until all points forms one cluster. Looking at the dendogram in Fig. 4.11, two primary 

groups can be defined as follow: ( 1) group 1 includes points from 7 to 1 0 which are highly 

correlated as validated by a similarity level approximately equal to I, and (2) group 2 

includes points from 1 to 5 which are relatively less correlated compared with group 1 and 
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Table 4.13. Summary of Oustering Consequence of Selected Piezocone Data at 
Troll, North Sea, Using the Cosine Method for the Similarity and Single 
Link Method for Grouping the Data (Piezocone Data from Amundsen et 
aL, 1985). 

Step Number of Similarity Joined Number of data 
dusters level points points in new 

cluster 
0 10 1.000 Each point is one cluster 
1 9 1.000 8 9 2 
2 8 1.000 7 10 2 
3 7 0.995 7 8 4 
4 6 0.984 4 5 2 
5 5 0.956 1 2 2 
6 4 0.833 1 3 3 
7 3 0.828 1 4 5 
8 2 0.145 6 7 5 
9 1 0.040 1 6 10 

their similarity level is greater than 0.828. A point number 6 does not belong to either of 

the two groups which are uncorrelated as indicated by a similarity level equal to 0.04. The 

first group represents the lower stiff clay layer between the depths of 17m and 45 m and 

the second group represents the upper soft clay layer between the mudline and a depth of 

17 m. Therefore, cluster analysis is able to identify the invisible changes in piezocone data 

which indicates major changes in soil type and/or behavior. 

4.13. Determining the Number of Clusters 

Milligan and Cooper (1985) evaluated 30 independent methods to define the 

number of clusters. The methods were also independent of the cluster technique used. A 

total of 432 simulated artificial data sets produced from multivariate Gaussian distributions 

114 
http://geotill.com/



with independent variables were analyzed in their study to determine predistinguished 

number of clusters in a range from 2 to 5 groups. The methods were ranked from I to 30 

according to their performance to recover the predefined clusters. Cooper and Milligan 

(1988) tested the application of these methods for data sets including outliers and found 

that these methods were not able to indicate the right number of clusters that could 

represent the inherent groups within each data set. Milligan (1996) indicated that. yet, 

there has been not enough development and evaluation of the subject of choosing the 

method( s) and number of clusters. Also, the characteristics of the analyzed data should be 

considered in a criterion to define the number of groups representing these data. 

If desired, a cluster grouping can provide as many clusters as there are data sets, 

therefore a criterion must be set to evaluate the fewest number of clusters for 

consideration. Extensive cluster analysis has been conducted at many sites for a guide and 

the evaluation ranged from a cluster number Nc = 2 to Nc = 100. However, the proper 

soil stratigraphies of the 25 studied cases are detected at Nc < 15. A simple criterion is 

developed to decide which cluster results should be examined. For this, the correlation 

coefficient (pc) is calculated between the data ranks of each consecutive pair of clusters as 

follows (Neter et al., 1990): 

n 

L (xi(J) - E(X)(J)Xxi(j+1) - E(X)(j+1)) 
i=l 

Pc=-r============~r================ 
n n 

(Equation 4.9) 

L ( Xi(J) - E(X)(J)) L ( Xi(j+ 1) - E(X) U+ 1)) 
i=l i=l 
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where -1 s Pc: S 1, Xi is a cluster rank of a data vector (i), andj is the cluster number. For 

instan~ if Pc: between the two clusters j and j+ 1 is equal to 1, that means the cluster j+ 1 

does not add more divisions of the data set than cluster j and the analysis can be stopped 

at cluster j. However, if Pc: is equal to 0.5, that might indicate significant difference 

between the assigned cluster ranks for the data. This will suggest that the cluster analysis 

needs to be performed again until Pc: approaches a value of 1. Although Pc: becomes close 

to 1, it will never equal 1 because there will at least be a difference of one point rank 

between two successive clusters. Cluster results will be examined at the peaks of Pc:, or in 

other words, after a significant change of data groups might occur. 

Based on this discussion and because the cone data usually contain outliers either 

due to soil lenses or data errors, these methods are not used in this study. A simple 

criterion is developed in this study for choosing a cluster number corresponding to the 

correct stratigraphy and based on the characteristics of the cone data as functions of the 

surrounding soils as discussed in the following section. 

4.14. Interpretation of the Cluster Results 

The cluster analysis provides the following results within a vertical profile: related 

and unrelated soil layers, seams, lenses, anomalies, and transition zones between different 

layers. The anomalies can include natural soil inclusions, such as cemented layers, stones, 
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or voids; or systematic errors related to measurement difficulties, including electrical 

noise, rod changes, and random events. 

Definitions are needed for a minimum layer thickness, a transition zone, and 

outliers associated with soil lenses or anomalies. First, for the minimum layer thickness, 

Treadwell (1976) and Schmertmann (1978) found that the cone penetration resistance, qc, 

is influenced both by the interfaces ahead and behind the tip. They reported that the full 

response of qc in a chamber test moving from softer to stiffer soil can be obtained after 

interface zone equal to 10 to 20 times the cone diameter. However, in the case of a 

moving cone from stiffer to softer soils, the full response of qc can be obtained in a 

distance smaller than 10 times the cone diameter. Vivitrat ( 1978) suggested that a soil 

layer should contain at least 20 points (almost equivalent to a layer thickness between 0.5 

m and 1 m for data frequency equal to 2.5 em and 5 em, respectively) of the piezocone 

data to be statistically significant. 

Campanella and Robertson (1989) noted the scale effect on the transition zone 

using 1 0-cm2 and 15-cm2 cones. The peaks of qc were not completely retrieved, but the 

troughs were reproduced. Ifthe cone has a base area equal to 10 cm2 or 15 cm2
, the 

interface zone thickness might be equal to 0.35 to 0.70 m or 0.44 to 0.88 m, respectively. 

The penetration pore pressure might be influenced by a soil zone equal to 0.1 times a cone 

diameter (DeRuiter, 1982). The soil volume affecting qc is prevailing and considered in 

the development of the interpretation criterion in this study. Wickremesinghe (1989) 

proposed a statistical method to define the soil boundaries based on piezocone data using 

the intraclass correlation coefficient (ICC) and the generalized distance (02
). He 
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suggested a minimum layer thickness equal to 0.5 m. Zhang (1996) further used the ICC 

and D2 statistical methods to analyze piezocone data to get the soil boundaries and 

suggested a minimum layer thickness equal to 0. 75 m. 

Based on the above discussio~ a minimum layer thickness (t) is chose~ t = 0.5 m. 

Two layer definitions are given as follows: a primary layer (designated "A") hast C!: 1 m. 

while a secondary layer (designated "a") has 0.5 m s t < 1 m. Soil mixtures and 

transitions are denoted by a• and A*, which indicates that there is no continuous group of 

data with t C!: 0.5 mort ~ 1 within layers a and A. respectively. Note that a• and A • have 

0.5 m s t < 1 and t C!: 1 m, respectively. A summary of the steps to the cluster analysis 

interpretation for soil layers is shown on Fig. 4.12. 

The cluster analysis achieves the ultimate use of the piezocone data (collected, for 

instance, every 2 em) by detecting a single point or number of points (t < 0.5 m) that are 

not associated with a soil layer. Those points could represent a soillense or seam within a 

layer, or could be an outlier due to an electrical noise, operational errors or natural 

anomalies in the soil formatio~ such as gravels, boulders or voids. A transition zone is 

defined between soil layers or where at least three consecutive cone measurements have 

ascending or descending order of cluster numbers within a soil mixture. Soil lenses, 

seams, outliers, and data errors are recognized within a primary stratum by having 

different cluster number(s) than that of a soil-type surrounding them. A prior knowledge 
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t of a continuous 
cluster~ 0.5 m 

Secondary 
layer (a) 

Soil mi.x 
(a*) 

If cluster thickness (t) ~ 0.5 m I 

t of a continuous 
cluster~ 1m 

Primary 
layer (A) 

Soil mix 
(A*) 

Transitions are defined as 
follows: 
- between primary layers 
and/or secondary layers 
- within soil mixtures if ther 
are 3 or more consecutive 
points having ascending or 
descending cluster numbers 

Errors: for instance, 
locations of adding drill-rods 

Lenses: otherwise 

Fig. 4.12. Proposed Criteria for Evaluating Soil Stratigraphy from Cluster Analysis 
of Piezocone Data. 

of the effect of data errors on cone measurements is needed in order to differentiate them 

from minor geological evidences. For instance, the depths at which cone-rods are added 

during a cone penetration test should be recorded to be able to identify anomalies detected 

by clustering results as procedural errors. In the case of soil lenses or seams, clustering 

analysis acts as a warning signal to point out inherent local variability within a 

homogeneous soil stratum. The existence of a soil lense might also be confirmed by 
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comparing cluster results with available index or mechanical soil properties at the same 

depth. 

Electrical noise affects the piezocone readings within a sounding. It is found that 

this error-type has no significance on the stratigraphy obtained by cluster results because 

the data representing this error are defined in separate clusters than those indicating 

secondary and primary layers in a soil profile as discussed later in this chapter. 

Operational errors such as those caused by the addition of rods every 1-meter are usually 

known. Clustering piezocone data is unaffected by this error-type. These prior known 

errors should be filtered from the original data, if possible, but clustering does not require 

this for purposes of stratification. 

The discussed elements of the proposed statistical clustering analysis of piezocone 

data for the purpose ofgeostratigraphies delineation are integrated in Fig. 4.13 and 

summarized herein. First, the normalized piezocone parameters (Q and Bq) are derived 

from the measured raw data ( q, and ub), then standardized using the zscore method. The 

similarity between different vectors of Q and B11 at different depths are determined using 

the cosine measurement. Standardized data are grouped into clusters using the single link 

(nearest neighbor) technique, then the developed interpretation method is applied to 

demarcate different soil layers and their association. Finally, the interpreted soil 

stratigraphy is verified by independent information from adjacent boreholes and available 

back up laboratory and in-situ data. 
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Unprocessed Cone Measurements, 
q, and U& 

' 
Normalization with respect to in-situ vertical stresses, 

Q = (qt-o'vo)faw', Bq = (U&-Uo)/(q,-aw) 

,, 
Standardization using zscore method, for example: 
zscore (Qat any depth)= (Q-mean (Q)]/stdev(Q) 

' 
Similarity between vectors of data at two different 

depths in a Q and Bq octahedral space using 
cosine measurement 

,, 
Clustering (data grouping) using 

a single link (nearest neighbor) method 

' 
Interpretation of clustering results and choice of 
a representative cluster number of a soil profile 

,, 
Delineation of geostratigraphy including similar groups in a soil 

profile, layer boundaries, transitions, lenses and outliers 

I Verification using reference laboratory and in-situ data ) 

Figure 4.13. Proposed Oustering Analysis of Cone Data. 
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4.15. Validity of the Cluster Analysis 

In this study, clustering analysis of piezocone data is verified by comparing the 

obtained statistical stratigraphy with independent information obtained from adjacent 

boreholes, as well as reference laboratory, and in-situ testing data. Statistical validity 

methods including visual interpretation, hypothesis testing, and replications are available, 

however, these techniques are not applied in this study because of their limitations 

discussed in the following sections. 

4. I 5.1. Visual Interpretation 

The validity of data classification by cluster analysis has been studied by Anderberg 

(1973), and Duffy and Quiroz (1991) who suggested the similarity (distance) matrix be 

arranged into blocks which represent the obtained clusters. The distance measurements 

within the same block are rearranged into an ascending order. The data are presented 

graphically using one of some available methods such as tree-diagrams (Kleiner and 

Hartigan, 1981 ). For the purpose of defining a subsurface profile using piezocone data, the 

dendogram is a confusing interpretation method because of the large number of data 

involved in the analysis (e.g. 500 points in the case of a I 0-m sounding). It is proposed 

that cluster results be summarized as a vertical profile with depth while the abscissa is 

assigned the cluster number for each datum (examples shown in Chapters 5 and 6). The 

internal correlation between the data of the same layer can always be obtained by referring 

to the dendogram. A comprehensive discussion on the use of graphical techniques can be 

found in Jain and Dubes (1988). Then, the researcher can visually judge the validity of the 
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results by looking, for instance, at different colors or shadows represent different ranges of 

similarity. If the similarity within the same group is less than the similarity between the 

other groups, then a valid cluster analysis is applied. This criterion is a user-dependent 

and brings subjectivity into the final decision. Also, it depends on the same data for both 

the analysis and the validation, therefore, it is not used to validate clustering results in this 

research. 

4.15.2. Hypothesis Tests 

Hypothesis tests can be divided into two main categories including: (I) external 

validation using independent data set, (Hubert and Baker, 1977), or using variables not 

included in the analysis to check the given clusters (Milligan, 1996), and (2) internal 

validation tests based on the goodness of fit between the input data and the resulting 

classifications (Baker and Hubert, 1975; Milligan, 1981). However, the validity of 

hypothesis testing is questionable (Milligan and Mahajan, 1980; Jain and Dubes, 1988; 

Milligan, 1996) because they always give significant results due to the underlying 

assumption that clusters exist in the data. Therefore, the hypothesis testing methods have 

not been used in this study. 
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4.15.3. Validation Using Replications 

Morey, Blashifield, and Skinner (1983) developed a replication analysis to check 

the validity of cluster analysis results. Two replicated data sets for the same variables 

should exist to perform the analysis. First, for each data set, the same cluster analysis is 

performed and then the agreement of their cluster results is compared (Hubert and Arabie, 

1985). This method might be useful in the case of a simulation study where data of two 

artificial samples can be produced with predefined cluster structures. However, in the 

case of studying soil stratigraphy using piezocone data, it is not feasible to repeat the data 

set because the cone penetration test itself is destructive to the soil mass. The recorded 

piezocone data are functions of the soil micro- and macro- structures which are functions 

of the spatial location. Therefore, this method is not suitable for the purpose of this study. 

4.16. Summary and Conclusions 

In this chapter, review of standardization schemes, similarity measurements, and 

hierarchical techniques is given. Piezocone data should be standardized because the mean 

and variance of the direct stress measurements q" and ub vary significantly. Also, the 

mean and variance of normalized parameters Q = (qt-O'vo)lcrvo' and Bq = (u2-Uo)/(qt-crvo) 

vary greatly. Standardization is recommended to reduce the effect of the larger cone 

parameter ( Qt in the case of using raw measurements or Q in the case of using normalized 

data) on clustering results. There are 7 different standardization methods and 8 different 

similarity approaches for grouping the data, thus gives possible 56 combinations. There is 

no single method that can be applied for all types of data. A parametric study is needed in 
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order to compare the clustering of piezocone data using the 56 methods as discussed later. 

The optimal cluster method is selected where the actual soil stratigraphy is minimum 

cluster number. 

The single link (nearest neighbor) clustering method has been found superior over 

other techniques to indicate a predetermined inherent structure of artificial data sets 

(Milligan and Cooper, 1985; 1988). Also, it satisfies mathematical conditions such as 

minimum distortion (Sibson, 1972). Therefore, this method has been adopted for the 

analysis of piezocone data in detecting a subsurface stratification. The cluster number has 

been chosen according to a developed criterion based on piezocone data performed in 

chamber tests and previous statistical studies. To verify the cluster results, the given 

statistical stratification is compared with independent information of boreholes boundaries, 

physical, and mechanical properties of the soil at a specific site. 
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CHAPTERS 

CLUSTER APPLICATIONS OF PIEZOCONE DATA 

5. I. Synopsis 

In this chapter, a proposed clustering technique for analyzing piezocone data to 

demarcate a soil profile is evaluated. The single-link (nearest neighbor) method is 

proposed for dividing the piezocone data into correlated groups. A "zscore" 

standardization procedure and a cosine similarity measurement were found to be superior 

in indicating the soil stratigraphy at the three sites. Therefore, a single-cosine-zscore 

cluster technique is proposed for analyzing piezocone data to delineate soil boundaries and 

stratigraphies. 

According to the interpretation criterion of clustering piezocone data, each soil 

stratigraphy is separated into three categories according to the thickness (t) of each class. 

These are defined as follows: (I) a primary stratum hast~ I meter, (2) a secondary layer 

has 1 meter> t ~ 0.5 meter, and (3) grouping of soil lenses or transitions ift < 0.5 meter. 

A certain number of clusters (Nc) is chosen to represent a subsurface stratification if no 

new primary layers are detected at higher cluster numbers. 

The validity of the single-cosine-zscore method using the normalized parameters Q 

and Bq is discussed, for example, for varved clay strata at Amherst, Massachusetts 

(piezocone data collected by the author). Cluster results are compared using selections of 
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paired and grouped parameters in the analysis, including: ( 1) unprocessed data [ qt and Ub], 

(2) partly processed data [q, and the ratio u.,!qt], and (3) normalized parameters [Q. F, and 

BJ. Clustering of the two normalized parameters Q and Bq, properly indicated the 

subsurface stratification at Amherst using the lowest cluster number, as compared with the 

other three data combinations. 

The effects of test procedure, data collection, and processing of the data are 

studied in their representative influence on the clustering. These include: 

• measurement errors due to test procedure and electrical noise, 

• data frequency, 

• porous filter location, 

• scale effect (cone size), and 

• actual versus assumed unit weight. 

Measurement errors due to procedural operations of field piezocone tests at the Amherst 

site are shown to be insignificant. Electrical noise influence of miniature cone data in 

kaolinite clay in chamber tests (Mayne et al., 1992) are also shown to be insignificant on 

the clustering results. A comparison is performed of clustering at Amherst using two sets 

of Q and Bq which are derived as functions of measured unit weights, and an assumed unit 

weight. Using the actual unit weights helps to identify the soil profile at a lower cluster 

number. From the parametric effect, it is found that, data frequency of 5 em up to 50 em 

has no effect on the detected primary layers at Amherst. This suggests the possibility of 
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using clustering for other in-situ methods such as the flat dilatometer and vane shear test 

in which the readings are taken at relatively larger spacing than in the case of a cone. 

A comparison is performed to investigate the effect of porous filter location for 

penetration porewater pressures (u1 = ut) versus (u2 = ub) at two clay sites: (a) soft clay at 

the Bothkennar test site, Scotland (Nash et al., 1992) and (b) stiff fissured London clay at 

the Brent Cross test site, UK (Powell et al., 1988). At the Bothkennar test site, both Ut 

and ub are positive, and increase with depth. However, at Brent Cross test site, the Ut data 

are positive whilst the Ub readings are negative due to dilatancy and fissuring of the 

overconsolidated clays. Using Ut measurements indicated a soil profile which is better 

validated by the back-up data than the stratigraphy obtained using ub readings. The scale 

effect using 10-cm2 and 15-cm2 cones in layered clay-sand-clay profiles at Surry, Virginia 

(Gordon and Mayne, 1987) is shown to have negligible effect on the cluster results. 

A spatial cluster analysis was performed on piezocone data from Amherst test site 

using three soundings oriented in a triangle in a plan view. The derived normalized 

parameters Q and Bq are compared at the same depths to evaluate the association of the 

detected statistical layers. Also, the possibility of interpolating the soil boundaries 

between the locations of the soundings in the space is checked. 

5 .2. Database 

Piezocone data are collected from 24 sites worldwide to represent a variety of 

different soil types including clays, silts, sands and soil mixtures. Piezocone data collected 

in a chamber test are also analyzed. Some of the piezocone data are available in their 
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original digital format, however, the rest of the data were redigitized using AutoCad 

software (Bertoline, 1994). Table 5.1 includes a summary of the studied sites which are 

divided into two groups. Group I includes sites where a simple visual examination of the 

piezocone data can be used to define the soil stratigraphy including layers, lenses, and 

probable transitions. Group II sites have significant changes in the soil stratigraphy that 

are not readily apparent from the piezocone data by looking at the variation of different 

trends in vertical profiles of a cone or by using available interpretation techniques of cone 

data. The two normalized parameters Q and Bq are used as input for cluster analysis. 

Verification is provided by backup laboratory index properties such as liquidity index, 

water content, sensitivity, and/or other measurements on soil samples taken from borings 

at the site or nearby field tests, such as the vane shear test. 

5.3. Applications of Cluster Analysis 

In the following sections, cluster analyses of piezocone data are discussed at four 

sites to illustrate the influence of several factors on the methodology. First, the effect of 

different data combinations, errors, and frequencies are studied using piezocone data 

collected by the author at the Amherst test site, Massachusetts. At the same site, a 

comparison is performed between cluster results based on normalized cone parameters 

derived using actual and assumed unit weights. Moreover, the validity of spatial cluster 

analysis is evaluated at Amherst. Electrical noise effects are evaluated on clustering of qc: 

readings collected in a calibration chamber test of prestressed kaolinite and fine silica. The 

influence of the filter position at the cone face (u,) and behind the tip (ub) on clustering is 
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Table S.l. Summary of 24 Sites Analyzed Using Ouster Methods. 

Site Name, and Location Soil Type Reference 
Group Number 
_ill Aiken• South Carolina Alternative clay, silt and sand Bratton et al. (1993) 
. (I) Amherst• Massachusetts Fill over clay crust underlain by soft clay (This study)•• 
(I) Bothkennar Scotland Clay crust over soft silty_ clay, clayev silt Nash et al. (1992) 
(I) Brent Cross United Weathered finely fissured clay over Powell et al. (1988) 

Kingdom unweathered highly fissured clay 
(II) Drammen Norway Plastic clay over lean clay Masood et al. (1990) 
(I) Fort Road SingaPOre Soft clay and intermediate silty cla_y Chang (1991) 
(ll) Gloucester Ontario Soft silty clay over clay to silty clay Konrad and Law 

(1987) 
_ill) Hachirogata Japan Soft marine clay Tanaka et al. (1992) 
(I) Kagoshima Japan Sand to silty sand over silt underlain by Takesue et al. (1995) 

sand 
(II) Lilla Mellosa Sweden Organic clay over clay underlain by a Larsson and 

varved clay_ Mulabdic (1991) 
_ill Maskinonge Quebec Firm to soft silty clay Demers et al. (1993) 
(I) McDonald's British Sand and silty sand over soft clayey silt Robertson (1982) 
Farm Columbia 
(I) Newport Virginia Soil mixture of sand, silt and clay Mayne (1989) 
News underlain by sandy clay_ to clayey_ sand 
(I) Onsoy Norway Soft clay Gillespie et al. 

(1985) 
(I) Opelika. Alabama Siltv sand to sandy silt (This study)•• • 
(I) Penuelas• Puerto Rico Clayey silt and some sand Hegazy and Mayne 

(1996) 
(I) Po River Italy Medium to coarse sand Bruzzi et al. (1986) 
(II) Recife Brazil Organic soft clay (1) and {2) Coutinho and 

Oliveira (1997) 
(I) South Boston Massachusetts Silty clay differs from stiff to soft with Sweeney and 

depth Kraemer (1993) 
(II) St Alban Quebec Soft very sensitive silty clay changes to Roy et al. (1982) 

clavey silt 
(I) Surry• Virginia Clay over sand underlain by clay Gordon and Mayne 

(1987) 
(I) Taranto Italy Stiff to hard silty clay Battaglia et al. 

(1986) 
(II) Tiller Norway Silty clay over quick clay_ Sandven (1990) 
(II) Troll North Sea Very soft clay over very stiff silty clay Amundsen et al. 

(1985) 

Notes: (•) means that piezocone data are available in digital format Othenvise, piezocone data are 
redigitized using AutoCad software. 
(**)Additional supplementing data obtained from Lally (1993). 
(***)Additional supplementing data obtained from Vinson and Brown (1997). 
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studied at Bothkennar, Scotland, and Brent cross, England, test sites. Finally, the scale 

effect on clustering using 1 O-cm2 and 15-cm2 cones is evaluated at Surry test site. 

5.3.1. Cluster Analysis at Amherst. Massachusetts 

One of 15 representative piezocone soundings (PCPT1) conducted by the author 

in June, 1996 at the National Geotechnical Experimental Site at Amherst, Massachusetts is 

used for this clustering example. The sounding was presented earlier as Fig. 4.3. Detailed 

laboratory and in-situ data at the site are given elsewhere, (Lally, 1993, Lutenegger, 

1995). The soil stratigraphy consists of a 2-m thick silty clay fill over a 2-m thick 

desiccated sandy silt crust underlain by a soft brown-gray varved clay down to 5 m and a 

deep deposit of normally-consolidated gray varved clay to the termination depth of the 

sounding at a depth of 14.5 meter. 

A visual examination of the qt measurements indicates four separate layers with 

interface boundaries at approximately 1.8 m, 4.0, m and 5.2 m. The visual boundaries of 

the qt measurements and adjacent borehole soundings are in agreement. For the 

penetration porewater readings, there is only one apparent boundary visually defined at a 

4-m depth using the ub measurements. The lack of sensitivity for the porewater channel 

reading is attributed to the penetration in the partially-saturated zone above the 

groundwater table. Likely, a partial desaturation of the porous element occurred due to 

suction effects which resulted in a delay of the full response of the penetration pore 

pressure at later depths. 

131 
http://geotill.com/



The piezocone data are first evaluated by an empirical classification scheme using 

the modified Robertson chart (1991) to define the soil types at the site, as shown on Fig. 

5.1, resulting in a sand to sand mixture between the ground surface and 4-m depth. The 

soil between the depths of 4.0 m and 14.5 m is defined as clay to silty clay with indication 

that the overconsolidation ratio (OCR) decreases and sensitivity (S,) increases with depth. 

A primary soil boundary is identified at approximately a depth of 4 meters between the 

upper fill and sandy silt crust layers and the lower varved clay layer. 

A single-cosine-zscore method is applied to the normalized parameters Q and Bq 

which are derived from the Amherst data and shown on Fig. 5.2. The standardization of 

Q and Bq using zscore method is shown in Fig. 5.3. The zscore profile ofQ can be 

divided visually into 6 groups with boundaries at approximately 0. 5 m, 2 m, 3 m, 4 m, and 

5.5 m. The zscore profile ofBq can be divided by eye into three groups with boundaries at 

approximately 4 m and 5.5 m. The autocorrelation between consecutive clusters up to Nc 

= 100 is shown on Fig. 5.4. The scale of Pc is expanded in the vertical direction for cluster 

numbers between Nc = 2 and Nc = 50 showing 17 peaks of Pc defined between them. 

Figure 5.5 shows the cluster results at these peaks up to Nc = 29. At Nc = 2, two major 

clusters appear with a boundary at 5.8 m. A third primary cluster (A) with t ~ I m splits 

from the upper cluster at Nc = 3. Then, up to Nc = 6 some points separate indicating non

homogeneity within the three primary clusters. 

