
Aspects on probabilistic approach to design:

from uncertainties in pre-investigation to final design

Anders Prästings

Licentiate Thesis
Department of Civil and Architectural Engineering

Division of Soil and Rock Mechanics
KTH Royal Institute of Technology

Stockholm, 2016



TRITA-JOB LIC 2029
ISSN 1650-951X



“Trying is the first step towards failure.”
(Homer Simpson)





v

PREFACE

The research presented in this licentiate thesis was conducted between September
2013 and December 2015 at the Division of Soil and Rock Mechanics, Depart-
ment of Civil and Architectural Engineering, at KTH Royal Institute of Technol-
ogy in Stockholm, Sweden. The work was supervised by Professor Stefan Lars-
son and Dr Rasmus Müller. After some years working beside Dr Müller (then an
industrial PhD candidate), my curiosity in reliability-based design and the process
of evaluating uncertainties in geotechnical investigations grew stronger. I owe Dr
Müller much gratitude for encouraging me to continue in the field of his work.
To my main supervisor Professor Larsson, I would like to express my sincerest
gratitude for his invaluable engagement in my work and for always encouraging
discussion on the subject. In addition, I would like to thank my colleagues at the
Division of Soil and Rock Mechanics for many rewarding discussions. Last but
not least, I would like to thank my wife Frida and our son Bertil for their endless
and unconditional support.

Borlänge, November 2015

Anders Prästings



vi

FUNDING ACKNOWLEDGEMENT

The research presented in this thesis is part of the project Transparent Under-
ground Structure (TRUST) and was funded by the Swedish Research Council for
Environment, Agricultural Sciences and Spatial Planning (FORMAS) and the
Swedish Transport Administration. The work presented in paper II was funded
by Swedish International development Cooperation Agency (Sida). Special thanks
are also given to the consultant company Tyréns AB that have provided me with
both economic and practical support.



vii

ABSTRACT

Geotechnical engineering is strongly associated with large uncertainties. Explor-
ing  a  medium (soil)  that  is  almost  entirely  and completely  hidden from us  is  no
easy task. Investigations can be made only at discrete points, and the majority of
a specific soil volume is never tested. All soils experience inherent spatial variabil-
ity, which contributes to some uncertainty in the design process of a geotechnical
structure. Furthermore, uncertainties also arise during testing and when design
properties are inferred from these tests. To master the art of making decisions in
the presence of uncertainties, probabilistic description of soil properties and reli-
ability-based design play vital roles. Historically, the observational method (some-
times referred to as the “learn-as-you-go-approach”), sprung from ideas by Karl
Terzaghi and later formulated by Ralph Peck, has been used in projects where the
uncertainties are large and difficult to assess. The design approach is still highly
suitable for numerous situations and is defined in Eurocode 7 for geotechnical
design. In paper I, the Eurocode definition of the observational method is dis-
cussed. This paper concluded that further work in the probabilistic description of
soil properties is highly needed, and, by extension, reliability-based design should
be used in conjunction with the observational method. Although great progress
has been made in the field of reliability-based design during the past decade, few
geotechnical engineers are familiar with probabilistic approaches to design. In
papers II and III, aspects of probabilistic descriptions of soil properties and reli-
ability-based design are discussed. The connection between performing qualita-
tive investigations and potential design savings is discussed in paper III. In the
paper, uncertainties are assessed for two sets of investigations, one consisting of
more qualitative investigations and hence with less uncertainty. A simplified
Bayesian updating technique, referred to as “the multivariate approach”, is used
to cross-validate data to reduce the evaluated total uncertainty. Furthermore, reli-
ability-based design was used to compare the two sets of investigations with the
calculated penetration depth for a sheet-pile wall. The study is a great example of
how a small amount of both time and money (in the pre-investigation phase) can
potentially lead to greater savings in the final design.
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SAMMANFATTNING

Geoteknik förknippas ofta med massor av osäkerheter. Tänk efter, hur lätt är det
att undersöka ett medium (jord) som, till merparten är helt dolt under ytan? Geo-
tekniska undersökningar utförs i diskreta punkter och den absolut största delen
av en aktuell jordvolym testas aldrig. Alla jordar har en viss rumslig variation, vil-
ken bidrar till en viss osäkerhet vid dimensionering av en geokonstruktion. Vi-
dare uppkommer osäkerheter när sonderingar och laboratorieprovning av jorden
utförs och när jordens egenskaper härleds empiriskt från dessa tester. Att kunna
beskriva jordens egenskaper med statistiska metoder spelar en viktig roll vid be-
slut som föregås av stora osäkerheter. Historiskt sett har observationsmetoden
(ibland kallad ”learn-as-you-go-approach”), vilken har sitt ursprung från idéer av
Karl Terzaghi och senare definierad av Ralph Peck, använts i projekt där osäker-
heterna är stora och svåra att bedöma. Observationsmetoden är fortfarande högst
aktuell att använda för olika typer av projekt och definieras i Eurocode 7 som en
av fyra dimensioneringsmetoder för geotekniska konstruktioner. I artikel I disku-
teras observationsmetoden med utgångspunkt från definitionen i Eurocode 7. En
slutsats från studien är att ytterligare forskning och exempel krävs inom området
för statistisk hantering av geoteknisk data och i förlängningen även hur sannolik-
hetsbaserad dimensionering kan användas i kombination med observationsme-
toden.  Det senaste decenniet har stora framsteg gjorts inom sannolikhetsbaserad
dimensionering och främst inom statistisk hantering av geoteknisk data, dvs. ut-
värdering av osäkerheter. Trots dessa framsteg är det få i branschen som är be-
kanta med statistiska analyser och främst, nyttan av dessa. I artikel II och III re-
dovisas exempel på utvärdering av osäkerheter från olika geotekniska undersök-
ningsmetoder. I artikel III presenteras en studie på kopplingen mellan kvalitén i
den geotekniska undersökningen och potentiella besparingar i färdig konstruktion.
I studien har osäkerheterna i två geotekniska undersökningar utvärderats, varav
den ena innehåller fler borrpunkter samt kvalitativa laboratorieförsök, dvs. har
lägre osäkerhet i underlaget. I studien har en förenklad metod baserad på Bayesi-
ansk uppdatering (kallad multivariat analys) använts för att korsvalidera olika geo-
tekniska undersökningar och därigenom reducera den totala osäkerheten i un-
derlaget. Vidare nyttjades sannolikhetsbaserad dimensionering för att beräkna
nedslagningsdjupet för en enbands stålspont för de två design-underlagen. Stu-
dien är ett bra exempel på hur en liten mängd av både tid och pengar (i under-
sökningskedet) kan leda till potentiella besparingar i färdig konstruktion.
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1 INTRODUCTION

This chapter provides a background to the initiated project, in which this licen-
tiate thesis is a part of. A philosophical and theoretical background is followed
by a description of purpose, aim and limitations of the work conducted within
this thesis.

1.1 Background

As for many engineering fields, cost efficiency, is a highly important subject in
discussions with potential clients. In design of geotechnical structures, it is not
uncommon for a conflict of interest to arise between the two parties; the ge-
otechnical engineer focus on making enough investigations to feel content with
the associated uncertainties, while a client sometimes is more focused on the cost
of the investigation. Design of geotechnical structures typically include several
uncertainties. For instance, a volume of soil is almost entirely and completely
hidden from the observer, and naturally, uncertainties arise in the process of cre-
ating a geotechnical model. Design properties are inferred from investigations
performed at discrete locations in the soil and performing more, and more quali-
tative, investigations typically reduce the uncertainties in the design properties. If
the quality in the investigation, and hence reduced uncertainties, can be linked to
savings in final design, any client would be more likely to approve for additional
testing and the conflict would be resolved.

Besides from uncertainties in the design properties, the fact that a soil volume
almost entirely is hidden from the observer impose another challenge related to
visualization and communication of geotechnical data. In recent time, the indus-
try have gained increased interest in different Geo-BIM applications. If uncer-
tainties in geotechnical design properties, or even better, the savings in final de-
sign, can be visualized in a building information model (BIM), this would be ben-
eficial in the work of managing project risks, and off course, ease the communi-
cation with our clients.
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Managing uncertainties in geotechnical design (along with managing project risks)
is discussed in Eurocode 7 for Geotechnical Design (CEN 2004). Five possible
design approaches are stated therein, of which design using partial coefficients is
the most conventional. Less popular techniques are reliability-based design or the
observational method. In design using partial coefficients according to the Swe-
dish national annex to Eurocode 7 (IEG 2008), an η-factor is incorporated to
manage uncertainties in the geotechnical model and risks associated with poten-
tial failure. However, using this conventional design approach does not provide a
sufficient connection between the quality of the geotechnical investigation and
the potential savings in the final design (due to less uncertainty in the geotech-
nical model) or to the risks related to the final design.

