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Summary

The main objective of the research work described in this thesis is to evaluate the
reliability of spread foundations designed to Eurocode 7 using the partial factors and
Design Approaches adopted in the Irish National Annex for the implementation of
Eurocode 7 in Ireland. As part of this research, the First Order Reliability Method is used
to determine the reliability of designs using the Irish National Annex. The Irish National
Annex is also compared to the National Annexes of some other European countries. It is
shown that the three Design Approaches adopted in the Irish National Annex offer a more
consistent level of reliability than the traditional Factor of Safety methods. The target
reliability indices are achieved in many cases, but the reliability is a function of the
characteristic value chosen in the design and it is not always sufficient to take the
characteristic value as the 95% confidence in the mean, as target reliabilities may not be
achieved using this value. The appropriate characteristic value to be used in design
depends on whether the foundation fails involving a local or global failure domain. A
foundation can be considered to fail with a local failure mechanism when the foundation
widths are small. For larger foundation widths, a greater amount of soil needs to be

mobilised and therefore the failure mechanism can be considered to be a global failure.

Design Approaches 1 and 3 are found to be better limit state designs for the design of
spread foundations, since the two Design Approaches apply partial factors directly to the
greatest sources of uncertainty; the actions and material properties. Design Approach 2
does not perform as well as Design Approaches 1 or 3 when the soil strength to resistance

relationship is non-linear, such as in the drained bearing resistance equation.

Statistical tests are carried out on data collected during recent extensive testing of Dublin
Boulder Clay, the soil underlying most of Dublin, to characterise this soil and to evaluate
the variation and probabilistic distributions of the properties of this soil. The choice of the
probabilistic distributions in the reliability analyses is critical to the accuracy of the results.
The vertical scale of fluctuation is determined for the SPT tests and found to be 1.0 - 4.5m
for DBC. The coefficient of correlation between the effective stress parameters tan¢’ and ¢’

is found to be -0.89 <r <-0.43, with r = -0.65 for the combined Dublin Boulder Clays.
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NOTATION

All symbols and abbreviations used in this thesis are defined where they first appear. For

the reader’s convenience, the principal meanings of the commonly used notations are

contained in the list below. The reader is cautioned that some symbols denote more than

one quantity; in such cases the meaning should be clear when read in context.

Abbreviations:

AD Anderson-Darling

CDF Cumulative Distribution Function

CEC Commission of the European Community

CEN Comit¢ FEuropéen de Normalisation (European Committee
Standardisation)

CoV Coefficient of Variation

CPlL Cone Penetrometer Test

DAI Design Approach 1

DA1.Cl Design Approach 1, Combination 1

DA1.C2 Design Approach 1, Combination 2

DA2 Design Approach 2

DA2* Alternate Design Approach 2

DA3 Design Approach 3

DBC Dublin Boulder Clay

DPT Dublin Port Tunnel

EEC European Economic Community

EQU Failure mode: Loss of static equilibrium

EU European Union

EN Europaische Norm

ENs Europaische Norms

FAT Failure mode: Fatigue failure of the structure or structural members

FoS Factor of Safety

FORM First-Order Reliability Method

FOSM First-Order Second-Moment

GEO Failure mode: Failure or excessive deformation in the ground

HYD Failure mode: Hydraulic heave, internal erosion and piping in the ground

ISSMGE International Society for Soil Mechanics and Geotechnical Engineering

X1
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LBkBC Lower Black Boulder Clay

LBrBC Lower Brown Boulder Clay
LEG Linear Congruential Generator
LRFD Load Resistance Factor Design
LSD Limit State Design

MCS Monte Carlo Simulation

NA National Annex

NAs National Annexes

NC Normally Consolidated

ocC Over Consolidated

PDF Probability Density Function
RFEM Random Finite Element Method
SLS Serviceability Limit State

SPT Standard Penetration Test

STR Failure Mode: Internal failure or excessive deformation of the structure or

structural member

UBKBC Upper Black Boulder Clay

UBrBC Upper Brown Boulder Clay

UK United Kingdom

ULS Ultimate Limit State

UPL Failure Mode: Loss of equilibrium due to uplift by water pressure
Greek Symbols:

o sensitivity factor i

By Beta function

B reliability index

Buts reliability index for ultimate limit state

BstLs reliability index for serviceability limit state
[30 intercept coefficient in regression analysis
ﬁl slope coefficient in regression analysis
AG'yy average increase in effective pressure

0y vertical scale of fluctuation

€ error due to chance variation

T standard deviation reduction factor

X1l



2 : :
I variance reduction factor

B Gamma function

Y weight density

Yd dry weight density

YE partial action factor E

Yt partial factor of action F

YF partial factor of action F including model uncertainty
YG partial factor of permanent action G

Yo partial factor of variable action Q

™ partial factor of material property M

YR partial factor of resistance R

YRd partial factor uncertainty in the resistance

Ysd partial factor of model uncertainty

Oqd design friction angle between base of foundation and soil
Oy vertical scale of fluctuation

ot parameter used to describe Lognormal distribution
i conversion factor

Ne parameter used to describe Exponential distribution
Ag parameter used to describe Gamma distribution

A parameter used to describe Lognormal distribution
n mean

KX mean of property X

\Y Poisson’s ratio

T mathematical constant (=3.14159)

p bulk mass density

Pd dry density

pxY correlation coefficient between properties X and Y
c standard deviation

Ovo pre-consolidation pressure

c'vo initial effective stress

pressure where slope of compression test plot changes from C, to C,.

C'vp vertical effective stress
X1il



ox standard deviation of property X

e parameter used to describe Exponential distribution
T parameter used to describe Weibull distribution

¢’ effective angle of friction

& ey constant volume effective angle of friction

; peak effective angle of friction

tand’ tangent of effective angle of friction

D(.) standardised normal distribution

ki combination factor

Yo

WV combination factor depending on design situation
W

Roman Symbols:

A’ effective foundation area

ap parameter used to describe Beta distribution
aq design value of geometrical properties

B foundation width

B’ effective foundation width

by, parameter used to describe Beta distribution
ot effective cohesion

o secondary compression index

€ compression index

Cov covariance

CoVx coefficient of variation of property X

(@ recompression index

e, shape and rigidity factor

e undrained shear strength

d, average vertical distance between mean value of the fluctuating property
E Young’s modulus

e void ratio

€0 initial void ratio

E’ sand modulus of elasticity / effective Young’s modulus
By design value of the modulus of elasticity

[ void ratio at end of primary consolidation

X1V



Frcp

fav

Ix

g()

elastic modulus

undrained clay modulus of elasticity

expected value of property X

settlement coefficient

action or load

design value of action

characteristic value of action

representative value of action

favourable

cumulative distribution function of property X
probability distribution function of property X
acceleration due to gravity

limit state function

initial height of specimen

design horizontal action

Inclination Factors

plasticity index

strain influence factor

statistical characteristic

parameter used to describe Gamma distribution
5% fractile characteristic value

mean characteristic value

parameter used to describe Weibull distribution
foundation length

liquid limit

length of vertical failure domain

model uncertainty factor

dry sample mass

sample mass

coefficient of volume compressibility

sample mean of property X

sample size
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bearing resistance factors

p bearing pressure

B(:) probability

pr probability of failure

PL plastic limit

q overburden pressure

Qs load pressure

R resistance

Ty parameter used to describe Beta distribution
S standard deviation with respect to regression line
s settlement

SC

Sq shape factors

oy

SL scale of logistic distribution

SX sample standard deviation of property X

t student’s t value

th parameter used to describe Beta distribution
ty time in years (settlement calculation)

unf unfavourable

Va4 design vertical action

Vx sample coefficient of variation of property X
Vr sample volume

w moisture content

Ws dry sample weight

Wr sample weight

X mean of sample X

X4 design value of parameter X

X characteristic value of parameter X

Yi point on the limit state function

N design point

Other Symbols:

00 infinity
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Chapter 1 — Introduction

1 INTRODUCTION

1.1 Background

Eurocode 7 is the new European standard for geotechnical design. This standard has been
approved by CEN, the European Committee for Standardisation. Part 1, Geotechnical
Design - General Rules, with the Irish National Annex, was published in 2007 by the
National Standard Association of Ireland (NSAI) as the Irish standard 1.S. EN 1997-1 for
the design of spread foundations, piles, retaining walls, slopes and embankments. Since
March 2010 all publicly funded projects must be designed to the Eurocodes, including

Eurocode 7.

Eurocode 7 is based on the limit state design method, with partial factors and characteristic
parameter values. There are three Design Approaches in Eurocode 7. An objective of the
Eurocodes is that the chosen partial factors should achieve reliability levels, represented by
the reliability index, B3, values, for a structure close to a prescribed target value. The target
B values correspond to specific probabilities of failure and enable good comparisons of
reliability levels to be made between structural designs and are a much more meaningful
measure of safety than the traditional deterministic Factors of Safety (FoS), which were
used in the previous British Standard code of practice for geotechnical design normally

adopted in Ireland.

1.2 Scope and Objectives of the Research

The main objective of this research work described in this thesis is to evaluate the
reliability of spread foundations designed to Eurocode 7 using the partial factors and
Design Approaches adopted in the Irish National Annex for the implementation of

Eurocode 7 in Ireland.

A number of suitable spread foundation design situations have been identified and these

are designed to Eurocode 7 using the partial factors and Design Approaches adopted in the

1



Chapter 1 — Introduction

Irish National Annex. Following this, the First Order Reliability Method is used to
determine the 3 values of spread foundations designed using the three Design Approaches
for different ground conditions and loading combinations. These are compared with the
reliabilities of foundations designed using the traditional FoS methods in order to evaluate
the new design code and to examine the decision of Ireland to adopt all three Design

Approaches.

As part of this research, the reliability of designs to Eurocode 7 using the Irish National
Annex are compared with the reliability of designs carried out to designs using the partial
factors and Design Approaches adopted in the National Annexes of some other CEN
Member States.

An essential part of any reliability analyses is applying suitable probabilistic distributions
and appropriate levels of variation to the random variables. To achieve this, statistical tests
are carried out on data collected during recent large scale testing in Dublin. These results
are necessary since there are very few statistical summaries of data available in the
literature and no detailed information, to the author’s knowledge, concerning the most

appropriate probabilistic distributions.

An important aspect of limit state design is the application of the partial factor values to
achieve a target 3 value. To this end, an investigation into the sensitivity of the B value to
each random variable parameter in the reliability analyses is carried out. The parameters
with large effects on the 3 value require partial factor values greater than unity in limit

state design.

1.3 Thesis Outline

This thesis presents the research conducted by the author on the reliability of spread

foundations designed to Eurocode 7. This research has been funded by the Irish Research
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Council for Science Engineering and Technology (IRCSET). The thesis includes eight

chapters.

Chapter 2 presents a review of reliability methods that are used throughout this thesis and
the theory behind the reliability methods. First, a review of the basis of probability and
statistical theory as well as the various methods for assessing the reliability of structures is
carried out. Next the variability and uncertainty in geotechnical engineering is investigated
and a literature review of the statistical properties of soil parameters and reliability theory
applied to spread foundations is carried out. Finally the limitation of the application of

statistical methods in geotechnical engineering is discussed.

Chapter 3 presents a review of Eurocode 7. It follows the development of Eurocode 7,
introduces the limit state design concept and presents the different limit states and modes
of failure that should not be exceeded in design. The use of partial factors and
characteristic values are described and how these are implemented in the three Design

Approaches set out in Eurocode 7.

Chapter 4 provides a study of the statistical properties of Dublin soils, carried out on the
data taken during the construction of the Dublin Port Tunnel, to support the assumptions

taken during the reliability analyses in this thesis.

Chapters 5 and 6 examine the reliability of spread foundations designed to Eurocode 7 for
drained and undrained conditions respectively. Reliabilities of designs to Eurocode 7 are
compared with the reliabilities of foundations designed using the traditional FoS methods

in order to evaluate the new design code.

Chapter 7 examines the calculation of partial factors for use in limit state design to achieve
a target P value of 3.8. Considering  values, the reliability of designs, using the partial
factors set out in the Irish National Annex, are compared with the reliabilities of designs

using partial factors set out in the National Annexes of Denmark, France, Germany and the

3
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United Kingdom. Sensitivity analyses of the [ values to variations in the random variables,
in the reliability analyses, are carried out to investigate which parameters dominate the
different design examples and to determine which parameters require partial factors in

limit state design.

And finally, Chapter 8 presents the conclusions of this research and recommendations for

future work.
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2 EUROCODE 7

2.1 Introduction

The aim of this chapter is to provide an understanding of Eurocode 7 as it is used for the

analyses of designs throughout this thesis.

This chapter follows the development of Eurocode 7, the new European geotechnical
design standard. It introduces the limit state design concept and presents the different
relevant limit states and modes of failure that are not to be exceeded in design. The use of
partial factors and characteristic values are described and how these are being implemented
in Eurocode 7, to ensure_that no relevant limit state is exceeded. Alternative ways to obtain

the characteristic value, including frequentist and Bayesian techniques, are examined.

The three Design Approaches of Eurocode 7, which deal with the GEO limit states where
the soil or rock is significant in providing resistance, are reviewed and the distinctions
between these approaches are outlined. The selection of the various Design Approaches,
and the corresponding partial factor values, by each Member State of CEN, is also
assessed. Finally, the implication of having different partial factors and Design Approaches

in different CEN Member States is discussed.

2.2 Background to the Eurocode Programme

In 1975, the Commission of the European Community (CEC) decided to commence a
programme of harmonised technical specifications involving the establishment of a
common set of codes of practice, known as the Eurocodes, for civil engineering design.
The purpose of the programme was that, by providing common design criteria, trade
barriers due to the existence of different codes of practice in the member states of what was
then the European Economic Community (EEC) and is now the European Union (EU)
would be removed (Orr and Breysse, 2008, Gulvanessian et al., 2002). The Eurocodes

would also provide common design criteria and methods for fulfilling the requirements, in

5
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the Construction Products Directive for Mechanical Resistance and Stability, Safety in
Case of Fire, and including aspects of durability and economy (Gulvanessian et al., 2002).
A further objective of the Eurocodes is to improve the competitiveness of the European

construction industry internationally (Orr and Breysse, 2008).

The set of Eurocodes consists of ten codes, which are European standards (Orr and
Breysse, 2008), i.e. Europaische Norms (ENs). EN 1990 (CEN, 2002), sets out the basis of
structural design, EN 1991, provides the actions (loads) on structures, the codes EN 1992
to EN 1996 and EN 1999 provide the rules for designs involving different structural
materials, and the code EN 1998 provides the rules for seismic design of structures while
EN 1997 is the Eurocode for geotechnical design. EN 1997 (CEN, 2004) consists of two
parts; Part 1, referred to as Eurocode 7 throughout this thesis, provides the general rules for
geotechnical design and Part 2, gives the general rules and requirements for ground

investigation and testing.

2.3 Development of Eurocode 7

In 1980, the International Society for Soil Mechanics and Geotechnical Engineering
(ISSMGE) agreed to undertake a survey of the existing codes of practice for foundations
within the EEC member states and to draft a model code that would be adopted as
Eurocode 7. Work on Eurocode 7 began in 1981, following the invitation of Professor
Kevin Nash, Secretary General of the ISSMGE, to Niels Krebs Ovesen to form an ad-hoc
committee for the task (Orr, 2008). This committee produced a draft model code for
Eurocode 7 for the CEC in 1987. The CEC sponsored further work on this draft until 1990
after which the work on all the Eurocodes was transferred from the CEC to the European
Committee for Standardization (CEN), and the pre-standard version of Eurocode 7, which
was based on partial material factors, was published in 1994 as ENV 1997-1, Eurocode 7

Geotechnical Design: Part 1 General Rules.

An inquiry was held among the CEN Member States, asking for comments on ENV 1997-

1. After producing several drafts taking account of comments received on the ENV version

6
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and including partial resistance factors as well as partial material factors, the full standard
version of Eurocode 7 - Part 1, EN 1997-1 (2004), was published in November 2004 (Orr,
2008). Each member state had two years following the publication of EN to prepare a
National Annex in which partial factors and other safety elements were provided. Since
November 2006 Eurocode 7 can be used for geotechnical designs in a Member State in

accordance with that country’s National Annex.

2.4 Limit State Design

Prior to World War II codes of practice for structural and geotechnical engineering were
used only in a few countries (Ovesen, 2002), and their codes only described good
engineering practice. The post-war boom led to a general overhaul of the whole civil
engineering design process. Limit state design, in a geotechnical context, was first
introduced in Europe in the 1950’s (Becker, 1996a) when Brinch Hansen (1956) used the
term “limit state” and linked the concept closely to the use of partial factors. For the next
20 years, a number of European technical associations and committees initiated work on
model limit state codes for various building materials (Ovesen, 2002). As a result of this,
standards such as the British Standard CP110, for the structural use of concrete (CP110,
1972), were introduced and employed the limit state concept and was explicit in the use of
characteristic values, which are measured or derived values of a parameter. From the late
70’s the limit state concept was used as the basis for development of the Eurocodes
(Ovesen, 2002) and has generally been accepted as the standard basis on which

geotechnical designs are based today (Honjo and Amatya, 2005).

The fundamental concept of limit state design is that all possible limit states for a structure
must be considered and shown to be sufficiently unlikely to occur (Orr, 2000,
Gulvanessian et al., 2002). A structure can be classified as satisfactory or unsatisfactory,
safe or unsafe, serviceable or unserviceable. The conditions that separate the satisfactory
and unsatisfactory states of a structure are called limit states. In general, a limits state is a
set of performance criteria beyond which the structure no longer satisfies the design
criteria (CEN, 2002, Gulvanessian et al., 2002). Limit state design applies probabilistic
theory to the design in order to obtain a predetermined level of safety. Limit state design

7
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requires the structure to satisfy the design criteria defining two types of limit states: the

Ultimate Limit States (ULSs) and the Serviceability Limit States (SLSs).

2.4.1 Ultimate Limit States

Eurocode 7 defines ULSs as the limit states associated with collapse or similar forms of
structural failure (Orr and Farrell, 1999, CEN, 2004). ULSs are concerned with the safety
of people and/or the structure and in some cases the contents of the structure. They have a
low probability of occurrence for well-designed structures. According to the lead
Eurocode, EN 1990 (2002), structures designed to the Eurocodes should aim to achieve a
minimum reliability level represented by the reliability index B value for both ULSs and
SLSs. The target 3 value for a ULS for a medium risk structure for 50 years is 3.8, which
corresponds to a probability of failure of TR0 (Calargo, 1996, Gulvanessian et al.,
2002). This value does not necessarily represent the actual failure probability level, but
enables meaningful comparison of reliability levels to be made between structural designs
and is a much more meaningful measure of safety than the traditional deterministic FoS

(Smith, 1986).

2.4.2 Serviceability Limit States

SLSs are defined as the limit states associated with the conditions of normal use (CEN,
2002, Gulvanessian et al., 2002), such as the function of the structure and the comfort of
people using the structure. Examples include excessive vibrations, excessive deformations
and local damage of the structure. SLSs generally have a higher probability of occurrence

than ULSs.

