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Abstract

Development of Reliability-Based Serviceability Limit
State Design Method for Spread Foundations Under
Uplift Loading in Cohesionless Soils

Han, Jayne
Civil & Environmental Engineering
The Graduate School

Seoul National University

The design of foundations is often governed by the serviceability limit state (SLS)
requirements of the supported structure, particularly for large spread foundations.
This paper aims to develop a reliability-based SLS design method for spread
foundations under uplift loading in cohesionless soils. A probabilistic framework
was adopted for the empirical characterisation of the compiled load-displacement
curves and the quantification of the associated uncertainties. By using the obtained
statistics of the curves, reliability analysis was carried out with Monte-Carlo
simulations to calibrate the resistance factors within the load and resistance factor
design (LRFD) framework. The calibration results showed that the embedment ratio
of the foundation and the fitting errors of the empirical model, which were previously
unaddressed in the literature, had notable effects on the calibrated SLS resistance
factors. The relationship of the SLS with the ultimate limit state was assessed,
including the governing limit state at each allowable displacement level, and the
probability of ultimate failure of the foundation at the SLS condition. By considering
the relationship between the limit states, the procedures for determining the design

resistance factor and foundation capacity were proposed.

Keyword : serviceability limit state; reliability-based design; spread foundation;

uplift; foundation engineering; LRFD; statistics
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Chapter 1. Introduction

1.1. Background

The design of foundations involves uncertainties that arise from various sources,
such as the natural variability of the soil properties, and the model uncertainties that
are caused by the assumptions in the calculation models. To address these
uncertainties and the associated risks, reliability-based design (RBD) methods have
been developed and implemented in several design codes, including the AASHTO
LRFD Bridge Design Specifications [1], the Canadian Highway Bridge Design Code
[2], and Eurocode 7 [3]. In the RBD of foundations, the probability of the foundation
reaching the ultimate limit state (ULS) or the serviceability limit state (SLS) is
assessed.

Specifically in the context of spread foundations for light-weight lattice
structures such as transmission and telecommunication towers, the limit states are
governed by the uplift behaviour of the foundation [4], [5]. The applied uplift forces
are induced by the overturning effects that are caused by the horizontal loads acting
on the supported structure, including wind loads. The resulting displacements and
differential settlements of the foundation system can lead to deformations and
potential failure in the supported structure [4], [6], [7], which may be a more crucial
consideration than foundation failure [8]. Particularly for large spread foundations,
the design is often governed by the serviceability requirements of the supported
structure, due to their high susceptibility to significant displacements before failure
[9], [10]. This entails the need to develop reliability-based serviceability limit state
(RBSLS) design methods for spread foundations under uplift loading. However, up
to date, there have been limited development and evaluation of the RBSLS design
methods for this specific design condition.

Overall, previous research suggested two main approaches for developing
RBSLS design methods. The first approach is to quantify the uncertainties in the
foundation displacement by assessing the probability distribution characteristics of
the displacement model factor, defined as the ratio of the measured displacement

value to the predicted value at a given load [11]-[14]. While this is consistent with



the approach for the reliability-based ULS design methods, this approach cannot be
applied to design conditions that have no relevant prediction models. Such
limitations apply to the design of spread foundations under uplift loading, which do
not have generalised prediction models for the uplift displacement [4]. To overcome
this shortcoming, recent studies have developed the second approach of assessing
the statistical characteristics of the load-displacement curves by modelling the curves
as an empirical bi-variate model [15]-[17]. The obtained statistical characteristics
are used to simulate the overall load-displacement behaviour of the foundation,
allowing for an estimation of the foundation reliability over a wide range of
displacements. This approach has been widely applied to various types of
foundations and design conditions which do not have available prediction models,
such as augured cast-in-piles in granular soils under compression [18], and helical
anchors in clays under uplift loading [19].

While the approach of using an empirical model has also been applied by
Tang et al. [20] and the EPRI TR-105000 report [21] for spread foundations under
uplift loading, several considerations were not addressed in these studies. For
instance, the errors between the fitted empirical curves and the actual measurements
were not considered, although discrepancies may be present. Also, the statistical
dependencies in the parameters of the empirical model were not checked, which
implies that the parameters were assumed to be random variables. Thus, there is the
need to incorporate such considerations to improve the accuracy of the RBSLS
development procedures.

In addition, there has been limited evaluation of the relationship between the
foundation reliability against two limit states (ULS and SLS), as the majority of
studies focussed on individual assessments of each limit state. Some studies have
investigated the relationship between the limit states by assessing the governing limit
state for design, based on the designed foundation width and load capacity [9], as
well as the reliability of the foundation at the ULS and SLS for varying serviceability
requirements (i.e. allowable displacement) [22]. Overall, it was shown that the SLS
governs the design for a specific range of design conditions only (e.g. foundations
with large widths); however, such conditions are not explicitly incorporated into the

current RBSLS design procedures.



1.2. Purpose of Research

The main objective of this research is to develop the RBSLS design method for
spread foundations under uplift loading in cohesionless soils by adopting the
framework of using an empirical bi-variate model to characterise the statistics of the
uplift load-displacement curves. Previously unaddressed sources of uncertainties and
statistical dependencies were identified and incorporated into the analysis, in order
to improve the accuracy of the estimated foundation reliability and the reliability
analysis outputs. This includes the fitting errors between the measured and fitted
load-displacement curves, and the statistically significant dependencies between the
model fitting coefficients and the foundation design parameters. Moreover, this
research aims to investigate the relationship between the SLS and ULS for its

incorporation into the RBSLS design procedures.

1.3. Outline of This Study

This research characterises the uplift load-displacement behaviour of the foundation
and its statistical characteristics to evaluate the foundation reliability against the SLS,
and proposes an updated RBSLS procedure that considers the relationship between
the ULS and SLS. In Chapter 2 of this study, a literature review was conducted to
outline the concept of limit state design and reliability-based design methods, as well
as the previous approaches for developing the RBSLS design methods. Based on the
literature review, the current limitations about the RBSLS design of spread
foundations under uplift loading were identified.

Chapter 3 describes the details of the procedures for characterising the
statistics of the compiled load-displacement curves via the use of an empirical bi-
variate model. In this chapter, the database of 61 load-displacement curves was
compiled and analysed to quantify the uncertainties in the uplift behaviour of spread
foundations. Different empirical models and normalisation protocols were compared
to identify the optimal option that gives the least scatter in the curves. The statistical
dependencies in the fitting coefficients were treated, and the probability distributions
of the treated fitting coefficients were obtained. The dependencies between the
coefficients were characterised by using copula theory, which is suitable for defining

nonlinear correlations between multiple variables.
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In Chapter 4, reliability-based calibrations were carried out via Monte-
Carlo simulations (MCS) within the context of transmission tower foundations with
the quantified characteristics of the load-displacement curves. Based on the
calibration results, the relationship between the reliability of the foundation at the
SLS and ULS was assessed to determine the conditions where the SLS becomes the
governing limit state, and to estimate the probability of the foundation reaching
ultimate failure at a given SLS design criterion.

In Chapter 5, the RBSLS design procedures were proposed by
incorporating the obtained resistance factors and the relationship between the two
limit states. A design example was provided to demonstrate the use of the proposed
design procedures. Chapter 6 provides a summary of the conclusions and
recommendations for further work. Appendix A presents the detailed database of
uplift load tests on spread foundations under uplift loading in cohesionless soils,
which was used in this study. Appendix B shows the convergence test that was
carried out to check whether the number of data in the database is sufficient for the

purpose of this study.