To manage uncertainties objectively and quantitatively, one must turn to proba-
bilistic approaches, such as different reliability-based design methods or, especial-
ly beneficial, reliability-based design in combination with the observational meth-
od. “Historically the geotechnical profession has dealt with uncertainty on important projects by
using the ‘Observational’ approach; this is quite compatible with reliability-based methods”
(Myers  2005).  Reliability-based  design  allows  for  the  safety  of  a  structure  to  be
expressed as a “degree of belief”, accounting for the uncertainties in the design-
input. The observational method, sprung from ideas by Karl Terzaghi and later
formulated by Peck (1969), offers a more rational method of addressing uncer-
tainties as the practitioner can embrace a form of “active design” or, as stated by
Terzaghi, a “learn-as-you-go-approach”. The design approach can however, only
be used under certain circumstances, following specific rules and when the design
allows for changes to be made during construction.

Although techniques to solve different reliability models have existed for some
time (e.g., Cornell 1969; Hasofer & Lind 1974; Rosenblueth 1975, 1981), reliabil-
ity-based design has not been used to any broad extent in geotechnical engineer-
ing. However, more recent progress has been made by numerous authors includ-
ing Low & Tang (1997); Duncan (2000); Phoon et al. (2003); Castillo et al. (2004);
Griffiths  &  Fenton  (2004);  Goh  & Kulhawy  (2005);  Basha  &  Babu  (2008);  and
Daryani & Mohamad (2014), providing valuable procedures for solving specific
reliability problems and practical examples.

Using different types of reliability-based methods, and to get the best out of us-
ing the observational method, uncertainties in the geotechnical design properties
must be probabilistically quantified, which can only be done statistically. Charac-
terisation of geotechnical properties for reliability purposes (i.e., to determine the
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uncertainty in a design property) have been discussed by Vanmarke (1977);
Lacasse & Nadim (1996); and Phoon & Kulhawy (1999a, 1999b).

In the practical case, a design parameter and its associated uncertainty are evalu-
ated from several investigation methods; therefore, the possibility of combining
(cross-validating) data from different sources would be highly beneficial. As a
consequence, Bayesian statistics have been introduced in numerous studies, re-
cently including Ching et al. (2010, 2012); Cao et al. (2014); Cao & Wang (2014);
Müller  et  al.  (2014,  2015);  and  Wang  et  al.  (2015).  In  this  thesis  a  simplified
Bayesian updating technique (referred to as the multivariate approach, Ching et al.
2010) was used to cross-validate data from different geotechnical investigations,
to reduce the evaluated total uncertainty in a design property.

1.2 Project and thesis aim

The project aim is to develop and improve methods for the industry to assess
quality and value of geotechnical investigations. This includes objective and sta-
tistical evaluation of soil properties.  In order to make these methodologies avail-
able for the industry, the project investigate the possibility of developing tools for
calculation and visualization of geotechnical uncertainties in a Geo-BIM frame-
work.

The aim of this licentiate thesis is to highlight methodologies for determining
uncertainties in geotechnical design properties, and to extend existing knowledge
on how to connect quality in pre-investigations with final design savings. Fur-
thermore, and highly related to reliability theory, the intention is to study poten-
tial shortcomings and limitations of the observational method as stated in Euro-
code 7.

1.3 Thesis outline

The thesis consists of three scientific papers. Paper I (published) is a critical re-
view of the observational method as stated in Eurocode 7, given in the form of a
case study. Papers II and III (submitted) both provide reviews on how to deter-
mine uncertainties in a geotechnical design property. Paper II discusses uncer-
tainties in a design property for settlement prediction. Paper III presents a brief
review on determining uncertainties in a geotechnical design property and com-
bining (cross-validating) data using the multivariate approach. The essence of
paper III is, however, the comparison between two sets of geotechnical investiga-
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tions, one of which contains more qualitative investigations (less uncertainty),
and the calculated penetration depth for a sheet-pile wall in clay.

The thesis  provides  a  review based on a  literature  study and the  findings  in  the
appended papers. The review mainly consists of four chapters covering methods
for determining uncertainties in a geotechnical design property, and an introduc-
tion to reliability theory and to Bayesian statistics. Furthermore, a brief back-
ground to the observational method is given, in which the connection to reliabil-
ity-based design and Bayesian updating is discussed. Finally, concluding remarks
are presented together with suggestions for future research.

1.4 Limitations

The thesis focuses on determining uncertainties in specific properties for use in
reliability-based design of geotechnical problems. In design, the thesis provides
an example of a sheet-pile wall in clay, in which the penetration depth is probabil-
istically examined. Furthermore, the observational method applicable to high
embankment design is discussed.

The thesis provides a review on the subjects in appended papers; however, based
on the author’s judgment, some topics or connections to theories mentioned in
appended papers are addressed only briefly by reference or, if not essentially con-
tributing to the scientific purpose of the thesis, not mentioned at all. The litera-
ture review presented in the thesis also provides a brief review of topics that are
related but not directly used in the appended papers, such as a review of different
reliability models similar to the first-order second-moment reliability method
(FOSM) used in paper III.
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2 UNCERTAINTIES IN GEOTECHNICAL DESIGN
PROPERTIES

This chapter describes the different sources of uncertainty in a geotechnical de-
sign property (i.e., the input in reliability-based design), assessed from a single
method of investigation. Furthermore, random field theory and theory of vari-
ance reduction are discussed.

2.1 Description of uncertainties

In the design process of a geotechnical structure, e.g., an embankment, an exca-
vated slope or a sheet-pile wall, a site investigation is performed to determine
specific geotechnical design properties. To accurately assess the safety of a ge-
otechnical structure, one must recognize the different types of uncertainties relat-
ed to the geotechnical design properties and to the calculation procedures (i.e.,
calculation models) in which the properties are used. According to Vanmarke
(1977) there are three primary sources of uncertainties related to a geotechnical
design property: 1) inherent spatial variability; 2) experimental uncertainty (meas-
urement error) and 3) transformation uncertainty. Inherent spatial variability in
soil is caused by natural phenomena, i.e., the geological process in which the soil
is formed. A site investigation is normally performed to describe the spatial vari-
ability. However, because the design properties are inferred from a limited num-
ber of samples (at discrete points in the soil), a form of secondary statistical un-
certainty  must  also  be  accounted  for  (e.g.,  Lacasse  &  Nadim  1996;  Baecher  &
Ladd 1997; and Baecher & Christian 2003). The other primary sources of uncer-
tainty (2 and 3) are inherent from equipment, operator and random testing effects
and the process in which in-situ or laboratory measurements are transformed to a
geotechnical design property, respectively (Phoon & Kulhawy 1999a).
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Einstein & Baecher (1982) stated the following thoughtful words:

“In  thinking  about  sources  of  uncertainty  in  engineering  geology,  one  is  left  with  the  fact  that
uncertainty is inevitable. One attempts to reduce it as much as possible, but it must ultimately
be faced. It is a well-recognised part of life for the engineer. The question is not whether to deal
with uncertainty but how?”

Geotechnical uncertainties can be divided into two groups: aleatory and epistemic
(Lacasse & Nadim 1996 and Baecher & Christian 2003). Referring to previously
stated uncertainties, aleatory uncertainty relates to natural phenomena and inher-
ent or natural uncertainty (e.g., inherent spatial variability of a soil property). Ep-
istemic uncertainty is related to “lack of knowledge”, including experimental un-
certainty, transformation uncertainty, insufficient number of measurements (sta-
tistical uncertainty) and uncertainty related to calculation models. As stated by
Einstein and Baecher (1982), “One attempts to reduce the uncertainties as much
as possible”, which refers only to epistemic uncertainties. Uncertainty due to
“lack of knowledge” can, in most cases, be reduced by making more measure-
ments, improving the quality in the measurement procedure or improving the
accuracy of the calculation models. Conversely, aleatory uncertainty cannot be
reduced as it is related to inherent spatial variability in soil. One can only describe
the aleatory uncertainty as best as possible.