At Nc = 8, another primary cluster is detached between 2.2 m and 3.95 m. For Nc 

> 8, no more primary layers of type A appear, however, more points indicating transitions 

132 
http://geotill.com/



a 

1000 

100 

10 

1 

Modified Classification Chart 
(Robertson, 1991) 
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A 5 m to 14.55 m 
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Bq 

1. Sensitive Fine Grained 5. Sand Mixtures: Silty Sand to Sandy Silt 
2. Organic Soils-Peats 6. Sands: Clean Sand to Silty Sand 
3. Clays: Clay to Silty Clay 7. Gravelly Sand to Clayey Sand 
4. Silt Mixtures: Clayey Silt to Silty Clay 

Figure 5.1. Soil Classification Using Piezocone Data (PCPTI) at Amherst 
Massachusetts (This Study). 
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Profile at Amherst, Massachusetts (Data from This Study). 
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or lenses continue to separate the primary 3 layers. This statement is also valid to the 

cluster results between Nc: = 45 and up to Nc: = 100 which are shown on Fig. 5.6 with 

increment equal to 5 clusters. Note that at cluster number 88, there is a decrease in Pc 

(see Fig. 5.4) which is indicated by separation of more points from the lower primary 

layer, especially between the depths of 11 m and 14 m. However as shown in Fig. 5.6. 

(e.g., Nc = 90), the thickness of any consecutive group of points within these depths is less 

than 0.5 m. Note also that the number of clusters can grow up until each point in the soil 

is assigned a different cluster number. Therefore, a cluster analysis number 8 is chosen to 

represent the soil stratigraphy as shown in Fig. 5.7. Furthermore, note that the rod breaks 

(procedural error caused by creep during rod additions) show up as their own cluster. 

The statistical soil stratigraphy at Amherst includes three primary layers (AI, A2 

and A4), two secondary layers (al and a2) and a mixture soil layer (a3*). Soil boundaries 

defined by the cluster analysis are in agreement with the visual boundaries defined using 

borehole soundings as shown on Fig. 5.7. The water content data have a positive trend 

increasing with depth down to almost 6 m which supports the gradual change of the 

cluster groups in the same zone. The water content data have a mean value equal to 60 % 

below 6 m and down to almost 14 m and validates the stability of the continuity of cluster 

number 8 at the same zone. The undrained shear strengths measured using a field vane 

shear test have a mean value of Suv = 30 kPa below 6 m also in validation of cluster A4. 
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5.3.2. Unprocessed and Processed Data 

The cluster results of single-cosine-zscore-type is compared at Amherst using three 

forms of piezocone data including the following: 

1. unprocessed data: q, and U~t, 

2. lightly-processed data: q, and the ratio ui/qt, and 

3. normalized parameters: Q, B11 and F = [fJ(q,-avo)]. 

The second group of data is closer to the form of Q and B11 neglecting the effect of the in

situ vertical stresses. The presentation ofthe piezocone data in terms of the normalized 

parameters, Q, B11 and F was proposed by others (e. g. Wroth, 1988; Robertson, 1991 ). 

Also, this group includes the influence of f. on the analysis. The cluster results of the three 

data combinations are compared with the results using Q and Bq at Nc = 8 as shown on 

Fig. 5.8. The growth of their cluster up to Nc = 100 is discussed in detail in Appendix C. 

Using q, and Ub indicates a secondary boundary and a primary boundary at 0.7 m 

and 3.9 m, respectively. However the primary boundaries indicated using Q and Bq at 2.2 

m and 5.6 mare not detected. Using q, and the ratio ui/q, gives similar boundaries to 

those obtained using Q and Bq except for the boundary at 2.2 m which is not retrieved. 

Note that using Q, Bq and F improperly indicates the soil stratigraphy at Amherst because 

the primary boundaries at approximately 2m, 4 m and 5.6 mare not detected. However 

primary and secondary boundaries are found at 4.8 m and 5.5 m, respectively. 

The proper soil stratigraphy is demarcated using the three piezocone combinations 

at Nc > 8 which is discussed in detail in Appendix C and summarized as follows: ( 1) 

unprocessed data, q, and ub at Nc = 26, (2) partly-processed data, [ q, and the ratio u.,!q,] at 
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Nc: = 33 and (3) normalized parameters. Q. Bq and Fat Nc: = 30. Therefore. using Q and 

Bq is superior to the other investigated combinations of cone data because cluster results 

represent the soil stratigraphy at A:nherst at a relatively small cluster number Nc: = 8. 

5.4. Factors Affecting Cluster Results 

Several factors affect piezocone data and their interpretation for the purpose of 

geostratigraphy including measurement errors. assumed unit weight. data frequency, 

porous filter position. and cone size. Detailed discussion of the influence of these factors 

on clustering of piezocone data for the purpose of soil stratigraphy is given in the 

following sections. 

5.4.1. Data Errors 

In routine assessment of piezocone data. errors in the data set affect the 

interpretation by empirical, analytical, and numerical methods. For autocorrelation and 

variogram analysis, errors can also affect the fitted models and interpolated data. A 

superiority of the clustering technique is that the method is unaffected by either random or 

systematic errors as discussed herein in two case studies. 
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5.4.1.1. Effect ofEiectrical Noise 

An example of the electrical noise error-type is presented with qc measurements 

shown in Fig. 5.9 and taken using a miniature electric cone in chamber tests of S0/50 

Peerless kaolinite and fine silica (Mayne et al., 1992). The water content ofthe clay was 

originally equal to 66 % which was twice the liquid limit. The tested clay consisted of two 

layers. Both layers were prestressed using a perforated rigid piston and an applied 

pneumatic pressure to preconsolidate the clay to 50 kPa. 

In the first Oower) clay layer, the clay was covered at the top and the bottom by 

geotextile filter layers. The drainage was allowed at the top through the piston and the 

bottom through a sand layer (i.e. double drainage) during the first prestressing. To obtain 

a thicker soil section, a second clay layer was laid over the top of the first one and 

prestressed also to 50 kPa. Drainage was impeded beneath of the lower clay layer (i.e. 

single top drainage). Thus, a two layer system was formed from the same 50/50 kaolinite 

clay. The boundary between the two deposits occurs at 220 nun from the top soil surface 

and shown in Fig. S. 9. 

A single-cosine-zscore cluster-type was applied to the measured and filtered qc 

from two penetration tests. The data were filtered using a moving window average 

technique where a window of 5 data points was chosen and every 5 measurements were 

replaced by their average at a depth representing the center of each window. The cluster 

analysis of the measured and filtered data are compared at Nc equal to 2 and appear to be 

in good agreement as shown in Fig. 5.10. Homogeneous clusters are indicated by cluster 

number 1 above 22.5 em, and cluster number 2 below 36 em using both data. The duster 
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results of the measured data indicate that the soil between 22.5 em and 27.5 em belongs to 

the clay layer below 36 em. A soil mixture is indicated between 27.5 em and 36 em and 

this is due to non-homogeneous mixture of the kaolinite and the silica and/or different soil 

properties. Using the filtered data in the cluster analysis indicated a secondary layer 

between the depths of32 em and 36 em which represents a change in the soil type, 

plasticity and/or consolidation behavior. 

5.4.1.2. Effect ofProcedural Errors 

A study was performed to quantify the effect of procedural errors included in 

piezocone data collected at Amherst due to frequent stops to add a cone-rod. The latter 

error-type sometimes results in a decrease of the qc: measurements and/or a dissipation of 

the porewater measurements, especially in clay soils where creep effects can occur. Data 

measurement errors due to frequent stops during each 1-m of penetration appear in the 

piezocone results collected at Amherst as depicted in Fig. 5 .11. A data filtering criterion 

proposed by Vivitrat (1978) was used to define the data errors at the rod breaks 

approximately every one-meter depth. In order to perform the analysis, a window width 

was chosen equal to 0.5 m and a cone reading was considered an outlier if it is greater 

than (average+ 2 standard deviation) of the data within a window. The data errors were 

deleted and replaced by linear interpolation between the two data points above and below 

the removed measurements. Filtered data are shown in Fig. 5.11 in comparison with the 

measured unprocessed data. 
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A cluster analysis is applied to the filtered data using the single-cosine-zscore 

(SCZ) method. The correlation coefficient between consecutive cluster results is 

discussed in Appendix C up to Nc = 100. The peaks of Pc are defined between Nc = 2 and 

50 and Fig. 5.12 shows the cluster results at the peaks between Nc = 2 and 11. At Nc = 2, 

the cluster results divide the stratigraphy into 2 primary layers with a boundary at 3.9 m. 

Thereafter, soil lenses separate up to Nc = 6 and a primary layer splits at Nc = 9 between 

2.2 m and 3.9 m. Subsequently, no new primary clusters appear up to Nc = 100, however, 

more growth of transition zones and lenses is indicated. 

Nc=2 Nc=4 Nc=6 Nc= 8 Nc=9 Nc = 11 
0 2 0 4 0 6 0 8 0 10 0 12 

0 

2 f- .I .I •t· 
\ IL. 4 f- r-
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CD c 10 f- r- ... ·r-
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16 

lSingle-Cosine..ZScore Method Using Q and Bq Nc = No. of Clusters 

Figure 5.12. Cluster Analysis of Filtered Piezocone Data (PCPTl) at Amherst, 
Massachusetts (Data from This Study). 
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A cluster number Nc: = 9 is chosen to represent the soil stratigraphy. The primary layer 

boundaries are defined at 2.2 m, 3.9 m and 5.3 m. Figure 5.13 shows a comparison 

between the cluster results of the measured and filtered data at Nc: = 9. The cluster results 

of the filtered data are very similar to those of the measured data. Note that the 

subsurface stratigraphy was detected at Amherst at cluster number Nc: = 9 using the 

filtered data compared with cluster number Nc: = 8 using the measured data. Therefore, 

there is no need to filter the piezocone data for clustering for the purpose of soil 

stratigraphy. Moreover, some soil lenses which can be important in a geotechnical design, 

can be missed by filtering the data. 

5.4.2. Actual Versus Assumed Unit Weight 

In order to use piezocone normalized parameters Q = [(q,-avo)/(crvo')] and Bq = 

[(u&-Uo)/(q,-avo)], the total [crvo = y,*depth] and effective [crvo' = O'vo-Uo] overburden stresses 

are needed. Their values are calculated at Amherst using the actual unit weight, y, which 

is shown in Fig. 5.13, as opposed to an assumed unit weight. Then a single-cosine-zscore 

cluster method is applied to the normalized parameters Q and Bq from one piezocone 

(PCPT1). The correlation coefficient between consecutive cluster results is calculated up 

to Nc: = 100 and examined clusters are chosen at the peaks of Pc:· Figure 5.14 shows the 

cluster results at the peaks between Nc: = 2 and 12. At Nc: = 2, the cluster results are the 

same as using an assumed constant value ofy, = 17 kN I m3
• However, at Nc: = 4, the 

upper cluster is divided into 3 primary groups. For Nc: > 4, points weakly correlated with 
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the 3 groups continue to separate indicating lenses, transitions, or data errors up to Nc = 

12, however, no new primary layers are detected. The cluster results up to Nc equal to 

100 are discussed in Appendix C and indicates more growth of the transition zones 

without primary group separation. Therefore, a cluster number 4 is chosen to represent 

the soil stratigraphy at the site. The primary layer boundaries are defined at depths of 2.2 

m, 3.9 m and 5.6 m. 
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Using the actual measured y, helped to get very similar cluster results at Nc = 4 as 

those obtained using an assumed y, (17 kN I m3
) at double the cluster number. Looking at 

the actual unit weights in Fig. 5.13, the values ofy, gradually decrease from 23 kN/m3 to 

approximately 17 k:N/m3 between the ground surface and a depth of2.5 m, therefore the 

values of Q using actual y, are less than those using y, = 17 k:N/m3
. This helps to indicate 

the difference between the upper fill layer and the clay crust layer between the depths of 2 

m and 4 mat a lower cluster number as shown in Figures 5.12 and 5.14. For comparison, 

Fig. 5.13 indicates a similarity of the primary boundaries at Nc = 9 using assumed and 

actual y,. Therefore, there was no need to measure the unit weight at Amherst to apply 

the cluster analysis, however, the subsurface stratigraphy at the site is detected at larger 

cluster number using a constant assumed unit weight. 

5.4.3. Data Frequency 

Piezocone data are commonly measured at small intervals from 1 em to 5 em. 

More details ofthe inherent variability of a soil stratigraphy can be known by increasing 

the frequency of collecting the cone data or other means of testing. However, in other 

laboratory and in-situ testing, data are usually collected at lower frequencies. For 

instance, flat dilatometer readings are recommended to be taken every 20 em (Marchetti, 

1980). Therefore, SCZ cluster-type is performed at Amherst are using six chosen 

frequencies where single readings taken every 5 em, 10 em, 20 em, 30 em, 40 em and 50 

em. The frequency (r) is not reduced further to be able to distinguish between soil layers 

(t ~ 0.5 m), and soil lenses, transitions and outliers (t < 0.5 m), according to the 
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interpretation criterion defined in this chapter. Note that the filtered data are used to 

eliminate the errors due to dissipation effect which might not be available in other in-situ 

or laboratory methods. The development of clustering of different frequencies is 

discussed in Appendix C. Cluster results are compared at Nc = 9 and Figure 5.15 indicates 

similarity of the primary boundaries detected using r = 5 em tor= 50 em. The main 

statistical boundaries are at depths of 2.2 m, 3.9 m, and 5.3 m. However, the secondary 

boundary at 0. 7 m defined using r = 5 em is not identified using r = 20, 40 and 50 em. 

Therefore, the delineated subsurface stratigraphy is not affected by increasing the distance 

between the data to 50 em. This suggests that clustering can be applied to other 

laboratory or in-situ testing in which the frequency of the data is usually smaller than that 

of the piezocone readings. 

5.4.4. Porewater Pressure Position 

It is well recognized that the position of porous element can result in significantly 

different readings (e. g. Mayne et al., 1990; Lunne et al., 1997). Two case studies are 

discussed in this section. First, a comparison is performed between the cluster results 

using (u1 = u,) and (u2 = ub) in soft clay at the Bothkennar test site, Scotland, where both 

pore pressure measurements are positive and increase with depth. Then, a similar study is 

performed using piezocone data collected in stiff fissured clay at Brent Cross test site, UK, 

where llb readings are mostly negative and u, readings are positive. 

154 
http://geotill.com/



0 10 0 10 0 10 0 10 0 10 0 10 

0 
~ "!• 

·- .:; -
.. 
. --- -

.. 
-- - - . 

~ ---- -- . - ---- -- - -
2 ~-! --- -i - ---. - .. - - - -- --- - . -- - --- .. - --- -- - --- -- - -4 - -- -I__ 

I 
-- ~ - -

6 

-E -= 8 a. 
Cl) 

c 

10 

12 

14 

~ 

~ 

-~ 

~ 

--

. 
-
. 

_._ 

-:.. 

. 

---:· 

~ 

:.. + -
~ -- ~ 

~ ~ 

:.. -i-
~ 

~ . 
:.. - -. 

. 
. . 
- --. 

~ 

~ 

:.. -i-
_:= 

-- -- --- . . --- . f- --- . ~ --- . . -- - ~ 
. 

-- . ~ --- . -~ --- . --- . - -- . - -- . -- :.. . -~ --- - --- ~ -- -- --- - --- - - -- --- . --- . 1--- ~ . --- . --- 1- . -~ -. - . -~ ~ . • Is em .[10 em 
~ 

K2ocm 30 em ·I40cm Hso cmj 

16 

Note: Piezocone data (PCPT1) at Amherst, Massachusetts (this study). 
SCZ method using Q and Bq at Nc = 9 -Primary boundary 
I x em I = frequency --Secondary boundary 

Figure 5.16. Effect of Data Frequency of the Filtered Data on the Cluster 
Analysis at Amherst, Massachusetts Using 10-cm2 Cone. 

155 
http://geotill.com/



5.4.4.1. Bothkennar Test Site. Scotland 

Usually, porewater pressure measurements are taken at the midface llt or at the 

shoulder ub. Porewater pressure measurements on the face of the cone are always 

positive. However, at the shoulder position, Ub measurements can be positive, zero, or 

negative (Robertson et al., 1986; Senneset et al., 1988). Piezocone soundings with both Ut 

and Ub measurements were taken at the Bothkennar test site, Scotland as shown on Fig. 

5.16. A very detailed geotechnical study was performed at this site, (for instance, 

Hawkins et al., 1989; Nash et al., 1992). The soil stratigraphy from extensive boring and 

sampling information at the site consists of a silty clay crust in the upper 2.5 m underlain 

by a soft to firm homogeneous silty clay to clayey silt down to 19.5 m. A soil 

classification by Q and Bq2 was performed using the Robertson ( 1991) chart as shown on 

Fig. 5.17. A soil layer of silty clay to clayey silt is defined between 1.35 m and 2. 7 m 

underlain by a clay to silty clay layer down to 19.5 m. Therefore, Robertson's method 

properly indicates the subsurface stratification at the site. 

A cluster analysis was performed using Q and Bq with the latter term defined as a 

function of Ub measurements. The clusters at the peaks of Pc: up to Nc: = 50 are examined 

and Fig. 5.18 shows the results between Nc = 2 and 6. Two primary clusters appear at Nc 

= 3 with a boundary at 3.7 m. The growth ofthe cluster analysis is also studied up to Nc = 

100 and discussed in Appendix C. No new primary clusters with t ~1m appear at Nc > 3, 

however, lenses and transitions continue to separate the two main statistical layers. 

Therefore, cluster number 3 is chosen to delineate the soil stratigraphy. An extensive data 
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sets of liquidity index and overconsolidation ratio confirm the statistical stratification as 

depicted in Fig. 5.19. Also, fitted trends are included in the figure. 

A similar cluster analysis is performed using Q and Bq with the latter defined as a 

function of Ut readings. The cluster results at the peaks of Pc between Nc = 2 and 6 are 

shown on Fig. 5.18. A cluster number 4 is chosen to denote the soil stratigraphy because 

no new primary clusters split at larger Nc. The cluster results as a function of u., and Ut 

indicated the existence of two primary clay layers in the deposit with a boundary at 

approximately 3. 7 m. Figure 5. 19 indicates a good agreement for primary layer detection 

derived from Ut and ub piezocones used in clustering, except that, a secondary layer a 1 * is 

defined between 3.6 m and 4.4 musing the Ut measurements. The primary layers indicated 

by clustering are verified by both the trends of liquidity index and overconsolidation ratio. 

Experimental, statistical and analytical correlations between piezocone data and 

overconsolidation ratio were established (Wroth, 1988; Chen and Mayne, 1994). The 

shear strength of the soil increases by decreasing the liquidity index. The cone data are 

functions of the shear strength of the soil (Campanella and Robertson, 1988), therefore, 

the cone data are also functions of the liquidity index of a clayey soil. Looking at the 

lower trend of liquidity index, the data are relatively more scattered between the depths of 

2 m and 4 m which can support the existence of a secondary or a transition layer between 

the two primary layers. Therefore, using u, in the analysis gives a better indication of the 

soil stratigraphy at Bothkennar test site. 
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S.4.4.2. Brent Cross. England 

The soil stratigraphy at Brent Cross test site, UK consists of heavily 

overconsolidated and fissured London clay (Lunne et al., 1986; Powell et al., 1988). The 

weathered clay down to a depth of 9 m has fissure spacings between 6 mm and SO mm, 

however, the unweathered clay below 9 m and down to 2S m has fissure spacings between 

1S nun to 32S nun. An example ofpiezocone data collected at the site is shown in Fig. 

S.20. The porewater pressure measured behind the tip is negative due to soil dilation 

(Senneset and Janbu, 1989), however the porewater pressure readings at the cone face are 

positive due to soil compression. 

By simply looking at the unprocessed qt and u measurements, no clear soil 

boundaries are evident. However, it is noticed that the variability of the qt measurements 

increases with depth and the Ub readings are positive down to 2.S m and then become 

negative. The soil is classified using the Robertson PCPT chart ( 1991) as presented in 

Fig. S.21. The soil between the depths ofO.S m and 10.7 m is defined as sandy silt to silty 

sand to clean sand underlain by clayey silt to silty clay down to a depth of 18.5 m. 

Therefore, this method is not able to properly identify the primary boundary between the 

upper and lower soil layers. 

A single-cosine-zscore cluster analysis is applied to the Q and Bql from Brent 

Cross. The clusters at the peaks ofpc up to Nc =SO are examined and Fig. 5.22 shows the 

results between Nc = 2 and 7. At Nc = S, three primary clusters appear with boundaries at 

2.4 m and 7.9 m and a transition starts to build up between depths of7.6 m and 7.9 m. 

The growth of the cluster analysis up to Nc = 100 is discussed in Appendix C. No new 
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primary clusters (t ~I m) are separated at Nc greater than 5, however, lenses and 

transitions continue to separate. Therefore, cluster number Nc = 5 is chosen to represent 

the soil stratigraphy at the site. The upper two primary layers are associated in terms of 

soil type and/or soil properties because they are denoted by cluster numbers I and 2. 

However, the lower main layer could have different characteristics than the upper two 

layers because it is assigned cluster number 5 and the transition zone between this stratum 

and the intermediate deposit increases by increasing Nc. 

The vertical profiles of water contents and undrained shear strength (Su) data 

measured using undrained-unconsolidated triaxial tests are shown in Fig. 5.23. The 

natural water contents and the plastic limits slightly change with depth and their averages 

are the same and equal to 27.5 percent. There are two proposed trends of the liquid limits 

with depth as shown in Fig. 5.24. For the first trend, the liquid limits change from 81 

percent at 0.8 m to 70 percent at 5.2 m. For the second trend, the liquid limits decrease 

from 85 percent to at 6.3 m to 62 percent at 19.7 m. The water content profiles do not 

verify the obtained clustering results using Ub measurements to derive Bq. 

The undrained shear strength (Su) data increase with depth down to almost 8 m 

where their trend is shifted to the left as shown on Fig. 5.23. The variation ofSu with 

depth confirms the defined soil boundary at 7. 9 m which also reflects the change of the 

soil structure and fissure size between the upper and lower layers. Powell and Quarterman 

{1988) noted the effect of fissure size on both soil properties and cone readings in clay 

soils, however, studies should be performed to quantify their effect on stresses measured 
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by the cone penetrometer. The upper cluster layer AI between depths of0.4 m and 2.4 m 

is influenced by the transition effect between positive and negative ub readings. 

Another cluster analysis is performed using Q and Bql and the cluster results at the 

peaks of Pc: between Nc: = 2 and 7 are shown on Fig. 5.22. At Nc: = 5, three primary 

clusters are separated with boundaries at 5.75 m and 7.70 m. The growth of the cluster 

analysis up to Nc: = 100 is discussed in Appendix C. No new primary clusters with t ~ 1 m 

are separated at Nc: > 5, however, lenses and transitions continue to separate the profile. 

Therefore, a cluster number 5 is chosen to represent the soil stratigraphy at the site. The 

lower two primary layers (A2 and A3) are associated in terms of soil type and/or soil 

properties because they are denoted by cluster numbers 3 and 4. However, the upper 

main layer (A1) could have different characteristics than these two layers because it is 

assigned cluster number 1, and a transition zone starts to grow up between A1, and A2. 

The cluster results using Ut and ub to calculate Bq are compared as shown in Fig. 5.23. 

The two primary clusters A 1, and A3 defined using Ut data could be verified by the two 

trends of the liquid limits. The given boundary at almost 7. 9 m is indicated by. both 

analyses and verified by the changes of Su backup data. 

At the Brent Cross site, the cluster analysis using both Ut and ub is able to detect 

the primary soil boundary between the upper finely fissured and the lower highly fissured 

clays. The cluster results using Ut is better confirmed by the variation of liquid limits with 

depth. Therefore, in case of the highly overconsolidated fissured clays at this site, using Ut 

instead of ub readings in the cluster analysis is favorable in order to obtain a better 

estimation of the soil stratigraphy. 
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5.4.5. Scale Effect 

The scale effect using 1 O-cm2 and 15-cm2 cones on clustering of piezocone data is 

evaluated in this section. Both sizes are now common in geotechnical practice (Lunne et 

al., 1997) and permitted by ASTM guide D-5778. The scale effect of the cone dimensions 

on qc, f;, and/or Ub measurements has been studied previously. Specifically, for the 

comparison between 10- and 15-cm2 cones advanced into the same soil conditions, De 

Ruiter (1982) and Lima and Tumay (1991) showed no significance difference in qc. Juran 

and Tumay (1989) found no significant difference in qc and ub but indicated a possible 20 

% increase in t; using 1 0-cm2 base cone compared with 15-cm2 base cone. Of course, 

there are significant differences in the sleeve frictions (f.) measured by different 

penetrometers as discussed earlier in section 1. 7 .2. That variability is the prime reason 

why t; (nor normalized form F) has been included herein. Moreover, Hegazy et al. (1996) 

confirmed that the cone size has a negligible influence on the spatial analysis of piezocone 

data using geostatistical analysis. 

Two representative piezocone soundings conducted at Surry, Virginia, are used in 

this assessment. A piezocone sounding CPS was collected using a 10-cm2 cone and 

compared with sounding SP8 that was measured using a 15-cm2 cone. Figure 5.24 shows 

a comparison between both soundings in terms of the measured unprocessed data and the 

normalized parameters Q and B11 and indicates some apparent difference between the two 

soundings which could be attributed to scale effect, relative locations of the two soundings 

in a plan view and inherent soil variability. Looking at the piezocone data alone, three 
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major layers are detected with boundaries at approximate depths of 4.5 m and 13.5 m. 

Gordon and Mayne (1987) reported the geological formation at the site to consist of 

recent alluvial deposits underlain by interbedded Atlantic coastal plain sediments of clays, 

silts, sands, and gravels of Pleistocene age. These layers are underlain by preconsolidated 

clays ofMiocene/Pieistocene age, known locally as the Yorktown Formation. The 

groundwater table was reported at 8.2-m depth. The soil stratigraphy at the site is 

determined using the Robertson technique (1991) as shown in Fig. 5.25. Both Q and Bq 

derived from the two soundings are plotted on the chart. The upper soil between 0.8 and 

4.5 m is defined as a soil mixture of clays, silts, and sands. The intermediate layer down to 

a depth of 13.8 m lies in the sands and silty sands zone and the lower layer between 13.8 

m and 21.4 m is classified as clay to silty clay. Therefore, the method is able to give an 

indication of the different layers in the stratigraphy. 