In some instances the SLS can be the controlling limit state in design (Phoon and Kulhawy,
2008), especially in geotechnical engineering, for example when excessive deformations

are decisive.
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2.4.3 Eurocode Modes of Failure

The ULSs can be subdivided into different ‘types of limit states’. EN 1990 (CEN, 2002)
describes these ‘types of limit states’ as major failure modes. The Eurocodes require of
the engineer to ensure that the following modes are not reached or exceeded with a given
probability (Gulvanessian et al., 2002):

e EQU: Loss of static equilibrium

e STR: Internal failure or excessive deformation of the structure or structural member

e GEO: Failure or excessive deformation of the ground

e FAT: Fatigue failure of the structure or structural members

Eurocode 7 (CEN, 2004) includes two more failure modes to be considered:
e UPL: Loss of equilibrium due to uplift by water pressure

e HYD: Hydraulic heave, internal erosion and piping in the ground

2.5 Partial Factor Design

Using the limit state design method, the required reliability is verified using the partial
factor method. This method is a semi-probabilistic approach, which involves applying
appropriate partial factors at predefined stages of the design process. This approach was
generalised by Brinch Hansen (1953, 1956) when he proposed partial factors on various
actions and shear strength parameters for the ULS design of earth retaining structures and
foundations (Meyerhof, 1994), as shown in Table 2.1. Brinch Hansen chose the partial
factor values to give equivalent design estimates to conventional FoS which are the ratio of
the ultimate resistance to the actions. Terzaghi and Peck (1948) had proposed FoS values
of 2 to 3 for foundations on land. The benefit of the partial factor approach was that the
partial factors could be chosen to address the variation in the materials, actions and
resistances separately and partial factors could be refined on the basis of the variation in

the individual elements.

The purpose of the partial factors is to ensure that no relevant ULS is exceeded, for all

appropriate design situations, during a specified reference period. The partial factors are
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specified in the National Annexes to Eurocode 7 and were determined using a combination

of probabilistic reliability theory and engineering experience.

Item 1953 1956

Permanent Action 1.00 1.00

Variable Action 1.50 1.50

Friction (tan¢) 1.25 1.20

Cohesion (c) (slopes; earth pressure) 1.50 1.50
Cohesion (c) (spread foundation; piles) - 1.70

Table 2.1 Brinch Hansen’s Partial Factor Values

2.5.1 Design Values of Actions

The design value Fq of an action F can be expressed in general terms as:
Fd= Yf‘F rep v |

where vy is the partial factor for the action F and F is the representative value of all the
combinations of actions. F,, can be equal to the characteristic value Fy or, in the case of
several actions, the representative value multiplied by an appropriate combination factor,
€.8. WoFrep, WiFrep, Or WoFr, depending on the design situation. Therefore Equation 2.1 can

be expressed as:

Fq = v;WFy 2.2
The effects of the actions, E, are the response of the structural members or the entire
structure to the actions imposed on it (Gulvanessian et al., 2002). The design effect of the

actions Eg4, will depend on the design values of the geometrical properties, aqg, the material

properties Xy and the design values of the actions. This is indicated as follows:

E,=E oy
a=E11pWFi; — s ag -5
™
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where Yr is equal to the partial factor for the actions (yr) times the model uncertainty (ysq).

2.5.2 Design Values of Resistances

The resistances are a function of the characteristic material strength Xy and the geometrical

properties ag. The general expression of the design resistance is:

" 1 Xk )
Rd = R T],- > a4 2.4
YRd ym

where 1; is a conversion factor that takes account of load and scale effects, as well as

moisture or temperature. 1; may also be incorporated in the characteristic value.

2.5.3 Eurocode Characteristic Values

The characteristic value is an essential part of the limit state design method. The selection
of this value is one of the main factors determining the reliability of a design (Forrest and
Orr, 2010a). Eurocode 7 differentiates between the ways the characteristic values of
actions and geotechnical parameters are selected. The characteristic values of actions are
selected in accordance with EN 1990, which defines the characteristic value of an action as
a mean, upper, lower or nominal value, depending on whether the action is large/small or
favourable/unfavourable (Gulvanessian et al., 2002). The following equations are used to
determine the characteristic values of actions and material properties respectively for

normally distributed parameters:

Fi=pp + kop = p(1 + kXCoVg) 25

Xk= MX = kGX = “'X(l = kXCOVX) 26
where L is the mean, o is the standard deviation, CoV is the coefficient of variation, k is a

factor, which determines the particular characteristic value, and the subscripts F and X

indicate actions and material properties respectively.

11
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The k value to obtain the characteristic value that is the 95% confidence in the mean value
for a given sample size, n, is given by:
n,mean — tn—l

G il 27
n

where tgﬁs is the Student (1908) t value, with 95% confidence and n - 1 degrees of

freedom. The k value to obtain the characteristic value that is the statistical, upper or lower,

5% fractile, depending on the sign of the Student t value, with 95% confidence for a given

/1
Knsoe =102 |- +1 2.8
n

The Student t-distribution is a sampling distribution and is similar to the normal

sample size, n, is given by:

distribution with larger cut-offs. It should be noted that, if an infinite number of data points
were available, then k;.mean Would tend to zero and k,.5¢, would tend to a value of 1.645,
which corresponds to the statistical 5% fractile for a normal distribution(Forrest and Orr,

2010a).

Eurocode 7 differentiates between limit states governed by a large or small mobilised soil
volume. When a large volume of soil is concerned, redistribution of the loading can occur
and the characteristic value should be selected as a cautious estimate of the mean value
(Frank et al., 2004). Therefore the k value in Equation 2.7 should be used when global
failure is being considered. When a small volume of soil is concerned, corresponding to a

local failure, the k value given in Equation 2.8 should be chosen as the characteristic value.

Orr and Breysse (2008) point out that Equations 2.5 and 2.6 are not normally applicable in
geotechnical design because of the very limited number of test results that are generally
available. The sample mean and standard deviation obtained from the test results may not
be the same as the population mean and standard deviation of the soil volume affecting the
occurrence of the limit state due to the spatial variability of the soil from point to point.

12
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The differences between the statistical values obtained from test results and those of the
relevant soil volume are taken into account in some methods used to determine the

characteristic value in geotechnical engineering.

Orr (2000) states that using purely statistical methods and not taking account of experience
of the ground conditions will result in a characteristic value that is too cautious and cites
Schneider (1997) who proposed a value of k = 0.5 in Equation 2.6, which has been found
to be useful in practice. However for k = 0.5, 13 samples would be needed to achieve 95%
confidence in the mean value, as required by Eurocode 7 (Forrest and Orr, 2010a), as

shown in Figure 2.1.

Lo and Li (2007) propose that, for a small number of test samples, Equation 2.6 should be
used to calculate the characteristic value for a global failure, using the Student’s ky:mean
value from Equation 2.7. They also expanded on Student’s ks, value from Equation 2.8
value for a local failure and proposed the following ks value that takes into

consideration the spatial variability of the soil in the calculation of the characteristic value.
095 |1 2 2.9
Kn,59% = ty] B I :

where I'? is the variance reduction factor, described in detail in Chapter 3, and is the ratio

between the population variance and sample variance of a parameter.

Figure 2.1 shows that how the lower the I'* value, the lower the k value required for 95%
confidence, where Kpmean denotes the 95% confidence in the mean value (l“2 = 0)
corresponding to global failure and k5o, denotes the 95% confidence in the 5% fractile (F2
= 1) corresponding to local failure. Figure 2.1 also shows that from a statistical perspective
there are large differences in the k value required for 95% confidence when two, three or
four samples are taken at a site. For greater than five samples the k value required for 95%

confidence only marginally reduces.
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Figure 2.1 k Value Required for 95% Confidence of n Samples

Some civil engineers have concerns when using pure statistical methods, to determine the
characteristic value, because the measured variation of geotechnical parameters is often
large and may be greater than the true variation of the soil. As a result, pure statistical
methods can give overly conservative values if the variation does not represent the failure
domain of the soil properly. This can be due to measurement error when the results of very
few tests are available which the case is often. Conventional statistical methods do not

require the need for engineering judgement and are purely a function of the test data.

However, mathematical statistics uses two major paradigms, conventional (or frequentist),
and Bayesian (Bernardo, 2003). Bayesian methods include provisions that take account of
both statistical theory and decision making under uncertainty. In an engineering context,
this means that prior knowledge of the site conditions can be incorporated into the
calculation of the characteristic value hence it results in a theoretically sound compromise
between the test results and prior knowledge. For explanatory purposes, let my be the

sample mean and s be the sample standard deviation of a sample size, n. In addition,

14
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assume that, from previous observations, i is the prior population mean and o is the prior
population standard deviation based on experience. Assuming a normal distribution, Lynch

(2007) shows that the mean and variance in the mean value are as follows:

2 2
StestHt T NMye(C

T 2.10
design stzest -I~nc52
2.6
e L 2181
Mdesign nc52 o Stzest

The characteristic value can be determined using Equation 2.6 applying the updated design
mean (Orr, 2000) given in Equation 2.12 which is similar to Equation 2.10 and the updated

standard deviation given in Equation 2.13, determined from Equation 2.11 since

2
2 _ Sdesign

Sy T for a normal distribution.

e 2.12

Sdesign: Stest il

2.6 Design Approaches

In the original ENV version of Eurocode 7, the ULS design of most geotechnical structures
was carried out using two calculations, each with different sets of partial factors known as
Cases B and C. However, the national comments displayed some dissatisfaction with the
ENV version and two major proposals for changes emerged which were (Gulvanessian et
al., 2002):

e To attempt to reduce the perceived number of calculations
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To introduce partial factors also on resistances and effects of actions rather than

just on ground parameters and actions.

It was decided that there was a need for the following three different Design Approaches
for ULS GEO designs:

Design Approach 1 (DA1), which has two combinations of partial factors that need
to be satisfied and is very similar to Cases B and C in the ENV version.
Combination 1 (DA1.Cl) aims to provide safe design against unfavourable
deviations of the actions from their characteristic values (Schuppener, 2007) while
Combination 2 (DA1.C2) aims to provide safe design against unfavourable
deviations of the ground strength properties from their characteristic values. In
DA1.Cl, recommended partial factors greater than unity are applied to the actions

(YG.unf = 1.35, Yo.unt = 1.50) but not to the ground strength parameters (yCu = Yeangt =

Yo = 1.00) or the resistances (yg = 1.00). In DA1.C2 the recommended partial
factor values greater than unity are applied to the ground strength parameters (Yang’

= v = 1.25, e = 1.40) but not to the resistances (yr = 1.00) or the permanent

actions (Ygunf = 1.00). A partial factor of 1.30 is recommended for the variable
actions since variable actions have more uncertainty associated with them than
permanent actions. In DA, both combinations need to be satisfied, however where
it is obvious that one combination governs the design, it is not necessary to

perform full calculations for the other combination (Frank et al., 2004).

Design Approach 2 (DA2), where only one verification is required and is similar to
the conventional FoS approach. In this Design Approach partial factors are applied
to resistances (yr = 1.40 for bearing) and to either actions or effects of actions
(Yunt = 1.35, Yount = 1.50). Partial factors of unity are applied to the ground
strength properties (Yo, = Yeang' = Yo = 1.00). It should be noted that there are two
ways of performing verifications according to DA2 (Schuppener, 2007). In the
Design Approach referred to as “DA2” by Frank et al. (2004), the partial factors
are applied to the characteristic actions in the beginning of the calculation and the
entire calculation is subsequently performed with design values. Alternatively, in

the Design Approach referred to as “DA2*” by Frank et al. (2004), the entire
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calculation 1s performed with characteristic values and the partial factors are not

applied until the end of the calculation when the ULS condition is checked.

e Design Approach 3 (DA3) requires a single calculation. In this Design Approach

partial factors are applied to ground strength parameters (Yany = Yo = 1.25, ye, =

1.40) and to either actions or effects of actions. DA3 has separate sets of partial

factors for geotechnical and structural actions.

2.7 Implementation of Eurocode 7

Under the Public Procurement Directives of the European Commission (EC, 2004) it will
be mandatory for the Member States of CEN to accept designs to the EN Eurocodes
(Schuppener, 2010); as a result, Eurocode 7 will become the standard technical
specifications for all geotechnical works. Although it is not compulsory to design using
Eurocode 7, a designer using an alternative design standard must demonstrate that the

design is technically equivalent to a Eurocode 7 solution (Schuppener, 2010).

The Eurocodes are being introduced in all CEN Member States by the national standards
body of each nation. The Eurocodes will replace the existing national standards after a
transitional period unless the technical field covered by a particular national standard is not
covered by the Eurocodes and provided the national standard does not conflict with the

Eurocodes.

Each Member State has to prepare a national version of Eurocode 7, comprising the full
Eurocode text and an accompanying National Annex. The National Annex essentially links
the Eurocode and national standards of each Member State and gives requirements
regarding which Design Approaches are appropriate in certain design situations and
defines the values for the partial factors. The partial factor values given in Eurocode 7 are
only recommended values; the actual values to be used are set out in the National Annex of

each member state.
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Table 2.2 to Table 2.5 give a comprehensive list of the Design Approaches chosen by each
Member State. Ireland has the distinction of being the only member state to permit all three
Design Approaches (Forrest and Orr, 2010b). Belgium, the United Kingdom, Latvia and
Portugal are using DA1 exclusively. DA2 and DA2* are mandatory for spread foundations,
piles and retaining structures in 11 - 13 of the Member States, whereas only the
Netherlands, Denmark and Switzerland have chosen DA3 for these design situations. The
majority of Member States have selected DA3 for slope stability, since DA2 is generally
not suitable for slope stability and, in most cases, the use of DA3 for slope stability is
effectively the same as Combination 2 in DA1 (Schuppener, 2007) since for slope stability,
actions on the surface of the slope are treated as geotechnical actions. Spain is the notable

exception, which has effectively chosen to retain the old concept of global FOS.

Desigh Examplen: «  Tueoliplele oy pys, DAl DA2 DA2* DA3
answers
Bulgaria Ireland Belgium Estonia Austria Denmark
Cyprus Italy France Germany Netherlands
Czech Republic Lithuania Italy Greece Switzerland
Hungary Portugal Poland
Spreafi Iceland Romania Slovakia
Foundations
Latvia UK Slovenia
Malta Spain
Norway Finland
Sweden Luxembourg

Table 2.2 Design Approaches for Spread Foundations Adopted in the CEN Member
States (May 2008)

Table 2.6 shows the recommended GEO partial action factor values, which have been
chosen by Ireland, and the alternatives to these recommended values that have been chosen
by some CEN Member States: Italy had chosen a more higher value of 1.30 for permanent
favourable actions (ygs), Lithuania and The Netherlands have selected a lower value of
0.90, Switzerland has adopted a value of 0.80, compared with the recommended value of
1.00; Denmark has also chosen a value of 0.90 for yg, but only for geotechnical actions;
Denmark has decided to use a less conservative value of 1.20 for (structural) permanent

unfavourable actions (Yg.unf) than the recommended 1.35 in DA3, while Italy has chosen to
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adopt a larger value of 1.50 for ygunr in DA1.C1; Belgium has chosen a value of 1.10

instead of the recommended 1.30 for variable unfavourable actions (yqunf) in DA1.C2.

No/Incomplete

Design Example All DAs DAl DA2 DA3
answers
Bulgaria Ireland Belgium Austria Netherlands
Cyprus Italy Denmark
Czech Republic Latvia Estonia
Hungary Portugal Finland
Iceland Romania France
Latvia UK Germany
) Malta Greece
Piles
Norway Luxembourg
Sweden Netherlands

Poland
Slovakia
Slovenia

Spain

Switzerland

Table 2.3 Design Approaches for Piles Adopted in the CEN Member States (May

2008)

Design Example NO/;gzg,';’r‘;le‘e AllDAs DAl DA2 DA3
Bulgaria Ireland Belgium Austria Denmark
Cyprus Italy Estonia Netherlands
Czech Republic Latvia Finland Slovakia
Hungary Portugal France
Iceland Romania Germany
Retaining Latvia UK Greece
Structures Malta Luxembourg
Norway Poland
Sweden Slovakia
Slovenia
Spain
Switzerland

Table 2.4 Design Approaches for Retaining Structures Adopted in the CEN Member

States (May 2008)
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Design Example NO/;E;:&I;?&C All DAs DAl DA2 DA3
Bulgaria Ireland Belgium France Austria
Cyprus Estonia Spain Denmark
Czech Republic Italy Finland
Hungary Latvia France
Iceland Portugal Germany
Latvia UK Greece
Slopes Malta Luxembourg
Norway Netherlands
Sweden Poland
Romania
Slovakia
Slovenia
Switzerland

Table 2.5 Design Approaches for Slopes Adopted in the CEN Member States (May
2008)

There have also been changes to partial factors values for soil strength in various Member
States” National Annex. Table 2.7 shows that there are no great deviations from the
recommended values of partial factors for the design of spread foundations in DA1 and
DA2 (Schuppener, 2007) with the exception of Spain which has retained the concept of
global factors with yg, = 3.0. However in DA3, Switzerland and Denmark felt that the
recommended partial factor of 1.40 for the undrained shear strength, c, (v ) is too low and
have selected more conservative values of 1.50 and 1.80 respectively owing to the high
variation in ¢, (Forrest and Orr, 2010c), while The Netherlands have adopted a less
conservative value of 1.35. In the Dutch National Annex, a partial factor of 1.15 is applied
to the tangent of the effective cohesion, tan¢’, which is lower than the recommended value
of 1.25, Switzerland and Denmark have also chosen a less conservative value of 1.20. The
recommended partial factor value for the effective cohesion (c¢’) is 1.25 and hence is the
same recommended value for tan¢’. Denmark, Italy, Switzerland and The Netherlands have
selected alternate values for ¢’ of 1.20, 1.40, 1.50, and 1.60 respectively in their National

Annexes.
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DA1.CI1 DA1.C2 DA2 DA3
YGunf  YGf YQunf YGunf YQunf YGunf YG.f YQunf YG.unf* YG.+ YQ.unf*
Recom: = 1:35% .08 %15 1.0 1354885 R0 6 S 1.35/1.0 1.0 15/1%3
Belgium I | Denmark 1.2/1 1.0/0.9
Italy 150 13 Netherland 0.9
Lithuan. 0.9 Switz. 0.8

*Actions in DA3 are structural/geotechnical, v ¢= 0

Table 2.6 GEO Partial Factors for Actions Adopted for Spread Foundations in the
CEN Member States (Jan 2007)

DAI1.C2 DA2 DA3
Ytan¢' Yer Ycu Ytang' Yer Ycu YR:v Ytang’ Yer Ycu
Recomm. 1.25 125 1.40 1.00 1.00 1.00 1.40 1.25 " 1.25: 140
Italy 1.40 Spain 3.00  Denmark 1.20 1.20 1.80

Switzerland 1.20 1.50 1.50
Netherlands 1.15 1.6 1.35

Table 2.7 Partial Factors for Soil Strength Parameters Adopted for Spread
Foundations in the CEN Member States (Jan 2007)

A consequence of having three Design Approaches and different partial factors is that the
introduction of Eurocode 7 does not achieve a complete harmonisation of geotechnical
design in Europe. This has further implications to a harmonised geotechnical design; even
if there is a single Design Approach and all the partial factors are identical, different
designs would be attained depending on the model employed. Clearly, more research needs
to be carried out so that there is only one Design Approach for each design situation. A
calibration of partial factors is also required so that there is a solitary set, mandatory

calculation models and defined methods for parameter evaluation.