Expressed as the coefficient of variation COV, the total uncertainty in a soil
property  (average over some soil volume) and inferred from measurements of
a method , | , was recently formulated by Müller et al. (2014) (developed
from Baecher & Ladd 1997):

∣ ≈ , + 	 , + , + 	 , + [2.1]

where ,  is the uncertainty inherited from spatial variability that is re-

flected in the mean value determined from measurements of  ( ); ,  is

the statistical uncertainty in the determination of ; ,  is the uncertainty
inherent from measurement error reflected in the determination of ; and

,  is the uncertainty in the transformation coefficient, i.e., the coeffi-
cient used to transform  to a design parameter . Finally, there is a form of sta-
tistical model uncertainty , which often is ignored in similar studies available in
the literature.
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2.1.1 Uncertainty from spatial variability in soil
If a geotechnical site investigation could be performed so that a physical state was
precisely monitored at every location in the soil, there would be no uncertainty of
nature, only a varying nature (Müller 2013). Uncertainty inherited from spatial
variability ,  is explicitly related to the varying nature of soil, separated
from experimental uncertainty that unavoidably arise in any measurements. Jaksa
et al. (1997) mentioned that separating the experimental uncertainty ,	 	

from inherent spatial variability can be rather complicated (further discussed in
chapter 2.1.3). The ,  can be evaluated according to Müller (2013):

, = − ,	 	 [2.2]

where  is the coefficient of variation evaluated from measurements of .

Figure 2.1: Inherent spatial variability of a soil property (from Phoon & Kulhawy
1999a)
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Phoon & Kulhawy (1999a) mention that the inherent spatial variability of a soil
property  can be decomposed into a smoothly varying trend  in the direction of
depth ( ) and a fluctuation component  that represents the measurement fluc-
tuation along the trend (notations as shown in Fig. 2.1), schematically presented
as:

( ) = ( ) + ( ) [2.3]

The trend ( ) represents the average value over some soil volume and is nor-
mally evaluated deterministically with regression techniques (e.g. Baecher &
Christian 2003 and Ang & Tang 2007). The fluctuation component ( ) is  a
random variable whose probability density function PDF is  assumed to  have an
average value of zero and a constant variance. Hence, , which is determined
from the PDF and  via  the  sample  variance,  is  a  constant  value  that  does  not
change with depth, although ( ) may vary with depth. In paper III the sample
variance  is determined according to Tang (1980):

= ∑ ( ) ∑ ( ̅) [2.4]

where  ̅represents the average value of the trend ( );  is the inclination of a
the  trend  line,  presumed  linear  as  in  Fig.  2.1;  and ̅ is the mean value of the
measurements, when each measurement point is defined by its value on z. A de-
tailed description of the procedure is presented in paper III. Furthermore, the
inherent spatial variability is often modelled and described by random field theo-
ry (see chapter 2.2.1).

2.1.2 Statistical uncertainty
The variability in measurements from a single test procedure is described by its
PDF with a certain mean value and variance. As previously discussed, design
properties are inferred from a limited number of samples (at discrete points in
the soil), implying that the mean and variance are not fixed values if additional
measurements were added to a previously performed investigation (El-Ramly et
al. 2002). This fact also implies that the statistical uncertainty can be reduced to a
point at which the PDF has “settled”, i.e., when the changes in the mean and var-
iance are negligible. The statistical uncertainty ,  can be evaluated accord-
ing to Müller (2013):

, = , × ( ) [2.5]
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where ( ) is a statistical uncertainty factor for  number of measurements. In
the case of no deterministic trend, ( ) is  equal  to 1⁄ .  However,  in  most
cases the measured values of a soil property exhibit a deterministic trend, e.g., a
successive increase (or decrease) in the direction of depth, as shown in Fig. 2.1.
(e.g., Baecher & Christian 2003 and Ang & Tang 2007). Müller (2013) mentioned
that, in the case of a deterministic trend, ( ) must take into account addition-
al uncertainty in the assessment of the trend line. This suggests that ( ) must
be a variable factor in the direction of depth; if only a few measurements were
made to characterize a soil layer located in the middle of the layer, the inclination
of the trend line would be highly uncertain as a representative for a larger soil
depth. Hence, the uncertainty factor ( ) would be higher at the top and at the
bottom of the soil layer. Tang (1980) proposed the statistical uncertainty in the
assessment to be evaluated as:

( , ) = 1 + × ( ̅) [2.6]

where  is the variance of the measurements, when each measurement point is
defined by its value on z. For Eq. 2.4 and 2.6 to be valid, the sample values must
be treated as normally distributed, which may require suitable transformation,
and the sample variance must be determined from the sample values (Müller
2013). In the case of measurements that exhibit a nonlinear trend, suggestions on
nonlinear regression techniques are provided in Ang & Tang (2007).

2.1.3 Uncertainty from measurement error
Experimental error (or measurement error) arise from three main sources: 1)
equipment effects; 2) procedure and operator effects and 3) random measure-
ment error (Jaksa et al.  1997 and Phoon & Kulhawy 1999a).  While error caused
by equipment, procedure and operator effects are systematic, or biased (Lumb
1966), variations caused by random measurement error cannot be linked to in-
herent spatial variability nor equipment, operator or procedural effects (Jaksa et al.
1997). As noted in chapter 2.1.1, random measurement error is difficult to sepa-
rate from inherent spatial variability, simply because both are random variations
along the trend. Recalling the definition of ( ) in Fig. 2.1 and Eq. 2.3, the total
spatial variability of a measured property ( ) can be schematically presented as
(Orchant et al. 1988):

( ) = ( ) + ( ) 		→ 			 ( ) = ( ) + ( ) + ( ) [2.7]
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where ( ) is the total measurement error, including equipment, procedure, op-
erator effects and random measurement error. Although measurement error con-
sists of both systematic (bias) error and random error, the total measurement
error is normally treated as a random variable (Müller 2013). Similar to the statis-
tical uncertainty, the uncertainty inherited from measurement error can therefore
be reduced by performing more measurements, here denoted as the , 	:

, 	 = , 	 × [2.8]

A number of procedures are available to evaluate measurement errors, both to
evaluate  systematic  (bias)  errors  and  random  error.  A  summary  of  available
methods  and  performed  studies  are  given  in  Jaksa  et  al.  (1997)  and  Phoon  &
Kulhawy (1999a).  Phoon & Kulhawy (1999a) also summarize reported values in
the literature on measurement error for different properties and soil types.

2.1.4 Transformation uncertainty
Transformation uncertainty ,  relates to the process in which in-situ or
laboratory measurements are transformed to an appropriate design property, e.g.,
when the shear resistance measured during rotation of a field vane is translated to
undrained shear strength, . The transformation is often made by models ob-
tained by empirical data fitting or by theoretical relationships (Phoon & Kulhawy
1999b). A schematic example of a theoretical transformation model is presented
in  Fig.  2.2,  adopting  the  same notations  as  shown in  Fig.  2.1  and chapter  2.1.3.
The transformation model is normally evaluated with regression analysis, and a
scatter of datapoints occur around the trend, representing the uncertainty in the
model (pictured by a histogram of the uncertainty  in  Fig.  2.2)  and  expressed
probabilistically by, e.g., the variance  or, adopting the notations of Eq. 2.1,

, .
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Figure 2.2. Schematic example of a probabilistically evaluated transformation
model (Phoon & Kulhawy 1999b)

Therefore, even when the transformation model is evaluated directly from the
measurements, with a theoretical relationship to reference tests (e.g., triaxial tests
or direct simple shear tests), uncertainty would still be present, as pictured in Fig.
2.2 (Phoon & Kulhawy 1999b). Although several theoretical methods exists for
establishing transformation factors, Westerberg et al. (2015) mentioned that em-
pirical correlations are still needed. Westerberg et al. (2015) also presented one of
few studies focusing not only on establishing empirical transformation factors,
but also on the uncertainty in the established factors. Another study by Larsson
et al. (2007) presented transformation factors in sulphide clay, including the un-
certainty in the correlation between the liquid limit  and  for field vane tests
(FV), cone penetration tests (CPT) and fall cone tests (FC). These suggestions on

,  (presented by Larsson et al. 2007) have been used in paper III.