A statistical analysis is performed using SCZ cluster-type analysis with normalized 

parameters Q and B11 up to cluster number N; = 100. Then, clustering is examined at the 

peaks of the correlation coefficient of the consecutive clusters. Figure 5.26 shows the 

cluster results of the CPS sounding between cluster numbers Nc = 2 to 8. At cluster 

number 2, the data are divided into two groups at a boundary of 15.7-m depth. At cluster 

number 8, the upper group of data is separated into two primary layers with a boundary at 

a depth of 4.8 m. A transition zone appears between the depths of 13 .8 m and 16 m. For 

Nc: > 8, data points continue to separate indicating dissimilarity within the three major 

groups. Up to Nc = 100, as explained in Appendix C in more detail, no new primary 
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layers (t ~ 1 m) are detected. Therefore, a cluster number 8 is selected to delineate the 

soil stratigraphy. 

A similar cluster analysis is performed using Q and Bq of SPS sounding up to 

cluster number 100. Clustering is checked at the peaks of the correlation coefficient 

between successive clusters and Fig. 5.26 shows the results between cluster numbers N: = 

2 and 9. A more detailed discussion of the analysis up to Nc = 100 is given in Appendix C. 

At cluster number 2, two main groups of data appear with a boundary at a depth of 14.2 

m. In addition, a transition zone is shown between the depths of 14.2 m and 15.7 m. By 

increasing the cluster number, more points are detached indicating non-homogeneity 

within the primary layers. At Nc = 9, the upper group of data is divided into two statistical 

layers at a depth of 4.3 m. The transition zone grows up between the depths of 13.2 m 

and 16.3 m. For higher clusters, no new layers (t 2:: 1 m) are discovered, therefore, cluster 

number 9 is chosen to represent the subsurface stratigraphy. 

A comparison was performed between cluster results using both 1 0-cm2 and 15-

cm2 cones as shown in Fig. 5.27 which also includes a representative borehole profile at 

the site. There is a 0.5-m difference between the elevations of the statistical and borehole 

boundaries which could be due to inherent soil variability at the relative location of each 

sounding. Clustering of both cone soundings indicated a transition layer A3 • because of 

gradual change of the pore pressure from negative or zero in the sand layer to positive in 

the clay layer. Therefore, the scale effect on clustering is concluded to be essentially 

small, or negligible. 

171 
http://geotill.com/



-E -.:::. -a. 
CD c 

0 

5 

10 

15 

20 

25 

~ 

~ 

-

-

. 

. 
~ 

+ 

~ 

~ 

Visual 
Layers 

silty clay to 
sandy CLAY 

silty SAND 

CLAY with low 
plasticity 

Nc Using 15-cm2 

Penetrometer 
0 5 

I ~ 

~ -
A1 

1-

A2 

I . 

+II 
~ I . 

I 
preaugered 

~ I I . - A3* 

·I- I . . 
I -- ---. 

-
A4 

·I-

~ 

Nc Using 1 O-cm2 

Penetrometer 
10 0 5 10 

. 
I 

A1 

1-

1-

1-

A2 
I -
I . 
I . 

... II 
1- -

I I 
I 
preaugere(J_ 

T. 
"" I ~. A3* 

-
~ 

• 

L 
1- A4 

1-

- I 

1-

Piezocone data at Surry, Virginia (Gordon and Mayne, 1987) 
Single-cosine-Zscore Method Uding Q and Bq --Primary boundary 
Note: for SP8, cluster no. 9 and for CPS, cluster no. 8 

Figure 5.28. Comparison Between Cluster Analysis Using 10-cm2 and 15-cm2 

Cone and Borehole Classification at Surry, Virginia. 

172 
http://geotill.com/



5.5. Spatial Cluster Analysis 

Clustering can be applied to two- and three-dimensional sets of data. The author 

collected 15 piezocone data sets at Amherst, Massachusetts, all using a 1 0-cm2 

penetrometer. The use of clustering in spatial analysis is studied using three piezocone 

test results from Amherst. Their relative locations in a plan view are shown in Fig. 5.28. 

A summary of the unprocessed piezocone data ( qt and ub) and their derived normalized 

parameters, (Q and BJ are shown in Figures 5.29 and 5.30, respectively. It is noticed that 

the unprocessed qt measurements are scattered in the upper 4 m due to variability in the 

clay fill and crust, however, they are more consistent below this level. Due to penetration 

above the ground water table, the pore pressure readings are either negative or zero in the 

upper zone. The depth of this zone varies from one sounding to another with an average 

of about 4 m. In fact, the porous element might have become desaturated in this zone and 

a delay of the full response of the pore pressure transducer appears to have occurred in 

piezocone test number 15. 

A single-cosine-zscore cluster method is applied to the set of Q and Bq of each 

sounding. The detailed growth of the data grouping between Nc = 2 and 100 is discussed 

in Appendix C. The interpretation criterion discussed in this chapter is applied to cluster 

results and cluster numbers Nc = 8, 10, and 9 are chosen to represent the subsurface 

stratigraphy at the locations of piezocone soundings 1, 2, and 15, respectively. Figure 

5.31 includes the chosen clusters, the detected primary boundaries and the transitions 

between the main layers. The cluster number and the depths of the defined soil boundaries 

173 
http://geotill.com/



10 --~ = &§ 

Test Area 

Water Treatment 
Facility 

1 15m 

PCPTlS 

PCPTl 
• 

• 

30m 

PCPT2 
• 

Figure 5.29. Test Location and Site Plan of National Geotechnical 
Experimental Site (NGES) at Amherst, Massachusetts. 

174 
http://geotill.com/



-E -~ -a. 
CD 
c 

0 

2 

4 

6 

8 

10 

qt (MPa) 
2 4 

--PCPT1 

--- PCPT2 

6 

---- PCPT15 

12 -'--------J 

ub (MPa) 

-0.2 0.0 0.2 0.4 0.6 

~ 
~GWT II 

'I 
!I 
II . 
''\ 
I I 

i ' . . \ 
1 l I ....... 
I •\ 

j I " . . 
I . . 
' . 

!Note: borehole log from Lally (1993). 

--

Borehole 
Layers 

silty CLAY fill 

sandy SILT 
desiccated crust 

brown gray 
~ varved CLAY 
~ 

~ 
... 

--
• ---

-- nonnally-
- consolidated 

gray varved 
CLAY 

-~ 

. 

~ 

~ 

Figure 5.30. Piezocone Data and Soil Stratigraphy at Amherst 
Massachusetts (Data from This Study). 

175 
http://geotill.com/



2 

4 

-E -= 6 a. 
CD c 

8 

10 

0 

Bq Q 

100 200 -1.0 0.0 1.0 

--PCPT1 

--- PCPT2 

· · • · · ·PCPT15 

. . . 
'YGWT 

2.0 

12 ~-------' 

!Note: borehole log from Lally (1993). 

-

--

-

-
-

~ 

~ 

f. 

f. 

f. 

Borehole 
Layers 

silty CLAY fill 

sandy SILT 
desiccated 

crust 

brown gray 
varved CLAY 

nonnally-
consolidated 
gray varved 

Figure 5.31, Normalized Piezocone Data and Soil Stratigraphy at Amherst 
Massachusetts (Data from This Study). 

176 
http://geotill.com/



0 
0 .. II 

• • I 

~ 

2 -

~ 

4 
A3 

-

Nc 
5 
,-r 

• A1 

A2 

I I 
i - -

I 

. 
10 0 10 0 10 

I . .. o I o -r 

A1 A1 
~ . 

~ 

--·r·------- -
A2 

A2 -
~ 

~---- -.------• 
r- ; - -

-- - I 

A3 I ~ - -
A3 

E - :. -------- ~ j_ -
I 

----.-------
- I • - - -

PCPT2 --
~ 

- - -
~ 

A4 -

r-

~ 

I 

I ~PCPT1 

-- -
I ~ 

A4 . 
I -- I -~ I 

- --
PCPT15 

-- - -
A41 

~ --
-~ I • - I 

8 

10 

Nc=8 ~ Ne = 10 Ne = 9 
12 

Note: Piezocone data at Amherst, Massachusetts (this study). 
SCZ method using Q and Bq -Primary boundary 

- - -Transition boundary 

Figure 5.32. Ouster Results of 3 Piezocone Soundings at Amherst 
Massachusetts (Data from This Study). 

177 
http://geotill.com/



changes at the locations of the three soundings and indicates inherent soil variability and 

heterogeneity in the horizontal direction. Clustering detects four primary layers at each 

soundings which are summarized in Table 5.2. 

In order to study the similarity of the soil types between the statistical soil 

boundaries, the piezocone data of the three tests are plotted in a (Bq, Q) space for each 

statistical layer as shown in Fig. 5.32. For better clarification of the correlation between 

different defined layers, the normalized data at the transition zones and the data errors 

Table 5.2. Primary Soil Boundaries Using Three Piezocone Soundings at Amherst. 

Piezocone Depth in meter 
soundin& Boundary 1 Boundary 2 Boundary 3 

PCPTI 2.2 3.9 5.6 
PCPT2 1.7 4.1 6.2 
PCPT15 2.5 3.9 6.3 

Avera~e deoth 2.1 4.0 6.1 

indicated by single cluster points are not included in Fig. 5.32. For the upper fill layer 

defined between the depths of zero m and 2.5 m, the data appear to have one cluster. In 

this zone, the normalized pore pressure parameter Bq has a small range and an average 

equal to -0.02, however the normalized tip resistance Q has a wide range between 27 and 

327 and indicates a significant variability within the fill layer. The limits of layer 2 are 

between the depths of1.9 m and 3.9 m. The normalized parameters ofpiezocone 

soundings 1, 2, and 15 indicate a similar soil type. The average ofBq is equal to -0.04 and 

the range of Q between 15 and 90 represents the scatter within the clay crust. In the 
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overlap zone between layers 1 and 2, there could be association between them in terms of 

soil type and/or behavior. In case of layer number 3 between the depths of3.9 m and 6.0 

m, the normalized parameters of the three soundings are shown to form one group. The 

normalized tip resistance Q has an average equal to IS and the normalized pore pressure 

Bq varies between -0.2 and 0.6. The negative Bq measurements of sounding 15 are due to 

the saturation delay of the porous element after penetrating the upper partially saturated 

fill and the clay crust. A soil layer 4 is located between 5 .6-m depth and 11.2-m depth and 

the range ofQ is between 2 and 10 and Bq varies between 0.05 and 1.30. The piezocone 

data indicate a spatial uniformity in this layer and a similarity of soil type and/or behavior 

at the locations of the three soundings. Therefore, cluster analysis can be applied in more 

than one dimension to detect associated soil groups within a subsurface stratification. 

5.6. Conclusions 

The statistical technique of clustering is applied to in-situ piezocone test data for 

purposes of subsurface stratigraphy and the determination of layer interfaces. Data 

processing has been adopted using a single-cosine-zscore criterion based on a parametric 

study and analysis of normalized piezocone data, Q = [(qt-<l"vo)law'] and Bq = [(ub-Uo)/(qt

aw)]. The validity of clustering to detect soil layer boundaries, lenses, transitions, and 

number of soil types is studied using piezocone data at several sites. Cluster results 

appear not to be affected by electrical noise in the piezocone data or by procedural errors 

due to frequent stops to add successive rods. The normalized parameters Q and Bq gave a 

better indication of the soil stratigraphy than other data combinations such as: ( 1) 
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unprocessed readings (q, and ub), (2) slightly processed readings (q, and the ratio ui/q,), 

and (3) normalized parameters (Q, Bq and F). Note that the sleeve friction parameter F is 

defined as follows: (f/(q,-avo)]. 

Using the actual unit weight in the derivation of the normalized parameters Q and 

Bq helped to reduce the cluster number delineating a soil stratigraphy. Clustering can be 

applied to other laboratory and in-situ measurements collected at a lower frequency than 

that of the piezocone data. Similar primary layers were defined using data frequency 

varied between 5 em and 50 em. Alike clustering results were obtained in a soft clay 

deposit using positive pore pressure readings measured at the face of the cone ( u,) or 

behind the tip (ub). However, in the case of overconsolidated clays, using positive u, 

measurements resulted in a more proper soil profile than using negative ub readings 

affected by soil dilation, and fissures. The scale effect using 1 O-cm2 and 15-cm2 cones has 

a negligible influence on cluster results. Clustering can be applied in more than one 

dimension to indicate the spatial correlation of different soil strata and continuity of similar 

soil layers. 
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CHAPTER6 

DEMARCATING SUBTLETIES IN PIEZOCONE PROFILES BY CLUSTERING 

6. I. Synopsis 

In this chapter, cluster analysis is used to analyze piezocone data in soil formations 

where the in-situ tests show no readily apparent stratigraphic differences but in fact there 

are drastic changes in the vertical profiles of index and mechanical properties of the soil. 

Also, using the simple visual method, it would be difficult or impossible to decide the 

demarcations in these types of geological formations. In some soil stratigraphies, 

empirical piezocone classification methods fail to distinguish the subtle changes in 

piezocone data and consequently the boundaries between vastly different soil types. 

Piezocone data are analyzed using single-cosine-zscore (SCZ) clustering type at 

eight sites in which fairly substantial changes in the soil stratigraphies would be missed and 

undetected by routine available methods. In these cases, clustering strongly implied that a 

significant layering pattern occurred in the profile, although no visible evidence was 

apparent. The sites had undergone extensive geotechnical studies and include eight clay 

deposits at which clustering was verified by available back-up data of physical and 

mechanical soil properties. A summary of the investigated sites is given in Table 6.1. 
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Table 6.1. Summary of 8 Clay Sites Analyzed Using SCZ-Type Oustering of 
Piezocone Data with Subtle Changes. 

Site Name Location Soil Type Reference 
Drammen Norway Plastic clay over lean clay Lacasse and Lunne 

(1982); Masood et 
al. (1990) 

Gloucester Ontario Soft silty clay over clay to silty clay Konrad and Law 
(1987) 

Hachirogata Japan Soft marine clay Tanaka et al. (1992) 
Lilla Sweden Organic clay over clay underlain by a Larsson and 
Mellasa varved clay Mulabdic (1991) 
Recife Brazil Organic soft clay over another soft clay Coutinho and 

Oliveira (1991) 
St. Alban Quebec Soft very sensitive silty clay changes to Roy et al. (1982) 

clayey silt 
Tiller Norway Silty clay over quick clay Sandven (1990) 
Troll North Sea Very soft clay over very stiff silty clay Amundsen et al. 

(1985) 

6.2. Clustering Applications 

Representative piezocone soundings at the eight sites were visually examined, 

however, it was difficult to define the breaks between unlike soil layers. Moreover, the 

traditional Robertson classification chart ( 1991) was not satisfactory for the delineation of 

the differences between different clay units using the derived normalized parameters Q = 

(qt-avo)k~vo' and Bq = (u2-u0 )/(qt-avo). Note that this is one of two charts proposed by 

Robertson (1991) for piezocone data interpretation. The second chart was developed 

based on the normalized parameters Q and F = f.l(qt-avo), however, it has not been used in 

this study because of the unreliability associated with f. readings as explained earlier in 

section 2. 7 .2. Clustering usirig a single-cosine-zscore (SCZ) method was applied to 
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piezocone data having these subtle changes and the results were able to demarcate the 

dramatic changes in soil types and/or properties as discussed in the following sections. 

6.2.1. Drammen Test Site 

A representative piezocone sounding from the Drammen test site in Norway 

(Masood et al., 1990) is shown in Fig. 6.1. Visual examination ofthe data indicates no 

obvious layering in the vertical profile. The site has been tested extensively by laboratory 

and in-situ means (Lacasse and Lunne, 1982). The soil stratigraphy in the zone of interest 

lies between the depths of 4 m and 16 m and consists of the following: a silty clay layer 

from depths of 4 m to 5 m, a plastic clay layer from 5 m to I 0 m, underlain by a lean clay 

layer from 10 m to 16 m. The groundwater table is determined to be at a depth of 1 m. 

The derived normalized parameters Q and Bq are also shown in Fig. 6.1. 

A single-cosine-zscore cluster method is applied to the piezocone data using Q and 

Bq and the cluster results are examined from Nc = 2 to 100, as discussed in detail in 

Appendix C. The growth of data clustering at the peaks of Pc is shown on Fig. 6.2 

between Nc = 2 to 10. At Nc = 2, the soil is grouped in one cluster except for a lense 

detected at 12.4 m. Subsequently two groups are separated with a boundary at 10.4 m 

until Nc = 10 where a primary layer separates from the upper group. For larger clusters up 

to Nc = 100, only transitions and lenses breaks off the three primary clusters. Therefore, a 

cluster number 10 is chosen to represent the soil stratigraphy at the site. 

The data representing the primary groups identified by clustering are plotted in a 

Q-Bq space as shown in Fig. 6.3 which also includes boundaries of Robertson Chart. The 
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Figure 6.1. A Representative Piezocone Sounding from Drammen, Nonvay 
(Data from Masood et al., 1990). 
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soil is preliminary classified as a one clay layer and the cluster results indicated that there 

are three primary sublayers which have different properties, within the soil profile. This 

information is useful for the engineer because it helps him to identify the number of soil 

samples and their depths in a preliminary site investigation program. For example, in this 

case study, three samples can be extracted at approximately the middle of each primary 

layer to examine their physical and mechanical properties. 

The stratigraphy obtained by clustering is verified by water content and plasticity 

measurements as shown in Fig. 6.4. Note that the undrained shear strength is correlated 

with the plasticity index and liquidity index which is a function of the water content 

(Bjerrum, 1973). The cone parameters are functions ofthe undrained shear strength 

(Wroth, 1984; 1988). The index data are divided visually into three groups with 

approximate boundaries at 6 m and 10.5 m. The water contents increase with depth from 

44 percent at 4 m to 55 percent at 6 m and then decrease to 33 percent at 10.7 m. They 

have an average equal to 32 percent below 10.7 m and down to 16m. In the latter zone, 

the water contents have a range between 26 percent and 3 8 percent. 

The undrained shear strength ( Su) measured by vane shear tests also validate a 

primary soil boundary at almost 10.5 m between the plastic and the lean clays. Figure 6.5 

shows two trends of Su measurements above and below this boundary, although the data 

do not confirm cluster AI between 4.0 m and 5.3 m. Also, the statistical soil profile is 

verified by the variation of soil sensitivity which, on the average, decreases from 7 to 3 in 

association with clusters A2 and A3, respectively. Therefore at this site, the cluster 

analysis is able to discover the differences between silty, plastic, and lean clays at 
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Drammen test site. It also can be supplement the classification chart which can identify 

the soil type, to objectively indicate the major changes in the soil properties of a clay 

deposit. 

6.2.2. Gloucester Test Site 

Results of a representative piezocone sounding at the Gloucester site in Ontario, 

Canada is shown in Fig. 6.6 (Konrad and Law, 1987). The site has been extensively 

studied by Bozozuk and Leonards (1972). The soil at the site consists of soft marine clay 

deposits of the Champlain Sea. The stratigraphy at the site is the result of different stages 

of deposition and erosion. Below 2.8 m where the piezocone measurements start, the soil 

stratification consists of three layers as follows: a soft silty clay layer down to 7.0 m 

overlying a clay layer down to 13.8 m, which is underlain by a silty clay layer until the 

termination depths of exploration at 16.6 meters. Occasional small stones appear in the 

middle and lower layers. The groundwater table is at 2-m depth. 

Results of the derived normalized parameters Q and Bq are also shown in Fig. 6.6. 

Looking at the unprocessed q, and Ub readings, one interpretation by the author is the 

existence of a soil boundary visually defined at a depth of 13 m. By inspecting the Q 

profile. layer boundaries are detected approximately at 4.6 m, 7 m, 10.5 m and 14m. 

Visual examination of the Bq profile indicates the probable occurrence of soil boundaries 

at 6 m and 10 m. Therefore, different answers are obtained by the visual examination of 

piezocone vertical profiles. 
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A single-cosine-zscore cluster analysis is applied to the normalized parameters Q 

and Bq. The growth of data groups is studied between cluster number Nc = 2 and I 00 as 

discussed in Appendix C. The cluster results at the peaks of Pc are shown in Fig. 6. 7 

between cluster number Nc = 2 and 8. At Nc = 2, the stratigraphy is shown as one primary 

layer except a soillense is detected between 6.3 m and 6.35 m. At Nc = 3, the data are 

separated into 4 groups with alternative cluster numbers I and 2. Then some points 

detached from cluster number 3 and the chain between the second and fhe fourth groups 

(sorted from the top to the bottom) breaks. The second group is assigned a cluster 

number 3 and the fourth group is assigned a cluster number 6 (see Fig. 6.7, Nc =6). 

At higher clusters, a similar break happens in the chain between groups 1 and 3. 

The third group is assigned a cluster number 8 (see Fig. 6. 7, Nc = 8). Subsequently, no 

primary layers (t > I m) split at Nc > 8 which is chosen to represent the soil stratigraphy at 

the site. The first and second data groups, which are assigned cluster numbers I and 3, 

are relatively correlated in terms of soil type and/or properties. The same applies to the 

third and fourth data groups which are assigned cluster numbers 7 and 8. 

The soil is classified as one clay layer using the Robertson ( 1991) chart based on Q 

and Bq as shown in Fig. 6.8 which also includes the four primary clusters. Clustering 

indicates that there is a variation in the properties of the four sub layers within the clay 

deposit which helps to properly plan a site investigation. 

The cluster results are independently confirmed by water content (wn) readings as 

shown on Fig. 6.9 and the data are divided into four groups with boundaries at depths of 

7.0 m, 10.4 m, and 14.0 m. The upper two groups from 2.8 m to 7.0 m, and from 7.0 m 
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to I0.4 m have average water contents equal to 59 percent and 83 percent. respectively. 

In the third group, the Wa decreases from 9I percent at 10. 4 m to 59 percent at 13.8 m. 

However in the fourth group, the Wa increases from 48 percent at 14.4 m to 61 percent at 

16.7 m. 

The preconsolidation stresses ( a'p') from laboratory oedometer tests also support 

the cluster results as shown on Fig. 6.10. The normalized cone parameters are functions 

ofthe overconsolidation ratio ofthe soil (Wroth, 1984; 1988; Chen and Mayne, 1994). 

These yield stresses indicate different stages of deposition, erosion and redeposition cycles 

as noted by Bozozuk and Leonards (1972). The data are divided into five groups each has 

a trend which better fits the data than the three trends suggested by Bozozuk and 

Leonards (1972). Each data group supports a corresponding cluster as follows: groups I, 

2, 3, 4 and 5 verify clusters AI, A2*, A3, A4 and AS, respectively. 

The undrained shear strength (Su) measured using vane shear tests also verifies the 

primary layers delineated by the clustering. Bozozuk and Leo nards ( 1972) proposed three 

positive trends of Su measurements as shown on Fig. 6.11. The upper trend between 2 m 

and 6.8 m supports cluster AI. The lower trend between 14m and 18m supports cluster 

AS. However, the proposed middle trend does not represent the Su measurements 

between depths of6.8 m and 14m. The data are grouped above the trend between 8 and 

I 0 m and below the trend below 8 m and down to 13 m. Therefore, these two data 

groups are better fitted with linear trends shown in Fig. 6.1I and support clusters A3 and 

A4. The cluster results can indicate major variations of physical and mechanical properties 
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within the soil profile which can supplement the cone classification chart for a reliable 

identification of a geostratigraphy including the soil type. 

6.2.3. Hachirogata Test Site 

Raw piezocone readings from Hachirogata, Japan have been reported by Tanaka et 

al. (1992) and are presented along with the normalized parameters Q and Bq in Fig. 6.12. 

The soil profile consists of a deep deposit of a soft marine clay and the groundwater table 

is found at the ground surface. The visual inspection of Qt and Ub indicates one soil layer 

consisting of clay. Looking at the Q profile, there are two noticed trends of data, 

however, it is very difficult to define the boundary between them by eye. By examining Bq 

profile, a soil boundary is defined at approximately I 5 m where there are positive and 

negative trends ofBq above and below this depth, respectively. 

A single-cosine-zscore cluster analysis is applied to the piezocone data using Q and 

Bq and the cluster results are examined between Nc: = 2 and 100 as discussed in Appendix 

C. The growth of data grouping at the peaks of Pc: is shown in Fig. 6.13 between cluster 

number Nc: = 2 and 10. At Nc: = 2, two primary clusters appear with a boundary at 10.3 m. 

Then at larger clusters, soil lenses disjoin the lower layer indicating soil lenses or outliers 

within the deposit. A soil transition also starts to build up around the depth of 10.3 m. At 

Nc: = 4, the upper cluster splits into two primary groups with a boundary at a depth of8.3 

m. At higher clusters, no new primary layers (t ~ 1 m) separate, therefore, a cluster 

number 4 is chosen to represent the subsurface stratigraphy at the site. 
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Using Robertson's chart (1991), the soil is classified as clay to a silty clay between 

depths of2.9 m to 10.4 m underlain by a sensitive clay down to a depth of35 mas shown 

on Fig. 6.14. The classification method is able to detect the effect of the clay fraction on 

the measured piezocone data. Note also that the Q and Bq data are visually divided into 

two trends separated at a depth of6.4 mat which the clay fraction dramatically starts to 

increase from approximately 30 percent to 70 percent at a depth of 10m. Therefore, 

identification of different trends in a Q-Bq space helps to indicate major changes in clay 

properties. 

Clustering is supported by the variation of the clay fraction(< 0.005 mm) with 

depth as shown on Fig. 6.15. Note that in geotechnical practice in the United States, the 

clay fraction is defined to be less than 0.002 nun (ASTM guide D-2487). Also, note that 

the cone data are functions of the mean particle size and the fines content (Jamiolkowski 

et al., 1985). The clay fraction (CF*) is divided into three groups. The first group 

validates a cluster AI where the CF* increases from 20 percent at 3 m to 25 percent at 7 

m. In the second group, the CF* has a relatively steeper transition trend whilst it 

increases to 65 percent at 10.2-m depth. This verifies the statistical primary layer A2. 

The last group ofCF* between the depths of 10.2 m and 35m has a mean equal to 66 

percent and a range varies between 49 percent and 78 percent. The latter group supports 

the soil deposit denoted by A3. The cluster results properly demarcates the soil 

stratigraphy at the site. The Robertson's method is also able to detect two primary layers 

in this soil deposit verified by the available clay fraction data. 
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6.2.4. Lilla Mellosa Test Site 

The Lilla Mellosa site is located in Sweden and a representative piezocone 

sounding from Larsson and Mulabdi~ (1991) is shown in Fig. 6.16. The soil profile 

consists of 14m of post-glacial organic to slightly organic clays overlaying a thin sand 

layer sitting on a bed rock. The groundwater table is near 0.8 m depth. The soil 

stratigraphy between 1.2 m and 12m (where piezocone data are available) consists of 

organic clay with shells down to 5.5 m overlying a clay to 10.5 m depth, underlain by 

varved clay which becomes more pronounced with depth down to 12 m. 