Chapter 2. Literature Review

2.1. Introduction

The failure condition of the foundation can be defined with two types of limit states,
the ultimate limit state (ULS) and the serviceability limit state (SLS) [23]. To date,
the main focus has been placed on the reliability-based ULS design, which assesses
the probability of the applied loads exceeding the ultimate failure capacity of the
foundation. Reliability-based ULS design methods have already been implemented
in several limit state design codes that are used in practice [1]-[3]. Although
relatively limited, reliability-based serviceability limit state (RBSLS) design has
recently been receiving increasing attention in the literature [9], [13], [15], [17], [24].

This chapter reviews the concepts of limit state design, and its application
in the design of spread foundations under uplift loading in cohesionless soils. The
concepts of RBD have been reviewed, along with different reliability analysis
methods that were adopted for the estimation of the foundation reliability. An
overview of the RBSLS development framework is provided, with focus on the
characterisation of the uncertainties in the load-displacement relation of the
foundation. The literature review is concluded with a summary and a discussion of
the limitations of the current RBSLS design of spread foundations subjected to uplift
loading.

2.2. Limit State Design (LSD)

The limit state is defined as the state “beyond which the structure no longer fulfils
the relevant design criteria” and its intended function [25], [26]. The structure is
considered to be in a condition near failure if the limit state is reached. The limit state
design (LSD) comprises the procedures of identifying all possible failure
mechanisms and limit states of the structure, and checking the design of the structure
for each limit state [27]. For each structural component and limit state, the following

equation is required to be satisfied [1]:



Z NiViQin < YRy (Eq.2.1)

where #; is the load modifier, y; (>1) is the load factor applied to the nominal load
Oin, ¥ (Z1) is the resistance factor, and R, is the nominal resistance.

By checking that the factored resistance is greater than the factored loads,
it is ensured that the occurrence of the limit states is sufficiently improbable. Usually,
the design of foundations is checked at two types of limit states, the ultimate limit
state (ULS) and the serviceability limit state (SLS) [23]. The ULS is related to the
structural safety and collapse of the structure, where the ultimate capacity of the
foundation is exceeded by the applied loads. The SLS relates to the functionality of
the structure, where the displacement, settlements, or distortions of the foundation
exceed the allowable limits under the given loading conditions.

The following sections review the geotechnical calculation models and
failure criteria for the ULS and SLS design of spread foundations under uplift

loading in cohesionless soils.

2.2.1 Ultimate Limit State (ULS) Design

2.2.1.1 Calculation Models for the Uplift Capacity of Spread Foundations

Several calculation models (i.e. ULS models) are available for the estimation of the
ultimate uplift capacity of spread foundations. The models can be applied to
foundations with an enlarged base, including shallow foundations, grillage
foundations, and anchors [5]. Overall, the calculation models consider different
uplift failure mechanisms and failure surfaces that form in the soil beneath the
ground surface. At the failure surface, the shear strength of the soil is assumed to be
fully mobilised.

The types of calculation methods include the shear method, which assumes
a vertical failure surface due to uplift, and the curved surface method which assumes
a curved failure surface (Figure 2.1). Based on the assumed form of the failure
surface, the ultimate uplift capacity of the foundation is calculated by summing the
different force components that resist the uplift forces. The typical form of the

prediction equation is as follows (Equation 2.2):



Qu=W+W, +F (Eq.2.2)

where Q, is the ultimate uplift resistance or capacity of the foundation, W; is the
weight of the foundation, W is the weight of soil encapsulated by the failure surface,
and F is the frictional forces that act along the failure surface.

Among various calculation methods, the IEEE [5] method and the
Meyerhof and Adams [28] method have been widely used for the analysis of the
uplift capacity of spread foundations [20], [29]-[31]. The IEEE method [5],
proposed by Kulhawy et al. [4], is a type of shear method where the frictional force
(F) in Equation 2.2 is calculated with Equation 2.3 for square and circular

foundations.
P
F =cPD + (E) KysD?tan ¢ (Eq.2.3)

where P is the foundation perimeter, D is the foundation embedment depth from the
bottom of the foundation slab to the ground surface, c is the cohesion of the soil, ¢
is the friction angle of the soil, y; is the unit weight of soil, and K is the horizontal
earth pressure coefficient.

While the IEEE [5] method is simple to apply, it does not consider the
effects of embedment depth on the failure mode of the foundation. Several
researchers have reported that the ratio of the foundation depth to width (D/B)
influences the uplift failure mode of the foundation; for spread foundations that are
embedded at a shallow depth, the failure surface extends to the ground surface, while
for deeply embedded foundations, local failure occurs near the foundation base [29],
[32], [33].

The Meyerhof and Adams [28] method is a curved surface method (Figure
2.2), which distinguishes the shallow and deep failure modes. The limiting value of
D/B that distinguishes the shallow and deep failure modes is expressed as the limiting
embedment ratio (H/B), also known as the critical embedment ratio. Different
equations have been suggested for shallow embedment depths of D < H, and deep
embedment depths of D > H, as shown in Equation 2.4 for circular and square

foundations.



P
Qu = Wi+ AysD + cPD + s¢ (E) YsD?K,tan¢ (D <H) (Eq.2.4a)

P
Qu = Wr+ AysH + cPH + s¢ (E) vsH(2D — H)K, tangp (D > H) (Eq.2.4b)

where A4 is the foundation base area, H is the limiting value of the failure surface

depth, K, is the nominal uplift coefficient of earth pressure (= 0.496¢"'®), and s; is
the shape factor (= 1 + % <1+ %M ). The values of H/B and M, required for the

computation of the shape factor sy, are obtained from Table 2.1.

For all calculation models, inherent errors and uncertainties are present, due
to the simplification and assumptions that are made in the models [34]. Such errors
can lead to an over-/underestimation of the foundation capacity, and the deviation
between the predicted and actual capacity. Thus, it is necessary to evaluate and verify
the calculation models through a comparison between the predicted capacity value

and the actual value measured from load tests.
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Figure 2.1 Types of uplift capacity models (Kulhawy et al. [4]).
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Figure 2.2 Uplift failure mechanism of spread foundations considered in the
Meyerhof and Adams [28] method: (a) shallow foundations; and (b) deep spread
foundations (Adapted from IEEE [5]).

Table 2.1 Values of H/B and M for the Meyerhof and Adams [28] method

¢ (°) 20 25 30 35 40 45 48
H/B 2.5 3.0 4.0 5.0 7.0 9.0 11.0
M 0.05 0.10 015 025 035 050 0.60

2.2.1.2 Interpretation of the Uplift Capacity from Load Test Results

The actual value of the uplift capacity of foundations can be obtained through the
analysis of the load test results. In the measured load-displacement (Q-6§) relation
from the load test, a specific value is determined as the ultimate capacity of the
foundation, which can be used to verify the predicted capacity value from the
calculation models [4]. Table 2.2 summarises the failure criteria that have been
applied for the interpretation of the uplift capacity of foundations.

Specifically in the EPRI EL-2870 [4] report, the tangent intersection
method was selected for the determination of the uplift capacity of grillages, a type
of spread foundation, while the slope tangent method with the offset of 0.15 in (4mm)
was chosen for drilled shafts. While the study [4] illustrated that both methods give
similar results for sharply turning load-displacement curves, each interpretation

method was shown to have its own inherent limitations. For instance, the tangent
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intersection method is subjected to scale effects and human judgement [35], [36],
and the determined capacity is highly sensitive to the gradient of the final linear
section of the curve.

Depending on the interpretation method used, the magnitude and
consistency of the defined failure load vary significantly; the interpretation method
and failure criteria can directly affect the extent of deviation between the measured
capacity and predicted foundation capacity obtained from the calculation models.
Based on this, it is seen to be desirable to select an appropriate interpretation method,

which gives a capacity value that closely approximates the estimated value.

