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ABSTRACT

To account for uncertainty in geotechnical projects, knowledge of the uncertainties
should be understood. Many sources of uncertainties can be reduced with increased
sampling and good practices, but due to the nature of geomaterials, inherent uncertainties
cannot be eliminated. Inherent uncertainties can be quantified by a statistical analysis.
While some statistical descriptors, such as mean and standard deviation are common, the
scale of fluctuation is less studied as it requires a large amount of data. The scale of

fluctuation indicates the thickness of a soil layer which has correlated properties.

Large quantities of data can be obtained from the cone penetration test (CPT). The CPT
was used for a site investigation for a coal combustion residual landfill, providing ideal

measurements to investigate the variability of the alluvial site on the Missouri River.

The goal of Sutton’s thesis is to determine if side resistance measurements, reported as
the friction ratio, of cone penetration testing are less correlated than cone tip resistance
measurements as previous research indicates. The results of this analysis agree with
earlier analyses that the variability of the cone tip resistance is less than the skin friction.
The average vertical scale of fluctuation for the cone tip resistance was 1.3 feet and 1.5
feet for sand and gravelly sand, respectively. The average vertical scale of fluctuation for

the friction ratio was 0.7 feet and 0.8 feet for the sand and gravelly sand, respectively.

As increased computing power allows more complex modelling to become readily
available, the shift to probabilistic analyses of such models allows for a more realistic
assessment of the variability and correlation of subsurface properties. Several examples
are discussed with show the effect of correlation and illustrate the need for both typical

and site specific probabilistic parameters.
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1.0 INTRODUCTION

1.1 Background

The field of engineering requires logical judgement and decision making. Experimental
results and empirical relationships often inform decisions and designs as a standard of
practice for many types of problems. Geotechnical engineering problems include natural
materials which have variable properties. Often the sampling protocol only allows limited
material to be evaluated. Lack of sufficient data is often remedied with the application of
engineering judgement (Christian 2004). The judgement required to correctly assess
these values can be obtained by experience, personal and case studies, as well as by
statistical analyses. Christian stated that experts are usually too confident in their
estimates and tend to underestimate the uncertainty in their estimates (2004). Christian
plainly states a solution including that “the first step is to recognize the extent of our
ignorance and to understand when it arises” (2004). While engineers can apply factors of
safety to projects to deal with the uncertainties in projects, there are problems with this
method (Baecher 1986). If factors of safety are assigned to design and loading
parameters, the overall final factor of safety of the design may not be known (Baecher
1986). Engineers should have a grasp of the variability and distribution of the measured
values to correctly evaluate these properties and to decide if these properties can be
applied to materials at nearby unmeasured locations. Reliability of a design depends on
four factors according to Christian (2004): the input uncertainties, the reliability analysis,
the geotechnical models and the final interpretation. The first item, input uncertainties, is

the focus of this thesis.



1.2 Objective

The goal of this analysis is to determine if side resistance measurements, reported as the
friction ratio, of cone penetration testing are less correlated than cone tip resistance
measurements as previous research indicates. Obtaining statistical information from case
studies can add to the body of knowledge about in-situ testing techniques. As this body of
knowledge grows, it can be used to help engineers more accurately assess the variability
of geotechnical properties. While site specific data are always recommended, a range of
typical values can help designers predict values and help correctly assign factors of safety
or resistance factors to design inputs. Kulhawy, Phoon and Grigoriu (1995) performed
an “extensive literature review” to find typical values for the uncertainties of common
soil properties (Kulhawy et al. 1995). Understanding typical values can help pinpoint
unusual data and provide guidance if site specific data are lacking. Geotechnical data are
used to identify soil types and design parameters in variable, natural materials. These soil
properties are correlated and do not vary randomly, and this inherent variability is due to
depositional processes (Elkateb et al. 2003a, Fenton 1999). Geotechnical variability can
be represented by the mean, the standard deviation, and the scale of fluctuation. (Jaska et

al. 1994).

The objective of this study is to determine the scale of fluctuation of both the friction
ratio and cone tip resistance of CPT soundings to help engineers become aware of the
variability of these measurements. As shown in Figure 1-1, the scale of fluctuation
indicates the thickness of a soil layer with similar or correlated properties, so data points
within the vertical scale of fluctuation length can be expected to be similar (Nie et al.

2015, Phoon & Kulhawy 1999). According to Lloret-Cabot et al. (2014), the scale of



fluctuation “describes the spatial variability of a property in a random field.” Conversely,
data points farther apart than the length of scale of fluctuation will not be correlated. As
the scale of fluctuation approaches zero the expected values of nearby measurements will
be uncorrelated or random. As the scale of fluctuation increases and approaches infinity,
all measurements would be expected to be uniform. Previous studies indicate that, for an
assumed homogeneous soil layer, the vertical scale of fluctuation of the friction ratio is

less than the vertical scale of fluctuation of the tip resistance.

If the vertical scale of fluctuation is established for a site, then a reliability analysis could
be performed to thoroughly evaluate the performance of a geotechnical design. Studies
are discussed, which demonstrate practical application and the importance of evaluating

the scale of fluctuation.
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Figure 1-1: Illustration of scale of fluctuation, SoF dor 6. (Nie et al., 2015)



1.3 Scope

The scope of this thesis encompasses two goals: comparing two measurements from cone
penetration testing (CPT) and adding to the limited typical values for the scale of

fluctuation.

Two main measurements determined by cone penetration testing are the cone tip
resistance and the sleeve friction measurement. Since these measurements occur on the
same probe, it could be assumed that the same distribution of variability would occur in
both measurements and that both measurements evaluate the same soil volumes. This
thesis attempts to verify or refute previous research which indicates that the correlations
differ when evaluated by the scale of fluctuation. The scale of fluctuation indicates the
thickness of a soil layer that can be expected to have similar properties. Data located
closer than the scale of fluctuation is expected to have related or correlated values, while
data located farther than the scale of fluctuation is expected to be unrelated or

uncorrelated.

Sutton’s thesis attempts to discern differences in the uncertainties of measurement from
the cone penetration tests. Since the measurements of the probe’s sleeve friction and
cone tip resistance are obtained simultaneously, it could be assumed that the correlations
of both measurements are identical. Research indicates that the soil volumes affected by
these measurements differ; therefore, the correlation lengths differ as well. This

difference is quantifiable by contrasting the scales of fluctuation of both measurements.

By determining the project specific scales of fluctuation, more data could be added to the
body of knowledge to help determine typical values. Kulhawy, Phoon and Grigoriu

(1995) suggest that typical values of the scale of fluctuation are important for properly



assessing specific site parameters. While much data exists for the mean, standard
deviation and coefficient of variation for CPT data, the scale of fluctuation is not as
prevalent. Sutton’s thesis attempts to add to the body of knowledge about typical values

for alluvial sites comprised mainly of cohesionless soils.



1.4 Layout of Thesis

This thesis is organized into five chapters to present the previous and current research
and to suggest future research. Chapter 2 focuses on a review of the research pertaining
to soil property uncertainties, in-situ CPT testing, and the scale of fluctuation as found in
the literature. Chapter 3 details the site in Missouri and outlines the procedure followed
for the probabilistic computations. A brief overview of statistics as it applies to
geotechnical soil variability is included in Chapter 3. Chapter 4 reveals the results of the
analysis and discusses observed trends in the results. Finally, the conclusions are

presented in Chapter 5 as well as suggestions for further research.



2.0 LITERATURE REVIEW

2.1 Introduction

Some may argue that statistical analysis may be preferred over engineering judgement,
but the most robust analysis would include both probabilistic computations and
personal, experienced judgement of local geology along with Terzaghi’s observational
method. Terzaghi argued the importance of considering how geotechnical properties
differ from the average values and insisted that engineers consider “the most
unfavorable possibilities” which eventually led to the observational method still
practiced today (Christian 2004). The observational method requires an iterative design
approach where the project assumptions are confirmed and re-analyzed, if needed,
based on the actual site conditions observed during construction. Quantifying
uncertainty is an added step to help make the “observational method” more robust
(Christian 2004). Statistical analysis allows designs to be more “reliable and
economical,” and the conclusions from investigations can be backed by more thorough
analysis rather than strictly intuition or engineering judgement (DeGroot and Baecher

1993).

2.2 Ding

The difference in design properties from the actual properties or uncertainties due to
limited measurements can be dealt with in many ways. Factors of safety in allowable
stress design include all sources of variability and uncertainty (Ding 2014). Traditional
conservative factors of safety applied to each design parameter cause the actual overall
factor of safety to be unknown, to be not repeatable, and to vary from project to project
due to differences in data available (Baecher 1986). Some sites may be more uniform,

with more field data and known loading situations, while other sites may be highly
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variable with a large range of possible loading conditions; therefore, a universal factor
of safety may be unreasonable. Baecher (1986) states that the causes of failures are
“unanticipated loads, gross errors, inadequate maintenance, and failure to account for
some factors in design.” Failure to “honor the detailed ground heterogeneity” of the site
by simply using average values could result in an analysis “on the unsafe side” (Elkateb
et al. 2003a). The factor of safety is often chosen based on engineering judgement
rather than quantitative analysis which could result in under- or overdesigned projects

with unknown probabilities of failure (Ding 2014).

Reliability based designs account for uncertainties in design. Uncertainties of soil
properties are required to properly access the reliability-based design (Kulhawy et al.
1995, Uzielli et al. 2005a, Bouayad 2017). Load and resistance factor design (LRFD)
accounts for specific uncertainties and variabilities in loads and resistances (Ding 2014).
LRFD assigns factors to each load or resistance based, in part, by uncertainty of the
load or resistance to loading as well as limit state and target reliability which is
considered more precise (Ding 2014). Missouri Department of Transportation
(MODOT) Engineering Policy Guide indicates the use of factors modified by the
coefficient of variation (COV) of the data, which applies penalties for larger variability.
This method accounts for the uncertainties, where applicable, but does not uniformly
cause an overly conservative approach if the design parameters are more certain. The
partial factor design method from Europe and Canada further specifies portions of the
factors of safety to design properties separately (Ding 2014). Finally, reliability-based
design can directly use probability distributions to determine the probability of failure

of a design where soil and load properties are modeled as random variables (Ding



2014). These methods can be used together; Ding describes using the probabilistically
determined factors in an LRFD design (2014). The Probabilistic Model Code of the
Joint Committee on Structural Safety suggests the use “instead of one uncertainty factor
for the computational model as a whole, one may consider the use of partial uncertainty
factors related to the components of the computational model” to account for soil

uncertainties (JCSS 2006).

Ding analyzed the effect of the number of samples on the final design of a shallow
foundation (2014). She found that there is an increase in the reliability of a design with
30 or more data points and decreasing returns on obtaining more data. Often, traditional
geotechnical investigations do not include even 30 data points per boring. While the
state of practice is moving toward the use of partial uncertainty factors in building
codes, this effort must be supported by knowledge of expected statistical properties of
various geotechnical measurements to allow estimates during preliminary planning or if
there are limited data. In order to obtain sufficient data for statistical analysis, the
testing method must record many measurements. The cone penetration test (CPT) is
gaining popularity as a useful in-situ testing method to identify soil types and estimate

soil properties which supply large numbers of measurements.
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YN ' 2.3 Robertson

Cone Penetration Testing (CPT) involves near

continuous measurements from a 1.5-inch

Friction | Cone
sleeve | penetrometer — djameter probe with a cone, as represented in

Figure 2-1, that is pushed into the soil

Pore pressure

filter location: according to ASTM D 5778-07 “Standard Test
Uy

Cone Method for Performing Electronic Friction

Cone and Piezocone Penetration Testing of

Figure 2-1 Schematic of Typical Cone Soils,” shown in Figure 2-1. The measurements

Penetration Rod (Robertson & Cabal . . .
2015) recorded include cone tip resistance and the

sleeve resistance as well as the pore pressure
behind the cone. The force on the cone is divided by the projected cone area to calculate
the cone tip resistance, qc. The force on the friction sleeve is divided by the sleeve area to
calculate the sleeve resistance, f;. The cone tip resistance is corrected for area and pore

pressure: q; = q. + (1 — a)u where q; is the total cone tip resistance, a is the net area

. . .. . d?
ratio and u is the measured pore pressure. The net area ratio is defined as: a = 2 where

d is the diameter of the load cell support and D is the diameter of the cone and the net

area ratio commonly equals 0.85.