The derived normalized piezocone parameters Q and Bq are shown on Fig. 6.16. 

Looking at the q" Ub or Bq profiles, a single primary soil layer is interpreted by the author. 

A soil boundary perhaps could be observed at 2-m depth by examining the Q profile. 

A single-cosine-zscore cluster type is applied to the normalized parameters Q and 

Bq and cluster analysis is performed from Nc = 2 to 100 as discussed in Appendix C. The 

cluster results at the peaks of Pc are shown in Fig. 6.17 from cluster number Nc = 2 to 12. 

Two primary soil layers are given at cluster number 2 and a transition layer is also defined 

between them from 5.9 m to 6.35 m. Then some points which are less correlated with the 

two primary clusters separate indicating soil lenses and transitions but no a new primary 

statistical group (t ~ 1 m) is detected up to Nc = 100. Therefore a cluster number Nc = 2 

is chosen to represent the soil stratigraphy at the site. 

The soil is classified using Robertson ( 1991) chart yielding a uniform layer of clay 

or silty clay. The soil sensitivity appears to increase, and/or the overconsolidation ratio 
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appears to decrease with depth as depicted in Fig. 6.18 which also includes the identified 

primary groups. Note that the data in a Q-Bq space are visually divided into two trends 

approximately separated at a depth of 4.8 m which is above the boundary between the 

organic clay and the clay by a distance equal to 0.7 m. Therefore, theses notified trends 

can give an indication of the change of the organic contents within the soil profile. 

The cluster results are validated by the independent measurements of organic 

contents with depth as shown on Fig. 6.19. In case of organic soils, the void ratio and 

compressibility are greater than that in the case of clay soil. Also, the shear strength in an 

organic clay is less than that in a clay soil. Cone data are functions of the soil 

compressibility and shear strength (Robertson and Campanella, I989), therefore they are 

correlated with the organic contents in a soil. The organic contents are divided into three 

groups. In the first group, the organic contents decrease from 5.5 percent at 1.8 m to 3 

percent at 4. 6 m which supports the primary cluster A I. The second group is a transition 

zone defined between 4.6 m and 5.8 m where organic contents remain at the level of3 

percent. This group supports the transition zone in which cluster numbers alternates 

between I and 2 between the two primary layers. In the third group, the organic contents 

decrease from 3 percent at 5.8 m to 0.9 percent at II.5 m which supports the primary 

cluster A2. Note that the borehole boundary at I0.5 m between the clay and varved clay 

is not detected. This may be attributed to the relative location of the borehole in the 

vicinity of the piezocone sounding and the gradual increase of the varves from I0.5 m to 

12m. 
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6.2.5. Recife Test Site 

The Recife site is located in the northeastern coast ofBrazil and the soil was 

formed in the Quaternary period with an age of almost 10,000 years (Coutinho and 

Oliveira, 1997). The soil deposit is affected by both salt and freshwater, and organic soft 

clays are common in this area and located below the groundwater table. The soil 

stratigraphy at Recife test site consists of an upper 6 to 7 m of sand to sandy clay 

underlain by an organic soft clay down to a depth of almost 26 m. The groundwater table 

is at a depth of 1.5 m ± 0.5 m fluctuation. 

A representative piezocone sounding at the site and the derived normalized 

parameters Q and Bq are shown in Fig. 6.20. The data are presented over the depths of 

interest between 8 m and 26 m where the soils are comprised of organic soft clays. 

Looking at the unprocessed Ub and normalized Bq readings, a secondary layer is defined 

between 8 m and 8.8 m, and soil lenses are detected at 9.6 m, 13.8 m, 14.8 m, and 22.2 m. 

The soil tense at a depth of 22.2 m is also discovered by visual examination of qt and Q 

readings. 

A single-cosine-zscore cluster method is applied to Q and Bq data and the cluster 

results are examined between Nc: = 2 and 100 as discussed in Appendix C. Figure 6.21 

shows the growth ofthe cluster analysis at the peaks ofpc: between Nc: = 2 and 10. At Nc: 

equal to 2, two primary data groups are detected with a boundary at I 5.6 m and also a soil 

tense is found between 21.9 m and 22.4 m. For Nc: > 2, no new primary clusters (t > I m) 

appear up to Nc: = I 00, however, transitions and lenses are detected indicating non-
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homogeneity within the two primary clusters. Therefore cluster number 2 is chosen to 

designate the soil stratigraphy at the site. 

The normalized parameters Q and Bq are processed using Robertson ( I99I) chart 

and a single clay soil type is indicated. The normalized pore pressure significantly 

decreases between the depths of22.25 m and 22.40 m which identifies a soillense. The 

two primary groups .AI and A2 as well as soil lenses and a transition zone is shown in Fig 

6.22. The clustering results indicate that there is a change of the properties of the two 

layers AI and A2. The classification method suggests that the overconsolidation ratio 

decreases and/or sensitivity increases moving the cone from AI to A2. This information is 

very useful in a preliminary site investigation and two representative soil samples of AI 

and A2 can be tested to distinguish the difference between their properties such as the soil 

plasticity and overconsolidation ratio. 

The cluster results do not agree with either the visual examination of the piezocone 

data or the CPT classification scheme by which one clay soil type is defined. However, 

the statistical soil stratigraphy defined at N: equal to 2 is validated by defined soil layers 

based on independent laboratory tests, including soil water content (wa) and plasticity 

measurements as shown in Fig. 6.23. The organic clay soil between the depths of8 m and 

IS m has an average water content, liquid limit, and plastic limit in the order of88 percent, 

II9 percent, and 42 percent, respectively. Their averages decrease to 58 percent, 67 

percent, and 33 percent, respectively, at the lower organic clay layer below I5 m and 

down to 24.5 m. 
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Mechanical properties from laboratory consolidation tests on undisturbed samples 

also support the cluster results. For instance, Figure 6.24. shows two groups of derived 

overconsolidation ratios (OCR). The division at 16 m is the interpretation by Coutinho 

and Oliveira (1997). The average of the upper group between depths of8 m and 16m is 

equal to 1.5 and that ofthe lower group down to 24m is equal to 1. Coutinho and 

Oliveira (1997), indicated that the average compression index (Cc) in the upper layer was 

twice as much that ofthe lower layer, and they are equal to 1.55 and 0.75, respectively. 

Also, the average swelling indices (C,) of the two layers were different and eGual to 0.21 

for the upper layer and 0.13 for the lower layer. Therefore, cluster analysis ofpiezocone 

data at Recife test site, Brazil, was able to detect the changes of the soil properties within 

the organic clay deposit. 

6.2.6. St . .AJban Test Site 

The Saint Alban test site is located in Quebec, Canada (Roy et al., 1982). The 

soils were formed during the late Pleistocene period in the Champlain Sea and have 

become slightly overconsolidated with a constant overconsolidation ratio 2.2. The soils 

have been subjected to a slight geological preconsolidation and a significant quasi

preconsolidation which could be due to a secondary consolidation and/or cementation of 

the clay. The soils consist of the following clay profile: top soil and a weathered clay crust 

to depths of 1.6 meters underlain by sensitive clay. The groundwater table is located 

approximately at 0.7 m. 
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A representative piezocone sounding and its derived normalized parameters are 

shown in Fig. 6.25. The results indicate by eye a single soil layer and a probable small soil 

lense at almost 6. 7 meters depth. A single-cosine-zscore cluster analysis was applied to the 

Q and Bq normalized parameters and the growth of clustering is inspected between Nc: = 2 

and 100 as discussed in more detail in Appendix C. 

The cluster results at the peaks of Pc: are shown in Fig. 6.26 between Nc: = 2 and 

11. At Nc: equal to 2, two primary clusters are separated with a boundary at a depth of 5.2 

m. Two soil lenses appear in the upper layer at 3.90 m, and 4.20 m to 4.25 m. A part of a 

soil transition between the two primary layers starts to build up at a depth of 5 .15 m. At 

larger cluster numbers, more soil lenses and transitions continue to disjoin the two original 

clusters but no a new primary group (t ~ 1 m) is detected. Therefore, a cluster number 2 

is selected to stand for the subsurface stratification at the site. 

The soil is classified using the CPT chart to indicate a single clay to silty clay layer 

as shown in Fig. 6.27. The two primary identified clusters are shown in Fig. 6.27 and 

indicate a change in the clay properties at a depth of 4.8 m which helps the engineer to 

decide the number and depths of soil samples. Therefore clustering is a useful 

complementary tool to the classification chart for the purpose of reliable and objective soil 

stratigraphy. 

The cluster results are independently confirmed by the natural water contents (wa) 

and clay plasticity data as shown in Fig. 6.28. The first trend which supports cluster AI is 

between 1.8 m and 4.7 m where the Wa decreases from 91 percent to 43 percent, 

respectively. Then a transition is indicated between 4.7 m and 5.2 m where the wa 
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increases from 43 percent to 64 percent. In the second trend which supports cluster A2, 

thew. decrease from 64 percent at 5.2 m to 41 percent at 7.9 m. 

6.2. 7. Tiller Test Site 

The Tiller clay site is located in Trondheim. Norway and was studied by Sandven 

(1990). The soil stratification below 3m where the piezocone data and reference index 

properties are available consists of: 6 m of silty clay over 6 m of quick clay. A 

representative piezocone data and their derived normalized parameters Q and Bq are 

shown in Fig. 6.29. Soil boundaries might be visually defined where the trends of the 

unprocessed data q, and the normalized parameters Q and Bq vary at approximate depths 

of 7 m. 9 m. 10 m and 11 m. However, by inspecting the unprocessed data U&, a soil 

boundary might be delineated at a 6.5-m depth. There is no obvious or single 

interpretation can be given to the soil profile by merely looking at the piezocone data thus 

different interpretations can be obtained. 

A single-cosine-zscore cluster analysis is applied to the Q and Bq normalized 

parameters and the growth of the cluster analysis between Nc =2 and 100 is discussed in 

Appendix C. The cluster results at the peaks of Pc are shown in Fig. 6.30 between Nc = 2 

and 11. At Nc equal2, the data are grouped into two clusters with a boundary at 8.5 m 

where the soil type drastically changes from silty clay to quick clay. For higher clusters, 

no a new primary layer (t ~ 1 m) appears, however, some points which are less associated 

with the two primary clusters separate indicating soil transitions and lenses. Therefore 

cluster number 2 is selected to identify the soil profile at the site. 
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The piezocone chart is used to evaluate soil types as shown in Fig. 6.31. The soil 

between 3m and 10.8 m is noted as clay to silty clay and a sensitive clay layer is detected 

between 10.8 m and 13.8 m. The soil below 13.8 m and down to 15m is classified as clay 

to silty clay. However, the latter layer was classified as quick clay based on reference 

laboratory and field tests (Sandven, 1990). Moreover, the proposed boundary at 10.8 m is 

shifted 1.8 m below the actual boundary between the silty clay and quick clay layers. The 

two primary groups AI and A2 are shown on Fig. 6.31 and indicate a significant 

difference of the properties of the two identified layers. The classification chart shows 

that moving the cone from layer AI to A2, the sensitivity increases and/or the 

overconsolidation ratio decreases. Therefore combining the results of clustering analysis 

and the classification chart objectively indicates a preliminary information of soil 

stratigraphy and soil behavior. Note that the coefficient ofvariations ofQ and Bq between 

the depths of3.0 m and 8.5 mare equal to 0.35 and 0.30, respectively, and those ofQ and 

Bq between the depths of8.5 m and 15.0 mare equal to 0.17 and 0.16, respectively. The 

dispersion of the data in the lower quick clay layer is approximately equal to a half of that 

in the upper clay layer. Therefore, the data of the quick clay layer are grouped at a larger 

similarity levels than that of the clay layer which caused their separation at a low cluster 

number equal to 2. 

The cluster results are confirmed by sensitivity data shown in Fig. 6.32, and 

measured using a fall cone test. Note that the cone parameters are functions of the soil 

sensitivity (Robertson et al., 1986). The sensitivity data are divided into 2 groups with a 

boundary at 8.5 m. The average sensitivity of the upper silty clay group is equal to 9 

221 
http://geotill.com/



Nc=2 
0 2 0 
0~----f 

-
2 -r-

4 ~ 

E 6 -~ -= 8 -ra. 

·
·
.. 
·-

Nc=4 Nc= 6 Nc = 11 
5 0 6 0 12 

__I_ L .. 
~ 10 -~ 

12 --
14 ~ 

A2 

- ~ -·--. t ... 
16 ~------' 

Single-Cosine-Zscore Method Using Q and Bq Nc = No. of Clusters 
Note: Piezocone data at Tiller, Norway from Sandven (1990). 

Figure 6.30. Cluster Analysis of Piezocone Data at Tiller, Norway. 

10 

a 

boundaries from 
the Robertson 

chart (1991) 

+3m to 8.5 m 
-8.5 m to 15m 

1 
-0.6 -0.2 0.2 0.6 1 

1. Sensitive Fine Grained 3. Clays: Clay to Silty Clay 
2. Organic Soils-Peats 4. Silt Mixtures: Clayey Silt to Sil 

Figure 6.31. Oustering Results ofPiezocone Data at Tiller, Norway 
on a Q-B. Space (Data from Sandven, 1990). 

222 

1 

1.4 

http://geotill.com/



Sensitivity Visual Layers Nc 

1 10 100 1000 0 2 

2 

4 

6 

-E -s 8 
a. 
CD c 

10 

12 

14 

I I 
preaugered through dense layer 

I , 

I 
I 
I • I • \ • • I I • I I • • I 

'· '\ .. : 
._ I 

~ I / • • I 

• 
• ' • \ 

I 

• \ • I • I 

• 'e 
\ • 

16~------~----~------~ 

dry crusted 
CLAY 

f. 

~ 

f. 

silty CLAY 
-~ A1 

f. Wnav= 33% 
~ 

-~ -
f. 

-~ 
quick CLAY :.. 

f. 

·I-
Wnav = 38% A2 

f. 

·I-

f. 

f. 

jNote: Piezocone data at Tiller, Norway from Sandven (1990). 

1scz method using Q and Bq, cluster no. 2 -Primary boundary 

Figure 6.32. Comparison Between Cluster Analysis, Visual Classification 
and Sensitivity at Tiller, Norway. 

223 
http://geotill.com/



between the depths of 3 m and 8 m. In the lower quick clay group, the average sensitivity 

dramatically increases to 240 between the depths of 8.5 m and 15 m. The former and 

latter sensitivity groups validate the statistical layers AI and A2, respectively. 

6.2.8. Troll Site 

A laboratory and in-situ test program was performed for the offshore Troll site in 

the North Sea (Amundsen et al., 1985). The soil stratification in the zone of interest 

below the mud line and down to 45 m consists of 17 m of very soft to firm clay over 28 m 

of firm to very stiff silty clay. Typical piezocone data at the site and their derived 

normalized parameters Q and Bq are shown in Fig. 6.33. Looking at the piezocone 

profiles, one possible interpretation is that a single layer is indicated having an intermediate 

silty or sandy zone between depths of 17 and 20 m. 

A single-cosine-zscore cluster analysis is applied to the piezocone data using the 

normalized parameters Q and Bq. The cluster analysis is evaluated between Nc = 2 and 

I 00 as discussed in Appendix C. The cluster results at the peaks of Pc are shown in Fig. 

6.34 between Nc = 2 and 12. At Nc equal to 2, two primary clusters are delineated 

indicating a major difference in the soil types and/or properties above 17.3 m and below 

20 m. In the latter intermediate zone, the cluster numbers alternates between 1 and 2 

pointing to a transition zone between the two major layers. For higher clusters, no new 

primary groups (t ~ 1 m) are detached, therefore, cluster number 2 is selected to indicate 

the soil profile at the site. 
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The piezocone classification chart suggests a thick clay or silty clay layer below 

3.3 m and down to 45.0 mas shown in Fig. 6.35. The four primary layers identified by 

clustering are shown in Fig. 6.35. Clustering helps to objectively demarcate different 

zones which have different physical and/or mechanical properties within a clay deposit. 

Therefore, it is a valuable complementary tool to the classification chart for the proper 

delineation of a soil stratigraphy. 

The cluster results are verified by water contents and plasticity measurements as 

shown in Fig. 6.36. The data are divided into two groups with a boundary at 18 m. The 

water contents and the liquid limits have an equal average equal to 59 percent from 2 m to 

18 m, however, the plastic limits have a an average equal to 24 percent. The three 

measurements have constant averages with depth equal to 24 percent, 37 percent, and 16 

percent, respectively, between the depths of 18 m and 45 m. 

Also, the sensitivity readings taken using a fall cone test validate the clustering as 

shown in Fig. 6.37 which includes two groups of sensitivity data with a boundary at 16-m 

depth. The average sensitivity decreases from 5.8 in the upper clay to 2.2 in the lower 

clay. Therefore, clustering properly demarcated the subsurface profile at the site. 

However, neither the naked eye nor the empirical classification method is able to detect 

the drastic changes in the behavior of the two clay deposits. 

6.3. Discussion 

Clustering was used to successfully demarcate eight clay sites where the piezocone 

data have subtle changes and the differences between different soil types and/or properties 
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can not be visually detected. An empirical CPT classification chart was chosen to indicate 

the soil stratigraphy at the eight sites. Clustering is a valuable supplementary tool to the 

classification chart to obtain an objective and reliable soil stratigraphy at each of the 

studied cases. However, it is not feasible to divide the clay zone into smaller clusters 

where each cluster represents a specific soil property such as plastic or lean clay in all 

geological conditions. For example, Fig. 6.38 shows the normalized parameters Q and Bq 

of piezocone data at Recife, Brazil, and Troll, North sea, tests sites. At both sites, the clay 

deposits consist of plastic clay over lean clay with boundaries at depths of 15.6 m and 17.0 

m for Brazil (Coutinho and Oliveira, 1997) and Troll (Amundsen et al., 1985), 

respectively. There is an overlap between the lean clay at Brazil and the plastic clay at 

Troll in the Q and Bq diagram as depicted in Fig. 6.38. Cone data are functions of soil 

properties such as plasticity, compressibility and strength, and it is not easy to separate the 

effect of one soil property on the cone readings in a Q-Bq space. 

The proposed boundaries between sensitive fine grained, organic soils, and clays 

are subjective and can not represent some soil profiles. For example, the nonnalized 

parameters Q and Bq of piezocone data from Sandven ( 1990) at Tiller, Norway, are shown 

in Fig. 6.39 in which the boundary between clays and sensitive clays is suggested at 10.8 

m. However, the upper clay and the lower quick clay are separated at a depth of8.5 m 

based on reference data. Also, Q and Bq derived of piezocone data from Larsson and 

Mulabdi6 (1991) at Lilla Mellosa are shown in Fig. 6.39. The soil profile consists of 

organic clay over clay, however, the soil is determined as one clay cluster using the 

piezocone chart. 
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6.4. Conclusions 

Clustering using the single-cosine-zscore method is able to detect the subtle 

changes within the piezocone record and thus implicate major stratigraphic units within 

vertical soil profiles in some sites worldwide. The association between different strata is 

noted and also, soil lenses and transitions are indicated within a subsurface stratigraphy. 

Moreover, the proposed method is objective, repeatable and for all case studies, a 

representative soil profile was discovered at cluster number < 15. The obtained statistical 

primary layers are verified by reference data of index and/or mechanical soil properties. 

However, simple naked-eye examination of the piezocone data is unable to detect these 

facets. Cluster results can serve as a supplement to available cone classification methods 

such as the Robertson chart ( 1991 ). First, the number of soil layers in a certain 

stratigraphy and the association between them are defined by cluster analysis, then a 

classification chart is used to identify the soil types. This results in a more reliable 

geostratigraphy. 
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CHAPTER 7 

SUMMARY AND RECOMMENDATIONS 

7 .1. SUMMARY AND CONCLUSIONS 

Site stratigraphy is a fundamental first step in a geotechnical investigation to define 

layering as well as the presence of any soil lenses, outliers, and inclusions. In a traditional 

site exploration program, borehole soundings are performed and soil samples are extracted 

to be tested in the laboratory. Extensive testing of high quality undisturbed samples is 

essential to quantifY the physical and mechanical soil properties, although, laboratory 

methods are rather slow and expensive. 

In-situ methods such as the piezocone tests are relatively fast, economical, and 

provide immediate results. Nowadays, piezocone tests are popular because they measure 

three different stresses ( qt = cone tip resistance, f. = sleeve friction, and Ub = penetration 

pore pressure) in a single sounding and provide continuous information about a soil 

profile, usually, every 1 em to 5 em. Soil logging is a primary use of the piezocone data 

which are functions of both soil type and behavior. The soil profile is identified by visually 

examining the unprocessed piezocone data coupled with the use of empirical based cone 

classification charts. The former technique is subjective, not repeatable and dependent on 

the engineer experience, and the latter methods are empirical and rely on the 

characteristics of the database used in their development. 
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Statistical methods such as the intraclass correlation coefficient (ICC) and the 

generalized distance (02
) have been used to objectively identify a subsurface profile using 

piezocone data However, in some case studies, these methods improperly indicate the 

locations of soil boundaries and cannot identify possible subtleties existing in the 

piezocone data. Also, the association between different soil strata is not given. 

An alternative statistical method termed cluster analysis is evaluated in this study 

for the purpose of soil stratigraphy based on piezocone data. Clustering is a powerful 

statistical method to objectively define similar groups of data in the soil profile, delineate 

different layer boundaries and transitions, and identify the lenses and outliers within a 

sublayer. Clustering techniques including hierarchical, optimizing-partitioning (k-means), 

density or mode-seeking, and clumping are evaluated in this study. Hierarchical clustering 

methods are selected as the best suitable means for analyzing the piezocone data because 

no preliminary estimation of the inherent groups within the analyzed data is needed, and 

no overlapping is permitted between identified clusters. For data grouping, six different 

hierarchical routines are discussed and the single link (nearest neighbor) method is selected 

to cluster piezocone data because it is mathematically stable which means that data 

outliers or errors do not affect the primary clusters of the analyzed data. Standardization 

is essential in the case of clustering piezocone data to reduce the predominant effect of qt 

which has a larger value than ub at the same depth, on the analysis. Seven standardization 

methods and eight similarity techniques are evaluated. A parametric study is performed at 

three sites to compare the 56 different clustering routines, and a single-cosine-zscore 

method is shown to be the best technique for properly delineating a geostratigraphy at a 
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minimum cluster number compared with other clustering methods. While the piezocone 

data are standardized using zscore technique, the similarity between pairs of data at 

different depths is evaluated using cosine measurement, and the data are clustered into 

correlated groups using the single link method. 

A cluster interpretation criterion is developed based on cone data representing key 

sites, previous analytical and statistical studies of extensive piezocone data and cone 

results collected in chamber tests. A soil layer is defined if a cluster thickness (t) is ~ 0.5 

m and a soil lense, transition or outlier is detected if a cluster thickness is < 0.5 m. A 

primary layer is delineated ift C!: 1 m and a secondary layer is demarcated if 1 m > t ~ 0.5 

m. A cluster number (Nc) is chosen to represent a soil stratigraphy if no primary layers are 

detected at higher cluster numbers. Cluster results are verified by comparing obtained 

statistical stratification with independent information ofboreholes boundaries, and 

reference physical and mechanical properties of the soil at a specific site. 

Two normalized cone parameters Q = (qt-<rvo)lcrvo' and Bq = (ub-Uo)/(qt-<rvo) are 

chosen as input for clustering analysis. The Q and Bq were recommended for soil type and 

soil behavior interpretation based on piezocone data (Wroth, 1984; 1988; Robertson, 

1991). The readings ofthe sleeve friction channel were excluded from the scope ofthis 

study because they are dependent on the cone-type and manufacture, and indicated a much 

higher variability compared with the records of the tip resistance and pore pressure. 

Cluster results obtained at Amherst, Massachusetts (data from this study) using Q and Bq 

are compared with those using different forms ofpiezocone data as follows: (1) 
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unprocessed data (qt and ub), (2) partially processed readings (qt and the ratio uJq,), and 

(3) the normalized cone parameters (Q, Bq and F). The statistical soil stratigraphy 

obtained using Q and Bq matches the borehole soil profile at Amherst, however, at the 

same cluster number, one or more primary soil boundary is not identified using other 

fonns of the data. 

Piezocone database of 25 case studies representing different soil types and 

geological conditions are compiled for this study. These sites are mainly clay deposits in 

which extracting undisturbed samples for laboratory studies is more feasible than in the 

case of sandy soils. Part of the data were collected by the author at three sites within the 

Unites States including Amherst, Massachusetts, Opelika, Alabama, and Penuelas, Puerto 

Rico, and other data were available in the literature and redigitized using AutoCad 

software. Cluster analysis using the single-cosine-zscore technique is able to properly 

detect the geostratigraphy at each of the 25 case studies. Cluster analysis is successfully 

applied to indicate changes in soil properties within a continuous clay or sand profile. It 

also indicates the differences between different soil types including sand, silt and clay. Soil 

lenses, seams, transitions are objectively delineated and the similarity of different clusters 

is demarcated. Clustering is performed for the studied cases up to a cluster number equal 

to I 00 which means dividing a data set into 100 groups. The interpretation criterion is 

applied at each cluster number for each site and a statistical soil profile is chosen where 

there is no primary layer separates at higher cluster numbers. At all case studies, a 

representative soil stratigraphy is identified at cluster number Nc < 15, therefore, for a 
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preliminary investigation, clustering is recommended to be performed up to Nc: = 1 S in 

future studies. 

Different factors affecting the cone measurements and available cone interpretation 

techniques including empirical and analytical methods are evaluated. The studied factors 

include data errors and outliers, cone size, data frequency, penetration porewater position, 

and spatial variability. Clustering is advantageous over other cone interpretation 

techniques for the purpose of soil stratigraphy because cluster results are independent of 

systematic errors or data outliers. In other statistical methods such as the autocorrelation 

function, data should be filtered first for a proper interpretation of piezocone data, 

however, some geological evidences which can be important for a geotechnical design are 

missed. Clustering is not affected by the scale effect using 1 O-cm2 and 1 S-cm2 cones and 

similar cluster results are obtained. Similar cluster results are obtained for a range of data 

frequency of S em to SO em which suggests that cluster analysis can be applied for other 

laboratory and in-situ tests for which data are collected at larger intervals. Identical 

primary boundaries are obtained using both the penetration porewater pressure on the face 

(u,) or behind the tip (ub) at a soft clay deposit. However, in the case of heavily 

overconsolidated fissured clays, it is recommended to use the pore pressure at the face to 

properly identify a soil stratigraphy. A preliminary spatial cluster analysis is performed 

and cluster results are used to predict the association and continuity of different strata in 

two- and three-dimensions which is promising for future cluster applications in more than 

one dimension. 
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A major contribution of this research is that the cluster analysis is able to delineate 

subtleties in the piezocone profiles and thus discover drastic changes in soil types and/or 

properties in a soil stratigraphy which are not readily evident by visual examination of 

either the unprocessed data nor processed parameters, or by using available interpretation 

techniques. Several case studies involving sensitive clays, preconsolidated layered 

deposits, and cohesive materials of varying plasticity are used to illustrate the approach. 