2.2.2 Serviceability Limit State (SLS) Design
2.2.2.1 Calculation Models for the Uplift Displacement of Spread Foundations

Up to date, no generalised calculation models or theories have been specifically
established for the prediction of the uplift displacement of spread foundations. It was
suggested by Kulhawy et al. [4] that the cylindrical shear model, which was proposed
by Witham and Kulhawy [37] for the uplift displacement of shaft-type foundations,
could be applied to spread-type foundations as well. The uplift displacement & is
calculated as follows:

6= (Qu;%)lp (Eq.2.5)
where I, is the displacement influence coefficient, and E is the elastic modulus of
the soil.

The value of 1, is a function of the embedment ratio and foundation stiffness,
obtained from the elastic solution by Mattes and Poulos [38]. The stiffness Es is
dependent on the stress state of the soil and the soil parameters that govern the
modulus, which is nonlinear and stress-dependent. For spread foundations, the
foundation and the soil immediately above the foundation are treated as a single
block; thus, in Equation 2.5, Wris replaced by the total weight of the foundation and

soil immediately above the foundation (W;+ Ws) for spread foundations.



Table 2.2 Summary of failure criteria used for the interpretation of uplift loads

(Adapted from Tang and Phoon [29], and Chen et al. [39]).

Basis of definition

Method/References

Interpreted capacity Qu,int

Graphical

construction

Tangent

Intersection [40]

Slope Tangent [41]

Li-L2[36]

De Beer [42]

Fuller and Hoy [43]

Load at the intersection of two tangents to
the initial and final linear sections of the

0-6 curve

Load at a displacement equal to the initial
slope of the Q-8 curve plus 0.15 in.
(3.8mm)

Load L; and L» at the elastic limit and
failure threshold, respectively.

Load at change in slope on log-log total
settlement curve

Minimum load that occurs for a rate of
total settlement of 0.05 in per ton

(0.14mm/kN)

Absolute
movement

limitation

Hansen [44] —
80% Criterion

Hansen [45] —
90% Criterion

Load that gives four times the total
movement as the movement obtained for

80% of that load

Load that gives twice the total movement

as obtained for 90% of that load

Mathematical

model

van der Veen [46]

Chin [47]

Load that gives a straight line when log(1-
O/Qu,int) 1s plotted
Load equal to the inverse slope (1/c1) of

line 6/Q = c16+c2
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Mattes Poulos [48] has verified the model with experiments on deeply embedded
piles (avg. D/B = 15) with or without an enlarged base; however, the model was not
evaluated with test results from shallow foundations. Moreover, since this model is
based on elastic theory, the main obstacle to using this model is an accurate
determination of the elastic modulus Es of the soil [48] and the stiffness of the
combined foundation and soil block. In general, it is difficult to predict the
foundation displacements accurately, as the available models do not account for
various influencing factors, including the soil behaviour and soil-foundation

interaction characteristics [49].

2.2.2.2 Serviceability Requirements for the Uplift of Spread Foundations

In the SLS design, the foundation displacements are limited to satisfy the
serviceability requirements, which are controlled by the limit state criteria of the
supported structure. The allowable displacement level should be selected during the
design process, with consideration that excessive foundation settlements or
deformations can lead to failure in the supported structure [50].

The uplift displacements and limiting criteria of foundations have not been
addressed in most design standards, including Eurocode 7 [3], the ASCE design
standards for transmission tower structures [S1], and the National Electrical Safety
Code (NESC) [52]. However, the uplift displacement of individual foundations is a
significant consideration for design conditions, where the uplift displacements lead
to differential settlements of the foundations which can result in excessive stresses
and potentially failure in the supported structure [4], [6], [7]. For transmission towers
supported by four foundations, studies by the Electric Power Research Institute
(EPRI) [4], [21] suggested the limiting uplift displacement of 25mm (1 in.), as
structural instabilities were shown to develop at this value. This was based on the
analytical results of the nonlinear structural model, where the uplift displacements
of a single tower leg were increased, and the internal forces of the tower members

were assessed at each displacement level (Figure 2.3).

12 =



A=0.50in A=150in

(12.7 mm) (38.1 mm)
Figure 2.3 Force levels in the structural members of a transmission tower structure,
caused by the uplift displacement of a single tower leg: (a) 0.50 in. (12.7mm)
displacement; (2) 1.50 in. (38.1mm) displacement (Source: EPRI EL-2870 report

[4].

Since the focus of the SLS failure criteria is mainly placed on the differential
settlement, the SLS criteria are usually suggested in terms of the differential vertical
displacement or rotational displacement. For general structures, Eurocode 7 [3]
states that the maximum relative rotational displacement of 1/500 is acceptable for
many cases. The BS IEC 60826-2017 [53] design standard has suggested specific
criteria for uplift displacements of transmission tower foundations, which are shown

in Table 2.3.

2.3. Reliability-Based Design (RBD)

The design of geotechnical structures, including foundations, always involves
uncertainties which arise from two main sources: (1) the variation in the soil
properties and applied loads, and; (2) the calculation models that are used to estimate
the foundation capacity or displacement (i.e. model uncertainty) [34], [54]. In
addition to these sources of uncertainties, other factors such as the errors in the
design and construction procedures may also affect the reliability of the foundation

performance [55].
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Conventionally, the uncertainties were dealt via the allowable stress design
(ASD) approach, where a global factor of safety is applied. While the ASD approach
has been widely used in practice, it was shown to have limitations in addressing the
design uncertainties in a consistent manner [56]. As the values of the factors of safety
are subjective and based on experience [57], [58], there are difficulties in yielding a
consistent safety margin (i.e. reliability) against failure.

To overcome the limitations of the ASD approach, significant
developments have been made in the reliability-based design (RBD) methods in the
past decades. RBD is based on the principles of reliability analysis, where the
uncertainties in the design and performance of the structure under consideration are
evaluated in a quantitative manner [55]. This method was shown to give a more
consistent level of reliability and the associated probability of failure, compared to
the conventional ASD approach [59]. The key concepts of reliability analysis, and
the reliability analysis methods that are used to develop RBD methods are detailed

in the following subsections.

2.3.1 Performance Function and Probability of Failure

In reliability analysis, the probability of failure of the structure is assessed in terms
of each limit state under consideration. The probability of failure (pr) is defined as
the probability of the applied loads O exceeding the resistance of the structure R
(Equation 2.6) [60].

pr=P(R—Q<0)=P(g<0) (Eq.2.6)

where P(+) is the probability of occurrence, and g is the performance function.

The performance function, or limit state function, represents the margin of
safety between the load and resistance (g = R — Q). The value of g is used to evaluate
the failure state of the foundation; when g < 0, the structure is in failure condition,
and when g = 0, the structure is at its limit state. Positive values of g (> 0) indicate

a safe performance of the structure.
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Table 2.3 Uplift displacement criteria for transmission tower foundations (Adapted

from BS IEC 60826-2017 [53]).

Statically Displacement/Settlement criteria
Structure type determinate
movement! Damage limit (SLS) Failure limit (ULS)
Guyed? Yes Need to readjust tension ~ Excessive out of
in guys plane movement
(plane formed by the
o L
No 5% reduction in support other three
strength foundations) in the
Self-supporting3 Yes 1° (degree) rotation of order of 50 — 100mm
the support
No Differential vertical

displacement of
¥/300 — ¥/500
(Maximum 20mm),

where Y is the horizontal

distance between
foundations

! Statically determinate movement is one that does not induce internal efforts in the structure

(e.g. displacement of one foundation of a three-legged support is statically determinate,

while displacement of four-legged support is statically indeterminate).