CPT results are used to identify soil behavior or response and not its composition (Uzielli
et al., 2005b, Robertson 1990, Robertson 2016 and Fenton 1999). Robertson indicates
that the CPT data can be affected by many factors including: “stress history, in situ

stresses, sensitivity, stiffness, microfabric and void ratio” (1990). It has been suggested
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that CPT data are “sensitive to deposition conditions, loading history, and variations in

fines content” (Elkateb et al. 2005).

CPT method is fast, continuous, repeatable, reliable and widely used (Firouzianbandpey
2014, Jaska et al. 1994, Robertson 2016, Uzielli et al. 2005a, Bouayad 2017). In-situ
testing reduces the errors due to sample disturbance of traditional soil sampling and
laboratory testing which can lead to measurement bias and a flawed design as long as the
effect of the probe is limited (Jaska et al. 1994). The electric CPT is less dependent on
user or procedural errors and is only affected by the rate of penetration (Kulhawy &
Trautmann 1996). In clays, an increase in penetration rate has been shown to increase the
cone tip resistance by up to 10% (Kulhawy & Trautmann 1996) as such Kulhawy and
Trautmann suggest adherence to the ASTM D3441 (ASTM D5778 for electric systems)
standard rate of 2 cm/sec. Also, depth readings can be affected by a lack of verticality.
Tests with “well-defined specifications, accepted practices, and standardized equipment
have relatively small test variability” (Kulhawy & Trautmann 1996). The testing
uncertainty of in-situ measurements are due to equipment, procedural and random
variances. The CPT electric equipment has been shown to have a coefficient of variation
(COV) of approximately 3 percent and random error COV of 5 percent for qc and 10
percent for fs. The total COV for CPT measurements is 8 percent for qc and 12 percent for
fs (Kulhawy & Trautmann 1996) with a typical expected range of COV of 5 to 15
percent. Total COV for standard penetration test was 15 to 45 percent, the COV for the
Vane Shear test was 10 to 20 percent; the COV of the CPT was the smallest except for
dilatometer test which was 5 to 15 percent as well (Kulhawy & Trautmann 1996, Jaska et

al. 1994).
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In order to classify the soil based on CPT charts, the data must be normalized to account
for the effects of overburden pressure. Without normalizing the data, the soil’s apparent
type would appear to change as the probe gets deeper as the cone tip resistance increases
with depth (Robertson 1990). Ideally the cone tip resistance could be corrected for
changes in in-situ horizontal stress, but determining horizontal stresses is difficult.
Therefore, the normalization includes the vertical stress input only as determined by unit
weights and ground water levels. In order to compensate for this trend, normalized tip
resistance, Qy, is calculated using Equation 1 and is used to classify the soil type

(Robertson 1990):

Q, = 1w Eqn. 1

7
Ovo

Where q;is the measured tip resistance, g, is the effective vertical stress, g, is the total
vertical stress. The measured force on the sleeve is also divided by its area, to determine
the side friction, fs = Fs/As. These values can be normalized to account for overburden

pressure as shown below.

Normalized friction ratio, Fg, is calculated using Equation 2 (Robertson, 1990):
Fp=—"— Eqn. 2

where q; is the measured tip resistance, fs is the sleeve friction, Oy, is the total vertical

stress.
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2.4 Kulhawy et al.

According to Kulhawy and Trautmann, uncertainties are often dealt with in
geotechnical engineering using an engineer’s judgment and experience rather than
quantitatively addressed (Kulhawy et al. 1996). In order to use more rigorous design
methods, such as load resistance factor design (LRFD) and reliability analyses,
numerical values must be used to quantify the uncertainties. The resistance factors used
in design should vary depending on the variability of the load or resistance being
assessed. The variability can be quantified by the coefficient of variation and scale of
fluctuation of the soil property at the specific site (Kulhawy et al. 1995). There are less
data available to judge a typical CPT cone tip resistance’s scale of fluctuation (7-10
studies) as compared to other typical soil properties, such as CPT cone tip resistance’s
COV (12-57 studies) (Kulhawy et al. 1995); therefore, more available site analyses
could be useful to add to the body of knowledge for typical values. Kulhawy indicated
that, in general, the inherent variability for sand is greater than that for fine grained soil
(1995), which alone could be useful in assigning design parameters once the soil type
has been identified. Also, typical values may not be truly representative of “typical” if
the data are limited, Phoon and Kulhawy advises caution with such limited data (1995).
Many geotechnical site investigations contain small amounts of soil property
measurements, which could bias the reported values. While typical values are useful
for preliminary studies or as a check for measured properties, ideally site-specific
statistics should be determined for each project (Kulhawy et al. 1995). According to a
summary of about 10 studies by Kulhawy (1995) the scale of fluctuation in the vertical
direction for the cone tip resistance reported as both sand and clay was 0.3-7.2 feet (0.1-

2.2 meters) and corrected cone tip resistance for strictly clay ranged from 0.6-1.6 feet

14



(0.2-0.5 meters). In the horizontal direction, the scale of fluctuation for soil reported as
both sand and clay was much greater, 10-260 feet (3-80 meters). According to Phoon &
Kulhawy (1995), the scale of fluctuation for the corrected cone tip resistance for clays
was smaller (Iess than 0.5 m) than the scale of fluctuation for the uncorrected cone tip
resistance (which was less than 2.2 m for sands or clays). The scale of fluctuation can

be dependent on the sampling interval (Phoon & Kulhawy 1999) as well as soil type.

Design values can be affected by different sources of uncertainties as categorized in

Figure 2-2.
SOIL —» IN-SITU —# TRANSFORMATION —= ESTIMATED
MEASUREMENT MODEL SOIL PROPERTY
i";‘gﬁem data statistical model
variability scatter | |uncertainty uncertainty

]

inherent
soil
variability error

measurement

Figure 2-2: Types of Uncertainties (Kulhawy et al. 1995)

Uncertainty or variability in soil properties due to the depositional process is termed
inherent variability or aleatory uncertainty (Ding 2014, Christian 2004). Soil variability
is due to its “formation which include: sedimentation, parent material, weathering
(mechanical and chemical), topography, organisms, structural defects, layering and

time” (Jaska et al. 1994). Additional testing does not help us predict aleatory or
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inherent uncertainty (Christian 2004), and it appears as random error (Baecher 1986,
Baecher & DeGroot 1993). Christian (2004) calls variability about a trend line ‘data
scatter.” Once a measurement has been taken, the data scatter can be due to actual
spatial or temporal variations or random testing errors (Christian 2004). Two main
causes of soil heterogeneity are differences due to layering of dissimilar materials and
inherent spatial variability of properties due to deposition and loading differences
(Elkateb et al. 2005b). Measurement error can be due to many factors, including
“equipment, procedure, human errors, and random testing effects.” Kulhawy indicates
that there can be errors, from equipment and procedures, introduced into the data which

are typically not documented and cannot be later parsed out from the data (1995).

Kulhawy and Trautmann (1996) investigated the measurement error for field tests,
including the CPT. They measured controlled laboratory tests to assess the variability of
soil parameters. Inherent variability was limited by creating uniform soil deposits in the
laboratory. The coefficient of variation of measurement errors for electric CPTs was 5
to 15 percent (Phoon & Kulhawy 1999). Measurement errors can cause uniform bias

throughout a site (Baecher 1986).

Epistemic uncertainties due to the lack of knowledge, which can be improved with more
data (Christian 2004), is also called knowledge uncertainty (Ding 2014). Also, statistical
errors, which appear as systemic errors (Baecher 1986) from limited data, can be
improved by getting more data. Christian (2004) states that systemic errors can be
divided into errors in the trend and bias in measurements. Biases in the data can come

from small data sets, as is often the case in geotechnical investigations (Christian 2004).
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The mean and standard deviations of a few samples may not correctly describe the

entire site (Christian 2004).

Transformation uncertainty occurs when transforming field or lab measurements to
design parameters by using empirical or theoretical correlations which also appears as

systemic error (Baecher 1986).

Some additional sources of uncertainty include using properties from more than one soil
type, trends which are not removed, and soil data obtained at different times (Kulhawy
et al. 1995). Including additional types of error would make the soil layer seem more
varied than if only the inherent variability due to geological changes were considered
(Kulhawy et al. 1995). Kulhawy indicated that soil layers properly classified into
homogeneous units are “sufficiently homogeneous for the evaluation of inherent
variability” (1995). Since soil is an ever-changing natural material, soil properties can
also vary in time as well as location. Studies should indicate the sampling time frame

for proper analysis and comparison.

The magnitude of each of the many sources of uncertainty depends on many factors
including: the site, the testing protocol, and the models used. Therefore, comparison of
typical values which include errors from many sources is difficult and, in effect, fraught

with possible errors (Kulhawy et al. 1995).

2.5 DeGroot & Baecher

Statistical analysis often ignores the fact that soil properties are correlated, which can
help assess properties at untested locations (DeGroot & Baecher 1993). Correlation

means that the value of a soil property at one location is likely to be similar to the soil
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nearby, which creates a “waviness” about the trend line if the property is plotted with
depth (DeGroot & Baecher 1993). Three methods can be used to determine correlation
length: moment estimators, inverse estimation from stochastic interpolations and using

probabilities to find the maximum likelihood parameters

(DeGroot & Baecher 1993). DeGroot & Baecher concede that the optimum method to
determine correlation is the maximum likelihood method. This technique involves
determining the values of properties that have the greatest probability of producing the
observed soil properties measured in the field (DeGroot & Baecher 1993) which
requires complex statistical inputs and computations. Moment estimators are relatively
simple calculations of the statistical descriptors of a set of data, such as the mean,
variance, standard deviation, autocovariance, and autocorrelation (DeGroot & Baecher
1993). Inverse estimation is used in mining engineering to estimate the values at an
untested location based on measured values at another location. This method requires
data from ““an extensive exploration program” (DeGroot & Baecher 1993). Inverse
estimation involves minimizing the error between predicted and actual values of
variance by removing one actual value of a soil property and using the remaining values
to estimate the removed value. Parameters of the autocovariance function are varied
until the error between the actual and predicted value is minimized. According to
DeGroot & Baecher (1993), evaluation of the statistical properties obtained using this

method have not been performed.

Moment estimators are computationally straightforward and have, therefore, been
commonly used including the mean and coefficient of variation, but less commonly

calculated is the scale of fluctuation (Kulhawy et al. 1995). Some typical values for the
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scale of fluctuation were compiled by Kulhawy et al. (1995) as presented in Section 2.4.
Several researchers have investigated the scale of fluctuation of CPT measurements to
help engineers determine the expected variability of both cone tip resistance and sleeve

friction, which is represented as the friction ratio.

2.6 Firouzianbandpey, Griffiths, Ibsen & Andersen

Firouzianbandpey et al. (2014) investigated the scales of fluctuation, both vertically and
horizontally, from CPT data at two sites in northern Denmark to characterize the
uncertainty. Limited data can cause more uncertainty which could cause designs to be
overly conservative (Firouzianbandpey 2014). The sites were mainly comprised of sand
and silty sand with some gravel near the Limfjord river basin deposit and in the harbor
of Frederikshaun. The soil profiles were classified using Robertson’s 1990 method, and

CPT data were sampled every 2 cm.

After classification, the layers composed of one soil type were analyzed further by
Firouzianbandpey et al. (2014). The layers’ means, standard deviations and COV's were
calculated as well as the correlation length, also known as the scale of fluctuation. The
largest COVs were reported for gravel layers for both the normalized cone tip
resistance, qein, and the friction ratio, Fr. Silt mixtures and cohesive layers had the
lowest COV, which indicates the least variability. The average vertical scale of
fluctuation of the cone tip resistance for both sites was 0.45-0.5 meters (1.5-1.6 feet).
The average vertical scale of fluctuation of the friction ratio for both sites was 0.2

meters (0.7 ft).

Firouzianbandpey et al. indicate that the friction ratio measures a smaller volume of soil
adjacent to the sleeve, than the cone tip resistance which measures a larger volume of
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soil beneath the advancing cone. Therefore, several closely space cone tip resistance

measurements will include the same soil volume with similar measurements.

2.7 Uzielli, Vannucchi & Phoon (2005a, 2005b)

Uzielli et al. (2005a, 2005b) characterized the data from normalized CPT as random
fields in order to account for the overburden stress and stress history. The authors state
that the data should not “violate weak stationarity in resulting residuals.” Stationarity is
defined by Baecher and Christian (2003) as data which is statistically homogeneous,
which indicates that the data’s basic statistical values are independent of location.
Therefore, the mean and standard deviation do not vary greatly throughout the deposit
and the autocorrelation function is only a function of the separation distance and not the
actual depth in the deposit. Stationarity was achieved by only considering data that
initially by passed the Bartlett limit and further checking with a modified Bartlett test.
The Bartlett test is a statistical test used to determine if the variances of the data are
equal and the data are uniform. The modified Bartlett test was created by Phoon, Quek
and An (2003) to account for the fact that soil data are naturally correlated. Using these
tests, they identified homogeneous soil units (HSU). Of the 304 soundings studied,
only 40 were sufficiently homogeneous to be analyzed for cone tip resistance, qcin, and

only 24 data sets could be used to analyze side resistance expressed as friction ratio, Fr.