Cluster analysis supplements available cone classification charts to obtain an objective and 

reliable preliminary soil stratification. 

7.2. RECO~ATIONS FOR FUTURE RESEARCH 

Cluster analysis has a great potential and use beyond that discussed in this 

research. In future studies, the author recommends the following aspects be considered. 

• Clustering delineates different groups of piezocone data which are functions of soil 

type and behavior. Therefore cluster results are proposed to be directly correlated 

with soil properties. Laboratory calibration chamber tests using two or more soil 

layers are recommended. A parametric study can be performed for each soil property 

of interest such as overconsolidation ratio by changing one parameter at a time. For 

example, two clay layers can be prepared at two different levels of preloading. In this 

case, the soil type is the same and the initial conditions of the two layers before 

preloading are identical. Cone data are collected in both layers and a single-cosine

zscore cluster analysis is performed. Then, these steps are repeated several times and 

a comparison is performed between zscore records and different similarity 
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measurements of all tests. Several ranges of a certain soil property can be correlated 

with several ranges of zscore and/or similarity levels at which data are collected in a 

group. In a similar study the correlation between cluster results and relative density in 

sands can be evaluated. 

• The effect of increasing the frequency and resolution on the analysis and the obtained 

statistical stratigraphy is proposed for a future study. Local details and variations 

within a soil layer can be detected and verification is required by examination of 

continuous samples in the vicinity of a cone penetration sounding. 

• Cluster analysis is performed using Q and Bq to analyze the subtleties in piezocone 

data which were not obvious by visually examining the data or by plotting them in a Q 

and Bq space. Therefore alternative cone parameters should be explored for a better 

estimation of the soil behavior. For example, Houlsby (1988) recommended to use 

( qt-Ub)/crvo' for interpretation of soil type and soil behavior using piezocone data. 

Evaluation of this parameter and other data collected using a multi-sensor cone for 

identifYing a soil profile is recommended for a future study. Figure 7.1 shows different 

readings that can be collected using a cone penetrometer with different sensors 

including tip resistance, pore pressure, resistivity, heat flow, fluorescence, and soil 

moisture content. Moreover, the sleeve friction readings can be accommodated in the 

analysis if there is enhancement in their repeatability and reliability. Different 

combinations of these readings are proposed to be studied for the purpose of soil 

stratigraphy and correlation with soil properties using cluster analysis. 
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• A study of the clustering validity is needed at more well-documented sand sites. 

Clustering results could indicate, for instance, different levels of soil density which 

could be helpful for a preliminary estimation ofliquefaction susceptibility of loose 

sands, or evaluation of a site remediation quality such as, in the case of vibratory 

compaction. Validity of two- and three-dimensional clustering analyses needs to be 

verified in more case studies where spatial cone penetration data are available for the 

purpose of evaluating the continuity of different soil strata and their association. The 

application of clustering analysis can be extended to other means of laboratory tests 

such as water contents, overconsolidation ratio, and shear strength, and in-situ testing 

such as dilatometer, vane shear, and standard penetration tests for the purposes of 

subsurface stratification and exploring the association between different soil types. A 

future study is needed to examine the validity of the single-cosine-zscore method for 

the analysis of these data. 

• Several statistical and probability techniques have been applied to analyze laboratory 

and in-situ geotechnical parameters, including geostatistical (Hegazy et al., 1997), 

reliability (Christian et al., 1994), neural network (Chandler, 1996), and Monte Carlo 

simulation (Najjar and Basheer, 1996) methods for the purposes of identifying 

uncertainties in soil characterization. The application of the statistical methods in 

geosystems requires the division of the data into correlated homogeneous groups (soil 

layers) and then the inherent variability is determined within each layer. Therefore, 

clustering analysis can serve as a preliminary step to objectively delineate associated 

groups of the evaluated data. Clustering could supplement image analyses for 
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identification of local and volumetric void ratio, and soil fabric, including particles size, 

shape and angularity. 
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APPENDIX A 

FIELD EXPERIENCES WITH CONE PENETRATION TESTING 

A.1. Preface 

Cone penetration tests (CPT) were performed by the author during the term of this 

study for the following purposes: (1) gain field experience in the conduct and collection of 

piezocone data; (2) obtain results needed for geostatistical analyses; and (3) assist others 

in the procurement of CPT data for their purposes. Table A.1 summarizes the locations. 

types, and numbers of cone tests, and objective mission associated with the work 

performed. Figure A.1 shows a mapping of the tested sites by the author during the term 

of this research study between the years of 1993 and 1997. This appendix outlines several 

of these field trips and testing programs to document the author's in-situ testing 

experiences in understanding the difficulties and uncertainties associated with cone 

penetration tests. 

A.2. Georgia Tech Cone Penetration Systems 

Cone tests were performed according to ASTM guide D-5778 using commercial 

Hogentogler electronic penetrometers (Robertson and Campanella. 1989), however, in 

two case studies, Fugro electrical cones (DeRuiter, 1982) and Davey electrical cones 

(Chen and Mayne, 1994) were used. There are currently five penetrometers located at 
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N 

t 

Table A.l. Summary of Cone Penetration Tests Performed by the Author During this Research Study. 

Site No. Test- Average Purpose of testingCil Tests performed for the Cone Data 
location of type sounding benefit or: Praenttd In: 

tests depth (m) 
Atlanta. 3 C!Tl' 11 • Studying the scale effect of 10- and I.S-cm2 cones. This study; This study 
Georgia 10 PCPT • Foundation design of pedestrian bridge at lOth Street. Georgia Tech and Internal 

3 SPCPT • New civil engineering building at Georgia Tech . reports from 

• Field demonstration for graduate students . 1993 to 1997 
Bagdad, 1 PCPT 22 • Checking the static and dynamic stability of mine AGRA Earth and Maynectal . 
Arizona 3 SPCPT tailings dam. Environmental, Phoenix (1994) 

3 PPDT 
Penuclas, 3 PCPT 26 • Evaluating soil improvement after surcharge loads. Law Engineering, Mayncctal . 
Puerto Rico 8 SPCPT • Checking the soil liquefaction potential at the site . Houston~ (1995, 1997); 

6 PPDT GcoCim, Inc., San Juan• Hegazyand 
Mayne (1996) 

Richmond, 3 PCPT 12 • Evaluation of soil properties for foundations design of a Virginia Geotechnical Hegazyand 
Virginia 3 PCPT3, bridge. Services, P.C., Richmond Mayne (199.S) 
Dunklin 3 SPCPT 12 • Dynamic stability of existing and proposed highway MDHT, Jefferson City** Maynectal . 
County, bridges in New Madrid earthquake region. (1996) 
Missouri 
Opelika, 2 SPCPT 12 • Three-dimensional geostatistica1 analysis of CPT data This study; Hegazy ct al. 
Alabama in residual soils. Auburn University (1997) and 

• Other research JJ_u_rposes . this study 
Amherst, l.S SPCPT 14 • Spatial analysis of SPCPT data . This study This study 
Massa-
chusetts 

----- ----- ----------

(
1
) In all case studies, cone data were also used for soil stratigraphy. e) Data collected using IS-cm2 Fugro electrical cone. 

e) Piezocone data were collected using 10-cm2 Davey electrical cone. 
Note: Other tests were performed using 10-cm2 electronic Hogentoglcr cones. 
(*)Other companies were involved in this project including Dames & Moore, Black & Veatch, and ENRON. 
(••) MDHT = Missouri Department of Highways and Transportation 
CPT = cone_penel!ftlion test; PCPT = piezocone penetration test; SPCPT = seismic piezocone penetration test; PPDT = pore pressure dissipation test 
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Georgia Tech which are operated using two different data acquisition systems, including: 

(1) a computer-based commercial Hogentogler system (Robertson and Campanella, 1984), 

and (2) a notebook-based system consisting of separate component elements (Chen and 

Mayne, 1994). Electrical power input necessary for both computer systems was obtained 

from an electrical power generator in the case of using a drill-rig for penetration, or from a 

battery in the case of using a cone-truck for penetration. 

The two Hogentogler electronic penetrometers which were used to conduct most 

of the tests summarized in Table A.1 are 10-cm2 cones and have two different capacities, 

namely, 50 kN and 100 kN. These two cones are pictured in Fig. A.2 along with other 

penetrometers, including a miniature 5-cm2 cone, type-1 electrical 1 0-cm2 Davey 

piezocone, type-2 electrical 1 0-cm2 Davey piezocone, and triple-element electrical 15-cm2 

Fugro piezocone. Note that in case of electronic cones, the voltage responses of different 

cone channels are amplified inside the cone, however, in the case of electrical cones, the 

analog measurements of different cone channels are amplified at the ground surface after 

being transmitted through a cable to the data acquisition system. 

Careful laboratory calibration of the load cells and transducers was performed by 

the author to obtain factors used to convert output voltages of each cone channel to 

measured soil stresses in the field, including: (1) cone tip resistance (qc), (2) sleeve friction 

(£;), and (3) pore pressure (ub). Moreover, calibration was also performed to dete~ne 

the net area ratio of penetrometers used to conduct the tests. Calibration setup of the 

cone tip resistance and sleeve friction load cells, and pore pressure transducer at Georgia 

Tech is discussed in detail by Chen and Mayne (1994). 

245 
http://geotill.com/



Figure A. I. Tested Sites by the Author During this Research Study. 

Figure A.2. Piezocones penetrometers at the Georgia Institute ofTechnology 
including from left to right: {1) a miniature 5-cm2 electrical cone, 
{2) a Davey 10-cm2 type-2 electrical piezocone, {3) a Davey 10-
cm2 type- I electrical piezocone, (4) a Hogentogler 10-cm2 type-
2 electronic seismic piezocone, (5) a Hogentogler l0-cm2 dual 
element electronic seismic piezocone, and (6) a Fugro l5-cm2 

triple element electrical piezocone. 
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Penetration depth was continuously measured by ultrasonic depth sensor using the 

notebook-based system (Chen and Mayne, 1994). In the case ofusing a Hogentogler 

system, a depth was measured when a proximity switch sent a signal to the data 

acquisition system (Hogentogler manual, 1995). The proximity switch faces metal pins 

mounted at equidistant increments on a cylindrical depth-wheeler which is in contact with 

the cone-rods during penetration. 

Each of the Hogentogler penetrometers is supplemented by a uniaxial geophone 

oriented horizontally with a natural frequency of 28 Hz to allow seismic measurements of 

soil shear wave velocity, v. (Robertson et al., 1986). A seismic shear wave source 

consisting of a rigid beam or a platform was used. It was weighted by rear wheels of a 

vehicle, or rear pads of a drill-rig or a cone-truck to ensure a good contact with the 

ground surface and minimize the loss of energy. A sledge hammer was used to strike the 

source to generate a horizontally polarized shear wave at the surface. Two different 

systems were used to record generated shear waves, including: (I) a four-channel 

Hewlett-Packard 54601A oscilloscope (Kates, 1996), and (2) a Hogentogler computer 

simulating an oscilloscope (Hogentogler manual, 1995). In the first system, a trigger 

geophone with a natural frequency of 14 Hz was used to determine the start time of the 

shear wave. In the Hogentogler system, an electrical step trigger of the type suggested by 

Hoar and Stokoe (1978) was used. When a hammer contacts a metal pad on the shear 

source, a generated voltage pulse travels to the simulated oscilloscope which starts to 

measure the travel time of the shear wave to the receiver. Using both systems, the travel 

time of the wave from the source to the receiver was determined. Pseudo-interval method 
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was used to calculate the shear wave velocity that is the difference in travel distance of 

two successive test depths divided by the difference in their travel times. 

In the following sections, selected examples of cone testing experiences by the 

author are discussed. 

A.3. Piedmont Residual Soils. Atlanta. Georgia 

In Atlanta, cone testing was performed on different occasions from 1993 to 1997 

by the author for a variety of purposes, including: ( 1) field demonstrations for 

undergraduate and graduate students, (2) stud}ing scale effect of 1 0-cm2 and 15-cm2 

penetrometers, (3) foundation design of a proposed pedestrian bridge crossing 1Oth Street, 

and ( 4) providing supplemented information for the new civil engineering Sustainable 

Education Building on Georgia Tech campus. The Atlanta area is underlain by residual 

silts and sands of the Piedmont Geology. Figure A.3 shows the Fugro cone truck in 

operation on the campus. Here, three CPTs were advanced for a new civil engineering 

office. A representative cone sounding is shown in Fig. A.4 including Qc and f. profiles. 

The groundwater table is at 7-m depth. 
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Figure A.3. Fugro Cone Truck at the Proposed Area of a New Civil Engineering 
Building on Georgia Tech Campus, Atlanta, Georgia. 
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A.4. Bagdad Mine Tailings. Arizona 

Seismic piezocone tests were performed at an existing copper mine tailings dam in 

western Arizona. The test locations were made accessible by constructing a 3.6-m thick 

and 180-m long sand fill ramp over a geotextile layer laid on the top of the tailings. The 

tests were conducted for soil characterization. estimation of soil properties, and the 

evaluation of dynamic stability of the tailings dam during possible earthquake events. The 

tailings consist of about 45 percent cycloned sands and 55 percent silt-sized particles, and 

their specific gravity is between 2.66 and 2. 72 (Vidic et al., 1995). The cone was pushed 

using a CME-55 drill rig as pictured in Fig. A.5. A representative piezocone sounding is 

shown in Fig. A.6. The three channels (qc, f., and ub) indicate the variable nature of the 

tailings deposit with a quick variation of the soil type as noticed from the alternating peaks 

and troughs in the three piezocone channels. 

A.5. Amherst Varved Clay. Massachusetts 

The Amherst test site is one of the five national geotechnical experimental sites 

(NGES) in the United States and was tested by the author during the summer of 1996. 

The soil profile consists of2 m of clay fill, 2 m of clay crust, I m of brown-gray varved 

silty clay over gray varved clay (Lally 1993). The ground water table is almost at 1.9 m. 

The purpose of testing was to perform spatial geostatistical analysis on fifteen seismic 

piezocone soundings arranged as shown in Fig. A. 7. The cone was pushed in the ground 

using the small portable hydraulic penetration rig loaned by Prof. A. J. Lutenegger and 

pictured in Fig. AS. The results of the seismic piezocone soundings are summarized in 
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Figure A.5. Pushing a Piezocone in a Mine Tailings Dam, Bagdad, Arizona 
Using a CME-55 Drill Rig. 

-E 10 -J::. -i" 15 
0 

20 

qt (MPa) f. (MPa) ub (MPa) 
0 6 12 0.00 0.05 0.10 0.0 0.2 0.4 

Figure A.6. A Representative Piezocone Sounding in Copper Mine Tailings 
at Bagdad, Arizona. 
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Figure A. 7. Seismic Piezocone Test Locations at Amherst, Massachusetts. 
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Fig. A9. These indicate a high variability in the upper 4 m of clay fill and desiccated clay 

crust. The similarity of the seismic piezocone data in the lower depths imply a spatial 

homogeneity of the normally-consolidated varved clay deposit. In many instances, there 

was a delay of the response of the pore pressure transducer below the groundwater table 

due to the possibility of desaturating the filter as the cone penetrated the upper vadose 

zone. Note also the significant dissipation of the pore pressure at the depths of rod

additions. 

A.6. Dunklin County Alluvial Deposit. Missouri 

Seismic piezocone tests were performed at three sites in Dunklin County, 

southeastern Missouri near the 1811-1812 New Madrid earthquake region. The tests 

were used to evaluate the risk susceptibility of roadway bridges by the Missouri 

Department of Highway & Transportation (MDHT) during future possible earthquakes. 

The piezocone tests were conducted with a CME-850 track-mounted drill rig shown in 

Fig. A 10. A representative type-1 seismic piezocone sounding at the Route 164 site is 

shown in Fig. A.11, which includes the vertical profiles of qc, f., u~, and V •. The soil 

profile at this site predominantly consists of loose to dense sands and the groundwater 

table is at a depth of 1.5 meter. 
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Figure A.8. Pushing a Piezocone in a Varved Clay Deposit, Amherst 
Massachusetts, Using a Portable Hydraulic Rig. 
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Figure A.9. Summary Results of 15 Seismic Piezocone Soundings Performed 
at Amherst, Massachusetts. 
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Figure A.10. A CME-85 Track-Mounted Drill Rig Used to Push Piezocones in a 
Sandy Deposit at Route 164, Dunklin County, Missouri. 
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Figure A.ll. A Representative Piezocone Sounding in a Sandy Deposit at 
Route 164, Dunklin County, Missouri. 
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A 7. Opelika Piedmont Soils. Alabama 

Seismic piezocone data were conducted at Opelika, Alabama for the purpose of 

performing spatial geostatistical analyses (Hegazy et al. 1997), and to supplement other 

research programs. The site is located in the southern Piedmont province and the residual 

soils were derived from the in-place weathering of schist and gneiss bedrock. On the 

average, the soil consists of 50 percent silty fines and 50 percent sands. The groundwater 

table is located at a depth of 3 m. The penetrometer was pushed in the ground using a 

Hogentogler-type cone truck operated by Williams and Associates of Tampa, Florida as 

shown in Fig. A.l2. A summary of two seismic piezocone soundings is shown in Fig. 

A 13 and indicates good agreement between the records of qt. f., U& and v. of both tests 

C41 and C42. Note the negative penetration porewater pressures throughout the 

sounding depths, well below the water table. 

AS. Summary 

Numerous cone soundings were performed by the author at different test sites in a 

variety of soil types and conditions for research purposes and assisting others on 

geotechnical projects. Testing was performed using friction cones, piezocones, and 

seismic cones. The gained experiences during this extensive testing program helped the 

author to evaluate some of the uncertainties involved in the interpretation of the cone data, 

specifically, the subjectivity of estimated soil stratigraphies based on cone data. 
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Figure A.l2. Hogentogler Cone Truck During Seismic Piezocone Operation in 
Piedmont Residual Soils at Opelika, Alabama. 
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Figure A.l3. Two Seismic Piezocone Soundings in Piedmont Residual Soils at 
Opelika, Alabama. 
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APPENDIXB 

CLUSTERING OF PIEZOCONE DATA 

B.1. Synopsis 

In this section, a parametric study is performed to select an appropriate method for 

clustering piezocone data for the purpose of delineating a soil stratigraphy. There are 7 

methods to standardize piezocone data (see Table 4.2), and 8 methods to measure the 

similarity between two vectors of them measured at two different depths (see Table 4.3). 

The total available methods of standardization, and measuring the resemblance of 

piezocone data are 56. While, for the purpose of dividing the data into correlated groups, 

the single (nearest neighbor) method has been recommended in this study. 

Cluster analysis is applied 56 times for piezocone data of one sounding at each of 

the following three sites: (1) Amherst, Massachusetts (piezocone data from this study), (2) 

McDonald's Fann, British Columbia (data from Robertson, 1982), (3) Fort Road, 

Singapore, (data from Chang, 1991). Clustering is performed 56 times for data of one 

piezocone sounding collected at each site. Data are divided into 100 groups for each 

analysis and a subsurface stratigraphy is interpreted using the proposed criterion discussed 

in Chapter 4. The results of different clustering methods are compared at each site. A 

better clustering is chosen where a soil stratigraphy including location of soil boundaries 

and number of soil types is properly retrieved at a minimum cluster number (Nc). 
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The subsurface stratigraphy at the three sites can easily be detected by inspecting 

the piezocone profiles by eye. The soil stratigraphy at Amherst includes 2 m of till, 2 m of 

clay crust, 1 m of silty clay overlying a soft varved clay. The profile at McDonald's Farm 

contains 2 m of soft clay, 11 m of sand, 2 m of silty sand and 15 m of soft clayey silt. The 

soil at Fort Road consists of a deposit of a soft marine clay with an intermediate silty clay 

layer of a thickness equal to 4 m. 

B.2. Amherst Test Site 

Clustering is performed for piezocone data of a PCPT1 sounding at Amherst. The 

vertical soil profile consists of a 2-m thick silty clay fill over a 2-m thick desiccated sandy 

clay crust underlain by a soft brown-gray varved clay down to 5 m and a deep deposit of 

normally-consolidated gray varved clay to the termination depth of the piezocone 

sounding at a depth of 14.5 meter (Lally, I 993). Clustering results of 56 different analyses 

are shown in Fig. B.1 and the statistical layers are compared with the given soil profile by 

Lally, 1993. A summary of clustering procedures are given in Table B.l in which a proper 

detection of the four layers in the profile is denoted by "Y" and a poor estimation of the 

stratigraphy is denoted by " N''. The single-cosine-zscore (labeled number 16) was the 

only method able to properly detect the soil profile at a minimum cluster number N: = 8. 

Detailed single-cosine-zscore analysis ofPCPT1 was previously given in ChapterS. 
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TableB.l. Summary of 56 Different Ouster Analyses Performed on Piezocone Data 
(PCPTl) from Amherst, Massachusetts (Data from this Study). 

Method Chose a Results Method Cbosea 
Cluster Cluster 

(1) None-Euclidean 9 N (29) None-Chebychev 9 
(2) Zscore-Euclidean 13 N (30) Zscore-Chebychev 13 
(3) Range-Euclidean 15 N (31) Range-Chebychev 15 
(4) Rescale-Euclidean 15 N (32) Rescale-Chebychev 15 
(5) Max-Euclidean 16 N (33)Max-Chebychev 16 
(6) Mean-Euclidean 11 N (34) Mean-Chebychev 11 
(7) Stdev-Euclidean 13 N (35). Stdev-Chebychev 13 
(8) None-sqr. Euclidean 9 N (36) None-Block 9 
(9) Zscore-sqr. Euclidean 13 N (37) Zscore-Biock 12 
(10) Range-sqr. Euclidean 15 N (38) Range-Block 14 
_(11) Rescale-sqr. Euclidean 15 N (39) Rescale-Block 14 
(12) Max-sqr. Euclidean 16 N (40) Ma."<·Biock 15 
(13) Mean-sqr. Euclidean 11 N ( 41) Mean-Block 11 
(14) Stdev-sqr. Euclidean 13 N ( 42) Stdev-Biock 12 
(15) None-Cosine 17 N (43) None-Minkowski* 9 
(16) Zscore-Cosine 8 y (44) Zscore-Minkowski* 13 
11_7) Range-Cosine 26 N (45) Range-Minkowski* 15 
(18) Rescale-Cosine 19 N (46) Rescale-Minkowski* 15 
(19) Max-Cosine 3 N (47) Max-Minkowski* 16 
(20) Mean-Cosine 3 N (48) Mean-Minkowski* 11 
(21) Stdev-Cosine 3 N (49) Stdev-Minkowski* 13 
(22) None-Pearson 2 N (50) None-Power** 9 
(23) Zscore-Pearson 2 N (51) Zscore-Power•• 13 
(24) Range-Pearson 2 N (52) Range-Power** 15 

_(25) Rescale-Pearson 2 N (53) Rescale-Power** 15 
(26) Max-Pearson 2 N (54) Max-Power** 16 
(27) Mean-Pearson 2 N (55) Mean-Power** 11 
(28) Stdev-Pearson 2 N (56) Stdev-Power•• 12 

Legend: 
( ) = number of cluster analysis Stdev = standard deviation 

Results 

N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 

N = one or more soil boundary is missed 
(*) power p = 2 and root r = 112 

Y = soil profile is properly detected 
(**} power p = 1 and root r = 1/2 

Notes: 
Standardization melhCJ<i<l> Similarity measurement<2> 

None (raw data) Max Euclidean Chebychev 
Zscore Mean Squared Euclidean Block (Manhattan Distance} 
Range Stdev Cosine Minkowski 

Rescale Pearson Power (p,r) 
<n Definitions of standardization methods were previously given in Table 3.2. 
<2> Definitions of similarity measurements were previously given in Table 3.3. 
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B.3. McDonald's Farm Test Site 

A representative piezocone sounding (Robertson, 1982) at McDonald's Farm is 

shown in Fig. B.2. In addition to the two raw readings (q, and ub), Fig. B.2 also includes 

the derived normalized parameters Q and Bq. Looking at the piezocone profiles, four soil 

layers were delineated with boundaries at depths of 2 m, I3 m and IS m. Similar results 

were obtained using the Robertson's classification chart (I99I) as shown in Fig. B.3. The 

results of 56 clustering techniques are grouped in Fig. B.4. A summary of the trial 

clustering methods and their evaluations is given in Table B.2. The single-cosine-zscore 

(SCZ) method properly indicated the subsurface stratification including four soil layers at 

the smallest cluster number Nc = I4. A detailed study of clustering using SCZ method is 

discussed herein. 

Clustering was performed up to Nc = I 00 and the correlation coefficient (Pc) 

between consecutive clusters is shown in Fig. B.S up to Nc = 50. Cluster results are 

examined at the peaks of Pc and are shown on Fig. B.6a between Nc = 2 and Nc = 35. At 

Nc = 4, the data are divided into two primary groups at a depth of 15.7 m. Then at larger 

cluster numbers, a transition layer appears between the two layers and some data points 

separate from the two cluster indicating non homogeneity. At Nc =14, two statistical 

layers with thickness (t) > I m separate from the upper primary group. At larger clusters, 

no new primary clusters (t > Im) appear as shown in Fig. B.6b, therefore, Nc = 14 is 
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Figure B.2. Piezocone Sounding at McDonald's Farm, British Columbia 
(Data from Robertson, 1982). 
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1000 Modified Classification Chart 
(Robertson, 1991) 
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1. Sensitivite Fine Grained 5. Sand Mixtures: Silty Sand to Sandy Silt 
2. Organic Soils-Peats 6. Sands: Clean Sand to Silty Sand 
3. Clays: Clay to Silty Clay 7. Gravelly Sand to Clayey Sand 
4. Silt Mixtures: Clayey Silt to Silty Clay 

Figure B.3. Soil Classification Using Piezocone Data at Mcdonald's Farm, 
British Columbia (Data from Robertson, 1982). 

chosen to represent the profile. Figure B.7 shows a good agreement between the 

borehole soil boundaries and the statistical boundaries at Nc = 14. The upper layer AI* 

represents a soil mixture and is more associated with layer A3. Layers A2 (sands) and A4 

(clayey silts) are denoted by cluster numbers 2 and 14, respectively, which indicates non-

association between the two groups. 
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Table B.l. Summary of 56 Different Ouster Analyses Performed on Piezocone Data from 
McDonald's Farm, British Columbia (Data from this Study). 