2.8 Conclusions

This chapter reviews Eurocode 7, the new European standard for geotechnical design. It
follows the development of the Eurocode from when work began in the early 1980s to the
present day. Eurocode 7 is a limit state design code and therefore designs must satisfy all
relevant limit states, for all the different modes of failure. The ULS and SLS are introduced

and the concept of the partial factor method is presented.
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The partial factors and characteristic values, outlined in Eurocode 7, are described since
they are fundamental to the limit state approach to ensure that no relevant limit state is
exceeded, for all appropriate design situations, during a specified reference period. A
review of frequentist and Bayesian methods for obtaining the characteristic value is carried
out. Frequentist methods are more straightforward and better known but Bayesian methods

have the capability to incorporate engineering judgement.

The three Design Approaches of Eurocode 7 are reviewed. DA1 has two combinations,
which both need to be satisfied, DA1.C1 only applies partial factors to the actions and
DA1.C2 applies partial factors to the material properties and the variable actions. DA2 and
DA3 only require a single calculation; both of these Design Approaches apply partial
factors to the actions but DA2 applies partial factors to the resistances whereas DA3

applies partial factors to the material properties.

A review of the implementation of Eurocode 7 is carried out. It is found that different
Design Approaches and partial factor values are being adopted, in the National Annexes of
each CEN Member State, for different design situations. Some Member States have
adopted partial factor values that are different from the recommended values. It is also
found that the geotechnical calculation models in Eurocode 7 are not obligatory in any
country and alternative design models may be used. As a consequence Eurocode 7 does not
achieve complete harmonisation of geotechnical design in the CEN Member States.
However, all the CEN Member States now use the same limit state method for
geotechnical design. More experience is needed in the use of Eurocode 7 and the limit state
design method and more research is needed into the partial factor values and their effect on

the reliability of geotechnical designs to Eurocode 7 before full harmonisation can occur.
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3 RELIABILITY THEORY

3.1 Introduction

In the last four decades there has been an increased academic interest in the application of
reliability theory in civil engineering. Part of this application of reliability theory has been
concerned with the safety of structures and the ability of a structure to fulfil its design
purpose. This theory incorporates uncertainty in the design and treats the variables of the
design as stochastic. The aim of this chapter is to review reliability methods that will be

used throughout this thesis and the theory behind it.

This chapter begins by reviewing the basis of probability and statistical theory on which
reliability theory is based. In the following section, a review of the various methods for
assessing the reliability of a structure is presented, as well as the development of these
methods. Starting with the definition of a random variable, the evolution of reliability
methods is traced from independent normal second-moment methods to the dependent
non-normal first-order transformation methods. The Monte Carlo technique is also
introduced. The variability and uncertainty in geotechnical engineering is then
investigated. A literature review of the known statistical properties of soil parameters is

carried out and variance reduction techniques are examined.

A literature review of reliability analyses on spread foundation is presented. Different
reliability techniques for various design situations are used. The effect of the dependence
between soil strength parameters and the inherent spatial variability of the soil are
highlighted. Finally, a critical review of the literature concerning the use of statistical
methods in geotechnical engineering is carried out. The limitations of statistical methods in

geotechnics are reviewed and some pitfalls are highlighted.
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3.2 Basic Probability Theory

Probability theory is a branch of mathematics that deals with chance or the likelihood of an
occurrence of a particular event. Probabilistic theory is derived from a set of axioms and all

the formal mathematical relationships can be derived from the following three axioms:

AXIOM 1: For any event A,

0<P(A) <1 |

where P(A) is the probability of an event A.

AXIOM 2:

In other words, the probability of the occurrence of an event corresponding to the entire

sample space is certain (Nowak and Collins, 2000).

AXIOM 3: Consider n mutually exclusive events,

P (O Ai> = Zn: P(A) 3.3
i=1 i=1

This axiom states that the probability of a set which is the union of other mutually

exclusive subsets is the sum of the probabilities of those subsets.

3.2.1 Basic Set Theory

The notion of set theory is fundamental in the mathematical theory of probability. The
philosophy of set theory is that all sets of possibilities are collectively in a sample space, S,
and that any event A; is a subset of the sample space. A Venn diagram can be used to

represent graphically the sample space and the events within the sample space as shown in

Figure 3.1. It is often necessary to combine more than one event. The two basic ways to

combine events are the union and the intersection. Consider two events A, and A,, their
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union denoted by A;U A, means that either event A; or A, or both will occur. The
intersection denoted by AN A, signifies that both event A, and A, will occur. A |Aj is a
conditional event and implies that event A; occurs given that event Aj; has already

occurred.

The probability of an event A; occurring is P(A3). P(S) = 1, corresponding to Axiom 2.
The probability of event A3 not occurring is referred to its complement and is denoted by
P(A;)=1-P(A;). The probability of both events A; and As; occurring is P(A,U A;)
which is equal to P(A;) + P(A;) because the events are mutually exclusive or have no
intersection on the Venn diagram. When events are not mutually exclusive, such as A, and

A, the probability of events A; and A, occurring is:

P(A;U A;) =P(A)) +P(Ay) -P(A N A,) 3.4

Sample Space, S

Figure 3.1 Venn diagram

3.2.2 Random Variables

A random variable is a mapping of the sample space into the real line (Ang and Tang,
1975), such that every outcome in the sample space maps to a corresponding numerical
value on the line, illustrated in Figure 3.2. In other words, the possible outcomes of a

random phenomenon can be represented numerically. However, this is only an intuitive
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notion of a random variable and a precise mathematical definition is not explained in detail

in this thesis but can be found in any textbooks on probabilistic theory. e.g. (Feller, 1957)

Sample Space S

SO X
|

T T |
a (& b d
Real Numbers

Figure 3.2 Schematic representation of mapping random variable X

A random variable may be discrete or continuous, a random variable is called discrete
when its points on the line are countable, and it is called continuous when its points lie
anywhere within one or more intervals on the line (Haukaas, 2003). Most random

variables in reliability theory are continuous.

The probabilistic characteristics of a continuous random variable are described completely
by the cumulative distribution function (CDF). The first derivative, if exists, of the CDF

for every real number of the random variable X is given by:

Fx(x) =P(X <x) 3.5

The CDF describe the probability that the outcome of X is less than or equal to a particular
value. The first derivative of the CDF is the probability density function (PDF).

d
f == F 3.6
x (%) o x (x)
However, in practice the form of the distribution function may not be known and an

approximate description of the random variable is often necessary (Ang and Tang, 1975).
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The probabilistic characteristics of the random variable may be described in terms of their
statistical moments. The nth moment of a probability distribution function about the origin

is (Baecher and Christian, 2003):

E(X") = j x" fx (x) dx 3.7

The first statistical moment for a continuous random variable is the expected or mean value

of X and is often denoted E(X) = ux.

+o0

X =p~ f ‘x fx(x) dx 3.8

-00

The second statistical moment is known as the variance. The variance of X, commonly

2
denoted as csx2, is defined as the expected value of (X - “x) and is equal to:
" 2 +00 2
ox" = E(X - “x) = f (X - ”x) fx (x) dx 3.9

The variance is the measure of dispersion or the variability of the random variable. The
standard deviation (ox) is the positive square root of the variance. The coefficient of
variation, CoVy, is an important relationship between the mean and standard deviation of
the random variable X, it is defined as the ratio of standard deviation ox to the mean py,

given as:

Ox
WoNy=— 3.10
Hx

The third moment is the measure of skewness of a random variable and is used to measure

the asymmetry of a probabilistic distribution.

B(X- 1) = ] (X -y )’ () dx 3.11
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3.2.3 Random Vectors

A random vector is defined as a set of random variables (X, X3, ..., X;). When dealing
with multiple random variables, the distribution functions and density functions are similar
to those for a single random variable. The joint cumulative distribution function, analogous
to the CDF for the single random variable (Nowak and Collins, 2000), Equation 3.5

becomes:

Fawwe. (o =B 6 25, ..., X 5% ) 3.12

The joint probability density function, if exists, is defined as:

n
d8x %...x

fx,,xz, M,Xn(x,,xz, R xn) = T (xl,xz, s xn) 3.13
b

(15, THERENT . » &%

3.2.4 Covariance and Correlation

When multiple random variables are considered, there is often some linear dependence
between the variables. This relationship between variables is called covariance. In the case

of two random variables X and Y, the covariance i1s defined as follows:

COV(X,Y) = E[(X - p, )(Y - uy)] = E(XY) - E(X)E(Y) 3.14

where px and py are the means of random variables X and Y.

If the joint PDF of a random vector (X,Y) exists then the covariance is expressed as:
+00
COV(X,Y) = ff (x- px)(y - pY)ny(x,y)dxdy 3.15

To describe the correlation between the random variables, X and Y, it is preferable to use
the normalised covariance or correlation coefficient in reliability calculations, which is

defined as:
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_ COV(X,Y)

GxOy

ph 3.16

where ox and oy are the standard deviations of the random variables X and Y.

The values of pxy range between -1 and 1. When pxy = 0 the two random variables are

uncorrelated, and they are linearly related if pxy = £1.

3.2.5 Population Distributions

3.2.5.1 Normal Distribution

The normal or Gaussian distribution is the best known and most commonly used
probability distribution of a random variable (Ang and Tang, 1975) and is probably the
most important distribution in reliability theory. The PDF for a normal distribution is given

by:

-0 <X <00 3007

RO

where |1x and ox are the mean and standard deviation of the distribution respectively.

3.2.5.2 Standardised Normal Distribution

The standardised normal distribution is a normal distribution with px = 0 and ox = 1. Any

normal distribution, X, can be standardised using the following relationship:

Z= = 3.18

where Z is the standardised normal distribution. The PDF of a standardised normal

distribution is:
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£ (x)= il 7@ 0 <Z <
X Nex 3519

The notation ®(z) is commonly used to designate the distribution function of the

standardised normal variable Z.

3.2.5.3 Lognormal Distribution

The logarithmic normal or lognormal distribution is a probability distribution of a random
variable whose logarithm is normally distributed irrespective of the base value. A
lognormal distribution is defined for positive values only and can be very useful for strictly

positive parameters. The PDF for a lognormal distribution is given by:

I(Inx - A\
[7(%)] O=x<o 3.20

fi(x) = e

where the parameters £ and A are related to px and ox as follows:

1

M= In(py - 327) 3.20a
ze

G5 (gl e 3.20b
L%

3.2.5.4 Gamma Distribution

The gamma distribution is a probability distribution of a random variable that is often used
to model positively skewed data when random variables are greater than 0 (MINITAB,
2007). The gamma distribution is also commonly used in reliability survival studies. The

PDF for a gamma distribution is taken as:

1 g1
£(x) = ——<Ag(Agx)™* e(gx) 0<x<o
Fg(kg) g\"g 3.21

30



Chapter 3 — Reliability Theory

and the mean and standard deviations are given by:

Hy = - 32
X )\'g Lid
ng
ox = g 3.21b

where K, is the shape parameter, I /Xg is the scale parameter and I’ represents the gamma

function.

3.2.5.5 Exponential Distribution

The exponential distribution is a commonly used distribution in reliability theory and
engineering (Gnedenko and Ushakov, 1993) . It is often used to model the behaviour of
units that have a constant failure rate. The exponential distribution is described by its rate
parameter, A, and threshold parameter, 1. The PDF for an exponential distribution is

given by:

£ (x) = Loe(Pelere)) To <X <00 )

and the mean and standard deviations are given by:

1
Hy = Te T T 3.22a

e

1
Ox = ~ 3.22b

e

3.2.5.6 Weibull Distribution

Weibull distribution is a useful distribution because it can take various shapes depending
on the values of the parameters; ky, tw, W and [’y are used to describe it. The PDF for a

Weibull distribution is as follows:
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kw X-Tw ky-1 [_(X - Tw )kw]
W-Tw < <

LX) =2 it ) (w-rw> ? ARG 3.23

0 -0 <X < Ty

and the mean and standard deviations are given by:
1
by = (W - 1) <1+k—)+Tw 3.23a
2 )} - o 1

ox” = (W-1y) [Fd<1+-i—)-fh (1*-E—)] 3.23b

where k,, is the shape parameter, 1y, is the scale, w is the sum of the scale and threshold and

['q represents the gamma function.

3.2.5.7 Beta Distribution

Similarly to the Weibull distribution, the beta distribution can also take on various shapes

but can also be bounded by the finite limits a, and by, which can be useful when modelling

some engineering properties. The PDF of such a distribution is:

(i)™ (1 )

B(ry,t,) (by- a,)

fi(x) =

and the mean and standard deviations are given by:

Iy
Iy i tb

Wy = ay + (by - ap)

(8 + )4+ 1y, +1)

t
ze(bb'ab)\/ k.
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where ay, and by, are the limits, 1, and t, describe the distribution and B represents the beta

function.

3.2.5.8 Logistic Distribution

The Logistic distribution is a probability distribution which resembles the normal

distribution but has heavier tails. The PDF of such a distribution is:

e‘(x = P-X)/SL
fi(x) =
X sL(1+e'(" b ux)/sL)2 3.25
where |1x is the mean and the standard deviation is given by:
ST
Oox = —
X NG 3.25a

where s in the scale.

3.2.6 Basic Statistical Terms and Concepts

3.2.6.1 Sample Parameters

The parameters required to describe the different distributions for random variables given
in the previous section may be calculated when the probability distribution is known.
However, in many practical situations, the true distribution is unknown and sample
parameters have to be estimated using test data. The true mean, px, of a random variable X

with n observations can be approximated by the sample mean, X or mx, given by:

1
i=mX=;in 3.26

The sample standard deviation for n - 1 degrees of freedom is determined from:
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3:27

The sample coefficient of variation Vy, is defined as the ratio of the sample standard

deviation sx to the sample mean my, given as:

Sx

Vg = —
S 3.28

The coefficient of variation Vx can only be effectively used to describe the relative

dispersion when the sample mean is not close or equal to zero.

3.2.6.2 Regression

Regression analysis generates an equation to describe the statistical relationship between
one or more predictors and the response variable and to forecast and predict new
observations (MINITAB, 2007). It can be used to determine any statistically significant
relationships between the predictor and response variables. The equation for a linear

regression is in the form:

Y= D B ve 3.29

where Y is the response, Go is the regression intercept, Ei are the slopes of the regression

line with respect to the predictor variables Xj, and ¢ is the error due to chance variation.
Regression models generally use the least squares method which derives the equation by
minimising the sum of the squared residuals which is illustrated in Figure 3.3. If the
deviation of any point (Y;) from the mean (Y) is considered, Mullins has shown that (2009,

2003) (Y; — Y) can be separated using the regression line as follows:
Y- =(Yi-Y)+(V:-Y) 3.30

The sum of squares is then determined by squaring and summing all the data points:
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n n n

DT = Y (V1) + ) (%Y 331

i=1 i=1 i=1

In other words, the total sum of the squares (SSiai) 1s equal to the residual sum of squares
(SSresiquar) plus the regression sum of squares (SSregression). This decomposition leads to a

commonly cited measure called the coefficient of determination or the R-squared value.

ot e D
o SSregression - Zinzl(Yi' Y) 339
SSiotal ?zl(Yi' by

1’ is a positive number between 0 and 1. It describes the total amount of variation that can
be explained by the regression line; the unexplained variation is considered to be due to
chance variation. If I is equal to one then all the variation is systematic and is explained by
the regression line. r is known as the correlation coefficient which is the measure of linear

dependence between variables.

Figure 3.3 Regression Analysis of Y with respect to X

3.2.6.3 Significance tests

Significance tests are used in statistics to investigate the likelihood of an event having
arisen entirely by chance. A result is statistically significant if it is unlikely to have
occurred by chance. The significance test procedure involves specifying a null hypothesis

to be tested and an alternative that will be decided upon if rejected (Mullins, 2003). The
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null hypothesis is assumed to be true unless the measure data can prove it to be otherwise.
The probability chosen to define an unlikely event occurring by chance is known as the
significance level. The significance level is often equal to 0.05 or 95% confidence in the
test. This means that there is a 5% probability of a Type-I error or a rejection of the null

hypothesis when it is in fact true.

3.3 Reliability Theory

3.3.1 Classification of Reliability Methods

There are three main methods for checking the measure of safety of a structural design as

described in Report 63 of the CIRIA (1976):

Level I: A design method in which appropriate levels of reliability are provided
incorporating characteristic values and partial factors of safety. The Eurocodes are a Level

[ design method.

Level II: A reliability analysis in which safety checks are performed at a design point on
the failure boundary, defined by the idealised limit state function. The First-Order Second-
Moment (FOSM) methods described in this chapter are Level II design methods.

Level III: An ‘exact’ reliability analysis, in which a full distributional approach is carried
out for the entire structural system. Level III methods are not practical for normal design
purposes due to the complexity of the design but if the reliability is of critical importance
they can be applied for the analyses of structural designs using Monte Carlo techniques et

cetera:
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3.3.2 Probability of Failure

The basic reliability problem considers one resistance R and one action effect E. The

probability of failure (Pf) can be stated in any of the following ways:

P,=P(R-E<0)=P[g(R,E) <0] =P[Z<0] (Cornell, 1969) 3.3
R

P;=P <E = 1) (Melchers, 1987) 3.34
InR

P;=P (ﬁ = 1) (Rosenbueth and Esteva, 1972) 3.35
n

where g(.) is the limit state function

However while each choice of function g(.) implied failure when g(.) < 0, Pula (2007)
showed that when using First-Order approximations, described later in the chapter,
applying different g(.) could lead to different values of Py. This ambiguity was solved by
Hasofer and Lind (1974) and the technique is described later in the chapter.

3.3.3 Second-Moment Theory

Second moment methods of reliability analysis have their origins in work published by
Mayer (CIRIA, 1976, 1926) but these methods were only developed seriously by Cornell
(1969), Rosenbueth and Esteva (1972) and (Ravindra et al. (1969) cited by CIRIA (1976)).
They are known as Second-Moment methods because only the first two moments (mean

and variance) of random variables are used.

3.3.3.1 Basic Concept

Consider the basic reliability problem with one action effect £ resisted by one resistance R.

Z=R—E 3.36
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Z is the limit state function and is equivalent to g(R,E) for the particular mode of failure
being considered. The system will be considered to have failed if the resistance R is less
than the effect E acting on it (Melchers, 1987). This is illustrated in Figure 3.4 where Z = 0
is called the failure boundary. The reliability index B is a measure of how many standard
deviations of Z, pz is from the failure boundary. 3 is a more meaningful measure of safety
than the traditional FoS. 3 incorporates the uncertainty into the calculation whereas the
FoS is purely deterministic. The distance from the mean pz to the failure boundary can be

written in terms of the standard deviation 6z (Smith, 1986):

p,- Bo,=0 3.37

Py Ll
p=t= R_E— 3.38

Gz \/0R2+ 0-E2

The probability of failure (Py) is:

P;=P(R-E <0) = ®(-p) 3.39

where ®(.) is the standard normal distribution.