2.2 Random field theory and variance reduction

2.2.1 Random field theory
In chapter 2.1.1 the process of determining the uncertainty from inherent spatial
variability is discussed, including a brief explanation on how to evaluate spatial
variability based on regression techniques. However, chapter 2.1.1 lack of a dis-
cussion on the geographical fluctuation and correlation, both horizontally and
vertically, of the inherent spatial variability itself. To describe how, for example, a
soil modulus (as in paper II) may vary from point to point is of great importance
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in practical engineering (Vanmarcke 1977). To address these issues, the fluctua-
tion of a geotechnical property must be treated as a random field (Lumb 1975
and Vanmarke 1977). Each value from a measurement conducted within a specif-
ic  soil  volume  is  therefore  a  realization  of  a  random  variable  (Mwajuma  2015).
However, to make this assumption, the data must be stationary (or homogene-
ous); that is, all of the measurements must be performed in a similar geological
formation, from which the mean value and variance can be evaluated. In addition
to treating a soil volume (or geological formation) as stationary, random field
theory assumes that the soil is horizontally isotropic. This assumption implies and
introduces an order of fluctuation in both the vertical and horizontal direction.

The scale of fluctuation is the result of a correlation analysis (often referred to as
a spatial correlation structure) between two measurement points or between sev-
eral points located at a varying distance from each other. The spatial correlation
structure displays the distance at which two measurement points are dependent
on each other, i.e., have similar values. In paper II random field theory is used to
evaluate the spatial correlation structure from various investigation methods.

2.2.2 Variance reduction
Variance reduction plays a crucial role in practical engineering and, although not
mentioned in chapter 2.1.1, affects the uncertainty inherited from spatial variabil-
ity , . However, this is only true when the uncertainty is evaluated for a
structure with specific dimensions. A more general description of the uncertainty
does not include variance reduction. In paper III reduction is performed in the
vertical direction for a sheet-pile wall, simply because the structure penetrates
thorough a larger soil volume with both local “weak” zones and local “strong”
zones. The larger the structure is compared to these local averages, the higher the
reduction is. Conversely, a smaller structure is more likely to be affected by a lo-
cal “weak” zone, and therefore, the variance reduction is smaller. A more detailed
description about how the variance reduction is incorporated into ,  is
given in paper III.
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3 Bayesian updating and the multivariate approach

This chapter presents a brief introduction to the Bayesian view on statistics with
comparisons to a frequentist’s opinion. Furthermore, Bayesian updating is dis-
cussed, which the simplified updating technique “the multivariate approach” is
based upon. Plenty of information is available on Bayesian statistics. The fol-
lowing chapter consists mainly of information interpreted from Baecher &
Christian (2003), Ang & Tang (2007) and Glickman & Dyk (2007).

3.1 The Bayesian approach

The Bayesian approach to an engineering problem is more than solely determin-
ing the probability of an outcome based on a set of trials or previous observa-
tions (as in the frequentist definition of probability). Many authors use the exam-
ple of tossing a coin to distinguish the Bayesian approach from the frequentist
approach, as in Glickman & Dyk (2007). A frequentist’s approach for determin-
ing the probability of a coin toss landing heads would only consider long series of
trials, even though it would be intuitive to predict a probability of ½.  The Bayes-
ian approach, allows predictions to be made before tossing the coin, and will
therefore take the intuitive prediction of the probability into account (denoted as
á-priori or prior judgment in the Bayesian approach). Furthermore, the Bayesian
approach allows observations (or subjective judgment) to be combined with the
intuitive prediction of the probability ½. The person adopting the Bayesian ap-
proach might  say  that  the  coin  is  not  symmetric  in  a  way that  would contradict
the priori probability, thus insisting that the priori probability must be combined
(or updated) with his or her observation. According to Bayesian notations, the
combined probability is called the posterior probability in the outcome of the
coin toss. With parallels to geotechnical engineering; the Bayesian approach al-
lows for expert knowledge (judgement about the symmetry of a coin) to be com-
bined with measurements from geotechnical investigations (flipping the coin).
However, in geotechnical engineering expert knowledge is usually considered as
prior judgement, this will be further discussed in chapter 3.2. Baecher & Christian
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(2003) mention that the Bayesian approach treats the uncertainty in a probability
of an outcome as a “degree-of-belief” in contrast to the frequentist approach,
which must rely on long series of similar outcomes to determine the probability
of an occurrence.

Conditional probability is a well-known concept in statistics for calculating the
probability of an event  occurring, assuming the occurrence of events  , =
1,2, … , or equally the probability of A given , [ | ] (Ang & Tang 2007).
One method of handling conditional probabilities is by using the Bayes’ theorem,
which provides the foundation for the Bayesian approach in statistics (Bayes
1763):

[ | ] = [ | ]× [ ]
[ ]

[3.1]

where [ | ] is the probability of  occurring given the occurrence of A, and
[ ] and [ ] are the probability of A and  occurring, respectively. In Bayes-

ian statistics [ ]  and the events included in [ ]  are often described by a
probability density function PDF, e.g., the PDF of some geotechnical measure-
ments. Combining (updating) these PDFs is discussed in chapter 3.2.

3.2 Bayesian updating of a prior assumption

In geotechnical engineering, it is particularly appropriate to adopt a Bayesian view
or, even more accurately, a Bayesian definition of probability for making deci-
sions (Müller 2013). To determine the probability of a geotechnical design prop-
erty, many different sources of “beliefs” on the outcome of a particular property
must be combined, such as measurements from different investigation methods
or subjective judgments, sometimes referred to as “expert knowledge”. Bayes’
theorem allows for a probability of an outcome to be updated (re-calculated) if
new information becomes available. As shown in Fig. 3.1, in the world of ge-
otechnical engineering, one often starts with expert knowledge as prior infor-
mation, often consisting of arbitrarily chosen values, e.g., the mean shear strength
̅  in a clay is, at a guess, approximately 15 kPa and varies between 8 and 22 kPa.

These values form the prior PDF and the prior probability ′[ ̅ ]. When addi-
tional information from qualitative investigations becomes available (e.g.,  from
direct simple shear tests , ) and described probabilistically with its PDF. The
likelihood of ̅  occurring from the investigations, given the prior probability of
′[ ̅ ] can be formulated by its likelihood function [ , ̅ ]. Finally, the
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Figure 3.1. Bayesian updating procedure with reference to the example in chapter 3.2 (based on
Müller 2013)

posterior updated probability ′′[ ̅ | , ] can be calculated via the Bayes’ theo-
rem (Fig. 3.1).

Although not visible in Fig. 3.1, a partition function is also needed in the updat-
ing procedure. However, the partition function becomes independent of addi-
tional information (  in chapter 3.1) and solving the function introduces a con-
stant  that  is  further  discussed  in  Glickman  and  Van  Dyke  (2007)  and  Müller
(2013). Applications of Bayesian updating for characterization of geotechnical
properties have been presented by Zhang et al. (2004, 2009); Ching et al. (2010);
Cao & Wang (2014); Cao et al. (2014; 2015); and Wang et al. (2015). However,
using a general Bayesian updating procedure has limitations for characterization
of geotechnical properties, which is further discussed in chapter 3.3.

Christian (2004) mentioned that Bayesian statistics are closely related to the ob-
servational method. In particular, Bayesian updating techniques allow uncertain-
ties to be updated (re-calculated) as new information is put into context, this
connection is further discussed in chapter 5.

3.3 The multivariate approach (MVA)

Geotechnical interpretations of soil properties should be cross-validated from
different sources of information. This validation is usually performed intuitively
by the practicing engineer, i.e., measurements from different investigation meth-
ods show reasonably similar values and therefore the “belief” in the interpreted
design property increases. However, probabilistic description of soil properties in



16

combination with the multivariate approach (Ching et al. 2010) can quantify and
communicate the “belief” in the interpreted design property, which would be
highly beneficial in the design process.

To determine  in clay, investigations are performed and later transformed to
by pairwise correlations. The shear strength  can be directly correlated either to
a physical property in the soil, e.g., the over consolidation ratio OCR or pre-
consolidation pressure ′  (Mesri 1993), or from in-situ or laboratory measure-
ments conducted in or on the soil via an index parameter. The correlation pro-
posed by Mesri (1993) between OCR-  and ′ -  are (according to Ching et al.
2010) suitable to use as prior information in the multivariate approach. Note that
pairwise correlations for additional investigations may not be possible to incorpo-
rate in the general Bayesian updating procedure, which is why Ching et al. (2010)
proposed a simplified procedure (the multivariate approach). A general Bayesian
framework requires that only measurements at the same point or in close proxim-
ity can be updated (Ching et al. 2010). In addition, independency is required be-
tween uncorrelated measurements from in-situ or laboratory investigations and

, which explains why pairwise correlations from additional methods must be
put aside in the updating procedure. This concept is further discussed in Ching et
al. (2010) and Müller (2013).