The soil layer had to conform to certain requirements in order to be considered
homogeneous. Data points separated by larger distances were not used due to “the
well-accepted fact that the estimated autocorrelation coefficients become less reliable
with increasing lags and are deemed not significantly different from zero inside the

range +/- 1y, Bartlett limit” (Uzielli et al. 2005a). To classify the soil type, the authors
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calculated the soil behavior class index, I.. The soil behavior class index is a single
parameter that combines both the cone tip resistance and the friction ratio of CPT to
simplify soil classification. In order to identify the soil layer as homogeneous, the COV
had to be less than 0.1 over at least 4.5 m. The COV was larger for cohesionless soils,

which indicates a greater variability (Uzielli et al. 2005a, Uzielli et al. 2005b).

After the initial analysis, stationarity was further tested with the modified Bartlett test.
The classical Bartlett test can exclude similar materials if the data are correlated, which
is often the case with closely sampled CPT data (Phoon et al. 2003). Therefore, the
modified Bartlett test was created for correlated data. Additionally, the HSU was
accepted if the autocorrelation model fits the initial part of a curve with coefficient of
determination, R?, greater than 0.9. In their study, the most likely soil types to meet the
study criteria for homogeneity were sandy soils. Additional requirements of data sets
for their study were a measurement interval less than 5 cm (2 inches) to allow
“sufficient resolution,” the groundwater levels reliably reported to calculate qcix and Fg,
and a length of the sounding greater than or equal to 10 m (33 ft) to allow “stationarity

assessment and be large enough for useful statistical analysis.”

Uzielli found that q.i~ is more strongly correlated than Fr. Their study indicated that
the standard deviation for qc.ix and Fr increased from cohesive to cohesionless soils;
therefore, CPT data are more variable in sand than in clay. As mentioned above, the
authors indicate that the volume affected by the cone tip is a larger volume than the
volume affected by the sleeve friction, so several data points in a row repeat in several
readings at the cone tip location. These repeated readings make the cone tip resistance

data appear more correlated. Also, they stated that normalizing the data makes it more
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correlated because it “minimized systemic in situ effects” (Uzielli et al. 2005a, Uzielli

et al. 2005b).

2.8 Lloret-Cabot, Fenton & Hicks

Lloret-Cabot et al. (2014) compared the traditional approach of determining the vertical
and horizontal scales of fluctuation (or correlation length) with a new approach and
applied both methods to a case study at a sandy site located on an artificial island created
in the Canadian Beaufort Sea. The traditional approach fits a model to the CPT data.
When data are limited the model typically does not fit the field data well. Lloret-Cabot et
al. used a more complex method which simulates a random field of normalized de-
trended tip resistance and calculated the scale of fluctuation for many simulations
restricting the statistical properties of the simulations to that of the actual CPT data. The
results by Lloret-Cabot et al. indicate that the stimulation method was superior when the
data points were limited as in the horizontal direction (with only a few data points within
the scale of fluctuation length), but the results were very similar in the vertical direction

when the data points were very close together, such as 2 cm intervals.

2.9 Bouayad

Bouayad (2017) assessed the scale of fluctuation of the cone tip resistance at a sandy
site in northern Algeria as part of a larger study of liquefaction potential. Ten CPT
soundings were conducted from 10 m (33 ft) to 13 m (43 ft) in dense fine sand and silty
sand overlain by loose to medium dense sand. The cone tip resistance data, taken at 2
cm (0.066 ft) intervals, were de-trended by removing a linear trend with depth and then
were statistically analyzed by fitting the autocorrelation function to the autocorrelation

theoretical model. Bouayad found the best-fit model for that data was the cosine
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exponential model. The vertical scale of fluctuation for the cone tip resistance at this
sandy site was 0.32 m (1.0 ft) to 1.31 m (4.3 ft), with an average of 0.78 m (2.6 ft) and

COV of 40%.

2.10 Uzielli, Lacasse, Nadim & Phoon

A thorough overview of the state of practice of analyzing soil variability was discussed
by Uzielli et al. (2006). Often basic statistical analyses include the mean and standard
deviation of a set of measurements, but preferably spatial correlation would be included
as well. As shown in Figure 2-3, two data sets showing a generic parameter, &, can have
similar statistical parameters but very different correlations. The properties in the top
plan view shows a weak correlation and would have a small value for the scale of
fluctuation, but the bottom plan view shows a strong correlation. Structures would
respond differently in these two scenarios. The authors explain that random field theory
can be used to describe the spatial variability of a site and reliability models can then be

analyzed.
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Figure 2-3: Illustration of the importance of including correlation in geotechnical

analysis. Generic parameters, & has similar statistical parameters but not correlation

within the site. The top figures are weakly correlated, and the bottom figures are

strongly correlated (Uzielli et al. 2006).
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The random field can be described by the mean, standard deviation, and the scale of
fluctuation and its corresponding autocorrelation model. The scale of fluctuation can be
affected by several factors: the direction, the trend which was removed to create the
random field as described in Section 3.6, and the method of estimating and fitting the
models. Therefore, these choices need to be described in the analysis. Generally, due to
the soil formation process, the scale of fluctuation in the vertical direction is much less
than in the horizontal direction. The scale of fluctuation increases as the sampling
interval increases according to research. Also, trend removal decreases the scale of
fluctuation. Additionally, research indicates that the scale of fluctuation is dependent on
soil type if all other factors remain constant. According to Uzielli, the vertical scale of
fluctuation for cohesionless soils is generally slightly larger than cohesive soils as

demonstrated in Figure 2-4, although the plot reveals a large degree of data scatter.
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Figure 2-4: As the average normalized tip resistance, qcin, increases the soil becomes
coarser. The plot demonstrates that the scale of fluctuation for the normalized tip
resistance, qcin) slightly increases as the material becomes more cohesionless. The

different shape data sets represent results from different sites (Uzielli et al. 2006).
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Uzielli et al. reported that the CPT failure zone is affected by the soil stiffness. Stiffer
materials exhibit larger failure zones; therefore, the failure zone in dense sand would be
larger than in soft cohesive soils. Closely spaced CPT measurements within a larger
failure zone would be strongly correlated. The volume of soil measured by the sleeve
friction is not as soil type dependent and is smaller than the tip resistance; therefore, the
sleeve friction is weakly correlated as the research by Uzielli et al. summarizes in

Section 2.7.

Using the scale of fluctuation, in addition to the mean and standard deviation, is useful
for a thorough reliability-based analysis. The authors indicate that random field
modeling allows finite element techniques to assess the reliability of geotechnical
designs. Including variability allows a more complex and more realistic representation
of the actual site conditions. They suggest that a footing resting on a variable site will
fail to one side or the other rather than the ideally symmetrical failure. The authors do
concede that while more accurate and realistic, random field simulation and finite

element type analyses are more complex and not commonplace yet.

2.11 Griffiths & Fenton

A probabilistic approach was applied to several different geotechnical problems by
Griffiths and Fentin, including slope stability in 2004. For the slope stability analysis,
they used a random field finite-element method to include spatial correlation and
statistical parameters in the site description with simulations, such as the simulations
shown in Figure 2-5. The upper slope shown is weakly correlated and has a normalized
scale of fluctuation for shear strength equal to 0.2. The normalized scale of fluctuation is
the scale of fluctuation divided by the slope height, H. A homogeneous slope would have
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a scale of fluctuation equal to infinity. The lower soil mass in Figure 2-5 is strongly
correlated with a normalized scale of fluctuation for shear strength equal to 2.0. The
magnitude of the soil properties assigned randomly are indicated by the shading, with

weaker soil elements shaded darker.

b) ©g=2.0

i
¢

Figure 2-5: Typical simulations shown the effect of the normalized scale of fluctuation,
@.. The upper slope is weakly correlated with a smaller scale of fluctuation and the lower

slope is strongly correlated with a larger scale of fluctuation. (Griffiths and Fenton 2004)

One-thousand Monte Carlo simulations were run for each case in the study with the same
statistical properties of a log-normally distributed shear strength, a set mean and standard
deviation, but varying correlation, which was assumed isotropic. The simulated
properties were randomly located and resulted in varying areas of weak and strong

materials used to calculate the probability of failure. Figure 2-6 illustrates the effect of
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including correlation on the slope’s performance. The upper image in Figure 2-6 is
weakly correlated with a normalized scale of fluctuation of 0.5 and the lower image is
strongly correlated with a normalized scale of fluctuation of 2. The finite-element model
allowed the failure surface to fail through a unique failure path along weaker material
rather than a fixed failure plane, such as circular as traditional slope stability often
assumes. The strongly correlated slope has a path of failure through a larger correlated
weak zone, whereas the weakly correlated slope has many smaller failure zones

throughout as the shown in Figure 2-6.

9c=0 - 5

Figure 2-6: Random field realization and finite element mesh for differently correlated
slopes. The normalized scale of fluctuation is 0.5, which is weakly correlated, and 2,
which is strongly correlated, for the upper and lower figures respectively. (Griffiths and

Fenton 2004)
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A parametric study of the probability of failure was performed by Griffiths and Fenton.
They found that the scale of fluctuation can either increase or decrease the probability
of failure depending on the coefficient of variation of the soil as shown in Figure 2-7.
For their study, failure was defined as a factor safety less than one in a homogeneous
slope, which occurred for the given slope geometry at a normalized mean shear strength
of 0.17. Therefore, in the reliability study, failure was defined as any realization that
created a probability that the mean normalized shear strength would be less than 0.17.
The coefficient of variation that caused the mean normalized shear strength to be 0.17
in the random finite-element method was determined to be 0.65 and that would cause a
probability of failure equal to 0.38. As can be seen in Figure 2-7, increasing the
variability in the soil mass by increasing the coefficient of variations, V., increases the
probability of failure at all scales of fluctuation. A uniform soil mass is represented by
a large scale of fluctuation, 0., with an upper limit of infinity. For this example, less
variable cases, with V.less than 0.65, creates a greater probability of failure in soil
masses that are strongly correlated than lesser correlated soil masses. This is because
weakly correlated structures do not readily allow weak elements to connect to cause a
weaker failure surface; therefore, such a case would be less likely to fail than a more
uniform case. Conversely, cases with greater variation, such that the V. is greater than
0.65, the uniform case of 6. equal to infinity underestimates the probability of failure.
With greater variation in the soil parameters, the authors suggest that the much weaker
elements in poorly correlated soil masses dominate the strength and cause failure more

often.
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Figure 2-7: Assuming an infinite scale of fluctuation, 8., the probability of failure, pys, will
be overestimated in this example if the coefficient of variation, V., is below 0.65.
Conversely, the probability of failure will be underestimated in a case with a coefficient

of variation above 0.65 if a homogeneous soil mass (infinite @.) is assumed.

While the parametric study is useful for evaluating the effects of various properties,
practicing engineers must evaluate the site materials using actual laboratory or in-situ
measurements. Slope stability analysis requires the input of the shear strength of the
material. Undrained shear strength can be estimated indirectly using the measurements

obtained from CPT soundings using Equation 3 (Robertson 2013).
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Sy = (Qt - Uvo)/th Eqn. 3

where sy is the undrained shear strength, g it the corrected cone tip resistance, Oy, 1S the
total vertical stress, and Nk is the cone factor chosen based on soil stiffness, OCR and

soil sensitivity. The cone factor can be estimated by Equation 4:
Ny = 10.5 + 7 log(F,) Eqn. 4
where F; is the normalized friction ratio.

Since the shear strength is a function of both the cone tip resistance and the friction ratio,
consideration of the correlation of both measurements would need to be considered when
analyzing the reliability of a slope. Also, consideration that a transformation uncertainty
is introduced into the analysis when using an indirect measurement from the CPT data is

important as it adds an additional source of uncertainty.

2.12 Luo & Juang

While Griffiths and Fenton’s study clearly illustrates the effect of the scale of fluctuation
as a measure of soil correlation in slope stability; these concepts could also be applied to

other geotechnical projects, such as drilled shafts and piles.