2 Structure that is tied down by a set of guy wires and ground anchors for support.

3 Structures that do not require external support (e.g. four-legged transmission tower).
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Figure 2.4 illustrates the definition of the probability of failure pr for random
independent variables, R and Q. The definition of the reliability index £ is also shown
in the figure. The reliability index S can be computed with pr via the following
function (Equation 2.7) [61]:

B=—-2"(pp) =P (—pp) (Eq.2.7)

where @(+) is a standardised normal distribution function.

To estimate the pr and the related reliability S of the design through
reliability analysis, the probability distribution characteristics of the applied load Q
and resistance of the structure R need to be defined (incl. distribution type, mean,
standard deviation, etc.). The characteristics are obtained by fitting a suitable

distribution to the histogram of the obtained data for the load and resistance.

2.3.2 Reliability Analysis Methods for the Calibration of the Resistance
Factor

The main objective of RBD is to ensure that the structure satisfies the targeted level
of reliability and the probability of failure against each limit state for design.
Specifically in the load and resistance factor design (LRFD) format, the load factors
y and the resistance factor y are applied to the applied loads and the resistance of the
structure, respectively (Equation 2.1), in order to achieve the target reliability index
[r. The target reliability index is selected by considering various parameters, such as
the reliability levels that are implicit in current design practice, and the failure
consequences of the structure [23], [62].

For each load component Q,, the load factor y; is estimated by assessing the
statistics of the load data that is applicable to the type of structure and design model
[63]. The load factors are usually selected from the values that are suggested in the
existing RBD codes, such as AASHTO LRFD Bridge Design Specifications [1],

based on the design loading case and load combination.
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Figure 2.4 Definition of the probability of failure prand reliability index £ for normal
random variables, O and R: (a) Joint distribution of Q and R; (b) Distribution of
performance function g. The shaded area represents the failure probability pr

(Modified from Stipanovic et al. [64]).

The resistance factor i is calibrated via reliability analysis methods, with the
following inputs: the selected load factors, and the probability characteristics of the
load components and the resistance. The probability characteristics include the bias
(M), defined as the mean of the ratio between the measured and predicted value, and
the coefficient of variation (COV), which is the ratio of the standard deviation to the
mean of the distribution. Such probability characteristics represent the uncertainties
in the estimated load and resistance of the structure, and are specifically referred to
as “model statistics” for the resistance [29], [34], [54]. The model statistics are
quantified via statistical analysis of geotechnical databases of load test results, and
the associated properties of the foundation and soil. The types of reliability analysis

methods that were commonly adopted in past studies are detailed as follows.

2.3.2.1 Approximate Reliability Analysis Methods
(1) First Order Second Moment (FOSM)
Based on the First Order Second Moment (FOSM) principles, simplified closed-
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form solutions have been suggested for the estimation of the resistance factors. The
FOSM method assumes a normal or lognormal distribution for the variables of the
performance function (i.e. R and Q), which allow for direct computations of y with
the mean and COV of the variables only. The closed-form solution is expressed in
Equation (2.8) [65]. As an example, the equation was provided for the case where

only the dead and live loads are considered.

14 COVZ, + COVA
*r (VDLg_EE +ru) \/ 11OV

(Eq.2.8)

v (7 % + A1) exp {fr/In[(1 + COVA) (1 + COVZ, + COVA)}
where the subscripts R, DL, and LL denote the resistance, dead loads, and live loads,
respectively. The variables are expressed as lognormal random variables.

Despite the simplicity of the FOSM method, the simplification and
linearisation of the solution may lead to errors in the results for cases that involve
highly nonlinear problems, which may include correlated variables or variables with
different probability distributions (e.g. Gumbel, Weibull, exponential, etc.) [61], [66],
[67]. In addition, the method fails to be invariant to different equivalent formulations
of the performance function [68], which means that the closed-form solutions and

the analysis results are dependent on the way the performance function is formulated.

(2) First Order Reliability Method (FORM)

First Order Reliability Method (FORM) is an approximate method, which has been
widely applied for structural reliability analyses [69]. The method was originally
developed by Hasofer and Lind [70] as an invariant method for estimating the
reliability of the structure. The FORM involves a linear approximation of the limit
state function, which is often nonlinear, to identify the most probable point (MPP)
of failure. The limit state is linearised at the MPP, which is adjusted via an iterative
procedure to estimate the minimum value of the reliability index £ (i.e. highest py).
The accuracy of the results from FORM is dependent on the extent of the nonlinearity
of the limit state function [71], [72]. For linear limit state functions, FORM gives an
exact solution, while the accuracy of the method may decrease for functions with a

strong non-linearity and a large number of random variables [73].
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2.3.2.2 Monte-Carlo Simulation (MCS)

Monte-Carlo Simulation (MCS) is a practical method that can be applied to variables
with any type of probability distribution and correlation structures. In the MCS
method, a large number of samples of the variables in the performance function g
are generated, based on the defined probability distribution characteristics of each
variable. With the generated samples, the probability of failure is directly calculated
as follows (Equation 2.9) [26].

N
1

pr = FZ I[g; < 0] (Eq.2.9)
ST

where N is the number of simulations, / is the indicator function which is equal to 1
when g; < 0 (i.e. failure state), and 0 when g; > 0 (i.e. safe state).

Equation 2.9 is essentially the ratio between the number of failure cases (i.e.
sum of the indicator function) and the total number of simulations. While keeping
the load factors constant, the value of the resistance factor y is adjusted until the
target probability of failure, or reliability level, is achieved. Generally, the results
from MCS method are taken as “exact” or “accurate”, as this method is shown to
yield more accurate results, compared to the other approximate or iterative reliability
analysis methods (e.g. FOSM and FORM) [26], [74]. Due to its versatility and
accuracy, the MCS method has been adopted in numerous recent studies for the

reliability analysis of structures including foundations [18]-[20], [75].

2.4. Development Frameworks for RBSLS Design Methods

The reliability-based serviceability limit state (RBSLS) design method assesses
whether the foundation fulfils the SLS criteria with the targeted level of reliability.
In terms of the SLS, the structure fails when the displacement of the structure
exceeds the allowable displacement level. Overall, previous studies have developed
two main frameworks and approaches for the development of RBSLS design

methods: the displacement-based approach, and the empirical model approach.



2.4.1 Displacement Model Factor Approach

The uncertainties in the displacement can be quantified through the statistical
characterisation of the displacement model statistics. The displacement model
statistics are represented by the probability distribution characteristics of the
displacement model factor, or settlement ratio (SR), which is defined as follows [12],
[13],[29].

6measured

SR=——"— (Eq.2.10)
Scalculated
where Omeasured and Scaiculaed are the measured and calculated displacements,
respectively.

The value of the calculated displacement Scaculaeda at a given load is
computed from relevant prediction models. In this case, the performance function is
expressed as g = § — dan or g = 6/8an for the movement mode of interest (e.g.
immediate settlement, lateral or uplift movement of the foundation). This approach
was utilised in several research programs, including National Cooperative Highway
Research Program (NCHRP) [23], SHRP2 [14], and the subsequent studies by the
Federal Highway Administration (FHWA) [12], [13], all of which were carried out
to implement RBSLS design methods into the AASHTO design code for bridge
foundations.

While this approach is consistent with the method for evaluating the ULS
capacity model statistics, it cannot be applied to design conditions with no available
prediction models for the computation of Scaicutated. In addition, this method does not
capture the whole load-displacement relation of the foundation, which implies that
the analysis procedures would need to be repeated if a different SLS criterion was to

be considered.