The input to the multivariate approach is the uncertainty in the mean value of ,
̅ , determined from various in-situ or laboratory investigation methods . The

uncertainty is defined as the coefficient of variation ̅ | . For each  that is
incorporated in the analysis, the PDF is determined from its uncorrelated meas-
urements by regression analysis. A “prior” investigation method  (prefera-
bly determining values of ′  and OCR) aiming to determine ̅  is denoted
̅ |  and  is  in  the  approach  equal  to y. If x is  equal  to [ … ] , the

posterior expected mean value [ | ]  and variance [ | ]  conditional on
 can be formulated as:

[ | ] = [ ] + ( , ) × ( ) × ( − [ ]) [3.2]

[ | ] = [ ] − ( , ) × ( ) × ( , )  [3.3]

where ( )E y and ( )Var y  are the prior expected mean value and variance, respec-

tively, of y; [ ],Cov y x  is the covariance vector between y and x; [ ], TCov y x  is the
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transposed covariance vector; and [ ]E x  and [ ] 1Var x -  are the expected mean val-

ue and covariance matrix, respectively, of x.

The multivariate approach is only valid for normal distributed variables, which is
rarely the case for geotechnical measurements. Therefore, all of the measure-
ments must be transformed to a normal distribution. The posterior multivariate
undrained shear strength ̅  is determined from [ | ], through the pairwise
correlation. The posterior coefficient of variation, ̅ , is determined from

[ | ]. This approach was  used  in  paper  III  to  reduce  the  uncertainty  in ̅
interpreted from various investigation methods.
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4 Reliability theory in geotechnical design

This chapter presents the basic concept of limit state design and discusses the
motivation for using reliability-based methods. Some commonly used methods
for  computing  the  probability  of  failure  are  presented,  with  emphasis  on  the
first-order second-moment (FOSM) approach used in paper III.

4.1 Limit state design

In geotechnical practice, “safety” is addressed by analysing the relationship be-
tween the load S and resistance R. This relationship is referred to as the limit
state function in deterministic design. Due to uncertainties in the parameters
governing S and R, a factor of safety FS ( > 1) must be introduced to assure
the safety of a structure:

= [4.1]

where R and S, e.g., in the case of determining depth of penetration for a sheet-
pile wall as in paper III, can be represented by passive and active moments about
the anchor point, respectively. The uncertainty in the prediction of R and S can
vary significantly from one project to another. Some connection to the perfor-
mance of the limit state function would be highly beneficial, but this is only pos-
sible to some extent in deterministic design (considering the η-factor in IEG
2008). Doorn & Hansson (2011) argue that, in contrast to deterministic design,
reliability-based design allows for the FS to be calibrated, achieving a certain, suf-
ficiently low, calculated probability of failure related to the uncertainties in S and
R.
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4.2 Reliability models

In the last few decades, attempts have been made to replace safety factors, i.e.,
deterministic design, with reliability-based design (Doorn & Hansson 2011). Reli-
ability-based design provides a rational framework for addressing uncertainties
and provides decision-making support under uncertainties (Nadim 2003). Ac-
cording to Nadim (2003), reliability-based design can, depending on the level of
sophistication, provide the following outputs:

o probability of failure, ;
o reliability index, ;
o the most probable combination of parameters leading to failure; and
o sensitivity of results to any parameter changes.

Treating both S and R as random variables, the probability that the load exceeds
the resistance ( − ≤ 0) can be expressed as:

= [ ≤ 0] = ( − ≤ 0) [4.2]

where in reliability-based design,  is denoted as the performance function of the
input variables ( , ), which is analogous to the limit state function of FS in de-
terministic design. Furthermore, introducing the expected value [ ] and stand-
ard deviation  of F, the probability of failure is commonly expressed in terms
of a reliability index (Cornell 1969):

= [ ] [4.3]

In general, several stochastic variables ( , , … ) enter into the calculation of
the performance function in Eq. 4.1, making the probability of failure difficult to
integrate analytically. Several input variables motivate the necessary output of
finding the most probable combination of parameters leading to failure and the
sensitivity to any parameter changes. Several approximate and computer methods
are described in the literature (Baecher & Christian 2003; Ang & Tang 2007; and
Fenton & Griffiths 2008), and a few are presented below.

4.2.1 First-order second-moment reliability method (FOSM)
(Cornell 1969) proposed that the mean and variance of F could be estimated us-
ing first-order terms of a Taylor expansion, if the probability distribution of the
input variables are approximated by their “second-moment” detail level, i.e., their
means and variance. The variables in the reliability analysis is denoted
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, , … , considering the mean of the performance function  each variable
is represented by its mean value , respectively, according to:

= ≈ ( , , … , ) [4.4]

If the variables ( , , … ) correspond to some values of ( , , … , ), the
variance of the performance function  can be calculated according to:

≈ ∑ ∑ [4.5]

where ⁄  is the partial derivative at the means of (
1 2
, , ,

nX X Xm m m¼ ),  is

the correlation coefficient between variables  and , and  is the standard
deviation of . Christian (2004) mentioned that the partial derivative can be dif-
ficult to calculate directly and that an approximation can be found by increasing
and decreasing a variable by small increments.

One major advantage of the FOSM approach is that the sensitivity ia  and each

parameter’s contribution to F ( idVar ) can easily be assessed by:

= ⁄

∑ ( ⁄ )
[4.6]

and

=
( )⁄ ×

∑ ( ⁄ ) ×
[4.7]

Further information about these operations is presented in paper III, where the
FOSM approach was used.

4.2.2 First-order reliability method (FORM)
The first-order reliability method (FORM), also referred to as the Hasofer-Lind
approach, is similar to FOSM in many aspects. However, the FOSM has some
shortcomings  that  are  addressed by  Hasofer  & Lind (1974):  1)  the  result  of  the
partial derivative ⁄  depends on the value of  at which the derivative is
calculated; 2) referring to the “second-moment” of FOSM, the PDF of the per-
formance function is not assessed and needs to be assumed to evaluate  from

 (Baecher & Christian 2003 and Müller 2013). One principal difference between
the two approaches is that Hasofer & Lind (1974) proposed that the derivatives
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should be solved at a critical point on the failure surface, resulting in a geomet-
rical interpretation of the reliability index .

4.2.3 Monte Carlo (MC)
Monte Carlo simulation (MC) is a technique that, in a more or less random pro-
cess, simulates values from the PDF of the each input variable ( , , … )
and generates a number of realisations of the performance function F. Note that,
MC requires that each variable’s PDF is known, which according to Müller (2013)
may be an obstacle. Through the large number of simulated outcomes of F, ,

[ ] and can easily be assessed. The probability of failure  is basically eval-
uated as the ratio of realisations leading to failure and the total number of simu-
lated realisations.
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5 The observational method, reliability-based design
and Bayesian updating

This chapter presents a brief background to the observational method followed
by a discussion of the possibilities of combining the method with reliability-based
design and, in particular, Bayesian updating techniques.

5.1 The observational method in relation to reliability-based
design

R. B. Peck himself often refers to Terzaghi as the father of the observational
method. However, in modern times, Peck (1969) provided the definition that has
been used successfully for many years. The focus of the observational method is
on prediction and monitoring, and Peck provided a set of principles or guidelines
on how to approach the method. Powderham (2002) explained the basic idea:
“Essentially, the observational method facilitates design changes during construction and estab-
lishes a framework for risk management”. Powderham (2002) also provided a some-
what condensed definition of Peck’s principles in four points:

o commence construction with a design providing an acceptable level of risk
to all parties;

o maintain or decrease this level of risk;
o progress construction in clearly defined phases; and
o implement appropriate changes progressively and demonstrate acceptable

performance through observational feedback.

This design approach is often recommended when design is difficult to carry out
in an ordinary fashion due to a high level of uncertainty in the soil properties or
uncertainties in other influencing factors. However, as discussed by Nicholson et
al. (1999) and in paper I, the approach is far from appropriate in all projects sole-
ly because there are large uncertainties. For the observational method to work as
intended, 1) it must be possible to change the design during construction; and 2)
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the  nature  of  a  potential  failure  cannot  be  brittle,  i.e.,  it  must,  in  a  reasonable
timeframe, be possible to measure and draw conclusions on whether the con-
struction is approaching failure or not.