Luo and Juang (2012) reported a new approach to incorporate spatial variability into the
design of drilled shafts in loose sand. The variability in the friction angle for the side and
tip resistance was estimated using the first-order reliability method using spatial averages
and a spreadsheet instead of the more complex random field modeling. Spatial averages
use a variance reduction factor, which is a function of the scale of fluctuation and the

depth interval, to adjust the variance of the soil measurement to account for correlation.
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A parametric analysis was performed to determine the effect of the scale of fluctuation
and coefficient of variation of the angle of internal friction; therefore, all other parameters
were constant. As shown in Figure 2-8, the coefficient of variation, was set at 0.10, 0.15
and 0.20 and the scale of fluctuation, 8, ranged from 0.5 m (1.6 ft) to 100 m (328 ft). The
authors indicate that typical range for the vertical scale of fluctuation in soil is

0.5 to 3 m (1.6 to 9.8 ft). The largest values of scale of fluctuation represent a very
strongly correlated or uniform field. If variability and correlation is ignored, a
homogenous, uniform field of properties is usually assumed. Therefore, the largest values
of the scale of fluctuation shown in Figure 2-8 can be considered to be equivalent to the
results of a uniform soil profile. The plot shows an increase in the probability of failure
for drilled shafts as the scale of fluctuation increases or the soil profile becomes more
correlated. Therefore, the actual probability of failure may be far less than would be
calculated in a reliability analysis ignoring the scale of fluctuation. This would likely
result in an overly conservative and more expensive design. The authors also examined
minimal depths of embedment to achieve a given probability of failure and found that as
the scale of fluctuation was increased, which moves the soil mass closer to uniformity,
the required depth increased. For example, to achieve the same probability of failure, at a
set diameter of 0.9 m, the required depths for scales of fluctuation of 0.5 m, 3 m, and
infinity were 4.8 m, 5.8 m and 6.2 m, respectively. Therefore, unless the soil profile is

strictly uniform, the depth could be overdesigned by nearly 30%.
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Figure 2-8: Probability of failure for the Ultimate Limit State versus the Scale of

Fluctuation for drilled shafts in sand. (from Luo and Juang, 2012)

While Luo and Juang’s study examined the correlation of the angle of internal friction,
similar reliability studies could be performed using the correlation results from Sutton’s
thesis to similarly determine deep foundation capacities as correlations have been
established using CPT measurements as direct methods for estimating pile resistance
(Eslami and Fellinius 1997). The Schmertmann and Nottingham method uses the sleeve
friction and cone resistance to estimate the unit shaft resistance and unit toe resistance

using the Equations 5 and 6 (Eslami and Fellinius 1997).
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s = K Eqn. 5

where 15 is the unit shaft resistance, K is a dimensionless coefficient, and f; is the sleeve

friction.

. = NS, Eqn. 6
dc
Sy = Ne Eqn. 7

where 1y is the unit toe resistance, N¢ is the bearing capacity factor, Sy is the undrained

shear strength, qc is the cone resistance, and Ny is a dimensionless coefficient.

2.13 Summary

Uncertainties in soil properties are inevitable in geotechnical engineering, but tools are
available to systematically and logically deal with these unknowns. A great deal of
study has previously been performed to attempt to specify and categorize potential
errors in geotechnical measurements as summarized by Ding and Baecher & DeGroot.
While good testing protocols, ample measurements, and an understanding of physical
trends affecting these measurements are essential, inherent variability will always exist
as a source of uncertainty. The objective of this study was to determine the scale of
fluctuation of both the friction ratio and cone tip resistance of CPT soundings to help
engineers become aware of the existence of the correlation in these measurements. The
scale of fluctuation indicates the thickness of a soil layer with similar or correlated

properties.
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To better quantify this uncertainty, researchers have attempted to collect typical values
of these inherent variabilities as reported by statistical parameters, such as mean,
standard deviation, coefficient of variation, and correlation length as in Kulhawy et al.
(1995). Limited data exist for the scale of fluctuation, also known as the correlation
length. Typical values are useful for planning site investigations, estimating

preliminary designs or designs based on limited data.

Large quantities of data are obtained by measuring the cone tip resistance and sleeve
friction from a cone penetration test (CPT). CPT is gaining popularity and is a reliable
in-situ test as described by Robertson. Lloret-Cabot created a method for estimating the
scale of fluctuation with many or few soil property measurements. With large number
of data points, there was no difference in their new method and simply fitting the
autocorrelation model to the data as explained in Section 3.9.

Some studies have determined that the cone tip resistance is more correlated, as shown
by a larger scale of fluctuation values, than the friction ratio for CPT.

Firouzianbandpey et al. and Uzielli et al. explain that the volume of soil impacted by the
cone tip is greater than that impacted by the sleeve friction; therefore, several
measurements would include some of the same soil volume for closely spaced

measurements.

Reliability studies, such as Griffiths and Fenton’s, performed using random-field finite
element procedures highlight the effect that correlation of soil properties have on the
behavior and ultimately the performance of geotechnical projects. Ignoring the
correlations of a given soil measurement or property could potentially be

unconservative. Conversely, the reliability study by Luo and Juang show that ignoring
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the correlation of soil properties would cause drilled shaft design to be

overconservative.

The issue of soil variability and correlation is complex and requires further study.
Sutton’s thesis attempts to provide a set of typical values for the vertical scale of
fluctuation at a sandy site for CPT measurements since few values have been provided
in the literature. Also, as reliability analyses become more commonplace, there is a need
for greater understanding of the complex nature of soil properties and their variation.
This variation can be described using statistical parameters, including the scale of
fluctuation. The scale of fluctuation is not a common property among practicing
geotechnical engineers, and its importance is not widely recognized. Therefore,
Sutton’s thesis also seeks to analyze the difference in the scale of fluctuation for two
different CPT measurements and introduce why the correlation of such parameters is

important to successful and economical projects.
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3.0 MATERIALS AND METHODS

3.1 Introduction

Quantifying the inherent variability for geotechnical properties requires an
understanding of statistical properties such as the mean, standard deviation and scale of
fluctuation. Less study has been reported on the scale of fluctuation as large quantities
of data are required. Sutton’s thesis performed the necessary computations to determine
the vertical scale of fluctuation for an alluvial site. This information is useful to help
engineers become aware of the variability of these measurements. The scale of
fluctuation indicates the thickness of a soil layer with similar or correlated properties
when measurements are modeled as a random field to identify the spatial variability.
Data points can be expected to be similar within the vertical scale of fluctuation length.
Conversely, data points farther apart than the length of scale of fluctuation will not be
correlated. As the scale of fluctuation approaches zero the expected values of
measurements will be uncorrelated or random. As the scale of fluctuation increases and
approaches infinity, all measurements would be expected to be uniform. Previous
studies indicate that, for an assumed homogeneous soil layer, the friction ratio has a

smaller scale of fluctuation than the cone tip resistance.

As mentioned above, relatively large quantities of data are required for meaningful
statistical analysis. Traditional geotechnical site investigations often employ infrequent
sampling, such as every 2 to 5 feet depth. Such data are not close enough to assess the
scale of fluctuation, since typical values of the scale of fluctuation are less than 5 feet;
therefore, the number of data points is insufficient to estimate the scale of fluctuation

statistically. The increased popularity of cone penetration testing (CPT) allows for the
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measurement of many more data points. Measurements can be recorded every couple

inches, which is likely close enough to capture the scale of fluctuation.

The detailed site investigation of a coal combustion residuals landfill in central
Missouri, contained not only closely measured cone penetration data, but also many
soundings to allow for a thorough analysis of the large 400-acre site. This large
quantity of data is ideal for statistical analysis to compare to previous research. The
quantity of data allowed for relatively computationally straight forward analysis as
detailed below. The scale of fluctuation value was selected that best fit the field data to

the exponential model.
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3.2 Site Description

The current study evaluates the variability of a primarily sandy site located in central
Missouri in Franklin County in Labadie, Missouri, which is approximately 40 miles
southwest of Saint Louis, Missouri. The 400-acre site is the location of the Labadie
Power Plant Utility Waste Landfill for Ameren UE (Figure 3-1). The data were obtained
in 2009 as part of a detailed site investigation (DSI) performed according to the Missouri

Department of Natural Resources (Gredell and Reitz & Jens 2011)

Building the coal combustion residuals landfill required a thorough hydrological
assessment of the alluvial deposits, which included cone penetration tests. The site is
located south of the Missouri River. The detailed site investigation (DSI) indicated that
the site is within “an area of Holocene-age alluvial deposits largely derived from the
Missouri River which lies within 1,400 feet of the northwest corner of the site” (Gredell
and Reitz & Jens 2011). The site was relatively flat crop land and is comprised primarily
of sand and gravel with some silt and clay. These alluvial deposits are generally about
100 feet thick overlying bedrock comprised of sandstone and dolomite. The bedrock
formation is Joachim Dolomite, St. Peter Sandstone, Cotter-Jefferson City Dolomite or
Powell Dolomite. Groundwater at the site is generally less than 20 feet below the surface
and flows through the permeable sand and gravel as an unconfined aquifer. The
depositional process was determined as fluvial due to its proximity to the Missouri river,
both past and present positions. Fluvial deposits consist of “channel-filled sands and
gravel bars, natural levees, crevasse splays, channel lag, floodplain, flood basin and cut-

off meanders” (Gredell and Reitz & Jens 2011). The DSI indicates that historic
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documents suggest a northward movement of the Missouri river which left filled-in

channels and cut-off meanders.

d 80°2H°€ 6002/b1/5 "TOL “BMD dVW-I0T-3LIS- IS0\ JIAVEY 1 N-NABMVASPIOC O\ Seus .
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Figure 3-1 The site for the proposed utility waste landfill shows its close proximity to the

Missouri River, which indicates alluvial composition (Gredell and Reitz & Jens 2011)
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3.3 Site Investigation

The detailed site investigation included 97 piezometers, 22 geotechnical borings, and 93
CPT soundings completed in 2009 as part of a preliminary investigation. The locations
were evenly spaced throughout the site as shown in Figure 3-2 using a global positioning
system device. The borings and soundings were used to determine soil characteristics
and depositional trends (Gredell and Reitz & Jens 2011) and the piezometers were used

to assess the ground water characteristics.

3.4 Site Geology and Soils

The large number of borings provided a detailed assessment of the soils at the site. The
soil is mostly sand, then gravel and silt and the smallest soil component is clay. The
sand is “very fine- to very coarse-grained sequences spanning almost the entire depth of
investigation to intervals of thin, discontinuous, relatively fine-grained material marked
by a high degree of interbedding with silt and clay” (Gredell and Reitz & Jens 2011).
Generally, the gravel layers were sandy gravel, as pure gravel was only found in a few
locations. Overlaying the sand layers are 7-10 feet of silt and clay at the ground
surface. These fine-grained soils varied from homogeneous layers to finely interbedded
silt and clay layers. Also, interbedded with sand on the site at deeper depths are high
plastic clay layers which were described as “gley”-colored, which is greyish blue. The
DSI indicates that these “gley”’colors were the results of anaerobic conditions where
iron was chemically altered in “backswamp areas or within isolated, cut-off meander

loops of a river” (Gredell and Reitz & Jens 2011).

These soil layers varied throughout the site as shown in cross-sections from the DSI

presented as Figures 3-3 to 3-5. The results from a typical CPT sounding is shown in
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Figure 3-6 and all CPT logs are provided in Appendix A. Generally, the soils became
less fine grained with increasing depth. “This vertical sequencing is typical of fluvially
derived sediments deposited during the ebb and flow of flood events or during shifts of
the main channel and associated tributaries and reflects the fact that the investigative
area resides within a portion of the pre-channelized drainage pattern of the Missouri

river alluvial plain” (Gredell and Reitz & Jens 2011).

The geology was described in the DSI (Gredell and Reitz & Jens 2011).

“Regionally, the Labadie area is located along the northeastern limits of the
Ozark Plateau Physiographic Province. This province typically marks the
extent of the CambroOrdovician age outcrops constituting the “Ozark Hills”
and transitions to the north into geologically younger rock formations
assigned to the Mississippian and Pennsylvanian Systems, regionally known
as the Glaciated Plains. The Missouri River marks the approximate boundary
between these two provinces and is, in essence, an ice-marginal stream
delineating the approximate southernmost extent of glaciation during the most
recent glacial epochs. The site is located within the alluvial plain of the
Missouri river. This area essentially has the configuration of a large river-
marginal or point bar deposit that has accreted along the south side of the river
valley as the main channel of the Missouri River progressively migrated

northward away from the site.”