Method Chosen Results Method Chosen Results 
Ouster Cluster 

(1) None-Euclidean 20 N (29) None-Chebychev 21 N 
{2) Zscore-Euclidean 34 y {30)Zscore-Chebychev 32 y 
(3) Range-Euclidean 45 y (31) Range-Chebychev 42 y 
( 4) Rescale-Euclidean 45 y (32) Rescale-Chebychev 42 y 
_ill Max-Euclidean 46 y (33) Max-Chebychev 46 y 
{6) Mean-Euclidean 30 y {34) Mean-Chebychev 29 y 
(7) Stdev-Euclidean 34 y (35) Stdev-Chebychev 32 y 

_(_8) None-sQr. Euclidean 20 N (36) None-Block 19 N 
{9) ~re-sqr. Euclidean 33 y {37) Zscore-Biock 33 y 
(10) Range-sQr. Euclidean 45 y (38) Range-Block 45 y 
(11) Rcscale-sQr. Euclidean 45 y (39) Rescale-Block 45 y 

(_12) Max-sqr. Euclidean 46 y (40) Max-Block 46 y 
{13) Mean-sqr. Euclidean 29 y { 41) Mean-Block 30 y 

(14) Stdev-sqr. Euclidean 34 y ( 42) Stdev-Biock 33 y 
(15) None-Cosine 17 N (43) None-Minkowski• 20 N 
{16) Zscore-Cosine 14 y (44) Zscore-Minkowsk.i* 32 N 
(17) Range-Cosine 3 N (45) Range-Minkowski* 45 y 
(18) Rescale-Cosine 6 N ( 46) Rescale-Minkowski• 45 y 

(19) Max-Cosine 3 N (47) Ma.x-Minkowski* 46 y 
(20) Mean-Cosine 4 N (48) Mean-Minkowski• 29 y 

(21} Stdev-Cosine 4 N (49) Stdev-Minkowski• 33 y 

. (22) None-Pearson 2 N (50) None-Power** 20 N 
(23) Zscore-Pearson 2 N (51) Zscore-Power** 33 y 

_(_24) Range-Pearson 2 N (52) Rang_e-Power** 45 y 

(25) Rescale-Pearson 2 N (53) Rescale-Power•• 45 y 

(26) Max-Pearson 2 N (54) Max-Power** 46 y 

(27) Mean-Pearson 2 N (55) Mean-Power** 29 y 

(28) Stdev-Pearson 2 N (56) Stdev-Power** 33 y 

Legend: 
{ ) = number of cluster analysis Stdev = standard deviation 
N = one or more soil boundary is missed 
(*) power p = 2 and root r = 112 

Y = soil profile is properly detected 
(**) power p = 1 and root r = 112 

Notes: 
Standardization methoo<t> Similarity measurementa> 

None (raw data) Max Euclidean Chebychev 
Zscore Mean Squared Euclidean Block {Manhattan Distance) 
Range Stdev Cosine Minkowski 

Rescale Pearson Power (p,r) 
O> Definitions of standardization methods were previously given in Table 3.2. 
C2> Definitions of similarity measurements were previously given in Table 3.3. 

270 

http://geotill.com/



~ 1.oo ..,---,---,s-~--.-..1 )i'tl\rr~~~:r:::'l:.-:.ee.-~\l'-'1~1"'94-iMI:'"fJ'"~ve't--a:r-"'iit;;i"&e"'"~""i.-r-::'fe"~-
~ \ I v!- \J 
~ 0.99T---H~~~--r-~~r+~~--~-r--r---+---,_--~---; 

s 0.98 T--t-t-=~--t-----t-H--+---+~+----;--+--,_--ff----t 
;:: 
ca 

~ 
0.97 +---f-+----+----+----f----f----+----+----1----!------t 

0 
0 

0 5 10 15 20 25 30 

Cluster Number 

Single-Cosine-Zscore Method Using Q and Bq 

35 40 45 

Note: Piezocone data at McDonald's Fann, British Columbia (Robertson, 1982) 

Figure B.S. Correlation Coefficient Between Consecutive Cluster Results at 
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B.4. Fort Road Test Site. Singapore 

50 

A representative piezocone sounding (Chang, 1991) at Fort Road, Singapore is 

shown in Fig. B.S. Three layers were delineated visually and separated at approximate 

depths of 17 m and 20.5 m. This observation is confirmed by soil classification results 

using the Robertson's chart (1991) as shown in Fig. B.9. The normalized parameters Q 

and B11 between the depths of 17 m and 21 m are grouped in zones 3 and 4 and can be 

separated visually from the group of the overlaying and underlying soils which are 

clustered in zone 3. Cluster analysis was performed using 56 different methods and the 

results are summarized in Fig. B.10. 

Table B.3 indicates good agreement between the defined soil profile by Chang 

(1991) and the statistical layers using 52 techniques including the single-cosine-zscore 
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Figure B.9. Soil Classification Using Piezocone Data at Fort Road, 
Singapore (Data from Chang, 1991). 

1.4 

(SCZ) method. However, in the other four methods denoted by numbers 23, 24, 27 and 

28, an unverified layer was indicated between the depths of7.4 m and 10.5 m. Clustering 

using SCZ method is discussed in details herein. 

Clustering was performed using the single-cosine-zscore (SCZ) method up to 

cluster number Nc = 100. The correlation coefficient CPc) between the consecutive clusters 

are shown in Fig. B. II between cluster numbers Nc = 2 and 50. Cluster results are 

examined at the peaks of Pc and shown in Fig. B.l2a for Nc between 2 and 36. At Nc = 2, 

one soil type is predominant and denoted by cluster number Nc = I with intermediate soil 
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TableB.J. Summary of 56 Different Cluster Analyses Performed on Piezocone Data from 
Fort Road, Sin&apore (Data from Chan&, 1991). 

Method Chosen Results Method Chosen Results 
Cluster Cluster 

(1) None-Euclidean 2 y (29) None-Chebychev 3 y 
(2) Zscore-Euclidean 2 y (30) Zscore-Chebychev 2 y 
(3) Ran2c-Euclidean 2 y (31) Range-Chebychev 2 y 
_(4) Rescale-Euclidean 2 y (32) Rcscale-Chebychev 2 y 
(S) Max-Euclidean 2 y (33) Max-Chebychev 2 y 
(6) Mean-Euclidean 2 y (34) Mean-Chebychev 2 y 

_('7) Stdev-Euclidean 2 y (3S) Stdev-Chebvchev 2 y 
(8) Nonc-sqr. Euclidean 2 y (36) None-Block 2 y 
(9) Zscore-sqr. Euclidean 2 y (37) Zscore-Biock 2 y 
(10) Ran2c-sor. Euclidean 2 y (38) Range-Block 2 y 
(11) Rescalc-sqr. Euclidean 2 y (39) Rescale-Block 2 y 
(12) Max-sor. Euclidean 2 y (40) Max-Block 2 y 
(13) Mean-sor. Euclidean 2 y ( 41) Mean-Block 2 y 

_(14). Stdev-sqr. Euclidean 2 y (42) Stdev-Biock 2 y 
(lS) None-Cosine 2 y (43) None-Minkowski• 2 y 
(16) Zscore-Cosine 2 y (44) Zscore-Minkowski• 2 y 
_(17).Range-Cosine 2 y (4S) Range-Minkowski• 2 y 
(18) Rescale-Cosine 2 y ( 46) Rescale-Minkowski• 2 y 
(19) Max-Cosine 2 y (47) Max-Minkowski• 2 y 
(20) Mean-Cosine 2 y (48) Mean-Minkowski• 2 y 
(21) Stdev-Cosine 2 y (49) Stdev-Minkowski• 2 y 
(22) None-Pearson 2 y (SO) None-Power•• 2 y 
(23) Zscore-Pearson 2 y _(Sl) Zscore-Power*• 2 y 
(24) Range-Pearson 2 y (S2) Range-Power•• 2 y 
(2S) Rescale-Pearson 2 y (S3) Rescale-Power*• 2 y 
(26) Max-Pearson 2 y (S4) Max-Power*• 2 y 

_{_2_1) Mean-Pearson 2 y (SS) Mean-Power*• 2 y 
(28) Stdev-Pearson 2 y (S6) Stdev-Power*• 2 y 

Legend: 
( ) = number of cluster analysis Stdev =standard dC\iation 
N = one or more soil boundary is missed 
(*) power p = 2 and root r = 112 

Y = soil profile is properly detected 
(**) power p = 1 and root r = 1/2 

Notes: 
Standardization methoo<n Similarity measurementCl> 

None (raw data) Max Euclidean Chebychev 
Zscore Mean Squared Euclidean Block (Manhattan Distance) 
Range Stdev Cosine Minkowski 

Rescale Pearson Power (p,r) 
O> Definitions of standardization methods were previously given in Table 3.2. 
Cl> Definitions of similarity measurements were previously given in Table 3.3. 
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Figure B.ll. Correlation Coefficient Between Consecutive Cluster Results at 
Fort Road, Singapore. 

50 

layer denoted by cluster number Nc = 2 between the depth of 17.7 m and 21 m. For larger 

cluster numbers, points separate from the these two primary clusters indicating transition 

between them and inherent non-homogeneity. The separated points have the largest 

dissimilarity with a primary statistical cluster. This scenario continues from Nc = 45 to Nc 

= 100 as noticed in Fig. B.12b. The clustering is confirmed by the water contents profile 

as shown in Fig. B.l3. The average water content is equal to 62% from 7.3 m to 17m 

and decreases to 33 % down to 21 m. Then, the average water contents increases to 51 % 

between the depths of 17m and 24.5 m. 
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B.S. Conclusions 

Piezocone data were analyzed using 56 different clustering combinations of 

standardization methods and similarity measurements. A total number of 168 clustering 

analyses was performed at three sites to detect changes in stratigraphic profiles. These 

results were compared with physical and visual data from adjacent borehole 

determinations of strata layers at the sites. The zscore standardization method and the 

cosine similarity measurements were the only two techniques that properly defined the 

subsurface stratification for the minimum cluster number at each of the three sites. Also, 

the single link (nearest neighbor) cluster method was used successfully to divide the data 

into correlated groups. Therefore the statistical single-cosine-zscore (SCZ) method is 

recommended for clustering of piezocone data in delineating subsurface strata profiles. 
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APPENDIXC 

GROWTH OF CLUSTERING 

C. I. Synopsis 

In this section, the growth of the cluster results is discussed up to cluster number 

Nc = 100 at twelve sites summarized in Table C.l. Cluster analysis was performed at each 

site using the normalized parameters Q and Bq. The correlation coefficient (Pc) was 

determined between consecutive clusters and clustering was examined at the peaks of Pc· 

According to the interpretation criterion discussed in Chapter 4, a cluster number was 

chosen to represent a subsurface stratigraphy where no new primary groups (t > 1 m) 

separated. 

C.2. Effect ofDifferent Data Combinations 

A single-cosine-zscore clustering method is used to analyze three sets of piezocone 

data combinations defined as follows: (I) unprocessed data, q, and ub; (2) partially 

processed data, q, and the ratio uJq,; and (3) the derived normalized parameters, Q and Bq, 

where Q = (q,-avo)kJvo' and Bq = (ub-uo)/(q,-aw). The study was performed using 

piezocone data sounding number (PCPTI) collected at Amherst, Massachusetts by the 

author. The piezocone sounding was previously presented in Fig. 5 .2. First, clustering 
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Table C.l. Listing of 12 Sites Analyzed Using SCZ-Type Oustering Method. 

Site Name Location Soil Type Reference 
Amherst Massachusetts Fill over clay crust underlain by soft clay (This study) 
Bothkennar Scotland Clay crust over soft silty clay, clayey_ silt Nash et al. (1992) 
Brent Cross United Weathered finely fissured clay over Powell et al. (1988) 

Kingdom unweathered highly fissured clay 
Surry Vuginia Clay over sand underlain by clay Gordon and Mayne 

(1987) 
Drammen Norway Plastic clay over lean clay Masood et al. (1990) 
Gloucester Ontario Soft silty clay over clay to silty clay Konrad and Law 

(1987) 
Hachirogata Japan Soft marine clay Tanaka et al. (1992) 
Lilla Sweden Organic clay over clay underlain by a Larsson and 
MellOsa varved clay Mulabdi~ (1991) 
Recife Brazil Organic soft clay (1) and (2) Coutinho and 

Oliveira (1997) 
St. Alban Quebec Soft very sensitive silty clay changes to Roy et al. (1982) 

clayey silt 
Tiller Norway Silty clay over quick clay Sandven (1990) 
Troll North Sea Very soft clay over very stiff silty clay Amundsen et al. 

(1985) 

using qt and ub is discussed. The correlation coefficient between consecutive clusters is 

shown in Fig. C.l. Clustering is checked at the peaks of Pc and the results are shown in 

Fig. C.2a between cluster numbers Nc = 2 and 36. At cluster number 2, two primary 

clusters are delineated at 3. 9 m and a soil mixture appears at a depth of 0. 7 5 m. For Nc > 

2, no new major statistical layers separate from the grouping, however, some points are 

denoted different cluster numbers than those of the two dominant clusters indicating 

transitions, outliers or soil lenses. The difference of the cluster numbers given to the two 

major layers increases by increasing N:, that suggests no association between them in 

terms of soil types and/or properties. Figure C.2b includes cluster results between Nc = 45 
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and 100 every S increment interval and no new primary layers were discovered. Therefore 

cluster number 2 is chosen to represent the subsurface stratigraphy. 

A similar clustering study is performed using partially processed data q, and u.,!q, 

up to cluster number Nc = 100. The correlation coefficient between consecutive clusters is 

shown in Fig. C.3 and the cluster results are examined at the peaks of Pc up to Nc = SO. 

Data grouping is shown in Fig. C.4a between cluster numbers 2 and 37. At cluster 

number 2, the data are divided into two primary groups wit a boundary at a depth of3.9 

m. At cluster number 4, the lower statistical layer is separated into two primary layers at 

a depth ofS.6 m. Also, some points are separated at frequent depths at the locations 

where penetration stopped while successive cone rods were added. For larger cluster 

numbers, no new primary layers (t > 1 m) are detected, however more individual or small 

groups of points (t < O.S m) continue to depart from the grouping indicating less 

association with major clusters. This also applies up to cluster number Nc = I 00 as shown 

in Fig. C.4b. Therefore, cluster number 4 is chosen to represent the subsurface 

stratigraphy. 

Soil stratigraphy is derived based on clustering of three normalized parameters Q, 

Bq and F from the Amherst piezocone results and the correlation coefficient between 

consecutive clusters is shown in Fig. C.S. Cluster results are examined at the peaks of Pc 

up to cluster number Nc = SO and Figure C.6a shows clustering between Nc = 2 and 32. 

Up to Nc =S, the data are predicted to be in one group except few points implying non

homogeneity. At cluster number 8, the data are divided into two primary groups 

delineated at a depth of 4.8 m. For Nc > 8, no new major statistical layers (t > 1 m) 
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appear, however, more points separate implying dissimilarity within the two primary 

layers. The latter statement is also valid up to Nc:= 100 as shown in Fig. C.6b. Therefore, 

cluster number 8 is chosen to represent the subsurface stratification. 

C.3. Procedural Errors 

Piezocone data (sounding number PCPTI) collected at Amherst, Massachusetts by 

the author in June of 1996 include measurement errors due to frequent stops during each 

1-m of penetration. A data filtering criterion proposed by Vivitrat (1978) was used to 

delineate the depths of the data errors at the rod breaks using a window width equal to 0.5 

m A cone reading was considered an outlier if it is greater than (average + 2 standard 

deviation) of the data within a window. The data errors were deleted and replaced by 

linear interpolation between the two data points above and below the removed 

measurements. 

Filtered data are divided into correlated groups using single-cosine-zscore method. 

The correlation coefficient between consecutive cluster results is shown in Fig. C. 7 up to 

Nc: = 100. The peaks ofpc: are defined between cluster number Nc: = 2 and 50 and Fig. 

C.Sa shows the cluster results at the peaks between Nc: = 2 and 26. At Nc: = 2, the data are 

divided into two major groups with a boundary at a depth of3.95 m. Thereafter, soil 

lenses separate up to Nc: = 7 and a primary layer separates at Nc: = 9 between 2.20 m and 

3.95 m. Subsequently, no new primary clusters appear up to Nc: = 100 as shown in Fig. 

C.Sb which includes clustering between Nc = 45 and 100 every 5 increments. However, 
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more growth of transition zones and lenses is indicated. Therefore a cluster number Nc = 

9 is chosen to represent the subsurface stratigraphy. 

C.4. Actual Versus Assumed Unit Weight 

Total and effective stresses are calculated using measured unit weights at Amherst 

and the normalized parameters Q and Bq of sounding PCPTI are derived as a function of 

actual Yt· Then a single-cosine-zscore cluster method is used to divide the piezocone 

parameters Q and Bq into correlated groups. The correlation coefficient between 

consecutive cluster results is calculated up to cluster number Nc = 100 as shown in Fig. 

C.9. Examined clusters are chosen at the peaks of Pc and Fig. C.10a shows the cluster 

results at the peaks between Nc = 2 and Nc = 36. At Nc = 2, two major groups appear and 

delineate at a depth of 5.6 m. At Nc = 4, the upper cluster separates into 3 primary groups 

with boundaries at 2.2 m and 3.9 m. For Nc > 4, points indicating non-homogeneity 

continue to separate from the grouping and represent lenses, transitions, and/or data 

errors. Then the growth of clustering is shown in Fig. C.1 Ob between Nc = 45 and 100 

every 5 increments and no new primary layers (t > 1m) are detected. Therefore, a cluster 

number 4 is chosen to represent the soil stratigraphy at the site. 

C.5. Data Frequency 

The effect of data frequency is studied at Amherst using piezocone data of 

sounding PCPTI. Usually, the cone readings are collected every 1 em to 5 em, however, 

the purpose of this study is to indicate the possibility of using cluster methods to analyze 
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other laboratory and in-situ testing collected at larger distances. Filtered piezocone data 

based on the Vivitrat (1978) method are used to avoid the dissipation effect during adding 

cone-rods. The reason for filtering the data is because that the data errors due to 

dissipation effect do not exist in the case of laboratory and field testing other than 

piezocone testing. Five different frequencies are used including 5 em, 10 em, 20 em, 30 

em, 40 em and SO em. The growth of the clustering using the first frequency (5 em) is 

discussed in detail in a previous section in this appendix. 

A single-cosine-zscore method is used to delineate the data into correlated groups. 

For frequency= 10 em, the correlation coefficient between consecutive clusters are shown 

in Fig. C.11 up to cluster number Nc = 100. Cluster results are examined at the peaks of 

Pc up to Nc = SO and Figure C.12a shows data groups between Nc = 2 and 3S. At cluster 

number 2, the data are divided into two groups with a boundary at 5.6 m. At cluster 

number 4, a transition layer appear between 3.9 m and S.6 m and then at cluster number 6, 

the upper main cluster is separated into two primary clusters at a boundary depth of 2.2 m. 

Subsequently, no new primary layers appear for higher clusters, however, some points 

continue to separate indicating non homogeneity within the main statistical groups of data. 

Also, this statement is valid up to Nc = 100 as shown in Fig. C.12b which includes 

clustering between cluster numbers 45 and 100 every S increments. Therefore cluster 

number 6 is chosen to represent the subsurface stratigraphy. It suggests more association 

in soil type and/or properties between the upper two clusters down to 3.9 m than that 

below 5.6 m. 
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For frequency= 20 em, the correlation coefficient between consecutive clusters is 

shown in Fig. C.13 up to cluster number N: = 73 (number of data points). The cluster 

results are examined at the peaks of Pc: up to Nc: = SO and Figure C.14a shows clustering 

between Nc: = 2 and 36. At cluster number 2, the data are divided into two primary groups 

with a boundary at a depth of 5.6 m. For Nc: ~ 3, a transition zone started to build up 

between the two main clusters. At cluster number 7, the upper statistical layer is 

separated into two primary layers at a depth of2.1 m. At cluster number 16, the chain of 

the data below 5.6 m breaks into two associated layers at a depth of 11.2 m. The latter 

boundary is not supported by other back-up laboratory or field data. The reason for that 

might be due to decreasing the number of data from 291 points at 5 em frequency to 73 

points at 20 em frequency. 

For clarification, consider a data set of two points which belong to the same soil 

layer, each point would be assigned a different cluster number at Nc: = 2. This would 

suggest to keep the cluster number as a minimum not to get unverified layers in a 

subsurface stratigraphy. For data frequency= 20 em, a maximum considered number of 

data groups could be equal to 10. Subsequently, no new primary layers appear for higher 

clusters up to Nc: = 73 as shown in Fig. C.l4b which includes clustering between Nc: = 45 

and 70 every increment of 5 clusters. Cluster number 7 is chosen to represent the 

subsurface stratification. 

For data frequency= 30 em, the correlation coefficient between consecutive 

clusters is shown in Fig. C.15 up to Nc: = 49 (number of data points). Cluster results are 
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Figure C.l4b. Ouster Analysis ofPiezocone Data at Amherst, Massachusetts 
Using Data Frequency = 20 em. 
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examined at the peaks of Pc and shown in Fig. C.l6 between cluster number Nc = 2 and 

39. At cluster number 2, data are divided into two major groups at a depth of5.6 m. For 

higher clusters, a transition zone appear , for instance, between the depths of 3. 9 m and 

5.6 mat cluster number 7. At cluster number 9, the upper cluster is separated into two 

main clusters at a depth of2.2 m. 

At cluster number 17, the cluster below a depth of 5. 6 m is divided into primary 

groups at a depth of 11.2 m, however, this boundary is not verified by other laboratory or 

field data. The last two layers are strongly associated in terms of soil type and/or 

properties because they are denoted cluster numbers 16 and 17 and the separation occur at 

a relatively large cluster number (17) compared with the number of data points ( 49). For 

higher clusters, no new primary layers are detected, however, more points continue to 

separate from the grouping until each point is assigned a single cluster number at Nc = 49. 

In this case, cluster number 9 is chosen to represent the subsurface stratigraphy 

considering cluster number 10 is the cut-offofthe analysis. 

For frequency = 40 em, the correlation coefficient between consecutive clusters is 

shown in Fig. C.17 up to cluster number Nc = 37 (number of data points). Cluster results 

are examined at the peaks of Pc and Figure C.18 shows them between Nc = 2 and 32. At 

cluster number 2, the data are divided into two groups delineated at a depth of 5.6 m. A 

transition zone grows up, for instance, between the depths of3.9 m and 5.6 mat cluster 
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Figure C.l6. Ouster Analysis ofPiezocone Data at Amherst, l\fassachusetts 
Using Data Frequency= 30 em. 
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35 

Figure C.l7. Correlation Coefficient Between Consecutive Cluster Results at 
Amherst, Massachusetts Using Data Frequency = 40 em. 

numberS. At cluster number 6, the upper layer separates into primary layers at a depth of 

2.2 m. At cluster number 11, the layer below a depth of 5.6 m is divided into groups at a 

depth of 11.2 m. The latter two layers are assigned cluster numbers equal to 10 and 11 

and the separation relatively occur at a large cluster number, therefore, they are related in 

tenns of soil type and/or properties. Subsequently, data points continue to separate until 

each point forms a cluster at Nc = 37. By ignoring the statistical boundary at 11.2 m due 

to lack of data, cluster number 6 is chosen to represent the subsurface stratification. 

For data frequency = SO em, the correlation coefficient between consecutive 

clusters is shown in Fig. C.19 up to Nc = 30 (number of data points). Clustering is 
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Fi&Ure C.18. Ouster Analysis ofPiezocone Data at Amherst, Massachusetts 
Using Data Frequency= 40 em. 
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Figure C.l9. Correlation Coefficient Between Consecutive Cluster Results at 
Amherst, Massachusetts Using Data Frequency = SO em. 

examined at the peaks of Pc and Figure C.20 shows the results between Nc = 2 and 30. At 

cluster number 2, the data are divided into two major groups at a depth of 5.6 m. A 

transition zone appear between the depths of3.9 m and 5.6 mat cluster numberS. At 

cluster number 7, the upper layer separates into two primary layers at a depth of2.2 m. 

For higher cluster numbers, points continue to depart the main clusters until each point is 

assigned a cluster number at Nc = 30. At a relatively large cluster (Nc = 13), a statistical 

boundary is delineated at 11.2 m, however, it is ignored due to lack of evidence. Cluster 

number 7 is chosen to represent the subsurface stratification. 

The frequency effect is studied up to SO em to distinguish between soil lenses and 

transitions (t < 0.5 m) and soil layers (t ~ 0.5 m) according to the criterion defined in 
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Chapter 4. The previous analyses suggests to put a restriction on the upper limit of 

examined cluster results based on available number of data to avoid unsupported soil 

layers and boundaries. In the discussed examples, a cluster number Nc = 10 is suitable to 

be a cut-offin case of data frequency between 20 em (data points= 73) and 50 em (data 

points = 30). 

C.6. Porewater Position 

The position of the porous element at the face or behind the cone tip has a 

significant effect on the measured porewater pressure. Two case studies are discussed in 

this section to evaluate the effect of Ut and Ub measurements on the growth of the cluster 

analysis. First, piezocone data from Nash et al., (I 992) were collected in soft clays at 

Bothkennar, Scotland where both Ut and Ub readings were positive. Second, piezocone 

data from Powell et al. ( 1988) were collected in stiff clays at Brent Cross, UK where u1 

readings were negative, however, Ub readings were positive. These facets of Ut and Ub 

penetration porewater pressures are characteristic in clays (Mayne et al., 1990). A single

cosine-zscore method is applied to normalized parameters Q and Bq at both sites. 
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C.6. I. Bothkennar Test Site. Scotland 

Piezocone data at the Bothkennar test site were analyzed using SCZ clustering 

technique, and presented previously in Fig. 5.16 (Nash et al., 1992). The correlation 

coefficient between consecutive clusters of Q and Bq2 is shown in Fig. C.21 up to cluster 

numberNc = 100. Clustering is examined at the peaks ofpc and Figure C.22a shows the 

cluster results between Nc = 2 and 38. At cluster number 3, the data are divided into two 

primary clusters with a boundary at a depth of 3. 7 m. At higher clusters, a transition zone 

appear between the two layers between the depths of3.7 m and 4.5 m. Soil lenses and 

outliers continue to separate from the two main layers indicating non homogeneity. No 

more primary layers are detected (t > 1 m) up to cluster number 100 as shown in Fig. 