2.4.2 Empirical Model Approach

The limitations of the displacement-based approach can be overcome by adopting
the empirical model approach, where the load-displacement relation of the structure
is modelled as an empirical function. For this approach, calculation models for the

displacement prediction are not required, as the uncertainties in the load at a given



displacement, and vice versa, can be obtained from the statistics of the model
parameters that characterise the load-displacement curves. The performance function
is expressed in terms of the loads, as shown in Equation 2.11. To capture the
nonlinearity of the relation, bi-variate nonlinear models such as the power law model

or hyperbolic model are usually used.
9 =0Q — Qan = Q — QuMsLs(8an) (Eq.2.11)

where Qan is the allowable load that corresponds to the allowable displacement level,
and Msis is the SLS model factor that represents the empirical model which is a
function of the allowable displacement.

Over the past several decades, significant advances have been made to
optimise and improve the accuracy of the outputs from this approach. Some early
studies have been conducted in the EPRI TR-105000 report [21], where bi-variate
hyperbolic and power law models were adopted to calibrate the SLS resistance
factors for 8a1 = 25mm, 38mm, and 50mm (1 in, 1.5 in, 2 in). An example of the
modelled load-displacement curves is shown in Figure 2.5. However, the study by
the TR-105000 report [21] did not consider several considerations, such as the
correlation between the parameters. The correlation and statistically significant
dependencies between the variables need to be checked, in order to be consistent
with the assumptions of reliability analyses that the variables are independent and
random [51], [76].

Phoon et al. [76] assessed the load-displacement curves of spread
foundations and drilled shafts to check for any correlation between the model
parameters. The findings demonstrated that a statistically significant negative
correlation was present between the model parameters, suggesting that it is not
justifiable to treat the parameters as random variables. The same observations have
been made from most other studies that used the empirical model approach for the
development of RBSLS design methods [15], [51].

The correlation can be characterised via various correlation coefficients and
models. Phoon et al. [76], Phoon and Kulhawy [15], and Dithinde et al. [51] used an
equivalent normal correlation coefficient (Pearson correlation coefficient p) for the

model parameters with lognormal distributions. However, the use of this correlation
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coefficient is based on the assumption that the variables are linearly correlated,
which may not be applicable to nonlinear correlation structures. To develop
appropriate models for nonlinear correlation structures, several studies have
implemented the use of copula analysis and models in the RBSLS procedures [16]-
[19],[77], [78]. Copula functions express the multivariate joint distribution functions
with their one-dimensional marginal distributions [79]. The functions are dependent
on the copula parameters and the Kendall’s tau correlation coefficient p, which
represent the strength of the correlation.

While various studies have been carried out on the implementation of the
correlation between the model parameters, there have been limited studies that
involve the treatment of statistically significant dependencies between the model
parameters and foundation parameters. While such dependencies were not assessed
or observed in most studies, Stuedlein and Reddy [80] reported that strong
dependencies were present between the model parameters and the pile slenderness
(i.e. ratio of pile length to diameter D/B) for augered cast-in-piles in cohesionless
soils. The dependencies were treated by dividing the model parameters by D/B or
(D/B)®3, although no specific reason was provided for the choice of the exponents.

In addition, no studies to date have explicitly addressed the errors that arise
from the deviation between the measured curves and the fitted empirical models. The
errors have been used to compare the accuracy of different empirical models, but
with no further considerations in the estimation of the foundation reliability.
Although fitting errors are evident and inevitable, such errors are yet to be
incorporated into the RBSLS development procedures.

Furthermore, the current RBSLS procedures do not account for the
relationship between the SLS and the ULS. It has been shown by Wang [22] and Orr
[9] that the SLS governs the design of foundations with large widths and load
capacities, and low allowable displacement values (i.e. SLS criteria) [9], [22]. For
opposite conditions, the ULS governs the design and the SLS requirements are
automatically satisfied. While the governing limit state may affect the foundation
design, and the associated reliability of the foundation for each limit state, such

considerations have not been implemented in the current RBSLS design methods.
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Figure 2.5 Load-displacement curves of spread foundations under uplift loading

(Hyperbolic model; Source: TR-105000 report [21]).

2.5. Summary

The literature review focussed on the limit state design of spread foundations under
uplift loading in cohesionless soils, specifically on the reliability-based serviceability
limit state design. The following subjects have been discussed: (1) the main limit
states for design, including the ULS and SLS, along with the available calculation
models for the prediction of the capacity and displacement; (2) definition and criteria
for the failure condition in terms of each limit state; (3) the concepts of reliability-
based design methods and the reliability analysis procedures, and; (4) the existing
frameworks for the development of RBSLS design methods.

Outstanding issues have been identified from the literature review, which
could be addressed in the development of the RBSLS design procedures for spread
foundations subjected uplift loads in cohesionless soils:

1. Currently, there are no available calculation models specifically for the
prediction of the uplift displacement of spread foundations. Consequently,
there are no SLS design methods that are used in practice for this specific
design condition. Thus, to allow for the development of RBSLS design

methods for this condition, an empirical characterisation would be required
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for the probabilistic analysis of the load-displacement behaviour of the
foundation.

Up to date, various studies have been conducted to improve the RBSLS
design procedures for its implementation in practice. However, the
suggested frameworks for the RBSLS design procedures do not include
some statistical considerations. This includes the assessment and treatment
of the statistical dependencies between the empirical model parameters and
the foundation design parameters, and the errors between the measured load-
displacement curves and the fitted curves from the empirical model. Thus,
to ensure the randomness of the parameters and to improve the accuracy of
the reliability analysis outcomes, it would be necessary to incorporate the
above-mentioned factors into the RBSLS development procedures.

Current research on the reliability-based design and limit state design
methods do not consider the relationship between the two main limit states
(i.e. ULS and SLS), as they focus separately on the individual limit states.
Thus, it is seen that additional work is required to analyse the effects of the
relationship between the limit states, such as the governing limit state, on

the RBSLS design procedures of the foundation.
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Chapter 3. Characterisation of the Uplift Load-

Displacement Curves

3.1. Compilation of Load Test Database

A database of 61 load test data from spread foundations under uplift loading in
cohesionless soils was compiled for this study. The summary of the database is
provided in Table 3.1. The database consists of the load-displacement curves and the
associated properties of the soil and foundation, which were obtained from four
different sources that investigate the uplift behaviour of spread foundations [81]-
[84]. The types of spread foundations in the database include plate anchors, footings,
and belled piers. The sources were selected, mainly by referring to the sources in the
NUS/SpreadFound/919 database by Tang et al. [20] which also covers the foundation
type and design condition of interest for this study. The detailed database is included
in Appendix A.

When compiling the database, the following criteria were considered: (1)
sufficient description of the load test conditions and soil properties; (2) cohesionless
soils above the foundation base that is relatively dry and uniform; (3) uniaxial uplift
loading conditions without any loading and unloading cycles, or inclination in the
applied loads; (4) foundation widths (B) greater than 0.30m, so that the data is
representative of the behaviour of full-scale foundations, and; (5) shallow
foundations with the embedment ratio (D/B), defined as the ratio of the embedment
depth to the foundation width, of less than 6. The last criterion was considered to
minimise the scatter in the compiled data, since the load-displacement behaviour of
shallow foundations can significantly differ from that of deeply embedded
foundations [85], [86]. Among the compiled load-displacement curves, some of the
curves showed a distinct peak in the load, followed by a softening behaviour with a
significant decrease in the load. In this case, the peak load was taken as the ultimate
capacity (Q,) of the foundation, and the portion of the curves at further displacements
after the peak load was neglected.

The sample size of N=61 was seen to be sufficient, as it lies within the range
of the sample size that was considered in past literature. Various studies on the

7]

25



RBSLS of spread foundations adopted the sample size of N=30 [16], [17], [78], [87].
A larger sample size was considered in the studies by Stuedlein and Uzielli [19] for
helical anchors in clay under uplift loading (N=37), and Tang et al. [20] for spread
foundations in cohesive (N=44) and cohesionless soils (N=67) under uplift loading.
Thus, the sample size of N>30 is seen to be generally acceptable, particularly since
there is a relatively small database for uplift load tests, compared to compression
load tests. As an additional analysis, a convergence test was carried out in Appendix
B, based on the results that were obtained from the subsequent sections (Sections

3.2-3.5).