Z<0 Z>0 : 1 ™

Failure Safety

bz _ T TR ¢

Figure 3.4 Marginal Distribution
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3.3.4 First-Order Second-Moment (FOSM)

If the limit state function consists of a random vector with more than one basic variable,
the FOSM theory can be easily expanded. g(x) can be expressed as a function of its

relevant basic variables:

Z = pX) = g Xy, Xy, i 8y) 3.40

Hasofer and Lind (1974) proposed to make an orthogonal transformation of the variables X
to Y by letting Y = TX, where T is an orthogonal matrix determined from the covariance

matrix V:

V=E[(X-X)(X-X)']
3.41
E[(Y-V)(Y-Y)] = TVT'

TVT' is a diagonal matrix, and the variables Y are the uncorrelated varibles that are

converted to their standard form using the well-known transformation:

Xi 5 “X-
Y, = ' 3.42
Ox.

The limit state function can then be redefined in terms of the set of reduced variables
2(Y1,Y2,... ,Y,), in y space. The joint PDF fy(y), is the standardised multivariate normal
distribution with py = 0 and oy = 1. Therefore, many well-known properties of the
multivariate normal distribution can be applied (Hasofer and Lind, 1974). The reliability

index is the shortest distance from the origin to the transformed limit state function and is

, n
B=min Zyi2 343
i=1

where y; represents the coordinates of any point on the limit state surface (Melchers, 1987).

given by:

The solution for y; is denoted y;* and is traditionally called the design point (Madsen et al.,
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1986), as illustrated in Figure 3.5 Ang and Tang (1984) cited Shinozuka (1983) as

showing that this design point is in fact the most probable point of failure and is defined as:

y, =-a;p 3.44

where a; are the directional cosines or sensitivity factors indicating the direction of f3
(CIRIA, 1976). The magnitude of the uncertainties are reflected by the sensitivity factors
(Honjo et al., 2000). There is an «; value for each random variable being considered in the
reliability analysis and the o; values are in the range of -1 to 1 and Y™, a;? = 1. The closer
the a; is to -1 or 1, the more effect the random variable has on the 3 value (Forrest and Orr,

2010a).

A
E/ce |
Design Point, y:* | Z=gR,E)=0
\ ~
g &
-oef §a
eSS L il il i LS »
> V‘ = WO'R
£ :
B | aep! Origin

Figure 3.5 Limit State Surface in Standardised Normal Space

The exact solution for B can be easily obtained using Equations 3.43 and 3.44 for a linear
limit state function. However if the limit state function is non-linear, which is often the
case, the first two moments of g(Y) in y space can no longer be obtained exactly
(Melchers, 1987). This is because g(X) and subsequently g(Y) will not be normally

distributed even if all the distributions of the random variable are normally distributed.
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g(Y) must be linearised to obtain the first two moments of g(Y). This is carried out by
expanding the limit state function g(X) as a first-order Taylor Series at a point y*, which is

on the failure surface g(y*) = 0 (Ang and Tang, 1984); that is:

nog(Yi-y,) dg
X1,X5,....X0) = g(y*,,y*,, ... ,y* +Z —_— 3.45
g(X,Xo n) = BY* Y% -0 ¥*) ST

The mean and variance of g(Y) can be estimated using the first-order terms of the Taylor

expansion at the design point y*.

* dg
n —_—
Ho(y®) o el (d i)
Og(y*) 3.46

 (55)
=1 dY,

~
~

3.3.5 First Order Reliability Method (FORM)

Up to now, only the mean and variance of each random variable have been considered in
the reliability calculation and the probability distribution has been disregarded entirely.
While the FOSM method usually gives good results, it involves some approximations that
may not be acceptable (Baecher and Christian, 2003). If the random variables are non-
normal, transforming the variables into normal equivalents will improve the reliability
analysis. For example, if X is a random variable that is lognormally distributed with mean
px and variance ox’, the transformation to an equivalent normal variable U is given by U =

In(X) (Melchers, 1987), with nuy = In(ux) and 6y = Vi for Vg <'0:3 (MacGregor, 1976,

Scott et al., 2003). The standardised normal variable Y, equal to w can be
U
: ]n(X/ “x) : :
approximated by TREEe The random variable X can now be represented in terms of Y
X

since X = uXeYVX, where Vx = ox/px. This transformation approach is called the advanced

FOSM method or the First-Order Reliability Method (FORM).
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Similar transformations can be carried for other non-normal random variables but the
mathematical manipulation can be more complicated. A well-known procedure is the
Rosenblatt (1952) transformation, where the random vector Y is represented as a sequence

of conditional distribution functions (Hohenbichler and Rackwitz, 1981):

d)(yl) =Ri{x)
@(y,) = Fx(xalx,)
(I)(y3) :F3(x3|xl,x2)

(D(yn) :Fn(xnlxli"'fxn-l) 3.47

where @(.) is the standardised normal cumulative distribution and F; is the conditional

cumulative distribution. From which:

x,=F," (q)(y]))
= (00)IR (2(4))

x3=Fy" <®(y3)|F‘_l ((D(yl))'FZ'l (CD(yz)lF," (q)(yl))))

x= F, (CD(yn)lFl" (06,)) B (@C)IF (0(1))) o B (@03, ... )) s

The Rosenblatt transformation is the most general probability distribution transformation
and it is exact (STRUREL, 2004). It does not require the probability distribution to be
normal or independent; however in extreme cases the solution can be sensitive to the order

of the conditional probability (Dolinski, 1983).

3.3.6 Monte Carlo Simulation (MCS)

One of the most popular methods for approximating the reliability of a system is the Monte
Carlo Simulation (MCS) technique. MCS involves generating a large number of repeated

random sampling to calculate the result. The method has become popular because of the
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ability of modern computers to generate a large number of simulations in a short space of
time, it does not require the arduous calculations required for the First and Second-Order
reliability methods and many reliability questions are far too complex to determine

analytically (Puta, 2007, Leitch, 1995).

In its simplest approach, the MCS technique involves generating random samples x; from
each random variable X;. If the limit state function has been violated (i.e. g(x) < 0) then the
component or structural element has failed (Melchers, 1987). The simulated experiment is
repeated n times and the probability of failure (Pf) of the system is described as the

following equation (Melchers, 1987):

n <
,:1g(X_O) 3.49

P:
d n

The disadvantage of the MCS method is that it requires a very large number of simulations
to obtain a good estimate of small failure probabilities because the sampling of the random

variables will be clustered near their mean values. The accuracy of the estimated results is

] I : , :
proportional to = Therefore, an increase of accuracy by one order of magnitude requires

an increase in the number of simulations by around two orders of magnitude (Tsuda(1995)

cited by Honjo (2008) ).

Another consideration when using MCS, concerns how the random numbers are generated.
Most pseudorandom random generators employ a linear congruential algorithm (Baecher
and Christian, 2003), in which a sequence of uniformly distributed random integers, [;, is

generated from:

I;;,= al;+ c(mod m) 3.50

where a and c are constants and m is the modulus (the remainder) and a, ¢ and m are non-
negative integers. For example, a simple Linear Congruential Generator (LCG), with a
seed number Zy = 19, a= 27, ¢ =45 and m = 96, is shown below. The usual procedure is to
perform the calculations as integers and subsequently divide by the modulus to obtain real

numbers in the range 0 <[; < 1, as follows:
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Ii+l= 27Il+ 45(m0d 96) 38511

I[,=27(19)+ 45(mod 96) = 78/m = 0.8125

since: 27(19) +45 =558 ; Ny X 96 =480 ; 558-480=178 ; % = 0.8125

where N, = {0,1,2, ...}
L= 27(78)+ 45(mod 96) = 39/m = 0.40625
[;=27(39)+ 45(mod 96) = 42/m = 0.4375
[,=27(42)+ 45(mod 96) =27/m = 0.28125

I=...... et cetera

This theory is easily expanded for non-uniform distributed random numbers. The
procedure is to generate first a sequence of uniformly distributed random numbers and use
an inverse transformation to the CDF of the desired distribution (Honjo, 2008, Rubenstein,

1981, Puta, 2007). For example, consider the exponential distribution, where:

By == 1-ghe 0=z 3.50
Find X, the inverse of U
- 1 1
X=Fx(U)=-—In(1-U) = -—In(U) 3.58
e e

Determine the random sequence for a uniform distribution as in Equation 3.51:

Uiy, = 27U+ 45(mod 96) 3.54

IfA= zLoo’ then the random sequence of values Z; following an exponential distribution are
determined using the transformation between U and X in Equation 3.52:
[,=-2001n(0.8125) = 41.527

I,=-2001n(0.40625) = 180.157
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[3=-2001n(0.4375) = 165.335

LCGs can be susceptible to periodicity if the seed number is not chosen carefully, which
effectively means the sequence of generated numbers [; will be shorter than m and
therefore not completely random. Park and Miller (1988) cited (Lewis et al., 1969) who
proposed a LCG with a = 7> and m = 2°' - 1, and this has become the minimum standard
due to its wide use. The LCG used for generating random numbers in this thesis is the one
proposed by Wichmann and Hill (1982) which has an approximate period of 2*. This
period is sufficiently longer than Ripley’s (1990) suggestion that the period should be
greater than 200n%, where n is the number of iterations. For the purposes of this thesis the
period of the LCG is sufficiently long but if MCSs are used with the probabilities of failure

associated with civil engineering structures, a longer period should be used.

3.4 Variability and Uncertainty in Geotechnical Engineering

There is considerable variability in ground conditions and hence uncertainty in
geotechnical engineering. There is variation in soil properties from site to site and from
stratum to stratum as well as variation within apparently homogeneous deposits at a
particular site. Figure 3.6 demonstrates the uncertainty involved in soil property estimation.
The uncertainty concerning geotechnical properties can be separated into three main
sources (Bourdeau and Amundaray, 2005):

e [nherent soil variability. This is due to inherent spatial variations within a relatively

homogeneous soil layer.

e Limited availability of information. Due to the small volume of soil that is tested
compared to the volume of soil involved in a geotechnical design situation, and hence
the limited available information, it is not generally possible to determine the statistical
properties of a soil stratum with confidence. This source of uncertainty may be reduced
by increasing the amount of data taken during the site investigation, due to greater
statistical confidence, whereas the uncertainty due to the spatial variation of the ground

may not necessarily be improved in this way.
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e Imperfect information. Site investigation techniques do not always provide accurate

values of the soil properties due to measurement errors, test imperfections, the limited

size of specimens, or differences between the in-situ and laboratory testing conditions.

SOIL —» IN-SITU —p TRANSFORMATION —p ESTIMATED

MEASUREMENT MODEL SOIL PROPERTY
inhe.rlent data statistical model
vasr(i)allbility scatter| | uncertainty uncertainty
i |
mhe.rent measurement
5911 e error
variability

Figure 3.6 Uncertainty in Soil Property Estimation (Kulhawy, 1992)

3.4.1 Variability of Soil Properties

Significant work has been carried out by many authors such as Becker (1996b); Phoon and
Kulhawy (1999a, 1999b); Duncan (2000), and Baecher and Christian (2008) amongst
others, on the statistical attributes of most soil parameters. Table 3.1 gives some typical

ranges of mean values and CoV for a selection of soil strength parameters.

Where possible, parameters describing the soil variability should be site-specific because,
as Baecher and Christian (2003) have pointed out, in geotechnical engineering, the
variability encountered in soil properties is directly related to the particular regional
geology. However, for a general reliability analysis, typical ranges of soil parameters are

necessary and must be employed (Forrest and Orr, 2010a).
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Value CoV (%)
Property Soil Type Range m Range m
cu(UC) kPa Fine grained 6-412 100 6 -56 33
cu(UU) kPa Clay, silt 15-363 276 11-49 22
cu(CIUC) kPa Clay 130-713 405 18 - 42 32
cu kPa Clay 8 -638 112 6 - 80 i s
¢ (°) Sand 35-41 37.6 5-11 9
o' (°) Clay,silt 9-33 15:3 10 - 50 21
¢ (%) Clay,silt 17 - 41 333 4-12 9
tan(¢") (TC) Clay,silt 0.24 - 0.69 0.509 6 -46 20
tan(¢') (DS) Clay,silt - 0.615 6 - 46 23
tan(¢’) Sand 0.65-0.92 0.744 5-14 9

cu, Undrained shear strength; ¢', effective stress angle; TC, triaxial compression test; UC, unconfined compression test; UU,
unconsolidated-undrained triaxial compression test; CIUC, consolidated isotropic undrained triaxial compression test; DS, direct shear

test

Table 3.1 Summary of Variability of Soil Properties (Phoon et al., 1995)

3.4.2 Spatial Variability and Scale of Fluctuation

Inherent spatial variability brings unavoidable uncertainty in design (Einstein and Baecher,

1983, Lacasse and Nadim, 1996, Kim, 2005). Inherent spatial variability of soil properties

is usually separated into a spatial trend and the fluctuations about this spatial trend (de

Groot and Baecher (1993) cited by Popescu et al. (2005)). Even within supposedly

homogeneous soil layers, soil properties may exhibit substantial variation from point to

point (Vanmarcke, 1977) about this spatial trend. The point to point variability is referred

to as the inherent or spatial variability. This is best demonstrated in Figure 3.7 which

shows the variation of the soil property with depth. The idealisation assumed in this

situation is that the soil property increases with depth, whereas the zigzag line is the actual

behaviour and demonstrates the spatial variability from point to point.

3.4.2.1 Modelling inherent soil variability

Soil is a complex engineering material formed by a combination of different geologic,

environmental, and physical-chemical processes (Phoon and Kulhawy, 1999a) that

continue to change the soil in-situ. As a result, soil properties in-situ varies vertically and

horizontally. The spatial variation, from Figure 3.7, can be described in the vertical

direction (z) as follows:
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E(z) =t(z) +w(z) 3.55

where £(z) is the soil property in the vertical direction, t(z) is the trend function and w(z) is

the fluctuating inherent variability.

Ground Surface

Z
Layer 1
li
el
| Layer 2
2
e e
| 0 Layer 3

.—Trend, 4(z)

~1Scale of fluctuation, &v
I3

Deviation from trend, w(z)

~Soil property, £(z)

Figure 3.7 Spatial Variability and Spatial Average (Phoon and Kulhawy, 1999a)

The correlation length or scale of fluctuation is a fundamental statistical parameter that is
used to describe the inherent variability of the soil (Cherubini, 2000). The scale of
fluctuation is a measure of the distance over which a correlation of a property is exhibited.
A distinction is made between the vertical and horizontal directions, as the fluctuation
scales in each direction are usually different. In fact, the horizontal scale of fluctuation is
often ignored because it is approximately ten to twenty times the vertical scale of

fluctuation (Puta, 2007). A good approximation of the vertical scale of fluctuation (8,) can
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be estimated using the scale of fluctuation shown in Figure 3.8 and determined assuming

the following relationship (Vanmarcke, 1977), which is based on random field theory:

n
A 5 d
e dV/ ~ 0.8, = 0.8 =1~

b 3.56
-

where d, is the average distance between the intersections on the mean value of the

fluctuating property.

Fluctuating property, &

Depth, z

\

Figure 3.8 Estimation of Vertical Scale of Fluctuation (Phoon and Kulhawy, 1999a,
Spry et al., 1988)
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3.4.3 Variance Reduction

The variance reduction factor (I'?) defines the ratio between the population variance and
the sample variance of a parameter. Therefore, I" is the ratio between the population
standard deviation and the sample standard deviation. I'> quantifies the reduction in the

variation of the measured data and is always in the range of 0 and 1.

oy = I'sx 3857

The value of I depends on the scale of fluctuation and the size of the failure domain.

Vanmarcke (1983) proposed that I'> can be approximated by the following expressions:

B o g 3.58
rz—av[l 8“]1‘ B, < 2L 3.59
|27 T e it ;

where L, = length over which the property is averaged.

3.5 Literature Review of Reliability of Spread Foundations
and Design Codes

Honjo et al. (2000) used reliability analyses on spread foundations to evaluate the relative
magnitudes of uncertainty involved in the actions and the resistances applied to a
foundation. This work was carried out using FORM. The work focused on the sensitivity
factors (o) of the actions and resistances and how they are affected by the CoV of the soil,
in this case the SPT-N values. The reliability indices () for this study were in the range of
2.0 - 3.5, corresponding to probabilities of failure (Py) in the range of 2.27x 107 - 252158,

Phoon et al. (2000) presented a practical reliability-based design approach, illustrated using
the design of drilled shafts (bored piles) for uplift under undrained loading, which was part

of a series of reliability studies on transmission line structures (Phoon et al., 2003). They

50



Chapter 3 — Reliability Theory

concluded the FORM reliability method could consistently produce designs that achieve a

known level of reliability. The target § for this study was 3.2.

Cherubini (2000) carried out work on the reliability of spread foundations on granular soil,
using the effective cohesion ¢’ and friction angle ¢’, as random variables and considering
possible correlation between them as well as taking into account the effects of the vertical
scale of fluctuation. This study found that higher  values were obtained when a negative
correlation between ¢’ and ¢’ is considered compared to independent ¢’ and ¢'. The range of
Oy was taken as 1 - 2m and it was found that when &, = 1, the variance reduction was the

greatest.

Bauer and Puta (2000) considered the SLS in their analyses of spread foundations and
determined [ using an allowable settlement as the limit state function. The random
variables that were considered were the Young’s modulus (E) and Poisson's ratio (v) in a
single soil layer. They examined the effect of random variation of E and v, as well as their
mutual correlation, on the reliability index associated with exceeding the assumed level of
a spread foundation settlement. They concluded that no correlation between E and v should

be considered.

Griffiths et al. (2002) carried out a probabilistic study of the bearing resistance of a rough
rigid strip footing on a soil with randomly varying undrained shear strength, using the
Random Finite Element Method (RFEM). They combined random field theory with a
conventional nonlinear finite element algorithm, in conjunction with MCS. Griffiths et al.
(2002) and Popescu et al. (2005) observed that the bearing resistance of a foundation on a
soil with spatially varying shear strength is always lower than the deterministic bearing
resistance based on the mean value. They concluded that a FoS of 3 — 4 would generally be
adequate to reduce the probability of design failure to negligible levels for soils with a

CoV, < 0.5. Popescu et al. (2005) found that the CoV and the marginal probability

distribution of ¢, are the two most important parameters in reducing the bearing resistance.
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Scott et al. (2003) reviewed the partial factors in use for Load Resistance Factor Design
(LRFD) in the US, Canada and Europe for geotechnical design and determined appropriate
ranges for the values of the partial factors. They compared the results of the analysis with
the partial factors in the codes and found that the partial action factors given in the codes
generally fall within acceptable ranges and called for the adoption of common partial

factor values for actions for all civil structures.

Alghaffar and Dymiotis-Wellington (2005) compared the reliabilities of designs to British
and European standards for the case of a retaining wall. They determined the failure
probabilities of retaining wall designs taking into account model uncertainty, variable
correlation and spatial variability. They showed that the failure probabilities of designs are
sensitive to the spatial variability of parameters and the model uncertainty, as well as the

adopted statistical modelling of the variables.