C.22b which includes cluster results between Nc = 45 and 100 every 5 increments. 

A similar analysis is performed using normalized parameters Q and Bql and the 

correlation coefficient between consecutive clusters is shown in Fig. C.23. Cluster results 

are studied at the peaks of Pc and Fig. C.24a shows them between cluster number Nc = 2 

and 31. At cluster number 4, the data are divided into two groups with a boundary at a 

depth of 3. 7 m. Also, a transition zone appears between the depths of 3. 7 m and 4. 4 m. 

For higher clusters, no new primary layers are discovered, however, points continue to 

separate indicating lenses or outliers within the major statistical layers. Also, this 

statement applies to clustering up to 100 as shown in Fig. C.24b which includes the cluster 

results between Nc = 45 and 100 every 5 increments. Therefore, a cluster number 4 is 

chosen to represent the subsurface stratification. Note that, the same soil stratigraphy was 

obtained using Ut or U& in clustering. 
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C.6.2. Brent Cross Test Site. UK 

Piezocone data at the Brent Cross test site were analyzed using a single-cosine

zscore clustering technique, and presented previously in Fig. 5.20 (Powell et al., 1988). 

Statistical analysis is applied to Q and Bq2 and the correlation coefficient bet'Neen 

consecutive clusters is shown in Fig. C.25. Clustering is examined at the peaks of Pr: up to 

cluster number 50 and the results are shown in Fig. C.26a between cluster number Nr: = 2 

and 37. At cluster number 2, the data are divided into two groups and their boundary is at 

a depth of7.8 m. At cluster number 5, the upper cluster is separated into two primary 

layers at a depth of2.4 m. A transition zone appear between depths of7.6 m and 7.8 m. 

At cluster number 7, a secondary layer is detected between depths of2.4 m and 3.3 m 

however no new primary layers are detected. More points continue to separate from the 

main groups up to cluster number 100 indicating dissimilarity within the same statistical 

layer. Figure C.26b shows the cluster results between Nc = 45 and 100 every 5 

increments and new primary layers (t > 1 m) are discovered. Therefore, cluster number 5 

is chosen to represent the subsurface stratigraphy. Note that the upper two main layers 

are denoted by two consecutive cluster numbers 1 and 2 which implies that they have 

related soil types and/or properties. 

A similar clustering is performed using Q and Bq1 and the correlation coefficient 

between consecutive clusters is shown in Fig. C.27 up to cluster number Nr: = 100. 

Cluster results are examined at the peaks of Pr: and shown in Fig. C.28a between Nr: = 2 

and 37. At cluster number 2, the data are separated into two main clusters at a depth of 
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Figure C. 26a. Ouster Analysis of Type-2 Piezocone Data at Brent Cross, UK. 
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FigureC.26b. Ouster Analysis ofType-2 Piezocone Data at Brent Cross, UK. 
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5.1 m. At cluster number 5, the lower layer is divided into two primary layers with a 

boundary at a depth of7.7 m. A transition layer appears between the depths of4.6 m and 

5.5 m where the cluster numbers alternates between 1 and 2. For Nc > 5, points continue 

to separate from the major statistical groups indicating dissimilarity within a layer. Up to 

Nc = 100 as shown in Fig. C.28b which includes cluster results between Nc = 45 and 100 

every 5 increments, no new primary layers (t > 1 m) are detected. Therefore, cluster 

number 5 is chosen to represent the subsurface stratigraphy indicating more association 

between the lower two groups below a depth of5.7 m. 

Both cluster analyses using Ut and Ub measurements detected a soil boundary at 

almost 7. 7 m, however not matching boundaries were defined above this level as follows: 

( 1) at a depth of 2.4 m using Q and Bq2 and (2) at a depth of 5. 7 m using Q and Bql· 

Back-up laboratory data such as liquid limits were more supportive to the analysis using u, 

readings as discussed in Chapter 5. 

C. 7. Scale Effect 

Piezocone data were collected at Surry, Virginia (Gordon and Mayne, 1987) using 

both 10-cm2 and 15-cm2 cones, and penetration porewater pressures were measured 

behind the tip (u&). Both cone sizes are now common in geotechnical practice (Lunne et 

al., 1997) and permitted by ASTM guide D-5778. Piezocone records were previously 

presented in Fig. 5.24. The penetration porewater pressure alternated between negative 

and positive values in the upper 15 m during the penetration in the upper clay layer and the 

intermediate sand layer. This could be explained that the porous element could have been 
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desaturated in the vadose zone above the groundwater table which was defined at a depth 

of8.2 meter. 

In this section, the effect of the cone size on the growth of cluster analysis is 

discussed. A single-cosine-zscore method is applied to normalized parameters Q and Bq 

ofpiezocone sounding CPS collected using IO-cm2 cone. The correlation coefficient 

between consecutive clusters is shown in Fig. C.29 up to cluster number Nc: = I 00. The 

cluster results are examined at the peaks of Pc: up to cluster number 50 and shown in Fig. 

C.30a between cluster number Nc: = 2 and 36. At cluster number 2, the data are divided 

into two groups with a boundary at a depth of 15.7 m. At cluster number 8, the upper 

group of data is separated into two primary layers with a boundary at a depth of 4.8 m. A 

transition layer appears between the depths of 13.8 m and 16m. For higher clusters, data 

points continue to separate indicating dissimilarity with the three main groups. Up to Nc: = 

IOO, no new primary layers (t ~ I m) are discovered as shown in Fig. C.30b which 

includes cluster results between Nc: = 45 and 100 every 5 increments. Therefore, cluster 

number 8 is chosen to represent the subsurface stratigraphy. 

A similar cluster analysis is performed using piezocone data (SP8) collected using 

a IS-cm2 cone. The correlation coefficient between consecutive clusters is shown in Fig. 

C.3I up to cluster number Nc: = I 00. The cluster results are examined at the peaks of Pc: 

and shown in Fig. C.32a between cluster numbers 2 and 39. At cluster number 2, the data 

are divided into two primary groups with a boundary at a depth of 14.2 m. A transition 

layer appears between 14.2 m and I5.7 m. The upper group is separated into two primary 
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layers with a boundary at a depth of 4.3 m. The transition layer is extended between the 

depths of 13.2 m and 16.3 m. For Ne > 9, data points continue to separate indicating 

dissimilarity with the three main groups. UptoN.:= 100, no new primary layers (t > I m) 

are discovered as shown in Fig. C.32b which includes cluster results between Ne = 45 and 

I 00 every S increments. Therefore, cluster number 9 is chosen to represent the subsurface 

stratification. 

The soil profile obtained using both cone soundings was almost similar which 

implies an apparent negligible effect of the cone size on the cluster analysis. In both 

analyses, clustering suggests that the first and third layers are more homogeneous than the 

middle layer which contains more points separated from the main cluster and indicate soil 

lenses or outliers. The upper two layers are related to each other because they are 

denoted two consecutive cluster numbers 1 and 2. However, this is not supported by the 

fact that the upper layer is clay and the middle layer is sand. This misleading indication is 

due to the effect of the negative or zero porewater pressure down to a depth of IS meter. 

C.8. Spatial Cluster Analysis 

Clustering is performed on three individual piezocone data of soundings numbers 

PCPTI, PCPT2 and PCPT15 at Amherst, Massachusetts using single-cosine-zscore 

method. In this section, data grouping of PCPT2 and PCPT 15 soundings is discussed, 

while, that ofPCPTI sounding was given in detail in Chapter 5. Vertical profiles of 

piezocone data were previously shown in Fig. S .29. 
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The correlation coefficient between consecutive clusters using normalized 

parameters Q and Bq of sounding PCPT2 is shown in Fig. C.33 up to Nc: = 100. The 

cluster results are reviewed at the peaks of Pc: and shown in Fig. C.34a between cluster 

number Nc: = 2 and 36. At cluster number 2, data are divided into two groups with a 

boundary at 1.6 m. At cluster number 4, the lower group is separated into two primary 

layers at a depth of 4 m. A transition zone appears between the depths of I. 6 m and I. 8 

m. Also, some points denoted by cluster number 3 below a depth of 4 m indicate the 

locations pauses in penetration for adding cone-rods. At cluster number I 0, another 

primary layer is detected between the depths of 4 m and 6 m. More points continue to 

separate from the main clusters representing dissimilarity within a statistical layer. 

However, up to cluster number I 00, no new layers are detected as shown in Fig. C.34b 

which includes the cluster results between Nc: = 45 and IOO every 5 increments. 

Therefore, cluster number I 0 is chosen to represent the subsurface stratigraphy. 

A similar analysis is performed using normalized parameters Q and Bq of PCPTI5 

and the correlation coefficient between consecutive clusters is shown in Fig. C.35. 

Clustering is examined at the peaks of Pc: and cluster results are shown in Fig. C.36a 

between cluster number Nc: =2 and 39. At cluster number 2, the data are divided into two 

groups with a boundary at a depth of 5. 4 m. A transition zone appears between the depths 

of5.4 m and 6.2 m. A soillense or an outlier appears at a depth of8 m. At cluster 

number 4, a similar profile is obtained except few points are separated from the two main 

layers. At cluster number 9, the upper layer is divided into three primary layers and their 

boundaries are defined at depths of2.5 m and 3.9 m. Up to Nc: = IOO, no new main layers 
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(t > I m) are detected as seen in Fig. C.36b which shows the cluster results between Nc: = 

45 and 100 every 5 increments. However, data points continue to separate from the four 

data groups indicating dissimilarity within the same statistical layer. Therefore, cluster 

number 9 is chosen to represent the subsurface stratification. 

Using piezocone data of both soundings, there is a similarity between the number 

oflayers and the demarcation of different boundaries. However, the soil layer defined 

between the depths of 4 m and 6 m is suggested to be related to the underlying soil using 

PCPT2 and associated with the overlying soil in case ofPCPT 15. This might reflect a 

some change in the soil type and/or properties from location to another due to inherent 

soil variability. 

C.9. Drammen Test Site 

A single-cosine-zscore cluster method is applied to piezocone data from the 

Dramrnen site (Masood et al., 1990) using Q and Bq. Piezocone data were previously 

shown in Fig. 6.1. The correlation coefficient between consecutive cluster results is 

shown in Fig. C.37 up to cluster number Nc: = I 00. The growth of data clustering at the 

peaks of Pc: is shown in Fig. C .3 Sa between Nc: = 2 to 3 I. At Nc: = 2, the soil is grouped in 

one cluster except of a lense detected at I2.4 m. Subsequently two groups are separated 

with a boundary at 10.4 m. At Nc: = IO, a primary layer separates from the upper group 

with a boundary at a depth of 5.3 m. For larger clusters up to Nc: = 100, only transitions 

and lenses breaks off the three primary clusters as seen in Fig. C.38b which shows cluster 
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results between Nc: = 45 and 100 every 5 increments. Therefore, a cluster number 1 0 is 

chosen to represent the soil stratigraphy at the site. 

C.l 0. Gloucester Test Site. Ontario 

A single-cosine-zscore cluster method is applied to piezocone data from the 

Gloucester test site in Ontario (Konrad and Law, 1987) using Q and Bq. Piezocone data 

were previously presented in Fig. 6.6. The correlation coefficient between consecutive 

cluster results are shown in Fig. C.39 up to Nc: = I 00. The growth of data groups is 

studied at the peaks of Pc:· The cluster results are shown in Fig. C.40a between cluster 

number Nc: = 2 and 30. At Nc: = 2, the stratigraphy is shown as one primary layer except a 

soillense is detected between 6.3 m and 6.35 m. At Nc: = 3, the data are separated into 4 

groups with alternative cluster numbers 1 and 2. Then some points separate from cluster 

number 3 and the chain between the second and the fourth groups (sorted from the top to 

the bottom) breaks. The second group is assigned a cluster number 3 and the fourth 

group is assigned a cluster number 6 (see Fig. C.40a, Nc: = 6). 

At higher clusters, a similar break happens in the chain between groups 1 and 3. 

The third group is assigned a cluster number 8 (see Fig. C.40a, Nc: = 8). Subsequently, no 

primary layers (t > I m) separate at Nc: > 8 as also shown in Fig. C.40b which includes 

cluster results between Nc = 45 and I 00 every 5 increments. Therefore cluster number 8 

is chosen to represent the soil stratigraphy at the site. The first and second data groups, 

which are assigned cluster numbers 1 and 3, are relatively correlated to each other. The 
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Figure C.40b. Ouster Analysis ofPiezocone Data at Gloucester, Ontario. 
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same applies to the third and fourth data groups which are assigned cluster numbers Nc = 

7 andNc= 8. 

C.11. Hachirogata Test Site 

A single-cosine-zscore (SCZ) cluster analysis is applied to piezocone data from 

Hachirogata test site (Tanaka et al., 1994) using Q and B11• Piezocone data were 

previously shown in Fig. 6.12. The correlation coefficient between consecutive clusters is 

shown in Fig. C. 41 up to cluster number Nc = 100. The growth of cluster results is 

examined at the peaks of Pc and shown in Fig. C.42a between Nc = 2 and 34. At Nc = 2, 

two primary clusters appear with a boundary at 10.5 m. Then at larger clusters, soil lenses 

separate from the lower layer indicating dissimilarity with the primary cluster. A soil 

transition also starts to build up above and below 10.5 m. The upper cluster breaks into 

two primary clusters at Nc = 4 with a boundary at a depth of8.3 m. The main cluster 

between the depths of3 m and 8.3 m breaks into four smaller secondary layers up to Nc = 

17 indicating a transition of soil type and/or properties. However, up to Nc = I 00, no new 

primary clusters (t ~ 1 m) are discovered as seen in Fig. C.42b which includes cluster 

results between Nc = 45 and 100 every 5 increments. Therefore a cluster number 17 is 

chosen to represent the soil stratigraphy at the site. 

C.l2. Lilla Mellosa Test Site 

A single-cosine-zscore cluster analysis is applied to representative piezocone data 

from Lilla Mello sa test site (Larsson and Mulabdic, 1991) using the normalized parameters 
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Q and Bq. Piezocone data were previously shown in Fig. 6.16. The correlation coefficient 

between consecutive clusters is shown in Fig. C.43 up to cluster number N: = 100. 

Clustering is examined at the peaks of Pc and cluster results are shown in Fig. C.44a 

between Nc = 2 and 36. Two primary soil layers are given at cluster number 2 and a 

transition layer is also defined between them from 5.9 m to 6.35 m. Then some points 

having a relatively large dissimilarity with the two primary clusters separate indicating soil 

lenses, transitions or outliers. Up to Nc = 100 as shown in Fig. C.44b which includes 

cluster results between 45 and 100 every 5 increments, no new primary clusters (t ~ I m) 

are detected. Therefore a cluster number 2 is chosen to represent the soil stratigraphy at 

the site. 

C.l3. Recife Test Site 

A single-cosine-zscore cluster method is applied to a representative piezocone data 

from Recife test site (Coutinho and Oliveira, 1997) using the derived normalized 

parameters Q and Bq. Piezocone data were previously presented in Fig. 6.20. The 

correlation coefficient between consecutive clusters is shown in Fig. C.45 up to cluster 

number Nc = 100. The cluster results are examined at peaks of Pc and shown in Fig. C.46a 

between Nc = 2 and 35. At Nc equal to 2, two primary data groups are detected with a 

boundary at 15.6 m and also a soillense is found between 21.9 m and 22.4 m. For higher 

clusters, some points having relatively large cosine measurements continue to separate 

from the two main statistical layers. However, up to Nc = 100, no new primary clusters (t 
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Figure C. 46a. Ouster Analysis of Piezocone Data at Recife, Brazil. 
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~ 1 m) are discovered as shown in Fig. C.46b which includes cluster results between Nc: = 

45 and 100 every 5 increments. Therefore cluster number 2 is chosen to represent the 

subsurface stratification at the site. 

C.l4. St. Alban Test Site. Quebec 

A single-cosine-zscore cluster analysis is applied to representative piezocone data 

from St. Alban test site (Roy et al., 1982) using the normalized parameters Q and Bq. 

Piezocone data were previously shown in Fig. 6.25. The correlation coefficient between 

consecutive clusters is shown in Fig. C.47 up to cluster number Nc: =100. The cluster 

results are examined at the peaks of Pc: and shown in Fig. C.48a between Nc: = 2 and 34. 

At Nc: equal to 2, two primary clusters are separated with a boundary at a depth of 5.2 m. 

Two soil lenses appear in the upper layer at 3.90 m, and 4.20 m to 4.25 m. A part of a 

soil transition between the two primary layers starts to build up at a depth of 5.15 m. At 

larger cluster numbers, more soil lenses and transitions continue to separate of the two 

original clusters but no a new primary group (t ~ 1 m) appears. Also, the latter is applied 

for clusters between 45 and 100 as shown in Fig. C.48b. Therefore, a cluster number 2 is 

chosen to represent the soil stratigraphy at the site. 

C.l5. Tiller Test Site 

A single-cosine-zscore cluster analysis is applied to representative piezocone data 

from Tiller test site (Sandven, 1990) using the normalized parameters Q and Bq. 
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Piezocone data were previously presented in Fig. 6.29. The correlation coefficient 

between consecutive clusters is shown in Fig. C.49 up to cluster number N.: = 100. The 

cluster results are studied at the peaks of Pc and shown in Fig. C.50a between Nc = 2 and 

38. At Nc equal2, the data are grouped into two clusters with a boundary at 8.5 m. At 

higher clusters, some points which have relatively large cosine measurements 

(dissimilarity) with the two primary clusters separate indicating soil transitions, lenses or 

outliers. However, up to Nc = 100, no new primary clusters (t ~ 1 m) are detected as 

shown in Fig. C.50b which includes cluster results between Nc = 45 and 100 every 5 

increments. Therefore a cluster number 2 is chosen to represent the soil stratigraphy at 

the site. 

C.l6. Troll Test Site 

A single-cosine-zscore cluster analysis is applied to a representative piezocone 

data from Troll test site (Amundsen et aL, 1985) using the derived normalized parameters 

Q and Bq. Piezocone data were previously shown in Fig. 6.33. The correlation coefficient 

between consecutive clusters is shown in Fig. C.51 up to cluster number Nc = 100. 

Cluster results are studied at the peaks of Pc and shown in Fig. C.52a between Nc = 2 and 

41. At Nc equal to 2, two primary clusters are separated indicating a major difference in 

the soil types and/or properties above 17.3 m and below 20m. In the latter intermediate 

zone, the cluster numbers alternates between I and 2 indicating a transition zone between 

the two major layers. For higher cluster numbers, some points having dissimilarity with 
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the two main statistical layers continue to separate indicating non homogeneity. However, 

no new primary layers (t ;?!:: 1 m) are discovered up to cluster number 100 as shown in Fig. 

C.52b which presents clustering between Nc: = 45 and 100. 

C. I 7. Summary 

Piezocone data of 12 sites were divided into correlated groups using single-cosine

zscore (SCZ) method. Clustering of the normalized parameters Q and Bq was studied 

between cluster number Nc: = 2 and Nc: = 100. Cluster results were checked at the peaks 

of the correlation coefficient between consecutive clusters. Then a certain cluster number 

was chosen to represent subsurface stratification at a site according to the interpretation 

criterion discussed in Chapter 4. At all sites, the soil profile was detected properly at Nc: < 

15. Therefore, it is recommended that the normalized piezocone parameters Q and Bq be 

analyzed up to 15 divisions instead of I 00. 
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APPENDIXD 

CLUSTERING ASSESS"MENT OF PIEZOCONE DATA AT DIFFERENT SITES 

0.1. Synopsis 

Cluster analysis using single-cosine-zscore method is applied to piezocone data at 

10 sites summarized in Table 0.1 to detect a subsurface stratigraphy. Normalized 

piezocone data Q and Bq are divided into correlated groups up to cluster number Nc = 

100. A cluster is chosen to indicate a soil profile based on the criterion described in 

Chapter 4. Clustering is validated by comparing the obtained primary and secondary 

layers, and soil lenses and outliers with available laboratory and field tests. 

Table D.l. Summary of 10 Sites Analyzed Using Ouster Methods. 

Site Name Location Soil Type Reference 
Aiken South Carolina Alternative clay. silt and sand Bratton et al. (1993) 
South Boston Massachusetts Silty clay differs from stiff to soft with Sweeney and Kraemer 

depth (1993) 
Kagoshima Japan Sand to silty sand over silt underlain by Takesue et al. (1996) 

sand 
Newport Virginia Soil mixture of sand, silt and clay Mayne (1989} 
News underlain by sandy clay to clayey sand 
Onsoy Norway soft clay Gillespie et al. (1985)_ 
Opelika Alabama silty sand to sandy silt (This study} 
Po River Italy medium to coarse sand Bruzzi et al. (1986) 
Penuelas Puerto Rico clayey silt and some sand Hegazy and Mayne 

(1996) 
Maskinonge Quebec firm to soft silty clay Demers et al. (1993) 
Taranto Italy stiff to hard silty clav Battaglio et al. (1986) 
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0.2. Aiken Test Site. South Carolina 

The Savannah River Site in Aiken, South Carolina, is located in the Atlantic 

Coastal Plain and the soil deposits consist of marine and fluvial sediments of sandy, silty, 

and soils. The soils contain, from the top to the bottom, Hawthorne, Branwell, and 

McBean formations oftertiary age (Castro and Reeves, 1991). The Tuscaloosa formation 

exists between the McBean and the rock surface. The subsurface stratigraphy consists of 

alternate layers of sands, clayey sands and sandy clays with boundaries at approximate 

depths of9 m, 12m, 21 m, 27.5 m, 38.5 m and 45.5 m (Bratton et al., 1993). 

A representative piezocone sounding at the site (unprocessed qt and Ub) and 

derived normalized parameters Q and Bq are shown in Fig. 0.1. Alternate layers offine 

and coarse soils are detected looking at piezocone profiles. The boundaries are 

approximately at 9 m, 12m, 22m, 27m, 30m, 33 m, 38m, 44.5 m, 47 m, 49 m. The soils 

were classified using the Robertson's chart ( 1991) as shown in Fig. D .2. There is a good 

agreement between the subsurface stratigraphy obtained from the chart and that proposed 

by Bratton et al. (1993) based on sampling, laboratory results and in-situ testing. 

A single-cosine-zscore clustering method was applied to Q and Bq parameters and 

the correlation coefficient between consecutive clusters (Pc) is shown in Fig. 0.3. Cluster 

results are examined at the peaks of Pc and shown in Fig. 0. 4a between cluster number Nc 

= 2 and 36. At cluster number 2, the data were grouped in one layer except one point at 

5.9 m. At Nc = 5, the data are separated into two major soil types indicated by cluster 

numbers 1 and 3. Then points declustered from the primary groups representing transition 

zones between different layers and non-homogeneity within the same layer. At Nc: = 9, the 
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upper cluster between 1.8 m and 21 m is divided into two groups and the cluster between 

27.7 m and 39m is divided into 5 groups. For larger cluster numbers, no new primary 

layers (thickness> 1m) appears up to cluster number Nc = 100 as shown in Figures D.4a 

and D.4b. Therefore cluster number 9 is chosen to represent the soil profile at the site. 

The major statistical layers (t > 1 m) denoted by clusters numbers 1 and 2 are associated 

together in terms of soil type and/or properties. For instance, the clusters between 1.8 m 

and 9.2 m (Ne = 1), and between 13.2 m and 21.6 m ( Ne = 2) are both classified as silty 

sand (Bratton et al., 1993). However, the statistical layer between 21.9 m and 27 m CNe = 

5) is less associated with the upper two layers and classified as silty clay. 

Clustering was successful in detecting the subsurface stratigraphy as shown in Fig. 

0.5. Soil boundaries and the relation between different soil layers are in agreement with 

those defined based on laboratory and field tests. The soil layer, for instance, between 

27.5 m and 38.5 m was divided by clustering into 5 associated groups which were denoted 

by alternating cluster numbers, 1 and 2. This is an indication of heterogeneity or 

inconsistency of soils type and/or properties within this layer which is supported by the 

variation of the soil description from silty sand to clean sand. 

0.3. South Boston Test Site. Massachusetts 

Extensive laboratory and in-situ geotechnical investigations were performed for a 

design of a tunnel at South Boston, Massachusetts (Sweeney and Kraemer, 1993). The 

geological features at the site consists of the following, from the ground surface 

downward: cohesive fill, marine deposit (sand over clay), glaciomarine and glacial till 
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deposits. The piezocone data were recorded in the clay marine deposit in which the 

consistency changes from stiff to soft with depth. The ground water table is at a depth of 

3 m. A representative piezocone sounding and derived normalized parameters Q and Bq 

are shown in Fig. 0.6. Two primary layers separated at almost 28m are detected by 

looking at the piezocone profiles. The Robertson ( 1991) classification chart also indicated 

two soil types delineated at a depth of24 mas shown in Fig. D. 7. The upper layer was 

denoted number 3-type (clay to silty clay) and the lower layer was described as number 1-

type (sensitive fine grained). 

Clustering was applied to the normalized parameters Q and Bq using single-cosine

zscore method to discover correlated groups of the data. The correlation coefficient is 

calculated between consecutive clusters up to cluster number N~ = 50 as shown in Fig. 

D.8. Clustering was examined at the peaks of pc and Fig. D.9a shows the cluster results 

between N~ = 2 and 43. The piezocone data were divided into two main groups starting at 

N~ = 4 after which no new primary layers (t > 1 m) separated. The two primary layers are 

denoted by cluster numbers 1 and 2. Transition layers with mixed cluster numbers from 1 

to 4 is detected between depths of 26.15 m to 27.35 m. However some data points 

continue to separate indicating no association with the two main layers or transition zone. 

The same note is applied for clusters from N~ = 45 uptoN~= 100 as shown in Fig. D.9b. 

Therefore, cluster number 4 is chosen to represent the soil profile. 

Clustering is supported by the primary layers defined based on laboratory and field 

testing and the overconsolidation ratio (Sweeney and Kraemer, 1993) as shown in Fig. 

D.IO. The overconsolidation ratio decreases from 8 at a depth of7.2 m to 1 at a depth of 
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26.5 m. Then, it has an average equal to 1 down to a depth of 42.5 m, indicating normally 

consolidated clay. 