Table 3.1 Summary of the load test database for spread foundations under uplift

loading in cohesionless soils.

Foundation Test Soil Number - Foundation Embedment Friction
Type Tvpe Tvoe of data  Shape and Ratio D/B Angle ¢  Reference
yp yP yP N Width B (m) ©)
Alluvial .
Plate . . Circular: Kananyan
Anchor Field ﬁne;irrlzmed 5 040 — 120 0.8-2.5 32 [81]
Non-plastic, Circular: Consoli,
uniform fine 3 030 10-20 39 Ruverand
sand ' Schnaid [82]
. Centri  Fine silica Square:
Footing “fuge sand 12 350 - 6.50 0.7-14 37-43 Guetal. [83]
Gobi gravel
. . (well-graded Circular: B Qian et al.
Belled Pier Field gravel with 41 101 -229 1.5-35 42 [84]
cobbles)
All 61 030-650 0.7-35 32-43

3.2. RBSLS Procedures and Limit State Models

For the RBSLS, it is critical to incorporate all sources of uncertainties that affect the
load-displacement behaviour and the reliability of the foundation. The reliability of
the foundation is related to the probability of failure, where the foundation
displacement (J) exceeds the allowable displacement (dai). The failure can be written
in terms of the loads, where the applied loads exceed the allowable load (Qan) that
corresponds to dan at the load-displacement curve of the foundation (Equation 3.1).

1] 2 =
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pe = P(8an < 8) = P(Qan < Qapp) (Eq.3.1)

where Q.pp s the uplift loads applied to the foundation.

The uncertainties in the foundation displacement ¢ under the applied loads
can be estimated from the scatter in the load-displacement curves of the foundation.
For this study, the uncertainties in the curves were characterised, mainly by using the
procedures of the general framework by Huffman et al. [17]. While the framework
was developed for the RBSLS design of aggregate pier-reinforced grounds, the main
considerations and procedures of the framework were adopted. One of the key
procedures is the transformation of the ULS-based capacity (Q.) to the load-
displacement relation of the foundation, where the displacement is expressed in
terms of the mobilised loads, relative to Q.. This requires both the ultimate and
serviceability limit state models which define the predicted ultimate capacity and the
load-displacement relation of the foundation, respectively.

Two main types of SLS models exist for representing the nonlinear load-
displacement relationship of the foundation: the hyperbolic model, and the power
law model [19], [78], [87]. The model is fitted to the normalised curves, where the
mobilised loads are normalised by the reference capacity (Qrer), and the displacement
by the equivalent foundation width (B"). For square foundations, the equivalent width
is the diameter of a circular foundation that gives the same base area [88]. The

function of the hyperbolic model is written as

Q _ m
Qref 91 + 9277

(Eq.3.2)

where # is the pseudo-strain (=d/B’), and & and 6, are best-fit empirical fitting
coefficients of the hyperbolic model. It is to be noted that each fitting coefficient has
a physical meaning, where ; corresponds to the reciprocal of the initial slope, and
0, to the reciprocal of the final asymptote of the hyperbolic curve. The power law

model is expressed as

=0 n
Qref 3



where 05 and 64 are best-fit empirical fitting coefficients of the power law model.
The SLS models can be associated with the ULS-based capacity of the

foundation via the model factor, which is defined as the following ratio:

Qref
Quc

MyLs = (Eq.3.4)
where Muis is the capacity model factor, and Q.. is the predicted ultimate capacity
of the foundation that is computable with the existing calculation models (i.e. ULS
models).

The ULS models for the uplift capacity prediction are well-documented in
several guidelines for the design of transmission tower foundations. This includes
the IEEE guide [5] and the DS-1110 standards from the Korea Electric Power
Corporation [89]. Among the different available models, the Meyerhof and Adams
[28] method was selected as the ULS model for this study. This method is a general
semi-empirical method that has been evaluated in past studies about the reliability of
foundations under uplift forces [29], [90]. The method is applicable to a wide range
of design conditions, as it considers the effects of various design parameters on the
uplift failure mechanism and ultimate capacity of the foundation. By incorporating
Muyts, an estimation of Qr.r can be made from the calculated capacity O, with some
degree of uncertainty that is represented by the statistics of Muycs (i.e. capacity model
statistics). This allows for the transformation of the calculated ULS capacity Quc to

the normalised load-displacement curves, expressed in terms of QOker.

3.3. Normalisation of the Load-Displacement Curves

For the normalisation of the load-displacement curves, different normalisation
protocols were compared to identify the optimal option that gives the least scatter in
the normalised curves. In this study, the considered reference capacities for the
normalisation of the loads are the tangent intersection capacity (QOrw), and the slope
tangent capacity with the offset of 0.01B (Qo.018) and 0.02B (Qo.o28). The definitions
of the reference capacities are illustrated in Figure 3.1. The tangent intersection
capacity is the load at the intersection between the tangent lines of the initial and
final linear sections of the load-displacement curve. The capacity Qruy was
A 2]
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considered, as it was interpreted as the ultimate uplift capacity for spread foundations
by Kulhawy et al. [4]. The slope tangent capacity is the load, where the initial tangent
line with the specified displacement offset intersects the load-displacement curve.
The slope tangent capacities, with arbitrary offset values of (0.01~0.1)B, have been
widely adopted in various studies for the RBSLS of foundations [15], [17]-[19]. For
this study, the offset values of 0.018 and 0.02B were used, as there are fewer data
that reach larger displacements.

Figure 3.2 compares the load-displacement curves that were normalised with
different normalisation protocols. In general, the normalised curves display a clear
hyperbolic trend with a significant reduction in scatter. It was shown that each
normalisation protocol resulted in different levels of scatter that varied depending on
the displacement level. The normalisation by Omu (Figure 3.2b) gave a consistent
level of scatter throughout the whole range of displacement, with some of the curves
deviating from the overall hyperbolic trend. For the normalisation by Qo018 or Qo.028
(Figures 3.2c-d), the curves tended to merge towards the point, where (Q/Qrer) is
equal to unity. The merging occurred at higher displacements with an increase in the
displacement offset from 0.01B to 0.02B. This resulted in the curves normalised by
Ooois to show improved scatter at lower displacements, while normalisation by

(.02 showed improved scatter at further displacements.

Mobilised Load Q

!
Ot 0.01B 0.02B 0.03B
Displacement ¢

Figure 3.1 Definition of the tangent intersection uplift capacity (Omw) and slope

tangent capacities with the offset of 0.01B (Qo.018) and 0.02B (Qo.028).
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From visual inspection, it is unclear which normalisation protocol gives the least
scatter in the normalised curves. Thus, further analyses were carried out to evaluate

and compare the scatter in the normalised curves.
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Figure 3.2 Comparison of the raw and normalised load-displacement curves of
spread foundations in cohesionless soils under uplift loading: (a) raw curves; (b) load
normalised with the tangent intersection capacity; (c¢) load normalised with the slope
tangent capacity with 0.01B offset; (d) load normalised with the slope tangent
capacity with 0.02B offset
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3.4. Selection of the SLS Model and the Evaluation of the
Fitting Errors

The uncertainties in the normalised load-displacement curves can be represented by
the scatter in the empirical fitting coefficients, which are obtained by fitting the SLS
models to the curves. For the fitting process, the least-squares method was applied
by using the Curve Fitting Toolbox in MATLAB R2021a [91]. Among the power law
and hyperbolic models, a suitable SLS model was selected by evaluating the
goodness of fit of each model and the fitting errors between the measured and fitted
curves. The goodness of fit was evaluated with the root mean squared error (RMSE),
which is a statistical measure that is appropriate for both linear and nonlinear models

[92]. The equation for the RMSE is shown below in Equation 3.5.