Puta (2007) presented the reliability of spread foundations designed to the Polish standard
and demonstrated that the CoV of ¢’ plays a vital role in reliability analyses. The
correlation between ¢’ and ¢’ is explored and the spatial variation of the soil is also
included in the calculations. The work showed that incorporating spatial averaging can

significantly increase 3 values and more accurately represent soil strength parameters.

Fenton et al. (2007) presented an analytical technique for estimating the probability of
bearing resistance failure of a spread foundation designed using LRFD. They highlighted
that the statistics of measurement errors and model errors are very difficult to determine
and therefore the errors associated with predicting the actual bearing resistance by
analytical equations are extremely difficult to measure. They concluded that this is a major
source of un-conservativism in the present theory but on the other hand, ¢’ and ¢’ are
assumed independent, rather than negatively correlated, which leads to somewhat
conservative results. However the effect of the correlation between c¢’ and ¢’ was found to

be small (Fenton and Griffiths, 2003).
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Orr and Breysse (2008) analysed the reliability of a spread foundation, for the undrained
condition, designed to Eurocode 7 using FOSM. They found the Byis = 2.44, which is less
than the target B = 3.8. This was attributed to the variation in ¢, and the effect of the
variability of ¢, on the reliability of the foundation was examined. It was found that a

CoV,, <20% was required to achieve the target reliability of 3.8.

Wang and Kulhawy (2008) investigated the reliabilities of spread foundations for the SLS
condition and assessed the relationship between PBg;s and the Byis. The study limits the
settlements to 25mm and 15mm. When the tolerance was set to 25mm, favourable 3
indices were found for the SLS condition, but when the 15mm case was considered the
performance of the foundation was poor. Therefore, they concluded that the limiting

tolerance for a foundation must be carefully defined.

Youseff et al. (2008a) presented a reliability-based approach for the analysis and design of
a spread strip foundation subjected to a vertical permanent action and a horizontal seismic
action. The soil’s shear strength parameters and the horizontal seismic coefficient were the
random variables used. A sensitivity analysis was also performed. It was shown that a
negative correlation between ¢’ and ¢’ greatly increases the reliability of the foundation and
that B values are very sensitive to CoVy and the horizontal action. Youssef and Soubra
(2008b) also considered the randomness of the soil elastic properties for the SLS condition.
They found that accurate determination of the uncertainties of the Young’s modulus was

critical in determining good probabilistic results.

Yammamoto and Hira (2009) used finite element analysis to analyse the bearing resistance
of strip foundations under eccentric actions and compared the results with existing standard
design equations such as Meyerhof (1963) and Hansen (1970). They concluded that
Meyerhof’s and Hansen’s equations are unconservative for foundations with large

eccentricities.
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Lesny (2009) compared the safety of foundations designed to Eurocode 7 with alternative
design concepts. She argued that since there was more than one Design Approach, the

actual safety of the foundation cannot be reliably determined.

Roberts and Misra (2010) developed a method for calibrating the partial resistance factors
for LRFD of spread foundations at the SLS. The random variables assumed were the soil
strength and stiffness parameters and MCS were used to develop a series of probabilistic
pressure settlement curves. The pressure settlement curves were used to determine the
allowable bearing resistance and then utilised to develop the resistance factors. They found
that the computed resistance factors were highly variable and a function of the uncertainty
in soil parameters and the size of the foundation; therefore no unique ‘global’ resistance
factor magnitude exists for the design of spread foundations, which was also shown by Orr
and Farrell (1999). They concluded that the calibration of resistance factors should be

performed on a site specific basis.

3.6 Critical Assessment of the Use of Statistics and

Reliability in Geotechnical Engineering

Reichmann (1961) stated that there are two widely divergent view of statistics. The first is
that any published statistics enjoy a degree of infallibility and they may be accepted
without question. The second is the more popular belief that anything can be proved with

statistics and therefore, by implication, statistics prove nothing.

In geotechnical engineering, Christian (2004) cited one of Terzaghi’s (1929) famous early
papers where he criticised engineers for “blindly trusting in purely statistical relations”
where large deviations exist. Terzaghi went on to highlight the importance of minor
geological details or features that vary from the expected or mean conditions. He

recommended that designers “assume the most unfavourable possibilities.”
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There are even divisions in statistical thought. There is the traditional frequentist approach,
which deals with uncertainty by assuming a value and testing if the sample data is within
the interval or not. The Bayesian method treats uncertainty as degrees of belief and
constructs a credible interval based on data and prior beliefs. Baecher and Christian (2003)
found the Bayesian approach to be more consistent with geotechnical practice because it

can incorporate engineering judgement in statistical analysis.

In engineering, judgement has always been elusive, a thing most prized but least
understood (Vick, 2002). Some uncertainties cannot be analysed and can only be
characterised using judgement. Errors and uncertainties exist in the testing and the
empirical correlations that are assumed in geotechnical engineering. Often there are too
few test samples taken at a site to make reasonable assumptions and too much faith can be

placed in the results of a few observations (Baecher and Christian, 2003).

For example, four triaxial tests are taken at a particular site; the resulting ¢’ values are 25°,
27°, 27°, 41°. The basic statistical characteristics of this data set (Sample 1) are given in
Table 3.2. The arithmetic mean is easily calculated and found to be 30°, however with such
a small data set, proper application of frequentist statistical theory, using a Student-t (1908)
sampling distribution, can only say with 95% confidence that the mean is in the range of

24.1°-35.9°.

Engineering judgement needs to be employed. Why are three values similar and one so
large? Is this just systematic variation or is 41° an outlier that should be disregarded? Is
there a bias due to depth, lithology, geology or location? Sample 2 in Table 3.2, shows that
when 41° is removed the standard deviation decreased significantly. From an engineering
perspective this is favourable but could result in a conservative/un-conservative design if

its removal is unwarranted.
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standard confidence
Sample ¢’ mean N CoV b
deviation limits
1 252272272 41° 30° 7.42 24.7% 24, 1°=35:92
2 2582972 26.3° 1.2° 4.4% 24.7° - 28.0°

Table 3.2 Statistical Summary of ¢’

Say, for example from prior knowledge of the site conditions, that the mean value of ¢’ is
35° and the standard deviation is 3.5°, giving a CoV of 10%. Bayesian techniques,
described in Chapter 2, can be used to get an updated mean and standard deviation, using

Equations 2.12 and 2.13. Revisiting Sample 1,

Mgt =
mdesign:
1+
Sdesign= Stest

In the context of the characteristic value, the 5% fractile is determined as 17.8° and 24.2°
for Sample 1 using frequentist and Bayesian methods respectively. Clearly 17.8° is too
conservative a value for an engineer to consider prudent. However, caution is required
when using the Bayesian technique. If the variation of the test value or known value of ¢’
is significantly smaller than the other, the Bayesian mean and standard deviation will be
weighted in favour of the smaller variation. This is an issue, for example, if a small number
of tests are taken and they are identical (e.g. two tests, both = 30°). The standard deviation
will be zero and the Bayesian values will equal the test values and give no weight to the

prior value.

The use of statistics in engineering requires engineering judgement as well as statistical
knowledge because the misinterpretation and abuse of statistics for engineering purposes is

even worse than the use of statistical methods without engineering judgement.
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3.7 Conclusions

This chapter reviews some of the important concepts employed throughout this thesis, such
as, the relevant probabilistic theory. A review of the various probabilistic distributions
from which random variables are generated is presented, including the concepts of
covariance and correlation between random variables. Statistical tools such as significance

tests and regression analyses, which are used is the thesis, are also reviewed.

Reliability methods are classified and the evolution of the different reliability methods
such as FOSM, FORM and MCS are presented as well as the transformation and
correlation techniques. FORM is used throughout this thesis since exact solutions of the
reliability of designs can be easily determined and, using the Rosenblatt transformation,

random variables are not required to be normal or independent.

The sources of variability and uncertainty in geotechnical engineering are examined as
well as carrying out a literature review of the variation in some soil parameters. Spatial
variation of soil strength properties is described and a method is presented to reduce the

measured variation to give more realistic CoVs of the soil strength parameters.

A literature review of the comparison of design codes and reliability analyses on spread
foundations is carried out. Different reliability methods such as FOSM, FORM, MCS and
RFEM have been used, for ULS and SLS design situations. The effect of the negative
correlation between ¢’ and ¢’ has been examined and it was found that higher  values are
achieved when ¢’ and ¢’ are assumed to be dependent. However, while some studies found
the effect of the correlation to be small, others reported large differences in the 3 values.
Spatial averaging soil strength parameters have been considered in some studies and were
found that smaller scales of fluctuation reduce the variation the most and therefore increase
the B values. While comparisons have been made between Eurocode 7 and existing
standards for retaining walls and some other design examples, none of these studies
incorporated spatial averaging and dependence between random variables, therefore

underestimating the 3 values. It has also been highlighted that since there is more than one
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Design Approach, the actual safety of foundations, designed to Eurocode 7, cannot be
reliably determined. Therefore research is required to determine the reliability of designs
using the three Design Approaches and to compare the reliabilities of the designs to the
target reliability as well as the reliabilities of designs obtained using existing codes of

practice.

Some of the limitations of statistical methods in geotechnics are presented and an example
is used to demonstrate how statistics can be misused and how important it is to incorporate

engineering judgement when using statistical methods.
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4 UNCERTAINTY AND STATISTICS IN DUBLIN SOILS

4.1 Introduction

This chapter provides an examination of the statistical properties of Dublin soils to support

the assumptions taken during the reliability analyses in this thesis.

Extensive large scale testing was carried out in Dublin during the construction of the
Dublin Port Tunnel (DPT). Much of this testing was carried out in Dublin Boulder Clay
(DBC) and many of the buildings in the city are founded on these deposits. The testing
included Standard Penetration Tests (SPT), oedometer tests, triaxial tests, amongst others

and the strength parameters of the soils are interpreted from these tests.

A comprehensive statistical investigation is required to ensure the assumptions taken for
the ground conditions in the reliability analyses are reasonable. Therefore, it is important to
determine the ranges of the mean, standard deviation, CoV, and correlation length of the

soils, as well as evaluating appropriate probability distributions for the soil parameters.

This chapter begins by reviewing the basis of the geotechnical testing carried out during
the construction of the DPT. In the next stage statistical analyses are performed, including
regression analysis and hypothesis testing, on the data obtained during the testing. The

Anderson-Darling goodness of fit test is used to evaluate the probability distributions.

The next section investigates the correlations between parameters that are known to be
related such as tan¢’ and c’. The vertical scale of fluctuation for the SPT data is also

estimated.

Finally, the variability and uncertainty in empirical correlations between the SPT and the

undrained shear strength (c,), which form a transformation model, is explored. The
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uncertainty in the transformation model is incorporated into the calculation of ¢, and the

effect this has on the CoV of ¢, is assessed.

4.2 Literature Review of Soil Parameter Evaluation

4.2.1 Statistical Evaluation of Soil

Every reliability analysis must make certain assumptions about the random variables in the
analysis such as the probability distribution, CoV, correlation lengths, or correlations
between different random variables. A range of published values for the CoV of soil
properties are presented in the literature and some are shown in Table 4.1. It can be seen
that some of the CoV values can have extremely large ranges for any given parameter and

this can have a large effect on the overall reliability.

Property CoV (%) Source
3-7 (Kulhawy, 1992, Harr, 1984)
y 1-10 (Orr and Farrell, 1999, Orr, 2000)
4-10 (Becker, 1996b)
o’ 10-15 (Becker, 1996b)
(I)' (coarse grained) 2-15 (Kulhawy, 1992, Harr, 1984, Orr, 2000)
o' (fine grained) 10-50 (Phoon and Kulhawy, 1999a)
13-40 (Kulhawy, 1992, Harr, 1984, Lacasse
ch and Nadim, 1996, Duncan, 2000)
6 - 56 (Phoon and Kulhawy, 1999a)
cl 30-50 (Orr and Farrell, 1999, Orr, 2000)
tan¢’ (coarse grained) 5-14 (Phoon et al., 1995)
tan¢’ (fine grained) 6 -46 (Phoon et al. , 1995)
SPT-N 15-45 (Kulhawy, 1992, Harr, 1984)

Table 4.1 CoV of Geotechnical Properties

The degree of correlation between random variables and hence their dependence on each
other is quantified using the correlation coefficient, r, which is a measure of the strength of
a linear relationship between the random variables. It is important to consider the
dependence of variables in reliability analyses because if all the variables are assumed to
be independent and this is not the case, then the calculated reliability of the structure could

be overestimated. For example, correlations between ¢’ and ¢’ have been shown to exist
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(Harr, 1987) and Cherubini (2000) found a value of r = —0.61 for the correlation between
¢' and ¢, citing values such as r = -0.47 (Wolft, 1985), -0.24 < r < -0.49 (Yucemen et
al., 1973), and —0.37 <r <-0.70 (Lumb, 1970).

The scale of fluctuation accounts for inherent spatial variations within a relatively
homogeneous soil layer. Phoon et al. (1995) have summarised the scale of fluctuation of

some geotechnical properties in Table 4.2.

Property no. of samples Scale of Fluctuation (m)
y 2 24-79
[+ 5 0.8-6.1
SPT-N 1 2.4

Table 4.2 Scale of Fluctuation of some Geotechnical Properties

4.2.2 Dublin Soils

In recent years, due to some large scale projects in Dublin, engineers have developed a
better understanding of the geotechnical characteristics of the Dublin soils, particularly
DBC. Long and Menkiti (2007) as well as Skipper et al. (2005) have presented a detailed
review of the average values of some geotechnical properties obtained for DBC. Lehane
and Simpson (2000) and Farrell et al. (1995) have also given some average values, shown
in Table 4.3, but to date there has been no detailed statistical analysis quantifying the
variation or the probabilistic distributions of these properties. This is largely because, in

practice, it is not required to determine the probabilistic distributions for design.
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Property Soil mean Source
Y (kN/m3) DBC 20505 (Lehane and Simpson, 2000)
Ip (%) DBC g (Lehane and Simpson, 2000)
Tallaght (brown) 2.24
Bulk density Tallaght (black) 2.29
@bcm’) . allaght (browm) 2.8 U LR
Tallaght (black) a0
Tallaght (brown) 1
Ip (%) gaillfé?tt ((ggf:;)) ig (Farrell et al., 1995)
Tallaght (black) 14
upper brown BC 2.228
Bulk density upper black BC 2.397 (Skipper et al., 2005, Long and
(Mg/m3) lower brown BC 2.283 Menkiti, 2007)
lower black BC 2.384
upper brown BC 13.4
upper black BC 13:2 (Skipper et al., 2005, Long and
Ip (%) lower brown BC 13 Menkiti, 2007)
lower black BC 11.8
DBC 10-15 (Farrell and Wall, 1990)
upper brown BC 21 -84
¢, (kPa) 12135:;:53; %(é 18279 _357230 (Long and Menkiti, 2007)
lower black BC 240
DBC 34+ 1 (Lehane and Faulkner, 1998)
R DBC 32 (Lehane and Simpson, 2000)
e () upper brown BC 35 (Farrell and Wall, 1990)
upper black BC a7 (Farrell and Wall, 1990)
d'p (°) DBC 36.8-41.7 (Lawler, 1998)
re&ﬁlsr;}x:e’: d) DBC 0'038‘(? 4(())'005 (Lehane and Simpson, 2000)
rec‘i)r(l‘;fi‘lf:e ke DBC 0'003_302'001 (Lehane and Simpson, 2000)

Table 4.3 Average Values of Geotechnical Parameters in Dublin Soils

4.3 Site Description

4.3.1 Dublin Port Tunnel

The DPT project involved 5.6km of dual carriageway, of which 2.8km consisted of twin-

bored tunnels and 1.9km was constructed using cut-and cover methods. The location and

layout of the tunnel is given in Figure 4.1 (Menkiti et al., 2004). At the northern end of the

scheme the cut and cover tunnels passes through DBC and the bored tunnel passes through
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DBC and Carboniferous limestones and shales. Estuarine deposits and made ground were
encountered at the southern end of the project. The DPT project offers a valuable
opportunity to understand the Quaternary geology and the geotechnical properties of the
soils underlying Dublin which is invaluable for potential future engineering projects in the

Dublin area.

Ampert  Dublin Ryrt
£  Tunnel +

Figure 4.1 Location of Dublin Port Tunnel

4.3.2 Geology

From an engineering perspective, the Quaternary glacial deposits in the Dublin area may
be divided into Dublin 'Upper Brown Boulder Clay' (UBrBC), 'Upper Black Boulder Clay'
(UBKBC), Lower Brown Boulder Clay' (LBrBC), and 'Lower Black Boulder Clay'
((LBKBC) (Skipper et al., 2005). Farrell et al. (1995) stated that the UBrBC is a weathered
zone of the underlying UBkKBC as opposed to a separate depositional feature or a different
glacial event (Hanrahan, 1977). The weathered zone is limited to a depth of 3m. The
UBrBC layer is typically firm or stiff while the UBKBC is normally very stiff. Both the
UBrBC and the UBKBC deposits have a relatively high stone content which prevents good
quality undisturbed sampling; as a result the in situ strengths of the boulder clays are

normally assessed using the SPT (Farrell et al., 1995). A correlation of 6xN is taken
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between the undrained shear strength and the SPT (Farrell and Wall, 1990). This
correlation assumes a stiff to very stiff very sandy clay with some rounded gravel and

occasionally cobbles, and is based on work carried out by Stroud and Butler (1975).

4.4 Statistical Properties of Soil tests

The procedure to determine the statistical properties of the soil parameters is essentially the
same for each test. The procedure is described below and is explained in detail for the case
of the SPT. Rather than repeating the description of the procedure, since it is repetitive; it

is implied for all the other tests.

Step 1 — The first step in the analysis is to separate the data into the different layers given
in Table 4.4. This has the effect of reducing the variation and removes the strata to strata
bias that may exist between different layers. The variation between the samples in
geotechnical testing is generally quite large, so this step aids in reducing the variation and

in turn the CoV. The DBC is analysed as a single stratum and as four separate layers.

Dublin Soils

Made Ground 1
Estuarine / Alluvial Silts and Sands 2
Estuarine / Alluvial Gravels 3
Glaciomarine Clays, Silts and Sands 4
Glacial Gravels and Sands 5
Dublin Boulder Clay (DBC) 6a, 6b, 7, 8
upper brown boulder clay (UBrBC) 6a
upper black boulder clay (UBKBC) 6b
lower brown boulder clay (LBrBC) 7
lower black boulder clay (LBkKBC) 8

Table 4.4 Separated Layers

Step 2 — An engineering judgement is made on whether the data are useful for analysis or

not.
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Step 3 — A scatter plot is used to investigate if there is there any increase or decrease in the
soil parameter with depth. A least squares regression line is fitted to the data to determine
if the slope coefficient is significantly different from zero. When a small dataset is being
considered, considerable chance variation can affect the test results. The slope may be the
result of a systematic effect or simply the result of chance variation. This is addressed by
carrying out a statistical significance test, which is important since the variation of a
property will be exaggerated if it is increasing with depth and the statistical attributes will

also be affected.