Cross-sections from the DSI (Gredell and Reitz & Jens 2011) divide the stratigraphy

into five categories: channel deposits, channel margin/splay deposits, flood plain/levee
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deposits, flood basin deposits and backswamp/cut-off deposits as shown in Figures 3-3
to 3-5. Channel deposits generally are comprised of well-graded, coarse to very coarse
sands with trace to abundant gravel created as bar deposits. Channel margin/splay
deposits are similar to channel deposits but with smaller, medium grain size sand that is
poorly graded with less gravel. Channel margin/splay deposits were created along the
edge of channels where the current was slower or deposited during a flood. Flood
plain/levee deposits are categorized as poorly-graded fine-grained sand that is relatively
thick and homogeneous and is the most common type of deposit encountered at the site.
CPT soundings describe this deposit as sand, sand to silty sand, or silty sand to sandy
silt. The layers were deposited during river flooding. Results of a typical sounding is
shown in Figure 3-7. Flood basin deposits consist of silt and clay with thin sand layers
at the ground surface. They were deposited during “low-energy/high sediment loading
seen in the backwaters of major flood events” (Gredell and Reitz & Jens 2011). Finally,
backswamp/cut-off deposits consist of highly variable thin, interbedded layers of sand,
silt, and high plasticity clay that is “gley” colored, which indicated an anaerobic

condition.
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Figure 3-2 Boring and sounding locations and cross-sections (Gredell and Reitz & Jens
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Figure 3-4 Site Stratigraphy: Cross-Section F-F' (Gredell and Reitz & Jens 2011)
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3.5 Soil Identification and Classification

Cone Penetration Tests were performed throughout the site according to standard
ASTM D 577807, and measurements were recorded every 2 cm. CPT Pro software was
used to classify layers greater than 0.5 feet as one of nine soil behavior types according
to the normalized cone tip resistance and friction ratio as shown in Figure 3-7

(Robertson and Cabal 2015, Robertson 1990, Robertson 2016).

According to Robertson (1990), the CPT classification charts cannot classify soils based
on the composition, as in the Unified Soil Classification System which includes grain
size and plasticity. The Robertson classification charts classify soil based on behavior,
such as “strength, stiffness, compressibility and drainage” of soils near the advancing
probe (Robertson 1990, 2016). While the 1990 Robertson method maintains
composition-based labels, such as sand and clay, Robertson suggests a transition to
more behavior-based labels, such as clay-like — contractive, transitional and sand-like —
dilative (2016). Additionally, Robertson (2016) recommends using classification charts
with the normalized cone tip resistance and friction ratio instead of classifying with By
and normalized cone tip resistance as measurements of u,, which is the pore water
pressure behind the cone tip, are sometimes not as reliable due to a lack of saturation.
Therefore, in this thesis, the homogeneous soil layers were determined with the
normalized cone tip resistance and friction ratio as shown in Figure 3-7. The Robertson
1990 classification system is more reliable than the previous Robertson 1986
classification system as it accounts for the stresses by normalizing the data as discussed
below. In order to compare past research and the original detailed site investigation,

this paper will use traditional soil classifications: gravel, sand, silt and clay.
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After obtaining homogeneous soil units, as classified by Robertson 1990, layers thicker
than approximately 4 feet were further analyzed as zero-mean random fields to find the

correlation length as discussed in Sections 3.6 through 3.9.
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Figure 3-7 Robertson Classification 1990 Chart from Robertson and Cabal (2015).

1. Sensitive Fine Grained 5. Sand Mixtures — Silty Sand to Sandy
s Silt

2. Organic Soils -Peats 6. Sands — Clean Sand to Silty Sand

3. Clays — Clays to Silty Clay 7. Gravelly Sand to Sand

4. Silt Mixture — Clayey Silt to Silty 8. Very Stiff Sand to Clayey Sand

Clay 9. Very Stiff, fined grained
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3.6 Normalizing Data for Statistical Analysis

CPT data have a non-linear relationship with overburden stress (Moss et al. 2006, Uzielli
2005a), and this trend should be removed before statistical analysis can be performed.
Cohesive soils are affected by the overconsolidation ratio and cohesionless soils are
affected by the relative density, lateral earth pressure, angularity, compressibility and
crushing strength (Moss et al. 2006). The data can be considered as the sum of the
assumed trend and a random component combined to create the actual data shown by
CPT as shown in Figure 3-8 (Phoon & Kulhawy 1999, Jaska 2007). Removal of the
trend will transform data into a random field, and failure to remove the trend can affect
the statistical analysis. The final data set is a function of the removed trend; therefore,
the assumed trend should be clearly defined and preferably have some justification in the
physical realm as opposed to a mathematical manipulation. If the depth of the analysis is
small, the difference in soil properties with depth may be negligible (Kulhawy et al.

1995).

Investigating the study of the effects of overburden on field testing data began with
research by Olsen, who used databases of sand chamber tests and clay field tests to
discern a relationship (Moss et al. 2006). Later Robertson and Wride made further
refinement and the relationship is shown in Equation 8. Sutton’s thesis maintained the
exponents assigned to soil types as in Robertson & Wride’s 1998 publication,
“Evaluating Cyclic Liquefaction Potential Using the Cone Penetration Test.”
Firouzianbandpey corrected their measurements according to Equation 8 and suggests

this method is used in most studies (2014).
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To apply this overburden correction the soil layer must be homogeneous because the

exponent, n, varies by soil type (Moss et al. 2006).
_ (4c _ (Pan
qon =(5)Co. Co=() Eqn. 8

where gcin is the normalized cone tip resistance, qc is the measured cone tip resistance,
Cq is the correction for overburden stress, n is 0.5, 1.0, and 0.7 for cohesionless, cohesive
and intermediate soils, respectively, oy, is the effective vertical stress and P, is the

atmospheric pressure.
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Figure 3-8 Variation in Soil Properties from Phoon and Kulhawy (1999)
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At shallow depths the effective stress is low, and the value of Cq increases unreasonably.
Originally, according to Robertson and Wride, the upper limit for Cq was 2 at low
effective stresses (1998). According to Youd and Idriss (2001), the upper bound for Cq
was amended to 1.7 by National Center for Earthquake Engineering Research workshop
consensus as a more reasonable limit, which was followed in this thesis.
Firouzianbandpey states that limited research has been done on stress normalized CPT

data (2014).

Also, the friction ratio was normalized for overburden stress using Equation 9:

Normalized friction ratio (Robertson, 1990):

Fp=—— Eqn. 9

where f is the pore water pressure corrected friction measurement, g is the pore water

pressure corrected cone tip resistance, and Oy, is the total overburden stress.

Individual CPT soundings from this study were “time-invariant” as defined by Kulhawy
et al. (1995) and each sounding wa completed within one day. All CPT soundings were

completed from October 22, 2009, to December 28, 2009.

3.7 Random Fields

After the data were normalized for physical trends, it was converted to a random field
with stationary mean and variance. The data were normalized to have a mean equal to
zero and a standard deviation equal to 1 using Equation 10 (Firouzianbandpey et al.

2014):
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xl = 2= Eqn. 10

where x; is the normalized data point, x; is the original data point, my is the average or

mean value, and Ox is the standard deviation.

A random field is described by the COV and scale of fluctuation (Phoon & Kulhawy
1999). Phoon et al. (2003) state that the “fluctuating component is typically assumed to
be statistically homogeneous or stationary without rigorous statistical verification” but if
the soil layer is not truly statistically uniform then a bias can be introduced into the
profile. Phoon et al. 2003 created a modified Bartlett test using Monte Carlo simulation to
check the uniformity of a soil layer. Using statistical analysis could provide a logical

method for dividing soil into homogeneous layers (Phoon et al. 2003).

3.8 Basic Definitions

After homogeneous soil layers were normalized, the following calculations were

performed to determine the statistical properties.

Average or mean, myx, represents the best estimate of a soil property (Baecher and
Christian 2003). In Equation 11, x; represents the data collected and n is the number of

data points.
1
my = (>) DX Eqn. 11

Standard deviation, Ox, represents the uncertainty of a soil property (Baecher and

Christian 2003).

Ox = ’—Z(xi;mﬂz Eqgn. 12
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Coefficient of variation, COV, which estimates the relative dispersion (Baecher and

Christian 2003).

cov ==& Eqn. 13

my

Variance, Var(X), which represents the average scattering from the mean
Var(X) =% L(x; —my)? =02 Eqn. 14

Scatter among data points can be described with the above basic statistical parameters,
but variability can be further described with the correlation coefficients and scale of
fluctuation. Correlated data tends to be all above or below the trend line (Nie et al. 2015).
According to Lloret-Cabot et al. (2014), the scale of fluctuation “describes the spatial
variability of a soil property in a random field.” Data points can be expected to be similar
within the length of the scale of fluctuation. Conversely, data points farther apart than
the length of scale of fluctuation will not be correlated. As the scale of fluctuation
approaches zero all points are uncorrelated. As the scale of fluctuation increases and
approaches infinity, all data points in the field are uniform. Knowing typical values for
the scale of fluctuation could help engineers estimate soil properties at nearby locations

that were not sampled or tested during a site investigation.

Together the variance and correlation can help engineers better understand data from in-
situ testing. Figure 3-9 (Baecher & DeGroot 1993) shows the relationship between
variance, denoted 02 in Figure 3-9, and correlation length, which is labeled r,. High
variance from the trendline shows a greater range of values and low variance indicates

that the data fall with a range of values more closely following the trendline. A large
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scale of fluctuation (high autocovariance distance) shows that values are similar to values
at nearby locations, and a soil layer with small scale of fluctuation (low autocovariance
length) are not similar to nearby locations (Baecher & DeGroot 1993, Phoon et al. 2003).
Soils deposited at similar times in similar ways are likely to be correlated with nearby

measurement points.

Y (X)

Low o2

T(X)

Variance

™ o~

e/

High o2

Lowr, Highrg,

Autocovariance Distance

Figure 3-9 Relationship of Correlated Data from Baecher & DeGroot (1993)

58



3.9 Autocorrelation Function

While the variance can describe the behavior of one set of data, the covariance describes
the relationship between two sets of data. Due to the relative ease of computations,
moment estimators were used for this study. Basic statistical descriptors are used to
estimate the covariance of two sets of data, X; and X». Since the current research
contains large numbers of data points closely sampled, the traditional method of simply
fitting a model to the data is deemed appropriate and the method suggested by Lloret-

Cabot (2014) need not be used.

As shown in Equation 15, dividing the covariance by the standard deviations make the

covariance into the dimensionless coefficient of correlation, pxix2, between X; and X».

Pxyx, = CovlXs Xs] Eqn. 15

0102
where ois the standard deviation of the data set.

Since the standard deviation of the data set is defined by:

— 2
o= /Z(XTm) Eqgn. 16

Where X is the data point, n is the number of data points in the layer, and m is the mean.

Since the data are assumed to be stationary with a constant mean and standard deviation,

the equation simplified to assume that g; equals ¢, so:

0,0, = =1 — Eqn. 17
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The covariance can be written as:

Cov[Xy, X,] = 2 m)Kemm) Eqn. 18

n

Therefore, the correlation coefficient is

— XX -m)(Xp-m)
Prvxe = "5 -my?

Eqgn. 19

60



0.8

0.6

0.4

0.2

-0.2

-0.4

Autocorrelation Function

-0.6

-0.8

Cone Tip Resistance
Sounding: C-13 Depth: 8-14 ft

'\
\
\
\ _
1 0=11ft
A rg =0.20
\ R2=0.98
\ Field Data
0 5 2 3 4 5 6 7 Exp Model
Lag, T (ft)

Figure 3-10 Typical Results - Cone tip resistance with Scale of Fluctuation Equal to 1.1

feet

Autocorrelation Function

0.2 & 7
0.4
0.6

Friction Ratio
Sounding: C-13 Depth: 8-14 ft

6 =03 ft
ry = 0.20
R2=0.99

@® Field data

e Fxp Model

-0.8

Lag, T (ft)

Figure 3-11 Typical Results - Friction Ratio with Scale of Fluctuation Equal to 0.3 feet

61



Since the data being compared were the same type of data, the correlation coefficient is
termed the autocorrelation coefficient or function, as shown along the y-axis in Figures 3-

10 and 3-11.

The autocorrelation coefficient will be a number between -1 and +1. The closer to either
extreme indicates a more strongly linearly correlated relationship, negatively correlated if
-1 and directly correlated if +1 (Kulhawy et al. 1995, Baecher 1986). As the correlation
coefficient approaches zero there is no relationship between two data sets. One would
expect that data from a homogeneous soil unit would be more uniform for a given soil
property (Kulhawy et al. 1995). The following categories were suggested by Jaska et al.