In recent years, the industry’s interest in the observational method has increased
as the design approach has made its way into Eurocode 7 for geotechnical design
(CEN, 2004). The design approach is therein defined by 5 paragraphs and is one
of 4 design alternatives for geotechnical structures. According to Spross (2014),
the EC7 definition requires some probabilistic considerations as different design
possibilities must be associated with a probability or “degree of belief”.

The observational method allows for a design and the safety of a construction to
be updated continuously during the construction process. That is, uncertainties in
design that are related to the behaviour of a construction, can be reduced as new
information comes to light during the construction process. According to
Christian (2004) and Müller (2013), Bayesian statistics are closely related to the
observational method. In particular, Bayesian updating techniques (used in paper
III) allow the uncertainties to be updated (re-calculated) as new information are
put into context. One major advantage of Bayesian updating techniques is the
allowance for expert knowledge to be used as prior information (see chapter 3.2).
Müller (2013) discussed the analogy between the observational method and
Bayesian updating with references to the Veda embankment in Sweden, which is
also the case for paper I in this licentiate thesis.
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6 SUMMARIES OF APPENDED PAPERS

6.1 Paper I: The observational method applied to a high
embankment founded on sulphide clay

Anders Prästings, Rasmus Müller & Stefan Larsson

Engineering Geology (2014) 181: 112-123. DOI:10.1016/j.enggeo.2014.07.003

This paper presents a case study on how the observational method was adopted
in design and construction of the Veda embankment, located in the northern part
of Sweden. The study focuses on the definition of the observational method as
stated in Eurocode 7 and compares this method to the actual implementation in
the project. The construction consists of a 16 m high embankment of crushed
rock-fill, situated on loose sediments of silt, clay and sulphide clay. Both stability
and deformation, i.e., consolidation problems, had to be simultaneously ad-
dressed in the design. The consolidation-deformation process rules the stability
calculations and therefore also the design of the counterweight beams on the side
of the embankment. To accelerate the consolidation process, pre-fabricated verti-
cal drains were installed.

The study shows that the observational method was successfully implemented in
the project. However, some deviations from the definition of the design ap-
proach in Eurocode 7 were found, mainly concerning the connotation about
probabilistic design methods. Eurocode requires there to be an acceptable prob-
ability that the behaviour of the construction will be within acceptable limits. In
design of the Veda embankment, the uncertainties in the geotechnical properties
were not evaluated and therefore a “probabilistic” description of the behaviour
was not possible. Furthermore, the acceptable limit of the construction was de-
scribed  by  a  total  factor  of  safety  (FS≥1.5)  which  is  not  sufficient  if  the  safety
margin, in accordance with Eurocode, shall be specified in a probabilistic manner.
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6.2 Paper II: Comparison of geotechnical uncertainties linked to
different soil characterization methods

Mwajuma Ibrahim Lingwanda, Anders Prästings, Dalmas Nyaoro and Stefan Lar-
sson.

Submitted to Geomechanics and Geoengineering: An International Journal, September
2014.

This paper presents a study that compares the evaluated uncertainties from cone
penetration test, standard penetration test and light dynamic probing method,
performed jointly and in parallel, to determine the oedometer modulus. This
study focuses on finding the uncertainty from natural inherited variability and
scale of fluctuation in the soil using random field theory. Furthermore, the trans-
formation uncertainty is evaluated via correlation analysis between the in-situ and
the oedometer data.

The in-situ and laboratory tests were conducted close to the main campus of the
University of Dar es Salaam. The geology at the test site consists of kaolinic
sandstone overlaid by clay-bound sands. The tests were performed in a grid pat-
tern  with  6  meter  intervals  and  at  total  of  36  points.  However,  due  to  capacity
limitations and some inconsistent results from the measurements, all three meth-
ods were not carried out at all 36 points.

Although the standard penetration test was proven to be related to the highest
total uncertainty, the magnitude from all three of the in-situ methods was rather
similar.  Not  surprisingly,  the  oedometer  test  was  related  to  the  least  amount  of
uncertainty. Furthermore, the transformation error has the highest impact on the
total uncertainty.
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6.3 Paper III: Implementing the multivariate approach in
reliability-based design of a sheet-pile wall

Anders Prästings, Rasmus Müller and Stefan Larsson.

Submitted to Transportation Geotechnics, September 2015.

This paper presents a case study on how investigation efforts can be linked to
potential design savings of a sheet-pile wall by reliability-based methods. The to-
tal uncertainty was evaluated from various investigation methods and Bayesian
statistics were used to combine (cross-validate) information to reduce the uncer-
tainty in the design parameter. This study focuses on the importance of making
qualitative investigations and the opportunity that reliability-based design gives to
incorporate “quality” into the design.

The design of the sheet-pile wall was conducted in parallel for two different sets
of investigations, one “previous” and one “additional”, of which the latter con-
tained more qualitative investigations and therefore less uncertainty. In the addi-
tional set of investigations, a Bayesian updating technique (the multivariate ap-
proach) was used to combine the previously conducted investigations with the
more qualitative investigations. For both sets, the moment of equilibrium about
the single anchor-point was studied to calculate the penetration depth.

Design with the additional set of investigations leads to a substantial reduction in
the penetration depth. This is mainly because direct simple sheer tests were in-
corporated in the analysis, which reduces the transformation uncertainty in the
assessment of the shear strength. Furthermore, the study concludes that too
many cone penetration tests were carried out in the additional set of investiga-
tions, as these did not affect the total and combined (updated) uncertainty in the
design parameter.
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7 CONCLUDING REMARKS AND FUTURE

In this chapter, the main conclusions are presented together with a brief discus-
sion of the subject. Furthermore, suggestions for future research are presented,
some closely related to the subject in this thesis and others related to a path in
connecting engineering fields.

7.1 Concluding remarks

In the present thesis, an introduction to the subjects and methodologies used in
papers II and III was presented together with a section on the observational
method, reviewed in paper I. One major conclusion from paper I is that the new
definition according to Eurocode 7 is pushing for further work in the probabilis-
tic description of soil properties and, by extension, for reliability-based design to
be used in conjunction with the observational method. Probabilistic description
of soil properties is a necessity according to Eurocode. During the planning and
design of a structure, different scenarios must be considered, and each scenario
must be appointed a probability or “degree of belief”. During the construction
phase, new information is gathered and the future behaviour of the construction
becomes less uncertain. The techniques described in this thesis (reliability-based
design in combination with the multivariate approach) can be used to update the
prognosis of the failure probability for a structure by incorporating new infor-
mation about soil properties and structure behaviour.

Papers II and III present an introduction to probabilistic description of soil
properties, whereas paper II gives a more thorough description of random field
theory and spatial correlation structures. Although assessing a probabilistic de-
scription of a soil property, i.e., determining the uncertainty, may seem like a
straightforward procedure, some limitations were encountered during the work
with papers II and III, especially concerning the assessment of the transfor-
mation uncertainty , . Both papers conclude that ,  has a large,
and often the highest, impact on the total uncertainty. In paper II ,  was
evaluated from correlation analysis between the conducted measurements and the
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sought-after property evaluated from high-quality laboratory investigations, and
therefore could be properly estimated. However, in paper III a crude assessment
of ,  in the used empirical correlations were taken from literature. In the
latter  case,  one  must  be  aware  that  some  doubt  naturally  exists  in  the  assessed
total uncertainty. This would be the case for many similar projects that do not
have enough high-quality investigations for site-specific correlations to be as-
sessed. Although several theoretical methods exist for establishing transformation
factors, Westerberg et al. (2015) mentioned the remaining need for empirical cor-
relations to be used in many projects.

Paper III used a Bayesian updating technique referred to as the multivariate ap-
proach (Ching et al. 2010). This technique can combine (cross-validate) the un-
certainty evaluated from different investigation methods. The multivariate ap-
proach enables the previously mentioned transformation uncertainty to be greatly
reduced. In paper III reliability-based design was performed on a sheet-pile wall
for one design constraint, i.e., penetration depth, for two sets of investigations
(“previous” and “additional”). Paper III clearly reveals the importance of making
efficient and qualitative investigations to characterize a soil. In the design with
“previous” investigations, few measurements were taken towards the depth and
no high-quality laboratory investigations were performed, such as direct simple
sheer tests and triaxle tests. In the “additional” investigation, additional cone
penetration tests and fall cone tests were performed and direct simple sheer tests
were added. The additional cone penetration tests and fall cone tests had little
effect on the evaluated uncertainty, whereas the direct simple sheer test signifi-
cantly reduced the uncertainty. With only a small amount of additional qualitative
investigations, the penetration depth could be heavily reduced, due to less uncer-
tainty in the investigation.