Step 4 — Appropriate statistical distributions are determined for each layer by performing
Anderson-Darling goodness-of-fit tests. The Anderson-Darling test is carried out for the 14
probability distributions given in Table 4.5; the author’s preference order for the
distributions is also given. The preference order is simply the author’s preference, taking
account of mathematical considerations such as ease of modelling and simplicity of

correlating variables, when more than one probability distribution fits the data.

Step 5 — Once an appropriate distribution is found, the statistical moments such as the

mean, standard deviation and CoV are determined.

Distribution Preference Order
Normal 1
Lognormal 2
3-Parameter Lognormal 3
Exponential 4
2-Parameter Exponential D
Weibull 6
3-Parameter Weibull 7
Smallest Extreme Value 8
Largest Extreme Value 9
Gamma 10
3-Parameter Gamma 11
Logistic 12
Loglogistic 13
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3-Parameter Loglogistic 14

Table 4.5 Statistical Distributions Examined in Anderson-Darling Tests

4.4.1 Standard Penetration Test

The SPT is an in-situ dynamic penetration test used to determine the resistance of soils at
the base of a borehole. A split barrel sampler is employed for the recovery of disturbed
samples for identification purposes. However a solid cone is used in boulder clays. The
SPT is primarily used to assess the strength and deformation parameters of cohesionless
soils, but some valuable data may also be obtained in other soil types (CEN, 2005). The
basis of the test consists of dropping a 63.5kg weight onto an anvil from a height of
760mm to drive the sampler. The number of blows (SPT-N) that are required to achieve a
penetration of 300mm is recorded. This is the blow count and is related to the penetration

resistance.

The five step procedure outlined above will be demonstrated for layer 6b, the Upper Black

Boulder Clay:

e Step 1 — 184 SPT values from 27 boreholes are identified as being from layer 6b.

e Step 2 — 144 data points are selected as being useful. The remaining 40 are
considered outliers and rejected. A distinction is made between data points to
identify whether the SPT has been obstructed or that the soil is very stiff. If a blow
count has more than 50 blows in a short distance, it is likely that the SPT had been
obstructed, for example, by a cobble, and that the true SPT-N value is exaggerated.
These values are treated as exceptional values and are excluded from the analyses.
However, in some cases, the soil may have been very stiff and had more than 50
blows per 300mm depth; in this case it is thought prudent to extrapolate the
observed value to obtain the number of blows per 300mm. This judgement is made
by the on-site engineer.

e Step 3 — The scatter plot in Figure 4.2 suggests that there is an increase in the

response SPT-N with the predictor Depth z (m).
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Figure 4.2 Scatterplot of Depth (m) versus N for regression analysis

A least squares linear regression line is fitted to the data to determine if the slope
coefficient is statistically significantly different from zero. The equation for SPT-N in
terms of Depth, given in Table 4.6, shows that SPT-N increases with depth having a
positive slope coefficient of +2.0723. The slope coefficient is statistically significant since
the probability of a Type I error (i.e. the P-value) is less than 5% or 0.05, since the P-value
is 0.001. The Student-t value of 3.28 is greater than the critical value of 1.98 for n - 2

degrees of freedom.
Predictor Coefficient Standard Error Coefficient Student t P-value
Intercept 51.424 5.087 10.11 0.000
Depth 2.0723 0.6321 3.28 0.001

S =28.4107 r*=0.07

Table 4.6 Least Squares Linear Regression Analysis

The S-value of 28.4107 is the standard deviation of the residual error or the standard
deviation around the regression line. The r* value of 0.07 P-value means that 7% of the

variation of SPT-N with z can be explained by the regression equation, SPT-N = 51.4 +
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2.07z, the remaining 93% is due to undetermined or unexplained variation. The residual
plots are shown in Figure 4.3 to Figure 4.6, to observe if the underlying assumptions of the

regression model are obeyed.

Figure 4.3 illustrates that there is no systematic effect such as a long run of points
consistently increasing/decreasing, a long run of points all above or below central line or
any non-random behaviour and therefore the data-points are judged to be independent. Any
point outside twice the standard deviation (2S) is considered exceptional and are removed
from the analysis. The linear relationship of the normal probability plot in Figure 4.4
demonstrates that the data points fit a normal distribution at any depth which is consistent
with the histogram in Figure 4.5. Figure 4.6 shows the plot of the residuals, which are the
standardised observed SPT-N values, versus the fitted SPT-N values, obtained using the
observed depths and the best fit regression line. The plot demonstrates that there is a

constant standard deviation.

100
Tn\ p

P I S e AN R s B 0
= fae sl Gl i ety Sim b § st | g

z %

=

3 i /

i) L

3 0 il hl' .

-

2

B e st e A . - e . i 25
X

-100

T T T T T T | T T T T T T T

\\Q f\’Q q)Q D&Q ‘)Q ‘oQ /\Q ch @\QQ\\Q\%QQQ\@
observed order of SPT-N values

Figure 4.3 Plot of the Observed Order of SPT-N Values Versus Residuals of SPT-N
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Step 4 — An Anderson-Darling goodness of fit test is performed on the 144 data points for
the 14 distributions given in Table 4.5. The MINITAB output in Table 4.7 gives the
Anderson-Darling (AD) and the probability of a Type I error of greater than 5% (P-value).
A Type I error is a function of the confidence level of a statistical test. A Type I error
occurs when the null hypothesis (e.g. that a data set follows a particular distribution) is true
and is rejected by the test (e.g. Anderson-Darling). Therefore if the confidence level is

95% then the P-value must be greater than or equal to 0.05.

Step 5 — A normal distribution is an appropriate distribution for this data set with a P-value
of greater than 5% as shown in the probability distribution plot in Figure 4.7. The data are
close to the idealised line and inside the 95% confidence limits. Compare this result with
the probability distribution plot for an exponential distribution in Figure 4.8, the same data
points are not near the idealised line and well outside the confidence limits. A P-value of

0.003 reinforces the fact that an exponential distribution should be rejected for this data set.
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Distribution AD P-value Hypothesis
Normal 0.265 0.691 Ok
Lognormal 4.062 <0.005 Rejected
3-Parameter Lognormal 0.287 0.000 Rejected
Exponential 18.982 <0.003 Rejected
2-Parameter Exponential 17.158 <0.010 Rejected
Weibull 0.485 0.233 Ok
3-Parameter Weibull 0.236 >0.500 Ok
Smallest Extreme Value 1.873 <0.010 Rejected
Largest Extreme Value 1.303 <0.010 Rejected
Gamma 1.796 <0.005 Rejected
3-Parameter Gamma 0.311 0.000 Rejected
Logistic 0.436 0.238 Ok
Loglogistic 2,233 0.005 Rejected
3-Parameter Loglogistic 0.455 0.000 Rejected

Table 4.7 Anderson-Darling Values for SPT-N in 6b
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Figure 4.7 Probability Plot with 95% Confidence Limits for Normal Distribution
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Figure 4.8 Probability Plot with 95% Confidence Limits for Exponential Distribution

Table 4.8 summarises the results of all the layers that are analysed. A normal distribution is
an appropriate distribution, indicated by the v symbol, for the DBC layers 6b and 7. The
other two DBC layers 6a and 8 reject the hypothesis of a normal distribution, indicated by
the symbol, but fit a lognormal distribution. When all the DBCs are considered
together only a Weibull distribution is not rejected. A normal distribution is not rejected
for layers 3 and 4 but only a 3P-Gamma distribution is not rejected for layer 3. It is found
that some layers had a statistically significant increase of SPT-N with depth. These cases
are reassessed by testing the distributions around this central tendency thereby removing
the bias with depth. These can also be seen in Table 4.8 and the layers are marked with an
asterisk. Layer 4* is found to fit the Weibull, Largest Extreme Value, Logistic and 3P-
distibutions when these distributions are rejected before the increasing tendency is
removed. The DBC layers 6b* and 8* are similar to 6b and 8, this can be attributed to a
small although significant increase with depth. DBC* is found to fit a Gamma distribution

together with the Weibull distribution of DBC.
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Table 4.8 Statistical Summary of SPT-N

The SPT-N values are found to be highly variable and the CoVs are found to be in the
range 40 - 56% for the DBCs as shown in Table 4.8. The CoVs are reduced when

calculated around the central tendency in each case where the slope is found to be

statistically significant. The CoV of layer 4 reduced from 57% to 48%, and this explains

why there are so many differences in the distributions for that are acceptable for 4 and 4*.

4.4.2 Weight Density and Bulk Mass Density

The weight density (y) is the ratio of the total weight of the specimen to the total volume

including any water that it contains and can be represented mathematically as follows:

¥

S N,
ViV
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where Mt is the mass, Vr is the volume, W is the weight of the sample, g is acceleration

due to gravity and p is the bulk density.

The weight density is required to compute the in-situ vertical and horizontal stresses as
well as lateral pressure in retaining structures (Bowles, 1977). It is relatively easy to

evaluate for cohesive soil but difficult to determine in cohesionless soil unless they are

located near the surface.

The bulk mass density p is determined in accordance with BS1377 (1990) for the DPT site.
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Table 4.9 Statistical Summary of Bulk Density

Table 4.9 summarises the results of the bulk density data. A normal distribution is an
appropriate distribution for all the layers analysed. However the hypothesis of a normal
distribution is found to be rejected for the combined DBC while the lognormal distribution
is not rejected. The CoV are in the ranges of 4 - 5% and there is no statistically significant
increase with depth. The distributions for the weight density are the same as the bulk mass

density since they are related by a positive constant.
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4.4.3 Dry Weight Density and Dry Density

The dry weight density (y4) is the ratio of the weight of soil to the total volume and can be

expressed as follows:

= —= =p.2 4.2

where Mg and Ws are the mass and weight of the soil and pq is the dry density. The dry

density pq is determined using Equation 4.3 since the moisture content w (%) is known.
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Table 4.10 Statistical Summary of Dry Density

Table 4.10 summarises the results of the dry density data. A normal distribution is not
rejected for layers 4, 7 and 8, and a lognormal distribution fits 6b. The combined DBC
rejects both the normal and lognormal distributions and it is found that a Weibull
distribution is appropriate. The CoV values are in the ranges of 6 - 10% showing that pq is

more variable than p. There is no statistically significant increase in pg with depth.
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Similarly to v, the distributions for the py are the same as the y4 since they are related by a

positive constant.

4.4.4 Plasticity Index

The Atterberg limits are laboratory tests that give a basic measure of the nature of a fine-
grained soil. The Plastic Limit (PL) is the moisture content when soil becomes too dry to
be plastic. The PL is determined by rolling a thread of soil to a 3mm diameter (BS1377-
2:1990), the PL is reached when the sample begins to crumble. The liquid limit (LL) is
reached when the soil is on the verge of being a viscous liquid (Bowles, 1977). The LL can
be determined using the Cone Penetrometer Test or (CPT) the Casagrande type test. The

Plasticity Index (Ip) is a measure of the plasticity of the soil and is defined as follows:

lp=LL-FL 4.4

The Atterberg limits are used in EN 1997-2 for soil classification and to distinguish
between silt and clay; soils with a high Ip are classified as clays and soils with a low Ip tend
to be silts. They are also used in empirical correlations for other engineering properties

such as soil strength.

The statistical summary of the Ip is given in Table 4.11. A normal distribution is found to
be an appropriate distribution for layers 2, 4, 6a and 8. However, the hypothesis of a
normal distribution is rejected for layer 7 and DBCs while the hypothesis of a lognormal
distribution is not rejected. Layer 6b rejected all hypotheses but the 3P-Loglogistic
distribution. The CoV values are in the range of 17 - 37% which shows that significant
variation exists in I,. Only layer 4 is found to have a statistically significant increase with
depth, the variation of 4* around the regression line is found to be 3.6% which reduced the
CoV value from 37% to 31%. Layer 4* fits the same probabilistic distributions as layer 4,
but also does not reject the hypotheses of a 3P-Weibull and the Smallest Extreme Value

distributions.
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Table 4.11 Statistical Summary of Plasticity Index

4.4.5 Triaxial Test

The triaxial shear test is used to determine the effective stress parameters ¢’ and ¢’ for
drained conditions, where ¢’ is the constant volume angle of shearing resistance and c’ is
the cohesion intercept. The triaxial test is the most widely used shear strength test (Craig,

1997) and is suitable for all types of soil.

In this analysis the tangent of ¢’ is examined, for consistency, since in Eurocode 7 the
partial factor is applied to tan¢’. The statistical summary of the tan¢’ data is given in Table
4.12. A normal distribution is found to be an appropriate distribution for all the layers
analysed, including the combined DBCs. The CoVs for the DBCs are in the ranges of 9 -
13% and the CoV of layer 4 is 21%. There is found to be no statistically significant

increase with depth.
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Table 4.12 Statistical Summary for tan¢’

[t can be seen from Table 4.13 that the effective cohesion, ¢/, which is the cohesion
intercept of the failure envelope using the Mohr-Coulomb failure criterion, is a highly
variable parameter with CoV as large as 223% for layer 6b. It is difficult to fit a probability
distribution to the data since many of the ¢’ values are OkPa as shown in Figure 4.9. Only
layers 4 and 8 fit any distributions and it should be noted that they are both from smaller
sample sizes than the other layers, hence making it easier to fit the data to probability
distribution. In the cases where all the distributions are rejected such as DBC, a histogram
is superimposed on a Gamma probability distribution function as shown in Figure 4.9. A
Gamma distribution with a CoV of 120% is shown to be a close fit for the effective
cohesion for the combined DBCs. In the author’s opinion fitting distributions using
histograms is not normally recommended since the histograms can sometimes be
misleading and depend on how many bins (observations that fall into the disjoint

categories) are defined as well as the sample size.
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Table 4.13 Statistical Summary for ¢’
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Figure 4.9 tan¢’ versus ¢’ for DBC

Since the effective stress parameters, tand’ and c’, are both determined using the triaxial

test, it is considered prudent to investigate if there is any statistically significant correlation
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between the parameters and, if there is, to quantify it. The scatter-plot for the combined
DBC in Figure 4.9 suggests that there is a negative relationship. This is investigated by
performing a regression analysis between ¢’ and tan¢’. This discerns whether there is a

positive or negative relationship and if it is statistically significant.

The relationship in Table 4.14 shows that the correlation coefficients are negative for all
the layers and are found to be statistically significant in layers 6b, 8, and DBC. Correlation
coefficients are statistically significant when the P-value < 0.05 for the slope coefficient of
the regression equation. The hypothesis tested is that the slope coefficient of the regression
equation is equal to zero with 95% confidence and when P-value < 0.05 this hypothesis
fails and therefore the slope must be different from zero. r = -0.65 for DBC is the most

reliable correlation coefficient since it has the largest sample size and is statistically

significant.
Layer n  Regression Equation Studentt  P-value R-Sqd Correlation
(slope) (slope) (%) Coefficient, r
2 1 - - = 5 g
i 1 - 3 . s g
tan(¢’) = 0.673 - g )
4 7 0.00084¢" 0.42 0.692 3.4 0.18
tan(¢") = 0.690 - B 5
6b 13 0.00320¢" 4.14 0.002 60.9 0.78
tan(¢') = 0.622 - § )
7 15 0.00112¢" 1.74 0.106 18.8 0.43
tan(¢’) = 0.642 - . 5
8 8 0.00144¢" 3.42 0.042 79.6 0.89
tan(¢') = 0.652 - j 5
DBC 33 0.00173¢" 4.79 0.000 42.5 0.65

Table 4.14 Correlation coefficient, r, for tan¢’ and ¢’

4.4.6 Consolidation

The oedometer test is a laboratory test used to estimate both the length of time for
consolidation and the parameters such as the coefficient of volume compressibility, m,, the

compression index C., and the recompression slope C,, which are used to determine the
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resulting settlement, depending on the preferences and experiences of the engineer using

the data (McCarthy, 2007).

BS1377-5 (1990) states that the initial vertical pressure on the sample should depend on
the soil type and a sequence of pressures should be applied to the specimen, each being
double the previous value. Each pressure is normally maintained for 24 hours. Once the
maximum pressure applied to the specimen is greater than maximum vertical effective
stress that the soil is likely to experience due to the planned construction on site, the

specimen is unloaded in the same intervals as it is loaded.

The coefficient of volume compressibility, my, is described as the change in volume per
change in effective stress. The volume change can be defined in terms of a change in
specimen thickness (Hy to H) or the void ratio (e to ;) for an increase in effective stress

from ¢’y to ¢’} and can be expressed as follows:
| €)-¢€ 1 +Hy-H
mV = ( lo ll ) = _( ro II ) 4'5
1+CO G =90 HO O =IO

The value of m, is not constant but depends on the stress range over which it is calculated

(Craig, 1997), therefore when performing the analysis the soil had to be separated into
different stress levels. This considerably reduced the variation and aided in selecting an

appropriate distribution to fit the m, values.

The statistical summary of the m, data is given in Table 4.15. In this case all the samples
are taken in DBCs and, since just ten samples are taken, only the combined DBC is
assessed. The hypothesis of a lognormal distribution for m, is not rejected for any of the
analysed effective stress ranges when the sample is being loaded. Similarly, the hypothesis
of a normal distribution is not rejected for all but the 400 - 800kPa range. The CoVs for the
loading phase of the test range between 25 - 37%. The unloading phase is much more
variable with CoV ranging from 52 - 97%. An Exponential distribution is not rejected in
the ranges 1600 - 800kPa and 800 - 400kPa but no distribution is found to be appropriate
when the effective stress is 3200 - 1600kPa.
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kPa m?/MN
0-400  0.104 0036 35 10 v v v BE v BBV v B « «
400-800 0.034 0013 37% 10 X vV v I XI v IXI Vv v X1V vV vV
800-1600 0.023 0008 35% 10 v vV v XXV vXIV v xKIV vV V
1600 - 3200 0.014 0.003 25% 10 v v v XX v v IV v XKIV v vV
3200 - 1600 0.001 0.001 52% 10 XX XXX X X X X X X X X
1600 - 800 0.004 0.004 90% 7 XXX v I XXX XX X v X X
800-400 0.011 0011 97% 7 XXX v I X X X X X X X X X

Table 4.15 Statistical Summary of m,

Another way of presenting compression test data is to plot changes in the void ratio in the
soil versus the logarithm of pressure applied. The data will plot approximately as a straight

line or a series of straight lines. In this form the test data are more adaptable to analytical

use (McCarthy, 2007).

If during an odometer test, the pressures on a sample are increased to a particular level,
unloaded to a smaller pressure, and then reloaded beyond the magnitude of the previous
level, results like Figure 4.10 are obtained. Upon reloading, the resultant slope of the
compression curve is less steep than the original slope, because some volume change is
permanent since soil is not an elastic material. These factors of soil behaviour have a

significant effect on the settlement of structures (McCarthy, 2007).
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Figure 4.10 Slope of Compression and Recompression Index

Soil whose condition is represented by the original compression curve, C. in Figure 4.10, is
referred to as normally consolidated, which means that the present overburden pressure is
the maximum pressure that soil has ever experienced. The compression behaviour of over-
consolidated soil represented by C; in Figure 4.10, which means that at some time in the

past, there were larger pressures on the soil than those that currently exist.

Table 4.16 and Table 4.17 provide a statistical summary of the C. and C, parameters
respectively. There were 13 consolidation tests carried out and the results of these are
shown in Appendix K. Seven samples, between 16m and 23m depth, were collected from
boreholes along the northern tunnel section, and six samples, between 10m and 18m depth,

from boreholes along the southern tunnel section.