(2007).

* Absolute value of correlation is greater than or equal to 0.8 — Strong correlation
* Absolute value of correlation is between 0.2 and 0.8 — Correlation exists
* Absolute value of correlation is less than or equal to 0.2 — Weak correlation and

independent points

For geomaterials, a large value for the scale of fluctuation indicates a soil which slowly
fluctuates about the trend which is a more “continuous deposit” (Jaska et al. 2007). A
small scale of fluctuation value indicates a geomaterial that varies more sporadically

about the trend (Jaska et al. 2007).

For the data at Labadie, each data point was sampled at intervals of 0.066 feet. The
distance is termed lags of 0.066-foot increments and the coefficient of correlation was
determined at increasing lags, such as 0.066 ft, 0.132 ft, 0.198 ft, 0.264 ft....H, where H

is the layer thickness.
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3.10 Scale of Fluctuation/Autocorrelation Length

After the data are transformed to a de-trended, zero-mean random field and the
autocorrelation coefficient is calculated, the data can be fit to a variety of models to
determine the autocorrelation length, also known as the scale of fluctuation. Several
models have been used in the literature, including exponential, exponential oscillatory,
quadratic exponential oscillatory, bilinear (Firouzianbandpey et al. 2014, Nie et al. 2015).
Phoon et al. (2003) and Fenton (1999a) state that the single exponential autocorrelation

model is most widely used and is shown in Equation 20.

-(E)
correlation coefficient, p(T) = € 0 Eqn. 20

where 8 = scale of fluctuation (autocorrelation length) and T = difference between two

sequences of depth, or lag.

The model is a “finite scale model” because the correlation falls to zero very quickly after
a separation distance, T, larger than 6 is reached (Fenton 1999). This can be seen an
example of typical results in Figures 3-10 and 3-11. All results used for estimating the

scale of fluctuation are provided in Appendix B.

The autocorrelation length can be calculated for all separation distances; but as the
distance increases, autocorrelation length estimates worsen (Jaska et al. 1994, Jaska
2007). Some estimate that the autocorrelation equation is only valid up to maximum lag
of less than % of the total sampling length (Phoon et al. 2003, Nie et al. 2015). As in the

research by Uzielli et al. (2005a, 2005b), this thesis only used data to estimate the
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autocorrelation lengths where an estimated Barlett limit was exceeded as described

below.

Typical plots used to determine the scale of fluctuation for the CPT sounding are shown
in Figures 3-10 and 3-11. The coefficient of determination, R?, was calculated only for
the initial part of the curves where the Bartlett limit, rg, was exceeded (Uzielli et al. 2005,

Jaska et al. 1994, Jaska 2007):

Ty = T — Eqn. 21
B Jng VN qn.

where ng is the number of data points in the homogeneous layer. Uzielli et al. (2005a)
indicate that this equation is well-accepted as the limit where the correlation coefficient
becomes unreliable and “are deemed not significantly different from zero inside the range
+/-1v.” Also, Sutton’s research followed Uzielli et al. (2005a) requirement that there
must be at least four data points where the autocorrelation coefficient was greater than rp

to deem that soil layer uniform.

The sampling distance must be smaller than the correlation length or scale of fluctuation
to calculate the scale of fluctuation correctly (Lloret-Cabot et al. 2014). If the true scale
of fluctuation is 0.1 m and the data readings are 1 m apart, then estimating the scale of
fluctuation accurately will not be possible. Also, if there is a small number of data
points, then the estimated scale of fluctuation will be less reliable than if it were

calculated with a larger number of data points according to Lloret-Cabot et al. (2014).

Uzielli et al. (2005a) stated that their study models inherent variability as “zero-mean

weakly stationary random field with finite-scale correlation structure”. Bouayad (2017)
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concurs that statistical analysis requires stationary data by removing the trend from the
field data. Stationarity indicates that the statistical properties such as autocovariance is
the same at all locations (Baecher & DeGroot 1993, Elkateb et al. 2005a). Jaska (2007)
referenced Baecher & Christian (2003) who indicate that generally soils may not truly be

stationary as statistical analysis assumes.

According to Lloret-Cabot et. al (2014) random fields are used “to model soil
heterogeneity (inherent variability) in advanced stochastic analyses.” Once trend is
removed, the data can often be considered a random field (Kulhawy et al. 1995) if several
requirements can be met. Elkateb et al. (2005a) state that the trend need not be linear.
The data are a homogeneous random variable that is statistically homogeneous if two

things are true (Kulhawy et al. 1995, Jaska 2007, Phoon et al. 2003):

1. “the mean and variance do not change with depth”
2. “the correlation between the deviations at two different depths is a function only

of their separation distance and not their absolute positions.”

Kulhawy states that if the data are detrended the first point should be met. Also, the
fluctuations should be nearly uniform (Kulhawy et al. 1995). Note that the detrended,
homogeneous data are a result of the detrending model used which, in turn, could
conceivable introduce further error or changes to the final results. Kulhawy states that
the soil property is likely uniform if the data were used from a soil layer identified as
homogeneous. For the purposes of this research, this assumption was considered true as
that is the standard procedure in engineering practice. The data were classified according
to the Robertson 1990 classification CPT method and then detrended within each

homogeneous soil unit.
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3.11 Summary

The site investigation of a 400-acre site for a coal combustion residual landfill in central
Missouri provided a large quantity of cone penetration testing (CPT) data for a statistical
variability analysis.

Nearly 100 CPT soundings were evenly spaced throughout the alluvial site near the
Missouri River. The site consisted primarily of fine to coarse sand with some gravel
layers underlying up to 10 feet of surface clays and silts deposited through the

channel and along the flood plain as the rivers path has shifted. The data from the

CPT soundings, the cone resistance and friction ratio, were analyzed using the CPT

Pro software and classified according to the Robertson 1990 system. The Robertson
1990 classification system required that the data are normalized to account for the

effects of overburden pressure.

One hundred ninety-six (196) uniform layers were initially identified, and the data from
each layer were transformed into random fields and analyzed statistically. The mean,
standard variance and coefficient of variation (COV) were calculated for each layer’s
data set. The random field of data was created by converting the data to a zero-mean,

single standard deviation data sets.

While the mean, standard deviation and COV describe the overall properties of the data
and its variability, the variability within the data can better be described by including the
autocorrelation coefficient and correlation length. The relationship between different
data points within the data set is described by the autocorrelation coefficient, which
ranges from -1 to 1. The autocorrelation length, or scale of fluctuation, indicates the
length that a data point is related to adjacent points. Points farther apart than the scale of
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fluctuation will likely be unrelated or random, while points closer than the scale of
fluctuation will likely be associated to nearby points. Therefore, the designer can estimate

the variability of a given deposit or soil type.
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4.0 RESULTS AND DISCUSSION

4.1 Introduction

The objective of this study is to determine the scale of fluctuation of both the friction
ratio and cone tip resistance of CPT soundings to help engineers become aware of
the variability of these measurements. Previous studies indicate that, for an assumed
homogeneous soil layer, the friction ratio has a smaller vertical scale of fluctuation
than the cone tip resistance. The scale of fluctuation is an indicator of the correlation
of nearby soil parameters. Data points within the vertical scale of fluctuation are
likely related to nearby locations, but data points farther apart than the length of

scale of fluctuation will not be correlated and are considered randomly assigned.

The large volume of data from the detailed site investigation at a utility waste landfill
in Missouri was synthesized into a statistical comparison between the variability in
the measurements of the sleeve friction, presented as the friction ratio, and the cone
tip resistance. The variability was represented by estimating the vertical scale of
fluctuation for the cone tip resistance and friction ratio for homogeneous soil units
(HSU). Nearly 200 soil layers were initially analyzed to fit the exponential model for
the autocorrelation function. As described in Section 3.10, homogenous soil units
with less than four points greater than the Bartlett limit or with a coefficient of
determination less than 0.9 were eliminated due to the poor match to the model.
Sixty-three layers were eliminated, but 133 soil layers were found to be a good fit

with the model.
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The final results of the analysis are shown below. The discussion of the differences
between the scales of fluctuation for the cone tip resistance and the friction ratio is in
Section 4.2. Several plots were analyzed in Section 4.3 to reveal trends in the data and to

provide insight into the measurements.

4.2 Cone Tip Resistance and Friction Ratio Contrast

As can be seen in Tables 4-1 and 4-2, analyses of the CPT data from the Labadie site
confirms previous research which states that the average vertical scale of fluctuation is
less for the friction ratio (0.5 to 0.8 ft) than for the cone tip resistance (0.5 to 1.5 ft),
except for the few clay samples where the scale of fluctuations were equivalent. This
conclusion agrees with the findings of Firouzianbandpey et al. (2014) and Uzielli et al.

(20054, 2005b).

Vertical Scale of Fluctuation for Cone Tip Resistance (ft)

=
o - N w S wn («)} ~ (o4} w0 o
Firouzianbandpey I Labadie scale of fluctuation:
Uzielli 0.5to 1.5 ft
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Kulhawy

Luo & Juang

Figure 4-1: Sutton's results are within typical literature values for the cone tip resistance.
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Figure 4-2: Sutton's results are within typical literature values for the friction ratio.

Also, these values for the scale of fluctuation for the cone tip resistance are within the
‘typical’ values listed by Kulhawy et al. discussed in Section 2.4. As shown in Figures 4-
1 and 4-2, the results from the Labadie landfill are reasonable based on reported values in
the literature. Kulhawy et al. (1995) did not provide data for estimated scale of
fluctuation for the friction ratio. Uzielli et al. (2005a, 2005b) concluded that the
normalized cone tip resistance (qc1n) was more correlated than the friction ratio (Fr) with
scales of fluctuations equal to 0.3 to 3.9 ft and 0.3 to 2.0 ft, respectively, for their study of
over 300 soundings. The study by Firouzianbandpey et al. (2014) in Denmark also stated
the same conclusion with average scales of fluctuation for normalized cone tip resistance
(gc1n) and friction ratio (Fr) of 1.6 ft and 0.7 ft, respectively. The amount of data for all
soil types, except “Clean Sands to Silty Sands (6)” and “Gravelly Sand to Sand (7)” was
too small to be conclusive. As described above, the site primarily consists of sands and

gravels.
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Table 4-1 Summary of Average Vertical Scale of Fluctuation Results for All HSU at the

Labadie UWL Site

Scale of Fluctuation (ft)

No. | Layer Thickness Normalized Cone Normalized Friction
Soil Type of (ft) Resistance Ratio
HSU
Min Max | Min | Max | Avg | Min | Max | Avg
Clays; clay to silty clay (3) 8 4.1 8.5 0.3 1.9 0.7 | 0.04 | 0.6 0.3
Clayey silt to silty clay (4) 1 4.1 0.9 -- S -
Silty sand to sandy silt (5) 2 4.1 5.0 0.5 1.6 1.1 0.5 L.5 1.0
Clean sands to silty sands (6) | 157 4.1 30.0 0.3 5.0 1.3 0.02 2.0 0.7
Gravelly sand to sand (7) 28 3.9 12.0 0.6 3.5 1.6 0.1 3.5 0.8
Total | 196

Table 1 includes all data from the 196 initial homogeneous soil units as classified by the

Robertson 1990 method. Removing homogeneous soil units (HSU) that did not conform

to the required fit of the exponential model (R? equal to at least 0.9 for at least four

points) eliminated 63 soil layers. With the poor fit layers removed, the overall result is

still the same; the friction ratio is consistently less correlated than the cone tip resistance.
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Table 4-2 Summary of Average Vertical Scale of Fluctuation Results for HSU with Fit to

Autocorrelation Model (R* > 0.9) for the Labadie UWL Site

Scale of Fluctuation (ft)

No. of | Layer Thickness Normalized Cone Normalized Friction
Soil Type HSU (fv) Resistance Ratio

Min Max | Min | Max | Avg | Min | Max | Avg

Clays; clay to silty clay (3) 2 5.2 6.0 0.4 0.5 0.5 0.5 0.5 0.5

Clayey silt to silty clay (4) 1 4.1 0.9 -- 5 -
Silty sand to sandy silt (5) 2 4.1 5.0 0.5 1.6 1.1 0.5 L5 1.0
Clean sands to silty sands (6) 108 4.1 30.0 0.3 3.6 1.3 0.1 2.0 0.7
Gravelly sand to sand (7) 20 3.9 11.9 0.6 3.5 1.5 0.3 1.5 0.8

Total 133

Firouzianbandpey et al. (2014) and Uzielli et al. (2005a, 2005b) explain that the cone tip
resistance is affected by failing a larger volume of soil than the side friction, which only

measures the resistance of the soil adjacent to the sleeve as seen in Figure 4-1. Since the

cone tip fails a larger volume of soil as compared to the sampling interval, several

readings can have similar measurements and are, therefore, correlated.