In fact, too many cone penetration test were made in the project presented in
paper III. The information above indicate that the additional cone penetration
tests had little effect on the uncertainty. If the investigations were made in the
same geological formation, the PDFs representing each investigation performed
in the previous set reveals little chance for the uncertainty to be greatly reduced,
even before additional investigations have been performed. Additional investiga-
tions can be simulated and a posterior PDF assessed  using  the  multivariate  ap-
proach. Therefore, the probabilistic approach described above can also be bene-
ficial in the design planning process. This has been presented previously by
Müller (2013). To conclude, the probabilistic description of design properties and
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the multivariate approach can incorporate “quality” as a parameter in reliability-
based design.

This licentiate thesis highlights methodologies for determining uncertainties in
geotechnical design properties, and extend existing knowledge on how to connect
quality in pre-investigations with final design savings. On this theme, probabilistic
description of geotechnical design properties have been combined with the mul-
tivariate approach and reliability-based design. Furthermore, the connection be-
tween the observational method, Bayesian statistics, reliability-based design and
management of project risks have been discussed.

The greater purpose of this work is to develop and improve methods for the in-
dustry to assess quality and value of geotechnical investigations. This licentiate
thesis focus mainly on quality in geotechnical investigations and draw ad-hoc
conclusions about the effectiveness of investigations, i.e. conclusions based on a
set of already performed investigations, for example about the unnecessary high
amount of CPTs in Paper III. However, a question we need to answer is not only
how to evaluate quality and value of geotechnical investigations but also how to
plan for such investigations.

7.2 Future research

The work with the appended papers and this thesis clearly show that further ef-
forts into reliability-based design and related fields are necessary. Listed below are
some suggestions on future research topics:

o It would be inefficient to assess the quality and value of an investigation
only when investigations already have been performed. One suggestion
for future research is to focus on guidelines and tools for planning of ge-
otechnical investigations with aid of Bayesian analyses and decision-
making theory.

o Probabilistic description of soil properties in combination with the multi-
variate approach is associated with rather complicated math, which few in
the industry have the knowledge to perform. This require research on how
the procedures, primarily the probabilistic description of soil properties,
can be put into a context, such as a program, so that every geotechnical
engineer can use them.
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o As mentioned in the introduction, in recent time, the industry have gained
increased interest in different Geo-BIM applications. If uncertainties in
geotechnical design properties, or even better, the savings in final design,
can be visualized in a building information model (BIM), this would be
beneficial in the work of managing project risks, and off course, ease the
communication with our clients. Although, closely related to pure pro-
gram development, research on how to calculate, structure and visualize
geotechnical uncertainty data would be necessary in order for the data to
conform with the Geo-BIM framework.

o Although several authors state that a strong connection exists between the
observational method and reliability-based design, case studies and exam-
ples regarding geotechnical structures are lacking. Therefore, research on
the combination of the two design approaches would be highly valuable.
One example is to use mobilized strength design (MSD) for sheet-pile
walls, with probabilistically described soil properties. The output from
MSD is a deformation in the wall, making the method convenient to use
in combination with the observational method.

o Although paper II focused on finding the uncertainties in sand and silty
sand, more research and case studies are needed on evaluating uncertain-
ties, i.e., probabilistic description on soil properties in firmer soil. In addi-
tion to large transformation uncertainties in investigations performed on
clay, the same issue exists in firmer soil and would certainly benefit from
the use of a similar multivariate approach.

o Referring to Bayesian statistics more generally, the procedure of cross-
validating investigations to reduce the inherited uncertainties can also be
used in rock engineering, such as to cross-validate mechanical properties
from crude empirical relations and laboratory investigations. Although a
bit further away from soil engineering, different types of geo-physical
methods performed to localize a rock surface can also be cross-validated
and combined with Bayesian statistics. Few examples exist from similar
studies.



33

8 REFERENCES

Ang, A.H.S. & Tang, W.H., 2007. Probability Concepts in Engineering: Emphasis
on Applications to Civil and Environmental Engineering 2nd ed., New York:
John Wiley & Sons Ltd.

Baecher, G. & Ladd, C., 1997. Formal Observational Approach to Staged Load-
ing. Transportation Research Record: Journal of the Transportation Research
Board, 1582, pp.49–52. Available at:
http://trrjournalonline.trb.org/doi/10.3141/1582-08.

Baecher, G.B. & Christian, J.T., 2003. Reliability and Statistics in Geotechnical
Engineering, Chichester: John Wiley & Sons Ltd.

Basha, B.M. & Babu, G.L.S., 2008. Target reliability based design optimization of
anchored cantilever sheet pile walls. Canadian Geotechnical Journal, 45(4),
pp.535–548. Available at:
http://www.nrcresearchpress.com/doi/abs/10.1139/T08-004.

Cao, Z. & Wang, Y., 2014. Bayesian model comparison and selection of spatial
correlation functions for soil parameters. Structural Safety, 49, pp.10–17.
Available at: http://dx.doi.org/10.1016/j.strusafe.2013.06.003.

Cao, Z., Wang, Y. & Asce, M., 2014. Bayesian Model Comparison and Character-
ization of Undrained Shear Strength. Journal of Geotechnical and Geoenvi-
ronmental Engineering, 140(6), pp.04014018–1–9.

Cao, Z., Wang, Y. & Li, D., 2015. Quantification of prior knowledge in geotech-
nical site characterization. Engineering Geology. Available at:
http://linkinghub.elsevier.com/retrieve/pii/S0013795215300491.



34

Castillo, E. et al., 2004. Design and sensitivity analysis using the probability-
safety-factor method. An application to retaining walls. Structural Safety,
26(2), pp.159–179. Available at:
http://linkinghub.elsevier.com/retrieve/pii/S0167473003000390.

CEN, 2004. EN 1997-1:2004 Eurocode 7: Geotechnical design - Part 1: General
rules, Brussels.

Ching, J., Phoon, K.-K. & Chen, Y.-C., 2010. Reducing shear strength uncertain-
ties in clays by multivariate correlations. Canadian Geotechnical Journal,
47(1), pp.16–33. Available at:
http://www.nrcresearchpress.com/doi/abs/10.1139/T09-074.

Christian, J.T., 2004. Geotechnical Engineering Reliability: How Well Do We
Know What We Are Doing? Journal of Geotechnical and Geoenvironmental
Engineering, 130(10), pp.985–1003. Available at:
http://ascelibrary.org/doi/10.1061/(ASCE)1090-0241(2004)130:10(985).

Cornell, C.A., 1969. Structural safety specifications based on second- moment
reliability analysis. Massachusetts Institute of Technology.

Daryani, K.E. & Mohamad, H., 2014. System reliability-based analysis of cantile-
ver retaining walls embedded in granular soils. Georisk: Assessment and
Management of Risk for Engineered Systems and Geohazards, 8(3), pp.192–
201. Available at:
http://www.tandfonline.com/doi/abs/10.1080/17499518.2014.937583.

Doorn, N. & Hansson, S.O., 2011. Should Probabilistic Design Replace Safety
Factors? Philosophy & Technology, 24(2), pp.151–168. Available at:
http://link.springer.com/10.1007/s13347-010-0003-6.

Duncan, J.M., 2000. Factors of Safety and Reliability in Geotechnical Engineering.
Journal of Geotechnical and Geoenvironmental Engineering, 126(4),
pp.307–316. Available at: http://jpf.sagepub.com/cgi/doi/10.1106/22AM-
UVR8-X89X-7WBO.



35

Einstein, H.H. & Baecher, G.B., 1982. Probabilistic and Statistical Methods in
Engineering Geology I. Problem Statement and Introduction to Solution. In
Ingenieurgeologie und Geomechanik als Grundlagen des Felsbaues / Engi-
neering Geology and Geomechanics as Fundamentals of Rock Engineering.
Vienna: Springer Vienna, pp. 47–61. Available at:
http://www.springerlink.com/index/10.1007/978-3-7091-8665-7_4.