Only values that are loaded above the pre-consolidation pressure according to Lehane and

Simpson’s (2000) relationship c',; = 1000 + 25z are considered for C.. This ruled out
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sample 257A as it is the only test that did not exceed the pre-consolidation pressure. All

the rebound slopes are considered.

The statistical summary of C; is given in Table 4.16. A normal distribution is found to be
an appropriate distribution for layers 7*, the combined DBC*, and all the results (All*)
when one outlier is removed. The hypothesis of a lognormal distribution could not be
rejected for layer 7 and the DBCs when all the values are considered. Test sample 207A
gives significantly higher values of C; and C,, as shown in Appendix K, and is possibly an
unreliable test result. The statistical analysis is performed again treating 207A as an outlier
and removing it from the analysis. The Weibull, Smallest Extreme Value and Logistic

distributions are not rejected for layers 7*, DBC* and All*, when the outlier is removed.

2 3

g 3 5
g g = g i > < 0 -
e > < ) "E O vy L E < = EQ an
% g . GoV" " n Eg&géé'ﬁgggg-a%"é
- = = omﬁaxé’;mﬁ“’qo%o
_g Z 3 o7 [_xl_] By A e = o 9
= R A “ 8 B I32) ey
& Pt Ll § i

&3
i 0.09904 0.03886 39% 7 v v X ¥ Xlv v XXV Vv
DBC 0.10128 0.03421 34% 9 x] x] x] v
All 0.09363 0.03201 34% 12 v v i [E] v v
e 0.08675 0.01879 22% Vo M Wi o Wi N oL o
DBC* 0.09081 0.01451 16% 8 Vv X X e A 4
All* 0.08601 0.01717 20% 11 v v VvV vV Vv Vv VvV VRV VV

*Minus outlier (207A)
Table 4.16 Statistical summary of C,

The statistical summary of C, is given in Table 4.17. Similar to C, a normal distribution is
not rejected for layers 7*, the combined DBC*, and All* when one outlier is removed. The
hypothesis of a lognormal distribution is found to be an appropriate distribution for all the
results (All) and the combined DBCs when all the values are considered, as well as layer
7*, the combined DBC*, and All* when one outlier is removed. The Log-Logistic

distribution is also not rejected for layer 7, All, 7*, DBC* and All*.
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7 0.00926 000697 75% S XX X X X X X XX X X X v X
DBC 0.00907 0.00616 68% 10X v
All  0.00864 0.00550 63% 13X v v v
7* 0.00693 0.00242 35% 7 v V v Vi AL i
DBC* 0.00723 0.00219 30% 9 v Vv o AN AR 4 v
All* 0.00723 0.00216 30% 12 v v v Ve A L

*Minus outlier (207A)
Table 4.17 Statistical Summary of C,

Estimates of C. can also be made from certain relationships, since an oedometer test can
take weeks to complete. But calculation of C; using the following relationships are merely
approximations and should only be used when very rough values of settlement are
acceptable (Das, 2004). Equation 4.8 should only be used in normally consolidated clay

since the natural water content is approximately equal to the LL.

C. = 0.54(ey — 0.35) 4.6
C. = 0.0054(2.6w —35) 4.7
C. = 0.009(LL — 10) (Skempton, 1944) 4.8

4.4.7 Scale of Fluctuation

As described in Chapter 3, the scale of fluctuation is a fundamental statistical parameter

that is used to describe the inherent variability of the soil (Cherubini, 2000). This
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parameter, which is a measure of the distance within a property where a correlation is

exhibited, can be estimated using Equation 3.56.

In this analysis the scale of fluctuation is determined for the SPT boreholes. The SPTs are
only included in this part of the analysis if at least four consecutive SPT-N values are in
the same soil layer. This reduced the likelihood of an outlier affecting the result. The
results of the analyses are given in Table 4.18 and the vertical scale of fluctuation for

DBCs is found to in the range of 1.00 - 4.58m and to have a mean in the range of 1.71 -

2.26m.
standard
Layer mean Bt Confidence Interval mean Range
deviation
(m) (m)
1 1.75 0.50 24 1.54 - 1.96 0.99 -2.54
3* 2.63 1.66 25 1.95 - 3.31 1.07 -7.15
3 2.0 0.88 21 1.64 -2.44 1.07 - 3.91
4 Joss 0.16 3 1541 -2.23 1.69 - 2.01
..... 6a 1.46 - 1 REOR b LT o late
6b 2.01 0.76 19 1.64 - 2.37 1.00 - 4.42
7 2.17 1.26 6 0.84 - 3.49 1.30 - 4.58
e a0 T T 144-240 e e
DBC 1.99 0.84 39 171 -296 1.00 - 4.58

Table 4.18 Vertical Scale of Fluctuation of SPT

4.5 Evaluation of Strength Parameters

4.5.1 Transformation Models

Empirical correlations are often required in geotechnical engineering because the quantity
measured directly from a geotechnical test is usually not the appropriate parameter value
for use in design calculation. In these situations, a correlation or transformation model is
required to relate the test measurement to an appropriate design property. For example, as
previously mentioned, a correlation of 6xN is often taken between c, and SPT-N (Farrell

and Wall, 1990) to determine the c, value for use in design on the DBC. This correlation
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assumes a stiff to very stiff very sandy clay with some rounded gravel and occasionally
cobbles, and is taken from work carried out by Stroud and Butler (1975). This model is an
empirical correlation and therefore has a degree of uncertainty associated with it. This
model uncertainty can be quantified using probabilistic methods since the transformation
model is normally evaluated using regression analyses. The data scatter about the
regression line that cannot be explained by the regression line can be computed and it is a

good indicator of the magnitude of the model uncertainty.

4.5.2 Undrained Shear Strength

Stroud and Butler (1975) stated that the relationship between ¢, and the SPT-N value is as

follows:

c,=fiN 4.9

where f) is a multiple that depends on the Plasticity Index of the soil.

Figure 4.11 shows the relationship between f; and I,, with f; increasing for lower I, values.
However it is apparent from the data scatter that there is a large amount of variation and

uncertainty associated with this relationship.

The variation depends on the chosen regression line and the scatter of the data analysed as
shown in Figure 4.12. If the Boulder Clays are isolated, a linear regression line gives the
best approximation of the data, determined by the optimum r* coefficient. A logarithmic
regression line is found to be the best fit for the entire data set and this can be compared to

Stroud and Butler’s (1975) approximation graph which they fitted to their data.
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Figure 4.11 Variation of f; = ¢/N with I, (Stroud and Butler, 1975)

The uncertainty associated with the best fit regression line is determined by calculating the

standard deviation (S) of the data with respect to the regression line, given by the following

equations:

—————when ﬁj ()
4.10

L
whenBj=O

where X is the arithmetic mean of the data set x; and the best-fit regression line is

B= BO 8 Z L B x/, with an intercept BO and predictors B A linear regression would have

only one predictor 8, and the regression equation becomes f =, + B, x.

88



Chapter 4 — Uncertainty and Statistics in Dublin Soils

8
o Al
7 —© X Boulder Clays
= = Log (All)
6 <= o o = === Linear (Boulder Clays)
B~
e = Shroud and Butler

5 =
z —
& 4 0o ©9 T ——-—
- o o) o O

3

2

1 4

0 10 20 30 40 50 60 70

Ip (%)

Figure 4.12 Best Fit Regression Lines of Response f; for Predictor I,

Table 4.19 summarises the regression analysis carried out on the data in Figure 4.12. First,
all the variations are determined about the best fit regression line for all the data, which is
found to be a logarithmic equation. Next, the eleven Boulder Clays, from Stroud and
Butler’s data (1975), are analysed separately. The best fit regression line is found to be
linear, but since the slope of the regression line is not statistically significantly different
from zero, the eleven data points can be analysed without considering I,. Finally, the
variation of the Boulder Clay points about Stroud and Butler’s (1975) best fit line is also

determined, using a quadratic equation to approximate I, between 12 - 24%.

f; (kPa)
Site mean S
All (Log) -1.17In(I,) + 8.779 0.569
Boulder Clays (Linear) 6.01 — 0.0456I, 0.378
Boulder Clays 5.1827 0.399
Stroud and Butler (BC) (0.01 le2 — 0.6241, + 13.26 )* 0.917

*¥(12%<Ip<24%)
Table 4.19 Best-fit Regression Lines of Response f; for Predictor I,
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It is found that the linear regression for the Boulder Clays gives a much better
approximation than Stroud and Butler’s (1975) best fit, since the associated uncertainty,
i.e. the standard deviation is reduced. This is obviously more favourable in the context of a

reliability analysis.

The mean undrained shear strength p_ and its standard deviation 6, can be expressed as

follows from Equation 4.9:

o Hathy = gy 4.11
B
GC”:‘/(GN“f') a (“ch')2+ g = \/(SNmfl)2+ (mNSf|)2+ 8" 4.12
== C‘,h's2 =~

where p and oy are the population mean and standard deviation of the SPT-N values
respectively and my and sy are the sample values. My, and oy, are the population mean and
standard deviation of the f; values and likewise my, and sy, are the sample values. o is the

within site standard deviation or the variation in c¢,, for each site used, when f| was
obtained by Stroud and Butler (1975). The error in the site data can be estimated using the
following equation:

9
&1=1(Ssite(i)) 4.13

Four sites are considered to estimate s, in the site data and have been taken from Stroud
and Butler (1975). The four sites chosen, for which the SPT and triaxial data are plotted in
Figure 4.13 to Figure 4.16, are the sites that had an I, of 12 - 15%, which is similar to the I,
of the DBCs shown in Table 4.11. A regression analysis is performed for each site and the

standard deviation is determined and given in Table 4.20.
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Figure 4.14 Site B (Site 3, Stroud and Butler, 1975)
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Figure 4.16 Site D (Site 8, Stroud and Butler, 1975)
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Site B m S CoV
cu (kPa) %
A 7657506 77 16511 D0 B
B 1:52:6 1:52:60 67.48 44
@ 40.5 +47.6z 177.70 51.98 29
D 108.75 108.75 66.58 61

Table 4.20 Regression Analysis against Depth for Sites A to D

The combined within site standard deviation is then calculated as the mean of the variance

for each site.

= 61.23kPa

i \/(57.50)%(67.48)2 + (51.98)2+(66.58)?
48 4

The mean and standard deviation of ¢, can then be evaluated when combined from the
SPT-N values determined before. Below is a sample calculation for the mean and standard
deviation of ¢, for the combined DBC layer, Table 4.21 summarises the mean, standard

deviation and CoV of ¢, for all the different DBC layers.

m,,= 5.18*my = 5.18*67.8 = 351.2kPa

scuz\/(mN*0.399)2+(SN*5.18)2+61.232 =J(67.8*O.399)2+(29.5*5.18)2+61.232=166.8kPa

Layer my SN CoVn my Sfl Se me, Se,, Cchu
% (kPa) %
6a 30195 .3 56 160.1 109.2 68
6b 66.2 284 43 342.9 161.5 47
i 164 - 30.7 40 5.18 0399 61.23 395.8 1731 44
_____ B . dd  JLD e B S
DBC 67.8 295 44 351.2 166.8 48

Table 4.21 Statistical Summary of ¢, Determined from SPT-N Values

The probability distributions are assumed to be the same for the SPT-N values but it should
be noted how the CoV is affected. The CoV for layers 6b, 7, 8 and the combined DBC

layers only increased by 1 - 5%, which means that selecting the empirical correlation,
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given in Equation 4.9, does not add a great deal of uncertainty in these cases, since the
uncertainty in the SPT-N values is large. However in 6a, the CoV increased from 56% to
68%. A cause of this larger change on CoV is due to the mean SPT-N value being lower
than the other layers, and therefore the same variance would equate to a greater change in

the CoV by definition.

4.5.3 Undrained Shear Strength from Laboratory Tests

Long and Menkiti (2007) published work on the undrained shear strength of DBCs
determined from triaxial tests, shown in Appendix K. They analysed the DPT site as well
as a site in Ballymun, north Dublin. A statistical analysis of the data presented by Long and
Menkiti (2007) is carried out and the summary of that analyses are shown in Table 4.22.
The CoVs in ¢, are higher than for when ¢, is interpreted from the SPT-N values. This
could be a result of the four different methods of triaxial testing: unconsolidated undrained
(UU), consolidated isotropically undrained compression (CIUC), consolidated
anisotropically undrained compression (CAUC) and consolidated anisotropically
undrained extension (CAUE) tests. This would add uncertainty to an already variable

material using four different testing methods to determine c,.

20
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v
_________ kPa
68 ‘1438002 1 188% 9 Y B v v vV XX X v v
6a* .143.3 670" 47% - v v @ o AR S i G i v v X
6b 2916 A64.1 56% 36 N ¥ v v o x]
7 2026 1.5 4% 12 N v v 7 v I g v v X
Sl S L T T T e i sl i bsimiciist snie s olpitintash S iblidsderids e
DBC 264.0 1599 61% 58 YV XXX X X v X X X X X X X X
DBC* 264.0 154.1 58% SN E Y vy I Y XKV

Table 4.22 Statistical Summary of ¢, from Laboratory Tests
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4.6 Conclusions

This chapter analyses the statistical characteristics of Dublin soils taken from tests carried
out during the construction of the DPT. The test data are separated into the different layers,
statistical moments are calculated, and probability distributions are fitted to the data. The
geotechnical parameters analysed for the DBCs are summarised in Table 4.23, and the
mean values are seen to compare well with the values obtained from literature. These
CoVs and probability distributions are used throughout the reliability analyses in later
chapters. The vertical scale of fluctuation for the SPT is found to be 1.0 - 4.5m for DBC.
Stroud and Butler’s (1975) correlation between the SPT-N value and c, is re-examined to
incorporate the uncertainty in the empirical correlation into the determination of c,. The
coefficient of correlation between the effective stress parameters tan¢’ and ¢’ in DBC is

found to be -0.89 <r <-0.43, with r =-0.65 being the most probable correlation coefficient

Parameter Distribution mean CoV Lit. Review
Best Others (%) mean values
I, (%) 3P-LogLogistic Normal/Lognormal 11.7- 14 17 -29 Jii=2
SPT-N 3P-Weibull Normal/Lognormal 30.9-76.4 42 -56
, i 0.591 - 0.666
tan(¢’) Normal Lognormal/Weibull (30.5° - 33.6°) 9-13 (32°-37°)
Y4 (KN/m) Weibull Small Extreme/Normal 19.4-20.3 6-10
v (kN/m) Weibull Small Extreme/Normal 21.7-223 4-5 205505
¢’ (kPa) Smallest Extreme 7.6 -35.2 139 - 223
c'* (kPa) Gamma 355 120
m, (loading)
(m¥/kN) Lognormal Normal - 25-37
m, (unloading) : .
(m¥/kN) Exponential LoglLogistic - 52-97
Ce 0.08675 - 0.10128
o) o Fd 0.0377-0.0440)  1073%  (0.03+0.005)
(& M 0.00693 - 0.00926
) Lognormal Normal/Loglogistic (0.003 - 0.004) 7-13 (0.004£0.001)
c, **(kPa) 3P-Weibull Normal/Lognormal 160.1 - 395.8 44 - 68
c, (kPa) Weibull Normal 143.3-291.6 47-99 21-520

*Estimated from histogram
**Determined from SPT values

Table 4.23 Statistical properties of DBC
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5 RELIABILITY ANALYSES OF SPREAD FOUNDATIONS
ON DRAINED SOIL

5.1 Introduction

This chapter examines the reliability of a spread foundation designed against the
occurrence of a ULS and an SLS condition on granular soil for drained conditions. FORM
is used to determine the P values of spread foundations designed to Eurocode 7, for ULS
and SLS, for different ground conditions that are found to exist in practice, and different

loading combinations.

There are three Design Approaches in Eurocode 7 for GEO ULSs involving failure or
excessive deformation in the ground in which the strength of soil or rock is significant in
providing resistance. The reliability of foundations designed using these three Design
Approaches are compared with the reliability of foundations designed using the traditional
FoS methods using the probabilistic distributions and CoVs of the soil properties obtained
from the analyses in the previous chapter. There is only one approach for SLS designs,
which involves partial factors of unity and characteristic parameter values, and, as in the
case of the ULS designs, the reliabilities of the SLS designs are compared with the

minimum target 3 values for SLS designs.

The importance of the choice of the characteristic value in calculating the overall reliability
is also examined. Eurocode 7 states that characteristic value of a geotechnical parameter
shall be selected as a cautious estimate of the value affecting the occurrence of the limit
state and differentiates between limit states governed by a large or small mobilised soil
volume. Therefore two different characteristic values will be used to examine the effect of

the choice of characteristic value on the reliability of the resulting design.

The uncertainty in the calculation models for both ULS and SLS is examined and the

importance of this uncertainty on the reliability of the resulting design is assessed.
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5.2 ULS Foundation Design to Eurocode 7

As described in Chapter 2, Eurocode 7 has three Design Approaches, which will be
referred to as, DA1, DA2 and DA3. Partial factors are applied to the actions (yg), soil
parameters (ym) and resistances (yr). The difference between the three Design Approaches
is that different partial factors are applied at different stages of the design process, in each
of the Design Approaches adopted. The partial factors that have been adopted for the
analyses are summarised in Table 5.1 and are the recommend values given in Appendix A
of Eurocode 7. The partial factors are applied to the characteristic values to obtain the
design values used in design calculations. For example, if the characteristic value of the
effective cohesion (c’x) is SkPa and the partial factor (y.) is 1.25 the design value is

calculated as follows:

DA1 DA2 DA3 FoS =2 FoS=3
Cl C2

Unf. Fav. Unf. Fav. Unf. Fav. Unf. Fav. Unf. Fav. Unf. Fav.

YR 1.00 1.00 1.00 1.00 1.40 1.40 1.00 1.00  2.00 1.00  3.00 1.00
Yean¢’ 1.00 1.00 1.25 1125 1.00 1.00 RO S 1925 1.00 1.00 1.00 1.00
Ye 1.00 1.00 1225 125 1.00 1.00 1.25 195 1.00 1.00 1.00 1.00
Yo 1.35 1.00 1.00 1.00 1:35 1.00 1835 1.00 1.00 1.00 1.00 1.00
Yo 1.50 0.00 1.30  0.00 1:50: W0:00 1.50  0.00 1.00  0.00 1.00  0.00
Wo 0.70 0708070 07 0RE 070N 070N 0708 10570 1.00 1.00 1.00 1.00

Table 5.1 Partial Factors for Design

To assess the reliability of spread foundations designed to Eurocode 7, the example shown
in Figure 5.1 has been chosen, which is similar to an example from Orr (2005). This square
pad foundation for a building is at 0.8m embedment depth in silty sand with groundwater

at great depth.
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Cases 1,3
Qnk = 0kN
Cases 1,2 T i Case 2
Gk = 30kN, Qvx = 20kN il
k » Qv Qb = 4kN
Cascs 3.4 4m .
Gk = 3000kN, Qvk = 2000kN §
: > QK Qnix = 400kN
[ 1 _0.8m
B?