Z?Izﬂ}’i _}/’\z|2

RMSE =
N

(Eq.3.5)

where y; is the measured value, ¥, is the corresponding prediction value from the
empirical model, and N is the number of data points.

Table 3.2 presents the values of the RMSE and the proportion of the RMSE,
relative to the maximum value of the normalised load (Omax/QOrer). It was shown that
the RMSE values and the RMSE relative to (Omax/Orer) are significantly lower for the
hyperbolic model, compared to the power law model. The relative RMSE was
identical for all normalisation protocols, with an average value of 3.30% for the
hyperbolic model and 8.62% for the power law model. This indicates that the
hyperbolic model provided a better fit than the power model.

In addition, the fitting errors that arise from the fitting process were assessed.
Although there are evident differences between the measured and fitted curves, such
errors have not been explicitly addressed in past literature. It was attempted in this
study to quantify the fitting errors with the ratio of the measured load to the predicted
load from the fitted curves at each displacement level, which is referred to as the
fitting model factor in this study (M#:=QOmeasured/Ofitted). Figure 3.3 shows the variation
in the fitting model factor Ms; over displacement for each load-displacement curve.
Overall, it was found that M5 is independent of the normalisation protocol. Both

b 5 i
A1 =—T1TH

31



models display significant fitting errors at low displacement levels, as indicated by
the My values that lie outside the range of 0.5—-1.5 (i.e. £50% difference in the load
between the measured and fitted curves). This can be explained by the fact that the
values of the loads are small at the initial portion of the curves, which causes the
difference between the measured and fitted curves to yield a larger percentage error,
and therefore values of My that are further from unity. Compared to the power law
model, the My values from the hyperbolic model were generally closer to unity. Also,
the scatter in Mpy; at each displacement level was relatively small, particularly at large

displacements, indicating that the measured and fitted curves are in good agreement.

Table 3.2 RMSE of the fitted hyperbolic and power law models.

SLS Model Reference Average (Range)
Capacity RMSE RMSE/(Qmax/Oret)
(%)
_ 0.030
Hyperbolic O (0.010-0.089)
0 0.035
001B(0.009-0.092)
3.30
(0.84-7.41)
0 0.034
0028 (0.008-0.077)
0.035
All (0.008-0.092)
Power Law Omu o 03&(1?)51 32)
0.091
Qoots0,042-0.131)
8.62
(2.61-13.05)

0.087
Qoozn (0.034-0.131)

0.091

All (0.034-0.132)
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The statistics of Msi; were obtained at each displacement level (Figure 3.4), which
can be incorporated as fitting uncertainties into the reliability analysis procedures.
When obtaining the statistics of Mg, a lognormal distribution was assumed, as it
allows for non-negative values only for the model factor. As expected, the hyperbolic
model gave the mean and the coefficient of variation (COV) of the Mp; that are closer
to unity and zero, respectively, compared to the power law model; this is consistent
with the observations made in Figure 3.3. Based on the findings from the statistical
evaluation of the SLS models, the hyperbolic model was selected as the SLS model

for the normalised curves.

_ 1.5 || (@ Kananyan 1966
g‘ — — —Consoli, Ruver, and Schnaid 2013
S Gu et al., forthcoming
‘c:é Qian et al. 2015
[
E 1.0
2 ‘
=
=10
.g
=

0 1 2 3 4
Normalised Displacement 7 =d/B’ (%)

Figure 3.3 Variation in the fitting model factor My over the normalised displacement

n: (a) hyperbolic model; (b) power law model.
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Figure 3.4 Variation in the mean and coefficient of variation (COV) of the fitting

model factor My over the normalised displacement #.

3.5. Selection of the Normalisation Protocol

The selection of the normalisation protocol requires the evaluation of the empirical
fitting coefficients of the normalised curves, and the model uncertainties in the
estimation of Q. As these parameters directly affect the estimated reliability of the
foundation, the variance in the fitting coefficients and the model uncertainties should
be minimised for a more accurate assessment of the foundation reliability. With
reference to the framework by Huffman et al. [17], the statistical characteristics of
the coefficients and the capacity model uncertainties from each normalisation

protocol were compared to support the decision-making process.

3.5.1 Evaluation of the Scatter in the Fitting Coefficients

Firstly, the values of the coefficients 61 and 6> were obtained by fitting the hyperbolic
model to the normalised curves. The lognormal distribution and the generalised
extreme value distribution were fitted to 8, and ., respectively. The suitability of the
functions was evaluated by using the Anderson-Darling test, which is a statistical test

of assessing whether the input data samples are obtained from the selected
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distribution [93]. It was found that the p-values of the Anderson-Darling test were
greater than 0.05, indicating that the fitted distributions are appropriate. Figure 3.5
shows the cumulative probability distributions of the fitting coefficients. The figure
shows that the distributions of 8; were nearly identical for all normalisation protocols.
On the other hand, the distributions of &, from the normalisation by Qoo showed
the smallest range of values, which indicates that the curves normalised by Qo.ois
have the least scatter with the smallest range of possible displacements at a given

load, and vice versa.
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Figure 3.5 Sample and fitted cumulative probability distributions of the hyperbolic

fitting coefficients from each normalisation protocol: (a) 6;; (b) 6-.
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3.5.2 Evaluation of the Correlation Between the Fitting Coefficients

Secondly, the correlation between the fitting coefficients was assessed, as illustrated
in Figure 3.6. The non-parametric Kendall’s tau correlation coefficient (p.) was used
to characterise the correlation, as it is relatively insensitive to discrepancies in the
data, and is directly applicable to the use of copula theory. As shown in Figure 3.6,
a negative correlation was observed between the fitting coefficients from all
normalisation protocols. The magnitude of p., and therefore the strength of the
correlation, was significantly higher for the normalisation by Qoois (Ip:1=0.726),
compared to the other two normalisation protocols (|p./=0.434-0.461). For
negatively correlated coefficients of a bi-variate hyperbolic model, a stronger
correlation indicates smaller scatter in the normalised load-displacement curves [15],

which implies that the normalisation by Qo018 yields smaller scatter in the curves.
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Figure 3.6 Correlation between the hyperbolic fitting coefficients from each

normalisation protocol.



3.5.3 Evaluation of the Model Uncertainties

The reference capacities were compared with the predicted ultimate capacity Oy,
computed with the ULS model of this study (Figure 3.7). The model uncertainty in
Ot was evaluated with the capacity model statistics (i.e. mean and COV of Murs),
which were obtained by assuming a lognormal distribution. The lognormal
distribution was used to allow for positive values only, since model factors cannot
be negative or zero [62], [94], [95]. Figure 3.7 shows that the model statistics of all
reference capacities were generally similar, with the bias u (i.e. mean of Muyis) that
ranges from 1.58 to 1.74, and the COV of 0.53 to 0.55. Thus, the model statistics do

not provide significant decision-making support.
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Figure 3.7 Comparison of the reference capacity (Qrr) and the predicted ultimate

capacity (Quc) calculated with the Meyerhof and Adams [28] method.

3.5.4 Selected Normalisation Protocol

For the selection of the normalisation protocol, the main objective should be to
minimise the scatter in the fitting coefficients, as it is seen to have the highest
influence on the overall uncertainties in the normalised curves [17]. With this
consideration and the comparisons in Figure 3.5-3.7, it was deduced that the

i
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normalisation by Qo.o1s is the optimal normalisation protocol. This protocol yielded
the least scatter in the hyperbolic fitting coefficients, as demonstrated by the
relatively small scatter in the probability distributions and the strong negative
correlation between the coefficients (p.=-0.726). Also, the capacity model statistics
(u=1.67, COV=0.55) demonstrated that the Qooiz could be estimated reasonably
with the chosen ULS model. Thus, the fitting coefficients of the curves normalised

by Qo.01s were used for further analyses of this study.