El-Ramly, H., Morgenstern, N.R. & Cruden, D.M., 2002. Probabilistic slope sta-
bility analysis for practice. Canadian Geotechnical Journal, 39(3), pp.665–683.
Available at: http://www.nrcresearchpress.com/doi/abs/10.1139/t02-034.

Fenton, G.A. & Griffiths, D. V., 2008. Risk Assessment in Geotechnical Engi-
neering, Hoboken: John Wiley & Sons Ltd. Available at:
http://doi.wiley.com/10.1002/9780470284704.

Glickman, M.E. & Dyk, D.A., 2007. Basic Bayesian Methods. In W. T. Ambrosi-
us, ed. Topics in Biostatistics. Totwa: Humana Press, pp. 319–338. Available
at: http://link.springer.com/10.1007/978-1-59745-530-5_16.

Goh,  a. T.C. & Kulhawy, F.H., 2005. Reliability assessment of serviceability per-
formance of braced retaining walls using a neural network approach. Interna-
tional Journal for Numerical and Analytical Methods in Geomechanics, 29(6),
pp.627–642. Available at: http://doi.wiley.com/10.1002/nag.432.

Griffiths, D. V. & Fenton, G. a., 2004. Probabilistic Slope Stability Analysis by
Finite Elements. Journal of Geotechnical and Geoenvironmental Engineer-
ing, 130(5), pp.507–518. Available at:
http://ascelibrary.org/doi/10.1061/(ASCE)1090-0241(2004)130:5(507).

Hasofer, A.M. & Lind, N.C., 1974. Exact and Invariant Second-Moment Code
Format. Journal of the Engineering Mechanics Division, 100(1), pp.111–121.

IEG, 2008. National annex to Eurocode 7, IEG report 2:2008.

Jaksa, M.B., Brooker, P.I. & Kaggwa, W.S., 1997. Inaccuracies Associated with
Estimating Random Measurement Errors. Journal of Geotechnical and Ge-
oenvironmental Engineering, 123(5), pp.393–401. Available at:
http://ascelibrary.org/doi/10.1061/(ASCE)1090-0241(1997)123:5(393).

Lacasse, S. & Nadim, F., 1996. Uncertainties in characterizing soil properties.
Uncertainty in the Geologic Environment: from Theory to Practice, pp.49–
75.



36

Larsson, R. et al., 2007. Sulphide soil-geotechnical classification and undrained
shear strength, Swedish Geotechnical Institution: Report No 69 [In swedish],
Linköping.

Low, B.K. & Tang, W.H., 1997. Efficient Reliability Evaluation Using Spread-
sheet. Journal of Engineering Mechanics, 123(7), pp.749–752. Available at:
http://ascelibrary.org/doi/10.1061/(ASCE)0733-9399(1997)123:7(749).

Lumb, P., 1975. Slope failures in Hong Kong. Quarterly Journal of Engineering
Geology and Hydrogeology, 8(1), pp.31–65. Available at:
http://qjegh.lyellcollection.org/cgi/doi/10.1144/GSL.QJEG.1975.008.01.02.

Lumb, P., 1966. The Variability of Natural Soils. Canadian Geotechnical Journal,
3(2), pp.74–97. Available at:
http://www.nrcresearchpress.com/doi/abs/10.1139/t66-009.

Mesri, G., 1993. Discussion: Initial investigation of the soft clay test site at Both-
kennar. Géotechnique, 43(3), pp.503–504.

Mwajuma, L., 2015. In-situ Penetration as Alternative to Extensive Boreholes
and Lab Testing for Exploration in Sandy Soils. KTH, Royal Institute of
Technology.

Myers, D.E., 2005. Reliability and Statistics in Geotechnical Engineering, Chich-
ester: Wiley.

Müller, R., 2013. Probabilistic stability analysis of embankments founded on clay.
KTH, Royal Institute of Technology.

Müller, R., Larsson, S. & Spross, J., 2014. Extended multivariate approach for
uncertainty reduction in the assessment of undrained shear strength in clays.
Canadian Geotechnical Journal, 51(3), pp.231–245. Available at:
http://www.nrcresearchpress.com/doi/abs/10.1139/cgj-2012-0176.

Müller, R., Larsson, S. & Spross, J., 2015. Multivariate stability assessment during
a staged construction. Canadian Geotechnical Journal, pp.cgj–2015–0037.
Available at: http://www.nrcresearchpress.com/doi/10.1139/cgj-2015-0037.

Nadim, F., 2003. Tools and Strategies for Dealing with Uncertainty in Geotech-
nics. In Probabilistic Methods in Geotechnical Engineering. Vienna: Springer
Vienna, pp. 71–95. Available at: http://link.springer.com/10.1007/978-3-
211-73366-0_2.



37

Nicholson, D., Tse, C.M. & Penny, C., 1999. The observational method in
ground engineering: Principles and applications, CIRIA Report 185, London.
Available at: http://opensigle.inist.fr/handle/10068/663190.

Orchant, C.J., Kulhawy, F.H. & Trautmann, C.H., 1988. Reliability-based founda-
tion design for transmission line structures: Critical evaluation of in-situ test
methods, Electric Power Research Institutute, Palo Alto.

Peck, R.B., 1969. Advantages and Limitations of the Observational Method in
Applied Soil Mechanics. Géotechnique, 19(2), pp.171–187. Available at:
http://www.icevirtuallibrary.com/content/article/10.1680/geot.1969.19.2.1
71.

Phoon, K.-K. & Kulhawy, F.H., 1999a. Characterization of geotechnical variabil-
ity. Canadian Geotechnical Journal, 36(4), pp.612–624. Available at:
http://www.nrcresearchpress.com/doi/abs/10.1139/t99-038.

Phoon, K.-K. & Kulhawy, F.H., 1999b. Evaluation of geotechnical property vari-
ability. Canadian Geotechnical Journal, 36(4), pp.625–639. Available at:
http://www.nrcresearchpress.com/doi/abs/10.1139/t99-039.

Phoon, K.-K., Kulhawy, F.H. & Grigoriu, M.D., 2003. Development of a Relia-
bility-Based Design Framework for Transmission Line Structure Founda-
tions. Journal of Geotechnical and Geoenvironmental Engineering, 129(9),
pp.798–806.

Powderham, a. J., 2002. The observational method—learning from projects. Pro-
ceedings of the ICE - Geotechnical Engineering, 155(1), pp.59–69. Available
at:
http://www.icevirtuallibrary.com/content/article/10.1680/geng.2002.155.1.
59.

Rosenblueth, E., 1975. Point estimates for probability moments. Applied Math-
ematical Modelling, 72(10), pp.3812–3814.

Rosenblueth, E., 1981. Two-point estimates in probabilities. Proccedings of the
National Academy of Sciences, 5(2), pp.329–335.

Spross, J., 2014. A Critical Review of the Observational Method. KTH, Royal
Institute of Technology.



38

Tang, W.H., 1980. Bayesian Frequency Analysis. Journal of the Hydraulics Divi-
sion, 106(7), pp.1203–1218.

Wang, Y., Cao, Z. & Li, D., 2015. Bayesian Perspective on Geotechnical Variabil-
ity and Site Characterization. Engineering Geology. Available at:
http://linkinghub.elsevier.com/retrieve/pii/S001379521530048X.

Vanmarke, H.E., 1977. Probabilistic Modeling of Soil Profiles. Journal of the
Geotechnical Engineering Division, 103(11), pp.1227–1246.

Westerberg, B., Müller, R. & Larsson, S., 2015. Evaluation of undrained shear
strength of Swedish fine-grained sulphide soils. Engineering Geology, 188,
pp.77–87. Available at: http://dx.doi.org/10.1016/j.enggeo.2015.01.007.

Zhang, J., Zhang, L.M. & Tang, W.H., 2009. Bayesian Framework for Character-
izing Geotechnical Model Uncertainty. Journal of Geotechnical and Geoen-
vironmental Engineering, 135(7), pp.932–940. Available at:
http://ascelibrary.org/doi/10.1061/(ASCE)GT.1943-5606.0000018.

Zhang, L. et al., 2004. Reducing Uncertainty of Prediction from Empirical Corre-
lations. Journal of Geotechnical and Geoenvironmental Engineering, 130(5),
pp.526–534. Available at: http://ascelibrary.org/doi/10.1061/(ASCE)1090-
0241(2004)130:5(526).