Soil: Silty sand: ¢'kx = OkPa, 3.5kPa
¢'x = 25°, 30°, 35°, 40°
vk =20 kN/m?

Figure 5.1 Square Foundation with an Inclined Eccentric Action

Four different load cases are examined and the magnitudes of the actions are given in
Table 5.2. Case 1 and Case 3 consider a characteristic vertical permanent action and a
characteristic vertical variable action without any horizontal variable action; Case 2 and
Case 4 consider a characteristic vertical permanent action and a characteristic vertical
variable action with a characteristic horizontal variable action. The applied action in Cases
2 and 4 acts eccentrically and therefore provide an overturning moment. The four action
cases are examined for both cohesionless granular soil and fine grained soil. The design
foundation widths are calculated for each of the three Design Approaches in Eurocode 7

and for the traditional methods using FoS = 2 and FoS = 3.

Gy Quk Qnk

(kN) (kN) (kN)
Case 1 30 20 0
@ase? 30 20 4
Case 3 3000 2000 0

Case 4 3000 2000 400

Table 5.2 Actions on Foundation

Two ultimate limit states are considered: bearing resistance failure and sliding failure. The
design drained bearing resistance, R, g4, is determined using the calculation model in Annex

D of Eurocode 7 consisting of the following equation:
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Ryq=A'(c'aNcscic +q'Ngsqiq + (2B’ 1'Nys 4iy) 5.1

where:
Ng = e"'an%a tan’ (45 + &)

N =(Ng- 1) cot ¢y

N, =2(N, - 1) tan¢'y

sg=1+(Z) sin¢'s

s=1-03(2)

= (35)

e
e | (N¢ cotd'y)

: [ H i
ig=1- ————e ]
g (Vq+A'c'qcotd'y)

i o '1 Hd ]m+1
T L (Vg+A'¢qcotd’y)

B
Vinr—s ; ) :
m= [1 gl when Hy acts in the direction of B’
%

where B is the foundation width, L is the foundation length, B’ is the effective foundation

width, L' is the effective foundation length, A’ is the effective area (B’ x L'), Hq is the

design horizontal action and Vy is the design vertical action.

The design sliding resistance Ry, 4, is determined using the calculation model in Eurocode 7

consisting of the following equation:

Rh,d = Vd tan Sd 52

where 94 1s the design friction angle between the base of the foundation and the soil.
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The Eurocode 7 Design Approaches are compared with the traditional FoS method. In the
traditional method, the “net foundation pressure” is calculated, however in the design of
spread foundations there is no significant difference between the FoS defined in terms of
net and gross pressures (Craig, 1997). Therefore, designs using the traditional FoS method
can be compared with designs using the partial factor method by just dividing the
resistance calculated with characteristic parameter values by an FoS of 2 or 3; the actions

used in the traditional design of foundations are unfactored.

Eurocode 7 has an allowance for actions with large eccentricities which states that where
the eccentricity of the loading on a rectangular foundation exceeds 2/3 the width,
tolerances of up to 100mm should be considered. In this analysis, for the traditional FoS
designs, the following condition taken from BS8004:1986 (1986) is checked in the case of
eccentric actions:

¥a, . R

ot ] 5.5
Ry4g Ryg

where V4 and Hq are the vertical and horizontal design actions and R, 4 and Ry, 4 are the

vertical and horizontal allowable resistances.

The factor ¢ in Table 5.1 is the combination factor applied to the non-leading variable
action for persistent and transient design situations in designs to Eurocode 7. The factor, g
is used much less in geotechnical designs than in structural designs (Orr and Breysse,
2008). In this example, it is applied to the vertical variable action Q,x because the
horizontal variable action is the leading variable action and has a greater effect on the

reliability of the design.
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Parameter

B - optimal width
B - design width
YG —unf
YG - fav
YQ - unf

YQ —fav
Y0
Gk (kN)
Qux (kN)
Qnx (kN)
h (m)

D¢ (m)
Yeoncrete (KN/m’)
Gpad.k (kN)
V4(kN)
Qna(kN)
Bearing Resistances
Mg (kNm)
e=MyV4(m)
Check B/3-e>0
B'=B-2e (m)
Ysoit (KN/ m3)
Yiang’

YC'

YR
O’

o'q
ck
c'q
Nq

ic
R, 4 (kN)
Rya—Vya
Check R, 4>V, 4
Sliding Resistance
Vy.a=Y6(Grotar)
Via=Yo(Qhk)
84 =¢'q
Ry, 4=V, d(tandlyg)
Check Ry, 4> Vg

DALCT DAIKC2 DA2 DA3
Vi Viinr Vi Vinf Vi Viung Vi Vunt
3.66 3.53 4.2 4.26 4 3.96 4.44 4.55
| pA1 426 | pa2 4 DA3  4.55
1235 1135 1 1 1.35 1.35 135 1.35
1 1 1 1 1 1 1 1
1.5 x5 128 1.3 15 1.5 1.5 1155
0 0 0 0 0 0 0 0
0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
3000 3000 3000 3000 3000 3000 3000 3000
2000 2000 2000 2000 2000 2000 2000 2000
400 400 400 400 400 400 400 400
4 4 4 4 4 4 4 4
0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
24 24 24 24 24 24 24 24
257.195 239.249 338.688 348.433 307.2 301.086 | 378.501 397.488
3257.20 647299 3338.69 5168.43 | 3307.2 655647 | 3378.50 6686.61
600 600 520 520 600 600 600 600
2880 2880 2496 2496 2880 2880 2880 2880
0.88419 0.44492 0.74759 0.48293 | 0.87082 0.43926 | 0.85244 0.43071
Ok ok ok ok ok ok ok ok
1.89160 2.64014 2.70480 3.29413 | 2.25834 3.08147 | 2.73510 3.68857
20 20 20 20 20 20 20 20
1 1 1:25 125 1 1 1:25 1225
1 1 1.25 1 245 1 1 1595 125
1 1 1 1 1.4 1.4 1 1
30.3 30.3 30.3 303 303 30.3 303 30.3
30.3 30.3 25.055 125.055 30.3 30.3 25.055  25.055
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
19.0396 19.0396 10.7243 10.7243 | 19.0396 19.0396 | 10.7243 10.7243
21.0829 21.0829 9.0919  9.0919 | 21.0829 21.0829 | 9.0919  9.0919
30.8710 30.8710 20.8015 20.8015 | 30.8710 30.8710 | 20.8015 20.8015
1.2699 1.3852 1.2779 1598314 1.2941 1.3999 1.2661 1.3471
0.84495 0.77562 0.8068 0.76801 | 0.83062 0.76655 | 0.81519 0.75679
1.28489 1.40665 1.30649 1.36585 | 1.31046 1.42217 | 1.29350 1.38282
1.6592 1:5721 1.6082 1.5639 1.6391 1.5623 1.6188 155522
0.71332 0.85819 0.76163 0.84718 | 0.72026 0.86075 | 0.72868 0.86421
0.58192 0.77864 0.64300 0.76194 | 0.58959 0.78198 | 0.59927 0.78666
0.69743 0.85033 0.73712 0.83146 | 0.70475 0.85303 | 0.70078 0.85024
3268.14 6508.21 3346.54 5176.18 | 3336.76 6594.05 | 3397.79 6703.50
10.9489 35.2325 7.8563  7.7516 | 29.5602 37.5905 | 19.2983 16.8959
Ok ok ok ok ok ok ok ok
3257.19 3239.24 3338.68 3348.43 | 3307.2 3301.08 | 3378.50 3397.48
600 600 520 520 600 600 600 600
30.3 30.3 25.055 25.055 30.3 30.3 25:055  25:055
1903.35 1892.86 1560.77 1565.33 | 1380.40 1377.85 | 1579.38 1588.26
Ok ok ok ok ok ok ok ok

Table 5.3 ULS Design of Spread Foundation Using DA1, DA2 and DA3
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Table 5.3 provides details of the Eurocode 7 design calculations carried out using the
Microsoft Excel program. The design is optimised by invoking the “goal seek” function of
Excel, such that the minimum foundation width (B) is determined for the condition of the
vertical design resistance (R, 4) being greater than the vertical design actions (V,4) and the
horizontal design resistance (Rp4) being greater than the horizontal design actions (Vyg).
Designs using Excel are initially verified against calculations carried out by hand, and then
the Excel designs are reused for the broader analysis. This is carried out for designs using
the three Design Approaches and designs obtained using FoS = 2 and 3. The design
foundation widths for each Design Approach are given in Table H.1.

5.3 ULS Reliability Analyses

5.3.1 First-Order Reliability Method

FORM is used to determine the P values of the designs. This method was originally
proposed by Hasofer and Lind (1974) for normally distributed variables and was later
extended for non-normal distributions by Rackwitz and Fiessler (1978). All basic variables
are normalised using (STRUREL, 2004):

Xi i uXi

Z: = (i=1,... N) 5.4
Ox.

1

Since there are two ULSs that need to be satisfied, B values against bearing and sliding
failure are determined. The reliability analyses are carried out using the following
equations as the limit state functions that define the limit state surfaces for bearing

resistance and sliding failure:

Z, = My A'(¢'gNescie +q'Ngsqiq + (ABYNys4i,) - (Ga+ Q, o) 5.5

Zz = Vd tan Sd = Qh,d 5.6

where M, and M, are random variables used to represent the uncertainty in the model.
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The combined 3 value for both bearing resistance failure and sliding failure is determined
by combining their respective probabilities of failure. The probability of failure for a

particular 3 value is obtained using the following relationship:

P=d(-B)=1-D(-p) 57

where P is the probability of failure and @ is the standard normal cumulative distribution.

The inverse of this relationship is given as follows:

= (e) 5.8

where @' is the inverse standard normal cumulative distribution.

Assuming independence of the bearing resistance and sliding failure mechanisms, the total
probability of failure by either bearing resistance (Pg) or sliding (Ps) is obtained by
combining the bearing resistance and sliding probabilities of failure using the following

relationship similar to Equation 3.4:

Pr=P(B US)=P(B) +P(S) - P(B)P(S) 5.9

The total reliability index against bearing resistance and sliding failure is obtained by using
the Pt from Equation 5.9 in Equation 5.8. However, when one limit state is more relevant
than the other, as in the cases studied, the total probability of failure will be comparable to

the probability of failure for the relevant limit state.

In general, the assumption of independence between the two limit states is not correct since
both failure modes are a function of the same soil properties. Therefore it is not always
enough to calculate the probability as separate event (Dolinski, 1983). Cornell (1967)
proposed the application of the following bounds which provide a good approximation of

the reliability when one failure mode dominates the other as in the cases in this thesis.
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max2, (GD(BJ-)) <P1< Z ®(B))

5.10
max(®(By),(Bs))<Pr< @ (B)+P(Bs)
Ditlevsen (1979) proposed some improved bounds in the following form:
m m-1 m m
Py + Z max Pj-z P(FiNF;),0 ¢ <P< Z P,--z max;;{P(Fin F;)} 5.11
=2 =1 =L =

To obtain the results though, numerical integrations are required. To avoid such
calculations, further approximations are often adopted to obtain specific formulas (Zhao et

al., 2007).

max(PA, PB)SPABS PA + PB where PBs >0

5.12
0<P;< min(P,,P5) where pps<0
where:
Bl i R o(-8) > Ppyb 5.13
1-pf 1-pf

Table 5.4 shows the combined Br value of two B values using Equation 5.9 and their
Ditlevsen bounds, determined using Equations 5.12 and 5.13, for independent and
dependant limit states. It can be seen that Bt is equal to Brower for the independent (pj; = 0)
limit states and when one limit state dominates the other the values converge to that f3
value, for both independent and dependant (p;; = 0.5) limit states. Since all the examples

the bearing limit state dominates the sliding limit state it is satisfactory to use Equation 5.9.
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Bi B Pij Br Brower Bupper Pij Brower Bupper
1 1 0 0.55 0.55 0.62 0.5 0.60 0.75
3 1 0 1.00 1.00 1.00 0.5 1.00 1.00
5 1 0 1.00 1.00 1.00 0.5 1.00 1.00
1 2 0 0.92 0.92 0.94 0.5 0.95 0.98
3 7 0 1.98 1.98 1.98 0.5 1.98 1.99
5 2 0 2.00 2.00 2.00 0.5 2.00 2.00
1 3 0 1.00 1.00 1.00 0.5 1.00 1.00
3 3 0 2.78 2.78 2.78 0.5 2.79 2.80
3 3 0 3.00 3.00 3.00 0.5 3.00 3.00
1 4 0 1.00 1.00 1.00 0.5 1.00 1.00
3 4 0 2.99 2.99 2.99 0.5 2.99 2.99
5 4 0 4.00 4.00 4.00 0.5 4.00 4.00

Table 5.4 Combined Bt of two limits states and Ditlevsen Bounds

5.3.2 Random Variables

The random variables involved in the spread foundation example and their distributions are
summarised in Table 5.5. In the case of the actions, the mean and variance are estimated
from the characteristic value used in the design, assuming a particular statistical
distribution and variation. For example, if the characteristic value of the permanent action
is Gx = 3000kN and it has a coefficient of variation of 10%, then, assuming a normal
distribution, Equation 2.5 can be used to calculate the mean and standard deviation as

follows:

Gy 3000

= - =2576.21kN
(1+1.645xCoVg) (1 +1.645%0.1)

Hg

og = u;CoVg =(2576.21)(0.1) = 257.62kN

For a lognormal distribution, if the characteristic value of the vertical variable action is Qx
= 2000kN and it has a coefficient of variation of 20%, then the mean and standard

deviation are:

“Q = Xke-l.645><CoVQ sy ZOOOe-l.645(0.2) =1439.20kN

oqQ = uQCOVQ= (1439.28)(0.2) = 287.86kN
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B X Xk Distribution Type i o ((:(f’/o\)/
G (kN) 3000 Normal 25762 ' 2576 10
30 Normal 25.762!, . '2:576 10
Q, (kN) 2000 Lognormal 1439.3 287.9 20
20 Lognormal 14393  2.879 20
Qn (kN) 400 Lognormal 287.861 v 15757 20
4 Lognormal 2.8786  0.576 20
y (kN/m®) 20 Normal 20 1 5
tand'(db") 0.466(25°) 0.390(21.3°) Normal 0.466 0.047 10
0.577(30°) 0.482(25.7°) Normal 0.577 0.057 10
0.700(35°) 0.585(30.3°) Normal 0.7 0.07 10
0.839(40°) 0.701(35.0) Normal 0.839 0.084 10
0.466(25° 0.351(19.3°) Normal 0.466 0.07 15
0.577(30°) 0.435 (23.5°) Normal 0.577 0.087 15
0.700(35°) 0:527.(27.8%) Normal 0.7 0.105 15
0.839(40°) 0.632 (32.3°) Normal 0.839 0.126 15
¢’ (kPa) 0 Deterministic 0
k A
355 Gamma 0.8264  0.236

Table 5.5 Statistical Properties of Random Variables for ULS Reliability Analyses

The lognormal distribution is a good distribution for modelling variable actions with large
CoVs because of the heavy tail in the positive direction and no negative action values. The
distributions of the soil parameters, tan¢’ and ¢', are based on Anderson-Darling goodness-
of-fit tests carried out in Chapter 4. A normal distribution is found to be an appropriate
distribution for tan¢’ and the CoVs adopted for tan¢’ are 10% and 15%. These values are
consistent with the worst case values found in the literature and compare well with those
found for DBC, 9-13%. A suitable distribution for ¢’ is more difficult to obtain since the
majority of data points are OkPa, as shown by the histogram in Figure 4.9. A lognormal
distribution for ¢’ has been used in other studies (Youssef and Soubra, 2008b) but a gamma
distribution with a CoV greater than 100% is found to be more appropriate for ¢’ in this

study, which in the author’s opinion is more realistic to what is found in practice.
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5.3.3 Model Constraints

A soil parameter, even in a supposedly uniform stratum, will vary from point to point; this
point to point variability is known as spatial variability. Since failure only occurs when the
average strength of the failure domain is inadequate (Lo and Li, 2007), the observed
variance of the strength parameters can be reduced by effectively averaging the values
along the potential slip surface. In the case of bearing resistance, this is carried out using

the variance reduction factor (I'?), obtained from Equations 3.57 to 3.59.

I'? is a function of the vertical scale of fluctuation (8,) and the depth over which the soil
property is averaged (L,). In this analysis the vertical scale of fluctuation of ¢’ is assumed
to be 2 - 6m (Phoon and Kulhawy, 1999b). Figure 5.2 shows ' as a function of L., using
Vanmarcke’s (1983) equations for variance reduction, for 6, = 2m and 6m. The variation
of a parameter will be reduced by more when &, = 2m than when 6, = 6m, since I is the

ratio of the population and the sample standard deviations.

1 i
08 \‘\ WECH
\\ e d, = 6m
« 0.6 e
[_‘ \\\ ............
0.4 T
--------- 8 =2m
P e e e e S -
0 T T 1
0 2 4 6 8 10

Figure 5.2 Variance Reduction Factor (I 3y against L,

The horizontal scale of fluctuation is ignored because it is approximately ten to twenty

times the vertical scale of fluctuation (Puta, 2007). Puta also showed that the B values
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obtained with two-dimensional averaging are almost the same as those obtained with one-
dimensional averaging. In the case of sliding, I'* is assumed to be equal to one since &, >>

Lj.

Vertically Loaded
e Inclined-Eccentrically Loaded

L.

Figure 5.3 Determination of L, from Failure Mechanism

In the literature, the average depth over which the soil property is averaged, L,, has been
assumed to be Dy + B (Cherubini, 2000), where Dy is the depth of the foundation, B is the
foundation width or using B or 2B (Puta, 2007). However, assuming a non-symmetrical
failure mechanism (Soubra, 1999), as shown in Figure 5.3, L, will change for different
values of ¢’ for both the vertically and inclined-eccentrically loaded cases. Therefore, L,

can be calculated from the following equation:

L, =D;+yB 5.14

where 7y is a variable that changes with respect to ¢’ and the magnitude of the horizontal

action. y is determined by assuming that the centroid of the soil volume within the failure
zone is equivalent to %xB. ¥ increases with ¢’, as shown in Figure 5.4, and therefore L,

also increases as ¢’ increases. y is also a function of the magnitude of the horizontal action
and in Figure 5.4 shows the effect of applying a horizontal action that is 8% of the vertical
action (K= 0.08), as in the example in Figure 5.1. Hence, it is not appropriate to adopt a

single constant value for L, when calculating I” for a range of ¢’ values.
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152 =

1
0.8

/ ----- Vertlcally Loaded
0.4 Foundation
Eccentrically Loaded
0.2 - Foundation (Kh = 0.08)
25 30 35 40

o' (°)
Figure 5.4  Factor against ¢’

In reliability analyses it is important to consider any dependence between random
variables. The correlation coefficient, r, is the strength of a linear relationship between
random variables. It is important to consider the dependence of variables in reliability
analyses because if all the variables are assumed to be independent and this is not the case,
then the calculated reliability of the structure could be overestimated. In this analysis, the
independent case and the dependent case are considered. The correlations that have been
assumed, in the dependent case, between the random variables in this analysis are given in
the correlation matrix i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>