D.4. Kagoshima Test Site 

The Kagoshima site is located in southern Kyushu, Japan. A geotechnical study 

was performed by Takesue et al. (1996) at the site to evaluate the validity oftraditional 

soil testing including the piezocone test in volcanic soils which are denoted "Shirasu" in 

Japan. The Shirasu consists primarily of vesiculate and volcanic glass grains which are 

easily crushable and the range of their specific gravity is lower than that of quartz sands. 

The mechanical properties of the Shirasu are affected by its unique physical properties. 

The soil stratigraphy at the site consists of the following: 7 m of fill, 41 m of 

alluvium which is divided into three layers denoted as clean quartz sands, silty sand 

(Shirasu) and silt (Shirasu) with boundaries at 25 m and 36 m and 17 m of diluvium 

[pumice and sand (Shirasu)]. Piezocone data and their normalization parameters Q and Bq 

are shown in Fig. D.11. Looking at the data, three major layers are defined with 

boundaries at approximately 36 m, 48 m. Two soil lenses are also detected near depths of 

35m and 60 m. Therefore, visual inspection of the data does not give a complete proper 

soil stratification at the site. 

Based on the CPT chart (see Fig. 0.12), the upper 32 m of soil is defined as clean 

sand to silty sand and a clay to silty clay layer is detected between 3 7 m and 4 7 m. 

Transitions layers are given including a soil mixture of sand and silt between 32 and 37 m, 

and 47 m and 49 m. A soil layer of 16 m of sand with some silt is defined below 49 m. A 
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silt soil tense and a clay to silty clay soillense are discovered near 7 m and 60 m. 

respectively. Therefore the method is able to detect the primary layers at the site except 

the boundary at 25 m and also a class number 6 is given for both of the upper clean sand 

and the Shirasu (volcanic) pumice and sand. 

A single-cosine-zscore cluster analysis is applied to the normalized parameters Q 

and B11• The correlation coefficient between consecutive clusters is shown in Fig. 0.13 up 

to cluster number Ne = IOO. Clustering is examined at the peaks of Pe and shown in Fig. 

D.I4a between Ne = 2 and 28. At Ne equal to 2, Two soil types and three data groups are 

defined with boundaries at 36.4 m and 47.5 m. At cluster number 5, two transition zones 

appear as follows: (I) between the depths of36 m and 38.2 m and (2) between the depths 

of 46.4 m and 48.3 m. For larger cluster numbers, primary boundaries, soil lenses and 

more transitions break off the three major clusters. At cluster number I3, the upper 

cluster is divided into 3 major groups denoted by cluster numbers I, 2 and 3 with 

boundaries at I5.8 m, 25.6 m and 35.9 m. The upper group between the depths of5 m 

and I5.8 m has an intermediate primary layer denoted by cluster number 2 between the 

depths of7 m and 8.2 m. For higher clusters, no new primary layers are discovered up to 

Ne = IOO as shown in Fig. D.I4b which includes cluster numbers between Ne = 45 and IOO 

every 5 increments. Therefore cluster number I3 is chosen to represent the subsurface 

stratigraphy. 

The cluster results are verified by both the soil contents and the mean particle size 

(Dso) as shown in Fig. O.I5. The boundary between layers AI and A2 is matching with 

the boundary between the fill and the clean sand layers and indicates also the end of a 

398 
http://geotill.com/



1000 

100 

a 
10 

1 
-0.6 -0.2 

Modified Classification Chart 
(Robertson. 1991) 

0.2 0.6 

+5 m to 6.5 m 
x 6.5 m to 25.5 m 
- 25.5 m to 35.5 
o 35.5 m to 48 m 
o 48 m to 63.6 m 

3 

1 1.4 

1. Sensitive Fine Grained 5. Sand Mixtures: Silty Sand to Sandy Silt 
2. Organic Soils-Peats 6. Sands: Clean Sand to Silty Sand 
3. Clays: Clay to Silty Clay 7. Gravelly Sand to Clayey Sand 
4. Silt Mixtures: Clayey Silt to Silty Clay 

Figure D.12. Soil Classification Using Piezocone Data at Kagoshima, Japan 
(Takesue et al., 1995). 

0.98 -t-1-~""'f-L...I...L..'-+-' .......... "'-+"' .......... """'+"'-'-'~...I...L..~....,_~f-L-L....,_ ...... ....,.+-'-~ 

0 5 10 15 20 25 30 35 40 45 50 

Cluster Number 

Single-Cosine..ZScore Method Using Q and Bq 
Note: Piezocone data at Kagoshima. Japan (Takesue et al •• 1995). 

Figure D.13. Correlation Coefficient Between Consecutive Cluster Results at 
Kagoshima, Japan. 

399 

http://geotill.com/



Nc = 2 Nc = 5 Nc = 8 Nc = 13 Nc = 15 Nc = 17 
0 2 0 6 0 8 0 14 0 16 0 18 

0 -+-----1 

10 

20 -.§. 30 
J: • -i-40 
c 

I 
I 

50 

60 

•••• 

.,,.:·~ 
70~-~ 

-

. 
. - ····~-· I =· . .. -. 

I 

. I 
i 

jl 
-- ... -

I 

t. 

.- . -

Nc = 18 Nc = 19 Nc = 22 Nc = 24 Nc = 26 Nc = 28 
0 18 0 20 0 22 0 24 0 26 0 28 

0 +-----1 

10 !-. 
~ 

20 ~ 
g 30 -~l 
J: • a. ...._ c 40 -~ •• 

50-~~ ,.j. 

60 .,.~- -· 

70 ....._ _ __, 

-.- . . -- ..--
Single-Cosine..ZScore Method Using Q and Bq Nc = No. of Clusters 
Note: Piezocone data at Kagoshima, Japan from Takesue et al. (1995). 

Figure D.l4a. Ouster Analysis of Piezocone Data at Kagoshima, Japan. 

400 

http://geotill.com/



-
10 

20 

.§. 30 
~ -i-40 c 

50 

60 

Nc=50 Nc = 55 Nc = 60 Nc = 65 Nc = 70 
0 50 0 55 0 60 0 65 0 70 

Nc=75 Nc=80 Nc=85 Nc=90 Nc=95 Nc = 100 
0 100 0 75 0 80 0 85 0 90 0 95 

0 +-----1 

10 

20 -.§. 30 
~ -g-40 
c 

50 

60 

Single-Cosine..ZScore Method Using Q and Bq Nc = No. of Clusters 
Note: Piezocone data at Kagoshima, Japan (Takesue et al., 1995). 

FigureD.14b. Ouster Analysis ofPiezocone Data at Kagoshima, Japan. 

401 

http://geotill.com/



Soil Content % 
0 50 100 0 

\ 

\ 

10 

20 

I . - \ 
E 30 . -.r:. -a. c a» 
Q z 

< 
fl) 

40 

I . 
I 

'lrl 
50 I~ 

·o:: 
·' (!) 

{ 

\ . 
60 \ . 

J 

Dso (mm) 

0.4 0.8 
Visual Layers 

~ 
FILL 

- clean 
SAND 

~ 

~ silty SAND 
+ 
~ 

~ 

-- SILT 

~ 

PUMICE and 
SAND 

Note: Piezocone data at Kagoshima, Japan from Takesue et al. (1995). 

0 20 
. . 

-
I A1 

I" Ar 

... 
A3 

A4 

u 

AI 

-
1-

i ... l4." 

-
A1 

.... 
.- . 

AI 
•! 

-
J 

SCZ method using Q and Bq, cluster no. 13 -Primary boundary 
- - - Transition boundary -- Secondary boundary 

Figure D.lS. Comparison Between Ouster Analysis, Visual Oassification 
Soil Contents and D50 at Kagoshima, Japan. 

402 

http://geotill.com/



steep negative trend of the fine contents (FC) from 47 percent to 15 percent. Then along 

layer A2, the FC remains almost constant with average equal to 6 percent. However, Dso 

increases from 0.4 mm at 9.8 m to 0.54 mm at 15.4 m. 

Layer A4 is given cluster number 2 which indicates different soil type or property 

than layer A3. This is supported by a negative trend ofDso which decreases from 0.54 

mm at 15.4 m to 0.43 mm at 25.2 m. Layer a2 is also supported by the sudden decrease 

ofDso from 0.41 mm at 21.2 m to 0.34 mm at 23.5 m. Layers AS is supported by the 

positive and negative trends ofFC and Dso, respectively. Layer A6* suggests a soil 

mixture. 

Layer A7 indicates fine grained soils because the fines content is greater than 50 

percent and Dso decreases to its minimum average equal to 0.02 mm. Layer AS has a 

relatively more inherent variability than other layers. Three secondary layers and soil 

lenses are detected within this layer and supported by peaks and troughs of fines content 

and/or Dso vertical profiles. For example, the secondary layer a6 is verified by the 

decrease ofDso from 0.28 mm at 58.5 m to 0.01 mm at 59.5 m and then back to 0.32 mm 

at 61.5 m. 

0.5. Newport News Test Site. Virginia 

The geological setting at the Newport News site consists ofNorfolk formation 

deposited over Yorktown formation (Mayne, 1989). The Norfolk formation was 

deposited in the late Pleistocene age due to a rise in the sea leveL It consists of a 

heterogeneous mixture of sands, silts and clays. Lenses of organic-rich clay also are found 

in this formation. The Yorktown formation was deposited in a warm shallow continental 
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shelf environment during the Miocene and/or the Pliocene ages. The deposit includes very 

fine sandy clay to very clayey sand. The groundwater table is located at a depth of2.1 m. 

A representative piezocone sounding and normalized derived parameters are 

shown in Fig. 0.16. Looking at the piezocone profiles, two primary layers are detected 

and their boundary is at 8 m. A soillense is also seen in the upper layer at a depth of 5.5 

m. The frequent dissipation of the penetration pore pressure indicates the locations where 

cone-rods were added at approximately every 1-m interval. The subsurface profile is also 

estimated successfully using the Robertson chart ( 1991) as shown in Fig. D .I 7. Three 

layers were detected as follows: (I) a clean sand to silty sand layer between the depths of 

0 m to 8 m with a clay to silty clay lenses located between 5.4 m to 5.7 m, (2) a transition 

layer described as silty sand to sandy silt mixture between the depths of 8 m and 9. 5 m and 

(3) a clayey silt to silty clay layer down to a depth of 17.4 m. 

Clustering is applied to the normalized parameters Q and Bq using single-cosine

zscore method and the correlation coefficient between successive clusters up to cluster 

number Nc =50 is shown in Fig. 0.18. The clusters are examined at the peaks of Pc and 

the results are shown in Fig. 0 .19a between cluster numbers Nc = 2 and 3 9. At cluster 

number 2, two primary layers, a soillense between the depths of5.4 m and 5.7 m and a 

transition layer between the depths of 8 m and 9 m are discovered. At larger cluster 

numbers up to Nc: = 100 (see Fig. D.l9a and 0.19b), no new primary layers (t > I m) are 

detected, therefore, cluster number 2 is chosen to represent the soil profile. The 

interpreted clustering is supported by both the subsurface stratigraphy based on laboratory 

and in-situ testing, and fines content with depth as shown in Fig. 0.20. In the upper 8 m, 
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the fines content (FC) has an average equal to 3 6 percent and a coefficient of variation 

equal to 0.6 indicating a large scatter compared with the lower layer which has an average 

fines content equal to 40 percent with a coefficient of variation equal to 0.14. 

0.6. Onsoy Test Site. Norway 

Clustering of piezocone data from the Onsoy clay in Norway was conducted. The 

soil profile downward from the ground surface consists of 1 m of weathered crust and 8 m 

of soft clays with iron spots, organic matter and fragments of shell underl".in by 22 m of 

soft medium-plastic clays (Gillespie et al., 1985). The groundwater table is at the ground 

surface. A representative piezocone sounding and the derived normalized parameters Q 

and Bq are shown in Fig. 0.21. Looking at the piezocone profiles, the trend of qt 

increases with depth, and that of Q and Bq decrease with depth although there is no sharp 

change in any of the profiles. Visually, it is not obvious where to define the 

demarcation(s) between different soil layers. The classification chart is used to explore the 

subsurface stratigraphy as shown in Fig. 0.22, however, boundaries were detected at 3.2 

m and 3.9 m. The soil below 3.9 m is classified a continuous layer of clays to silty clays. 

Therefore, both discussed schemes could not properly detect the depths of soil boundaries 

and the association between different layers. 

Clustering is applied to Q and Bq parameters using single-cosine-zscore technique 

and the correlation coefficient between successive clusters are shown in Fig. 0.23 up to 

cluster number Ne = 50. The cluster results are examined at the peaks of Pe and shown in 

Fig. D.24a between cluster numbers Ne = 2 and 33. The data are separated at a depth of 
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9. 7 m into two primary clusters. At larger cluster numbers, some points are denoted as 

different clusters other than the two main groups which indicates a transition zone or less 

association between the data at the upper 2m of the top soil. Also for Nc up to 100 as 

seen in Figures 0.24a and 0.24b, no more primary layers (t > 1 m) separates, therefore 

cluster number 2 is chosen to indicate the soil profile. 

Clustering is supported by the soil layering and boundaries defined based on 

laboratory and field testing including undrained shear strength measurements obtained by 

field vane tests as shown in Fig. 0.25. The statistical boundary detected at 9.65 m is 

matching with the boundary between the upper and lower marine clays. The undrained 

shear strength (Su) readings have two trends with depth as follows: first Su changes slightly 

from 11 kPa at 1.8 m to 14 kPa at 9.6 m and then increases dramatically up to 35 kPa at 

20m. 

D. 7. Opelika Test Site. Alabama 

The Opelika site in Alabama resides in the southern Piedmont province which was 

formed from Precambrian to Paleozoic era high-grade metamorphic and igneous rocks 

(Vinson and Brown, 1996). The residual soils are primarily of the Wacoochee Complex. 

The site geology is classified as either Halawaka Schist or Phelps Creek Gneiss. The 

groundwater table at the time of testing was at a depth of 3 m. Representative piezocone 

data and the normalized parameters Q and Bq are shown in Fig. 0.26. The vertical 

profiles suggest that the subsurface stratigraphy consists of one primary layer. The 

decrease of Qt and Bq readings below 14.5 m might indicate a secondary layer. The 
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Robertson chart (1991) was used to delineate soil types as shown in Fig. 0.27. Three 

subsurface layers were detected as follows: (I) gravelly sand to clayey sand between the 

ground surface and a depth of0.9 m, (2) sand and silty sand to sandy silt between the 

depths of0.9 m and 14.5 m and (3) clayey silt to silty clay below 14.5 m down to a depth 

of ISm. 

A single-cosine-zscore cluster method is applied to the normalized parameters Q 

and B11 up to cluster number Nc = 100. The correlation coefficient is determined between 

consecutive clusters as shown in Fig. 0.28 up to Nc =SO. Clustering is examined at the 

peaks of Pc and Figure 0.29a shows the cluster results between cluster numbers Nc = 2 

and 39. At Nc = 2, one primary layer denoted by cluster number 2 was detected and one 

secondary layer denoted by cluster number I was discovered between the ground surface 

and a depth of0.7S m. At Nc = 3, another primary layer was defined between the depths 

of0.7S m and 3 m. Also, some soil lenses and/or outliers (t < 0.5 m) denoted by cluster 

number 2 are seen in Fig. 0.29a. For Nc > 2, no new primary layers (t > 1 m) separated 

which is also true in case of clustering between Nc = 45 and 100 as shown in Fig. 0.29b. 

Therefore, cluster number 3 was chosen to indicate the subsurface stratification. 

Clustering is verified by the visual description from 8 boreholes and the average 

soil contents obtained using sieve analysis as shown in Fig. 0.30. In the upper 2m, the 

average fines and sands contents are equal to 60 percent and 40 percent, respectively. The 

clay fraction (CF) decreases from 23 percent at a depth of 1 m to 8 percent at a depth of2 

m. Below a depth of 3 m, the soil almost contains an equal mixture of fines and sands 
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with averages equal to 52 percent and 48 percent, respectively. The average clay fraction 

is equal to 1 percent. 

0.8. Po River Sand. Italy 

Po River site in Italy has been extensively tested and reported in the literature (e.g., 

Jamiolkowski et al., 1985). The upper 15m of the geological setting is a very recent 

Holocene deposit and consists of clean to slightly silty sand overlain by a S m to 7 m layer 

of clayey silt (Bruzzi et al., 1986). The underlying layer is a glacial deposit and consists of 

30 m to 40 rn of clean to slightly silty sand with embedded thin lenses of cohesive soils. 

Both deposits experienced minor mechanical overconsolidation due to erosion of the 

Holocene deposit. The groundwater table is at a depth of2.2 m. 

A representative piezocone sounding and the derived normalized parameters Q and 

Bq are shown in Fig. 0.3 1. Looking at the piezocone profiles, soil lenses are seen at the 

spikes ofq" ~ Q and/or Bq at depths ofS.S ~ 8 rn, 11.2 m. 14m, 20.5 rn, 21.5 rn, 23m 

and 24.5 m. A layer of fine soils is detected at depths of23.S m to 25m. The soil is 

classified using the Robertson's chart (1991) as shown in Fig. 0.32. The soil between the 

depths of5 m to 30m is denotes as clean sands to silty sands except an intermediate layer 

between the depths of 23 m to 25 m is defined as silty clays to clayey silts with some 

sands. 

A single-cosine-zscore clustering is applied to the normalized data Q and Bq to 

divide the data into correlated groups. The correlation coefficient between consecutive 
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clusters up to cluster number Nc =SO is shown in Fig. 0.33 and the clusters are examined 

at the peaks of Pc· Cluster results are shown in Fig. D.34a between cluster numbers Nc = 

2 to 34. At cluster number 2, the profile is divided into one major layer and an 

intermediate primary layer between 23.3 m and 24.8 m. A soillense is also detected at 

depths of 11 m to 11.3 m. Up to Nc = 8, some data points separated from the two layers 

indicating soil lenses and transition zone between the two layers. At Nc = 8, an upper 

primary layer is detected between the depths of 5 m and 6.2 m and a secondary layer is 

also discovered between the depths of29.5 m to 30m. The former layer is a transition 

form the silty clays to the sands and the latter layer is a transition from the sands to the 

lower clayey silts. These two layers and soil lenses are grouped in cluster number 1 that 

indicates a similarity in their soil type and/or behavior. There is association between 

clusters, for instance, AI and A2 which are grouped in clusters 1 and 2, respectively. 

However there is less association between the data grouped in clusters 1 and 7 such as a1 

and a2, respectively. At clustering greater than 8 groups, no new primary layers (t > lm} 

is detected, therefore cluster number 8 is chosen to represent the subsurface profile. This 

note is also valid for clustering between Nc = 45 and 100 as seen in Fig. D.34b. 

Cluster results are confirmed by both soil stratigraphy based on field and 

laboratory testing including fines content measurements as shown in Fig. 0.35. The 

statistical layers AI and a3 are an indication of the transition zones between fine and 

coarse soils. The primary and secondary lay~ A3 * and a2, are supported by the increase 

of the fines content from almost 5 percent to 30 percent. 
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0.9. Penuelas Test Site. Puerto Rico 

Piezocone tests were performed by the author at Penuelas test site, Puerto Rico for 

the benefit of a local consulting firm as part of a large conducted geotechnical 

investigation. The subsurface stratigraphy in the upper I 0 meters consists of 2-m of silty 

sand fill overlain 8-m of a Holocene marine deposit (Chen, I995). The latter deposit 

includes interchangeable soil layers of soft clayey silts, and loose silty clayey sands to 

sandy clayey silts. The groundwater table is at approximately I.5 m. A representative 

piezocone sounding (Hegazy and Mayne, I996) and the derived normalized parameters Q 

and Bq are shown in Fig. 0.36. Looking at q, and Q profiles, three layers are detected and 

separated at depths of 4.5 m and 6 m. The upper and lower layers appear to be 

associated. Soil lenses are also discovered at the sharp peaks or troughs of q, and Q 

within a stratum, for instance, at 5.I m, 5.6 m, and 7.0 m. However, soil stratification is 

not visually apparent using either the ub or Bq profile. 

The Robertson's chart (I99I) is used to classify the soil as shown in Fig. 0.37. 

Four primary layers were detected as follows: (I) silty sand to sandy silt between the 

depths of2.3 m to 4.6 m, (2) clean sand to silty sand between the depths of 4.6 m and 6 

m, (3) silty sand to sandy silt between the depths of6 m to 7.2 m and (4) clayey silt to silty 

clay between the depths of7.2 m and 8.7 m. Clustering was applied to the normalized 

parameters Q and Bq using single-cosine-zscore method up to cluster number Nc = IOO. 

The correlation coefficient between consecutive clusters is shown in Fig 0.38 for cluster 

numbers between 2 and SO. Cluster results are examined at the peaks of Pc and shown in 
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Fig. D.39a between Nc = 2 and Nc = 30. At Nc = 3, three primary groups are detected and 

denoted by cluster numbers l and 2 alternatively. Soil lenses and/or data outliers are also 

discovered, for instance, at 3.6 m, 3.95 m and 4.8 m. For Nc > 3, no new primary layers (t 

> 1 m) separated from the major groups of data. This statement also is valid for clustering 

up to Nc = 100 as shown in Fig. D.39b. Therefore cluster number 3 is chosen to represent 

the subsurface stratigraphy. Cluster results are supported by visual definition of soil strata 

as shown in Fig. 0.40. 

D.IO. Maskinonge Test Site. Quebec 

Extensive geotechnical investigation was performed to evaluate a landslide area at 

Maskinonge, Quebec (Demers et aL, 1993). The subsurface stratigraphy consists of a clay 

deposit of post-glacial Champion sea. The upper 2.7 m consists ofloose stratified silty 

sand with silty and clayey layers underlain by a thick homogeneous deposit of firm gray 

silty clay with horizontal black bends of 1 to 2 em thick and some fossil marine shells. The 

groundwater table is at a depth of 3 m. Representative piezocone sounding and the 

derived normalized parameters Q and Bq are shown in Fig. 0.41. Two trends are 

observed of Q profile and delineated at 2. 8 m, however, q" ub and Bq profiles indicate one 

continuous stratum. The classification chart resulted in one clay to silty clay layer as 

shown in Fig. 0.42. 

Cluster analysis of Q and Bq is performed using single-cosine-zscore method up to 

cluster number Nc = 100. The correlation coefficient of consecutive clusters up to Nc = 50 

is seen in Fig. 0.43 and the cluster results are examined at the peaks of Pc- Figure D.44a 
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FigureD.39a. Ouster Analysis ofPiezocone Data at Penuelas, Puerto Rico. 
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(Data from Demers et aL, 1993). 
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FigureD.44a. Ouster Analysis ofPiezocone Data at Maskinonge, Quebec. 
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shows the clustering between Nc = 2 and 32. At Nc = 2, two primary clusters separated at 

a depth of2.5. The upper and lower primary layers are denoted by cluster numbers 1 and 

2, respectively. Soil lenses and/or data outliers also are seen in the lower deposit, for 

instance, at depths of 4.6 m, 5.5 m and 6.4 m. At Nc = 5, the lower major layer is divided 

into two interchangeable clusters, 1 and 5, which indicates non homogeneity within the 

deposit. However, no new primary layer (t > 1 m) separated for Nc > 2. This statement is 

valid for clustering between Nc = 45 and 100 as shown in Fig. D.44b. Therefore cluster 

number 2 is chosen to represent the subsurface stratigraphy. 

The clustering results are validated by the laboratory determination of fines content 

and water contents measurements as seen in Fig. 0.45. In the upper 2.5 m, the averages 

of fines content and water contents are equal to 55 percent and 27 percent, respectively. 

Their averages below 2.5 m increase to 99 percent and 74 percent, respectively. 

D. II. Taranto Test Site. Italy 

Taranto test site is located in Italy and the stratigraphy at the site consists of highly 

overconsolidated cemented clay deposit with microfissures (Battaglia et al., 1986). The 

deposit is divided into two layers between the depths of 8 m and 20 m as follows: ( 1) stiff 

to hard weathered silty clay and (2) hard to very hard silty clay. The boundary depth 

between them changes between almost 10 m and 12 m. The overconsolidation ratio 

(OCR) decreases with depth from nearly 50 at a depth of 4 meter to 20 at a depth of20 

meter. The groundwater table is at a depth of 1 meter. 
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FigureD.44b. Ouster Analysis ofPiezocone Data at Maskinonge, Quebec. 
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A representative piezocone sounding and the normalized parameters Q and Bq are 

shown in Fig. 0.46. Looking at U& and Bq profiles, a soil boundary is detected at a depth 

of I 0 m and Q profile indicates another boundary at a depth of almost 12 m. The 

Robertson chart (1991) was used to delineate different soil layers as shown in Fig. 0.47. 

Two layers were detected as follows: (I) silty sand to sandy silt between the depths of8.2 

m and 18.0 m and (2) clayey silt to silty clay between the depths of 18.0 m and 18. 7. 

A single-cosine-zscore method was applied to the normalized parameters Q and Bq 

to delineate the subsurface stratigraphy. Clustering is applied up to cluster number Nc = 

IOO and the correlation coefficient between consecutive clusters is shown in Fig. 0.48 up 

to Nc =50. Clusters results were examined at the peaks of Pc and shown in Fig. 0.49a up 

to Nc = 37. At cluster number 2, the data are divided into two primary groups separated 

at I2 m. Up to Nc = I2, some points continue to separate from the two major statistical 

layers indicating non homogeneity within a layer. At cluster number 12, another primary 

layer separates from upper group of data. For larger clustering, no more clusters having a 

thickness t > I m appear up to Nc = IOO. Figure 0.49b shows the cluster results between 

Nc = 45 and 100 every 5 clusters interval. Therefore, cluster number I2 is chosen as an 

indication of the subsurface stratification. Also, note that the upper two layers are more 

associated because they are denoted by cluster numbers 4 and 5, however the lower layer 

is denoted by cluster number 7. 

The primary statistical boundaries are in agreement with the soil boundaries 

defined based on laboratory and field testing as shown in Fig. 0.50. Layer AI* indicates 

the weathered silty clay layer and layer A2 could represent a transition between AI* and 
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A3, however it is more correlated with AI*. Layer A3 represents the silty clay layer 

below 12 meter. 

D.l2. Conclusions 

Cluster analysis was applied successfully using single-cosine-zscore (SCZ) method 

at 10 sites including different soil types and geological conditions. Cluster results were 

validated by visual delineation from adjacent soil borings and available back-up laboratory 

and field testing data. Performing the analysis up to cluster number Nc = 100 was deemed 

to be unnecessary because subsoil stratigraphies at all studied sites were properly detected 

at Nc: < 15. 
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