The different soil volumes affected by the CPT probe can be shown by the diagram in

Figure 4-3 which displays isolines of compression and the shear deformations of a CPT

probe pushed into air-dried fine sand. Melnikov and Boldyrev measured the

deformations shown by the particle image velocimetry technique. The research involved

driving a CPT probe into a laboratory specimen of sand while obtaining photos every 3
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seconds during the cone penetration and measuring the locations of markers attached to
the inside of the observation glass measured to the nearest 0.01 mm. Figure 4-1 shows the
areas of compression deformations on the left half of the image and areas of shear
deformation on the right half of the image. The image also shows that the volume
affected by the cone is approximately a cylinder with a radius of 4.3 times the diameter of
the probe. As can be seen, the soil volume being displaced and, therefore, stressed is
much smaller adjacent to the sleeve as contrasted to the soil volume being displaced and

measured by the cone tip resistance.
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Figure 4-3 Deformations measured from CPT: The cone measures a larger volume of
soil than the sleeve (Melnikov and Boldyrev 2014). The colored zones and numbers
represent areas of different deformations. Shear is represented on the right.
Compression is represented on the left with negative and positive values representing

areas of compression and expansion respectively.
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4.3 Trend Analysis

Data trends were analyzed to determine if trends would be revealed. Although the
measurement spacing throughout all the soundings remained constant, 0.02 m, the
number of samples varied from 61 to 468 since the total length of the assumed
homogeneous layers varied. The results for all soil types with the required best fit are
shown in Figure 4-2. No apparent trend, based on the number of samples for the cone tip
resistance or friction ratio, was revealed. Therefore, the data appear unbiased in terms of

sample length for the sampling rate employed in the investigation.

All Soil Types
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Figure 4-4 Scale of Fluctuation vs Number of Samples. No bias is apparent at any layer

thickness for both cone tip resistance and friction ratio.

While the data appear stationary when considering the sample size, broad trends can be
recognized for the CPT data at the Labadie, Missouri site when the soil types are
examined. Figures 4-3, 4-4 and Table 4-2 demonstrate that generally as the particle size

increases the average scale of fluctuation for both the cone tip resistance and the friction
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type (except soil type #5) increases. The limited data for fine-grained soils makes this

observation untenable.
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Since both the coefficient of variation (COV) and the scale of fluctuation are indicators of
variability, it would be expected that data sets with larger COV's would also have longer
scales of fluctuation. Figures 4-5, 4-6, and 4-7 show the results of the data analyses.

Both cone tip resistance and friction ratio are shown in Figure 4-5 for cohesive soils as
the quantity of fine-grained soils is very limited. Plotting any relationship between the
scale of fluctuations and COV demonstrates that there are too few data points for

cohesive soils at this site to draw useful conclusions.
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Figure 4-7: Scale of Fluctuation vs the COV. The site at Labadie, Missouri is comprised

of a few homogeneous fine-grained soil layers.

The results for cone tip resistance and friction ratio are shown for the cohesionless
soils in Figures 4-6 and 4-7, respectively. The data are too limited for ‘Silty Sand to

Sandy Silt (soil type #5) layers to draw any valid conclusions. Results from soil
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type #6, ‘Clean Sand to Silty Sand’, and soil type #7, ‘Gravelly Sand to Sand’,
exhibit an upward trend in the data for cone tip resistance in Figure 4-6. The range
of the scales of fluctuation of the cone tip resistance increases as the COV increases
for ‘Clean Sand to Silty Sand’ layers, which would indicate that as the variability of
the data increase there are some poorly correlated layers as well as some closely
correlated layers. For ‘Clean Sands to Silty Sands’, at a COV of about 45%, the
scale of fluctuation ranges from 0.4 to 3.6 ft, whereas at a COV of about 15%, the
scale of fluctuation ranges from 0.4 to 0.9 ft. For ‘Gravelly Sand to Sand’ layers, as
the variability increases, as represented by an increasing COV, the data become
more correlated and have a larger scale of fluctuation for the cone tip resistance as
shown by the best fit line in Figure 4-6. Similar trends do not appear in the data for
the scale of fluctuation for the friction ratio as shown in Figure 4-7 indicating that
the correlation of sleeve friction measurements is not affected by change in the

variability of the soil layer.
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Figure 4-8 Scale of fluctuation vs the COV of the cone tip resistance for cohesionless

soils
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Figure 4-9 Scale of fluctuation vs the COV of the friction ratio for cohesionless soils

As the mean normalized cone tip resistance increases, the soil type generally becomes
coarser whereas as the mean friction ratio increases, the soil type generally becomes

finer as shown in

Figures 4-8 and 4-9. The data were normalized to remove the effect of overburden
pressure. As mentioned above, there is insufficient data to assess the trends at this site for
cohesive soils. Results for cohesionless soils reveal no obvious trends except for soil
type #7, ‘Gravelly Sand to Sand’ and the mean cone tip resistance. For ‘Gravelly Sand to
Sand’ layers, as the mean cone tip resistance increases, the scale of fluctuation increases.
This trend would indicate increased correlation in the data as the soil layers become
denser. This trend confirms observations made in the literature. As mentioned in Section
2.10, Uzielli et al. (2006) indicate that stiffer materials cause a greater volume of soil to

fail by the advancing CPT probe. The larger volume would appear more correlated with
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closely space measurements evaluating some of the same material in consecutive

readings.
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Resistance for all soil types
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for all soil types.

4.3 Summary

The results of the statistical analysis from the CPT data at the coal combustion
residual landfill site confirms the results of previous research. The number of
statistically uniform cohesive soils on the site were too few to make any
conclusions. For the cohesionless soil types that were on site, the scale of
fluctuation of the friction ratio is less than the scale of fluctuation for the cone tip
resistance. This indicates that the cone tip resistance is more correlated and less
variable than the friction ratio. Also, this indicates that the volume of soil measured
is different for each measurement despite the fact that a single probe measures both
simultaneously. The small measurement interval for cone tip resistance measures
some of the same soil in consecutive cone tip resistance measurements, which would

make the adjacent measurements similar or correlated. Since a smaller volume of
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soil is affected by the sleeve friction measurement, the friction ratio would be less

affected by consecutive readings and appears less correlated.

No biases were observed relating to the number of samples which represents the data set

length.

Also, a few trends were noticed relating the COV and scale of fluctuation. Only the
‘Clean Sands to Silty Sand’ layers and ‘Gravelly Sand to Sand’ layers revealed a direct
correlation. Similarly, the ‘Gravelly Sand to Sand’ soil was the only soil type to show
increasing correlation, as expressed by a larger scale of fluctuation, as the cone tip

resistance increased.

5.0 CONCLUSIONS

5.1 Summary

The cone penetration test (CPT) has gained popularity as a reliable and fast in-situ testing
method. The CPT was used for a detailed site investigation for a coal combustion
residual landfill in Missouri. Ninety-three soundings provided an ideal set of
measurements to investigate the inherent variability of the alluvial site adjacent to the

Missouri River.

The data were normalized for overburden and classified according to the 1990
Robertson classification system and then analyzed statistically. Basic statistical
parameters, such as mean, standard deviation and coefficient of variation were
calculated for homogeneous layers greater than about 4 feet. Then, the data were
converted into a zero-mean random field, and the vertical autocorrelation function

was calculated and plotted for each homogeneous soil unit. The exponential model
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was chosen to fit the field data and the vertical scale of fluctuation was estimated.
Data that poorly fit the model were eliminated to obtain the final set of results as

presented in Section 4.

5.2 Conclusions

The resulting statistical analysis of the measurements from the site agree with
previous research that the correlation of the cone tip resistance measurement is less
than the sleeve friction measurement as the average vertical scale of fluctuation for
the cone tip resistance was larger than the average vertical scale of fluctuation for
the friction ratio. The average scale of fluctuation for the cone tip resistance was 1.3
feet and 1.5 feet for the ‘Clean Sand to Silty Sand (#6)’ and ‘Gravelly Sand to Sand
(#7) soil types respectively. The average scale of fluctuation for the friction ratio
was 0.7 feet and 0.8 feet for the ‘Clean Sand to Silty Sand (#6)’ and ‘Gravelly Sand

to Sand (#7)’ soil types respectively.

Also, possible trends were observed in the results. The data for ‘Silty Sand to Sandy
Silt” were too limited to note any trends. The ‘Clean Sand to Silty Sand (#6)’ exhibit
an increasing range of scale of fluctuation as the COV for cone tip resistance
increases but such trend was not observed in the scale of fluctuation of the friction
ratio. For ‘Clean Sands to Silty Sands (#6)’, at a COV of about 45%, the scale of
fluctuation of the cone tip resistance ranges from 0.4 to 3.6 ft, whereas at a COV of
about 15%, the scale of fluctuation of the cone tip resistance only ranges from 0.4 to
0.9 ft. For ‘Gravelly Sand to Sand (#7)’ layers, as the variability increases, as
represented by an increasing COV, it appears to be directly correlated to the scale of

fluctuation for the cone tip resistance as shown by the best fit line in Figure 4-6.
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As shown in Figure 4-3, the volume of soil affected by the testing is the volume
surrounding the probe with a diameter 8.6 times the diameter of the probe. The
sleeve resistance is affected by a smaller volume and is a more precise point
measurement. The larger volume affected by the cone tip resistance makes it an
average measurement. With closely spaced measurements of less than one inch,
several readings of the cone tip resistance are testing portions of the same soil
volume within the area of cone tip failure mass. The smaller scale of fluctuation of
the friction ratio indicates a weaker correlation for that measurement than that of the
cone tip resistance.

5.3 Recommendations

5.3.1 Practical Implications
Geotechnical engineers, using the CPT for determination of site parameters, should

fully understand the effect of the advancing probe and the volume of soil that is
affected by each measurement. Different failure mechanisms are being employed and
different soil volumes are being tested; therefore, the variability and correlation of the
measurements should ideally be considered independently. Therefore, greater factors
of safety or penalties could be assigned to designs making use of the friction ratio
than the factors of safety for designs dependent on the cone tip resistance values. If
designers attempt to create more economical designs, the correlation becomes more
important. As discussed in Sections 2.11 and 2.12, the combination of variability, as
represented by the coefficient of variation, and correlation, as represented by the scale
of fluctuation, can greatly affect the outcome of a geotechnical design. Conditions
with high probability of failure, such as slopes with high COV and small scale of

fluctuation, should be given higher factors of safety or lower resistance factors.
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Often both measurements, the sleeve friction and cone tip resistance, are combined
and transformed into a design parameter. As mentioned in Section 2.11, the CPT
measurements were used to estimate the undrained shear strength to analyze a slope.
No consideration was mentioned that the correlation for each measurement were
different even in a study strictly analyzing the importance of including correlation in
a reliability study. Also, the correlation in both the vertical and horizontal direction
was assumed equivalent even though Griffiths and Fenton conceded that was
incorrect. Even researchers using complex finite element models must simplify the
problem in order to solve the problem or better illustrate the project goal, which was
showing the effect of correlation on the probability of failure for a simple slope.
Ideally, the models and assumptions would closely approximate the field conditions
and would address the difference in correlation for sleeve friction and cone tip

resistance.

While probabilistic analyses are not commonplace among geotechnical engineers, the
value of such techniques is obvious and relevant as code requirements move toward
probabilistic or risk-based analyses. Uzielli et al. (2006) state that geotechnical
analyses are still primarily deterministic in practice, but modern computers provides

the power to model more complex and realistic soil profiles.

“The gap between geotechnical research and practice needs to be narrowed. It
is perhaps illusory that such gap may ever be eliminated. However, a greater

acceptance of variability as a major actor in geotechnical practice would help
reduce such gap. Reduction of the gap should occur from both sides; research

should merge the mathematical techniques and geotechnical data into a more
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readily usable format; practice should increasingly recognize the importance
of addressing data in the light of uncertainty, and accept the necessity to
acquire additional competence regarding the statistical treatment of data.
There is little doubt that a shift to an uncertainty-based perspective is taking
place. The joint effort of researchers and practitioners should aim towards a

full recognition of the benefits of such development” (Uzielli et al. 2006).

As Christian was quoted in the introduction, a good first step in understanding is
recognizing what knowledge we do not have and addressing the deficiency. Since in-
depth variability analyses are not standard practice for geotechnical engineers, the

importance of addressing the correlation of soil properties may not be recognized.

5.3.2 Suggested Further Research
While this thesis confirms previous research concerning the apparent differences in the

nature of the correlations of CPT measurements, additional research would be
beneficial. As mentioned above, data concerning the scale of fluctuation is limited.
Therefore, additional site investigations should be studied in order to assess the typical
values for the scale of fluctuation to help engineers estimate typical values in
preliminary investigations or as confirmation of site specific results. Once typical
values are understood, reliability analysis could include the effects of possible
correlation or preferably site specific correlation conditions. Discussion of variability as
reported by the statistical parameters, including the scale of fluctuation, reminds
designers of the variability of soils as naturally deposited materials and informs their

decisions when choosing design parameters.
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While more well-documented and detailed statistical analyses are needed from any
site, additional data are especially needed for cohesive homogenous soil units to
better ascertain the variability of fine-grained deposits. The site in Labadie, Missouri
did not contain sufficient homogeneous clay or silt deposits to make any useful

observations.

While the soil volumes affected by the sleeve friction and the cone tip penetration are
different, the two terms used to report the measurements are inter-related. The
friction ratio contains the cone tip resistance as shown in Eqn. 2. This definition of
the friction ratio and Robertson’s classification system requires plotting a variable
against itself on the same graph, which is erroneous (Fellinius and Eslami 2000).
Therefore, the contrast between the variability of the sleeve friction and cone tip may
not be best represented by the comparison of the friction ratio and the cone tip
resistance. While the classification of the soil type may be reliably estimated by
plotting the friction ratio and the cone tip resistance, another procedure may be
preferred to compare correlation. To more properly assess the variability and the
correlation of the soil adjacent to the sleeve, a statistical analysis should be made

directly of the sleeve friction.

Finally, the challenge of researchers to close the gap between theory and practice
remains. As the use of CPT is more commonplace, large amounts of data are easily
obtained, which allows site specific probabilistic analysis. Researchers’ advanced
mathematical and computing skills should continue to create and present probabilistic
analysis techniques for practitioners to easily apply to real world projects that either have

abundant CPT data or limited data typical or traditional geotechnical site investigations.
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Similarly, the practicing geotechnical engineer should seek to understand and assess the
variability of soil parameters, to move toward probabilistic methods and to design

projects that account for such uncertainties. The future of geotechnical engineering has
an increased probability of success if the gap between practice and research continues to

narrow as Uzielli et al. (2006) challenged over 10 years ago.
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Figure A - 6: Cone Penetration Test Sounding Log, C-23

Appendix A - 6
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Figure A - 10: Cone Penetration Test Sounding Log, C-32A
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Figure A - 16: Cone Penetration Test Sounding Log, C-46

Appendix A - 16



Figure A - 17: Cone Penetration Test Sounding Log, C-49A

Appendix A - 17
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Figure A - 20: Cone Penetration Test Sounding Log, C-60

Appendix A - 20
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Figure A - 22: Cone Penetration Test Sounding Log, C-64
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Figure A - 23: Cone Penetration Test Sounding Log, C-66
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Figure A - 24: Cone Penetration Test Sounding Log, C-66A
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Figure A - 25: Cone Penetration Test Sounding Log, C-68
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Figure A - 27: Cone Penetration Test Sounding Log, C-74
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Figure A - 28: Cone Penetration Test Sounding Log, C-76
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Figure A - 29: Cone Penetration Test Sounding Log, C-78
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Figure A - 30: Cone Penetration Test Sounding Log, C-79
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Figure A - 31: Cone Penetration Test Sounding Log, C-80
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Figure A - 32: Cone Penetration Test Sounding Log, C-81
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Figure A - 33: Cone Penetration Test Sounding Log, C-82
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Figure A - 34: Cone Penetration Test Sounding Log, C-84
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Figure A - 35: Cone Penetration Test Sounding Log, C-86
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Figure A - 36: Cone Penetration Test Sounding Log, C-89
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Figure A - 37: Cone Penetration Test Sounding Log, C-91
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Figure A - 38: Cone Penetration Test Sounding Log, C-92
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Figure A - 39: Cone Penetration Test Sounding Log, C-94

Appendix A - 39



Figure A - 40: Cone Penetration Test Sounding Log, C-96
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Figure A - 41: Cone Penetration Test Sounding Log, C-98
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Figure A - 42: Cone Penetration Test Sounding Log, C-100
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Figure A - 43: Cone Penetration Test Sounding Log, C-103
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Figure A - 44: Cone Penetration Test Sounding Log, C-105
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Figure A - 45: Cone Penetration Test Sounding Log, C-106
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Figure A - 46: Cone Penetration Test Sounding Log, C-107
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Figure A - 47: Cone Penetration Test Sounding Log, C-107A
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Figure A - 48: Cone Penetration Test Sounding Log, C-109
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Figure A - 49: Cone Penetration Test Sounding Log, C-111
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Figure A - 50: Cone Penetration Test Sounding Log, C-113
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Figure A - 51: Cone Penetration Test Sounding Log, C-117
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Figure A - 52: Cone Penetration Test Sounding Log, C-119
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Figure A - 53: Cone Penetration Test Sounding Log, C-121
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Figure A - 54: Cone Penetration Test Sounding Log, C-123

Appendix A - 54



Figure A - 55: Cone Penetration Test Sounding Log, C-125
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Figure A - 56: Cone Penetration Test Sounding Log, C-129
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Figure A - 57: Cone Penetration Test Sounding Log, C-131
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Figure A - 58: Cone Penetration Test Sounding Log, C-133
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Figure A - 59: Cone Penetration Test Sounding Log, C-135A
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Figure A - 60: Cone Penetration Test Sounding Log, C-137

Appendix A - 60



Figure A - 61: Cone Penetration Test Sounding Log, C-139
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Figure A - 62: Cone Penetration Test Sounding Log, C-139A
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Figure A - 63: Cone Penetration Test Sounding Log, C-143
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Figure A - 64: Cone Penetration Test Sounding Log, C-145
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Figure A - 65: Cone Penetration Test Sounding Log, C-145A
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Figure A - 66: Cone Penetration Test Sounding Log, C-147
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Figure A - 67: Cone Penetration Test Sounding Log, C-147A
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Figure A - 68: Cone Penetration Test Sounding Log, C-149
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Figure A - 69: Cone Penetration Test Sounding Log, C-151
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Figure A - 70: Cone Penetration Test Sounding Log, C-157
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Figure A - 71: Cone Penetration Test Sounding Log, C-157A
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Figure A - 72: Cone Penetration Test Sounding Log, C-159
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Figure A - 73: Cone Penetration Test Sounding Log, C-161
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Figure A - 74: Cone Penetration Test Sounding Log, C-163
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Figure A - 75: Cone Penetration Test Sounding Log, C-166
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Figure A - 76: Cone Penetration Test Sounding Log, C-168
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Figure A - 77: Cone Penetration Test Sounding Log, C-170
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Figure A - 78: Cone Penetration Test Sounding Log, C-172
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Figure A - 79: Cone Penetration Test Sounding Log, C-174
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Figure A - 80: Cone Penetration Test Sounding Log, C-180
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Figure A - 81: Cone Penetration Test Sounding Log, C-182
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Figure A - 82: Cone Penetration Test Sounding Log, C-184
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Figure A - 83: Cone Penetration Test Sounding Log, C-186
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Figure A - 84: Cone Penetration Test Sounding Log, C-190
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Figure A - 85: Cone Penetration Test Sounding Log, C-192
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Figure A - 86: Cone Penetration Test Sounding Log, C-194
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Figure A - 87: Cone Penetration Test Sounding Log, C-196
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Figure A - 88: Cone Penetration Test Sounding Log, C-198
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Figure A - 89: Cone Penetration Test Sounding Log, C-200
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Figure B - 1: Estimation of the Scale of Fluctuation, 8= 0.9 feet, for Cone Tip Resistance Data
from Sounding C-11, "Clean sands to silty sands (6)" layer from 18 to 20 feet depth.
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Figure B - 2: Estimation of the Scale of Fluctuation, 8= 2.0 feet, for Friction Ratio Data from
Sounding C-11, "Clean sands to silty sands (6)" layer from 18 to 20 feet depth.
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Figure B - 4: Estimation of the Scale of Fluctuation, 8= 0.3 feet, for Friction Ratio Data from
Sounding C-13, "Clean sands to silty sands (6)" layer from 8 to 14 feet depth.
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Figure B - 5: Estimation of the Scale of Fluctuation, 8= 2.2 feet, for Cone Tip Resistance Data
from Sounding C-13, "Clean sands to silty sands (6)" layer from 15 to 40 feet depth.
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Figure B - 6: Estimation of the Scale of Fluctuation, 8= 1.4 feet, for Friction Ratio Data from
Sounding C-13, "Clean sands to silty sands (6)" layer from 15 to 40 feet depth. Data is a poor fit
for the points greater than the Bartlett limit of 0.10; coefficient of determination, R?, value is
less 0.9. Therefore, these results were not included in final analysis.
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Figure B - 7: Estimation of the Scale of Fluctuation, 8= 1.3 feet, for Cone Tip Resistance Data
from Sounding C-16, "Clean sands to silty sands (6)" layer from 17 to 22 feet depth. Data is a
poor fit for the points greater than the Bartlett limit of 0.21; coefficient of determination, R?,
value is less 0.9. Therefore, these results were not included in final analysis.
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Figure B - 8: Estimation of the Scale of Fluctuation, 8= 0.9 feet, for Friction Ratio Data from
Sounding C-16, "Clean sands to silty sands (6)" layer from 17 to 22 feet depth.
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Figure B - 9: Estimation of the Scale of Fluctuation, 8= 1.2 feet, for Cone Tip Resistance Data
from Sounding C-16, "Clean sands to silty sands (6)" layer from 23 to 32 feet depth.

Friction Ratio
Sounding: C-16 Depth: 23-32 ft

5 6 =05 ft
G rg=0.17
c
2 R2=0.97
c
-8 @® Field Data
Lo
g e Exp Model
o
o -04
2
=}
< .06

-0.8

Lag (ft)

Figure B - 10: Estimation of the Scale of Fluctuation, 8= 0.5 feet, for Friction Ratio Data from
Sounding C-16, "Clean sands to silty sands (6)" layer from 23 to 32 feet depth.
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Figure B - 11: Estimation of the Scale of Fluctuation, 8= 0.7 feet, for Cone Tip Resistance Data
from Sounding C-16, "Clean sands to silty sands (6)" layer from 35 to 40 feet depth.
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Figure B - 12: Estimation of the Scale of Fluctuation, 8= 0.7 feet, for Friction Ratio Data from

Sounding C-16, "Clean sands to silty sands (6)" layer from 35 to 40 feet depth.
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Figure B - 13: Estimation of the Scale of Fluctuation, 8= 1.3 feet, for Cone Tip Resistance Data
from Sounding C-18, "Clean sands to silty sands (6)" layer from 11 to 26 feet depth.
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Figure B - 14: Estimation of the Scale of Fluctuation, 8= 0.8 feet, for Friction Ratio Data from
Sounding C-18, "Clean sands to silty sands (6)" layer from 11 to 26 feet depth.
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Figure B - 15: Estimation of the Scale of Fluctuation, 8= 2.0 feet, for Cone Tip Resistance Data
from Sounding C-18, "Clean sands to silty sands (6)" layer from 27 to 35 feet depth.
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Figure B - 16: Estimation of the Scale of Fluctuation, 8= 1.0 feet, for Friction Ratio Data from
Sounding C-18, "Clean sands to silty sands (6)" layer from 27 to 35 feet depth.
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Figure B - 17: Estimation of the Scale of Fluctuation, 8= 2.3 feet, for Cone Tip Resistance Data
from Sounding C-21, "Clean sands to silty sands (6)" layer from 11 to 16 feet depth.
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Figure B - 18: Estimation of the Scale of Fluctuation, 8= 0.3 feet, for Friction Ratio Data from
Sounding C-21, "Clean sands to silty sands (6)" layer from 11 to 16 feet depth.
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Figure B - 19: Estimation of the Scale of Fluctuation, 8= 0.8 feet, for Cone Tip Resistance Data
from Sounding C-21, "Clean sands to silty sands (6)" layer from 17 to 35 feet depth.
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Figure B - 20: Estimation of the Scale of Fluctuation, 8= 0.8 feet, for Friction Ratio Data from
Sounding C-21, "Clean sands to silty sands (6)" layer from 17 to 35 feet depth. Data is a poor fit
for the points greater than the 