3.6. Statistical Assessment of the Fitting Coefficients

3.6.1 Statistical Dependencies on the Foundation Design Parameters

Since reliability-based analyses and design methods assume that the parameters are
independent and random, it should be checked whether there are any statistically
significant dependencies between the fitting coefficients and the design parameters
of the foundation [15], [34]. The identified dependencies need to be removed via
statistical procedures, such as regression analysis, in order to consider the parameters
as random variables for the implementation of the RBD [20], [95]. The shape of the
load-displacement curves, and therefore the model fitting coefficients, can be
affected by various parameters of the foundation and soil. This includes the friction
angle of the soil, and the embedment ratio of the foundation [86]. Potential
dependencies on the foundation width were also assessed, as scale effects may be
present [94], [96].

The relationship between the fitting coefficients and foundation design
parameters is shown in Figure 3.8. The statistical significance was checked via the
Spearman’s correlation test, where the Spearman’s p-value of less than 0.05 indicates
a statistically significant relationship. The figure shows that 8, has a statistically
significant dependency on all the parameters (p<0.05). For 6, the dependency is
present for all parameters, except for the friction angle. The dependency of the
coefficients on the embedment ratio D/B of the foundation is particularly strong, as
shown by the low Spearman’s p-values of 8.52x10'% and 8.31x10"'2 for 6, and 6,
respectively. The low p-values indicate that there is a substantially lower probability
of the statistically significant relationship occurring by chance [97], compared to the

other two parameters. Thus, to remove the observed dependencies, the strongest
§ ¥
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dependency was treated first by performing regression analysis on coefficients ;
and 6, against D/B. With reference to Tang et al. [20], the following regression

function was applied:

D\
0; = fi0ix = [ai (E) ]ei,t (Eq.3.6)

where the subscript i=1, 2 corresponds to the respective fitting coefficients (6, 6,),
fi is the regression function used to remove the statistical dependency, a; and b; are
the best fit coefficients of the regression function, and 8;; is the treated fitting
coefficient that is obtained from the removal of the statistical dependency. The
regression functions are shown in Figure 3.8a which are applicable to the range of
D/B=0.7-3.5.

The treated coefficients 6, and 6>, showed no dependencies on all the
considered parameters (p>0.05), as shown in Figure 3.9, meaning that the treatment
of the dependencies on D/B removed the dependencies on all the other foundation
design parameters. This may be due to the removal of the major trend in the fitting
coefficients, which would have decreased the statistical significance of other
dependencies, and the partial addressment of the foundation width by the D/B in the
regression function. For the reliability analysis, the treated coefficients 6 and 6,
were back-transformed to the coefficients 6, and 6, with the deterministic values of

D/B=1, 2, 3, considering the applicable range of D/B of the regression function.
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3.6.2 Correlation Structure of the Fitting Coefficients
In addition to the statistical dependency between the fitting coefficients and the
foundation design parameters, the correlation between the treated coefficients 6
and 6,; was assessed. The coefficients showed a strong correlation, with the
Kendall’s tau coefficient of p,=-0.563 and the associated p-value of 1.51x10°1°. The
observed correlation structure was characterised by using copula theory, which is
useful for modelling the nonlinear correlation between the fitting coefficients of the
load-displacement curves [18]-[20], [87]. The Multivariate Copula Analysis
Toolbox (MvCAT), developed by Sadegh, Ragno, and AghaKouchak (2017), was
used to identify the copula function that best fits the correlation. The MvCAT utilises
Bayesian analysis with Markov Chain Monte Carlo (MCMC) simulations, which
allows for robust analyses of the optimal copula [98]. The considered types of
copulas are Gaussian, Frank, and Nelsen, all of which are capable of modelling
negatively correlated variables. The performance of each copula was evaluated with
the Akaike Information Criterion (AIC) and the Bayes Information Criterion (BIC).
As shown in the copula analysis results (Table 3.3), the Frank copula had the highest
performance in terms of all criteria. Thus, the correlation structure was described
with the Frank copula and the corresponding MCMC copula parameter (0=-5.32).
Figure 3.10 shows the probability distributions of the treated fitting
coefficients 0 and 6,;. Similar to the distributions that were previously shown in
Figure 3.5, the lognormal and generalised extreme value distributions provided a
reasonable fit to the distribution of 6, and 6., respectively. For the generalised
extreme value distribution, the shape parameter £ is negative (-0.51), indicating that

the distribution can be considered as a Weibull (Type I1I) distribution.

Table 3.3 Analysis results for the best copula.

Best-Fit Copula Copula Parameter a

Rank " Maximum AIC BIC MCMC  Local
Likelihood oca

1 Frank Frank Frank -5.32 -6.98

2 Nelsen Nelsen Nelsen -5.32 -5.32

3 Gaussian  Gaussian  Gaussian -0.70 -0.75
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The distributions were truncated at both sides to limit the range of allowable values.
The truncation prevents the generation of extreme values, which may yield
unrealistic load-displacement curves and unnecessary conservatism in the estimated
foundation reliability [16], [99]. The distributions of the coefficient were left-
truncated by the minimum value of the coefficient and right-truncated by the
maximum value, giving the allowable range of 6,,=[0.237, 2.560] and 6,,=[0.760,
1.115]. The three-sigma rule could also be used for the truncation, where the range
is limited to the mean plus or minus three times the standard deviation; however, this
gives the range of 6;=[-0.389, 2.369], which underestimates the boundaries and
yields negative values that are unrealistic, and 6,=[0.808, 1.192] which
overestimates the boundaries. Nevertheless, the boundary values from the two
truncation methods do not deviate significantly from each other. Thus, the maximum
and minimum values were used for the truncation, as it is seen to be more

representative of the general boundaries of the obtained distributions.
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Figure 3.10 Sample and fitted cumulative probability distributions of the treated

fitting coefficients.
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3.6.3 Evaluation of the Obtained Statistical Characteristics

The selected copula and the obtained probability distributions of 8 and 6., were
used to simulate the treated fitting coefficients (Figure 3.11) and the normalised load-
displacement curves (Figure 3.12). The simulated curves were obtained by back-
transforming the simulated fitting coefficients with D/B=2, which is approximately
the average and median value for the foundations in the database. In general, it is
shown that the coefficients and curves obtained from the database are well-
encapsulated by the simulated data. The Kendall’s tau coefficients in Figure 3.11
demonstrate that the correlation between the fitting coefficients from the simulated
data (p.sim=-0.541) closely approximates the correlation from the database (p~=-
0.563). Moreover, the probability distribution parameters of the simulated
coefficients were nearly identical to those obtained from the database (Table 3.4),
which indicates that the simulation outputs are consistent with the input parameters.
This shows that the use of the selected copula, probability distributions, and
regression functions (f{D/B)) are feasible for the simulation of the compiled load-

displacement curves.
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(o, = -0.563)
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Figure 3.11 Simulated correlation between the treated fitting coefficients (1000

simulations).
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It is noted that the fitting process leads to an extrapolation of the measured curves
that do not reach large displacements. Thus, the fitted curves may not be fully
representative of the actual load-displacement behaviour of the foundation for larger
displacement levels; thus, further compilation of the load-displacement curves with
larger displacements would be required for a more accurate characterisation of the
load-displacement curves of the foundation. Due to the limited number of available
load-displacement curves in the literature, the fitted hyperbolic curves were assumed

to be representative of the measured curves in this study.
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Figure 3.12 Simulated load-displacement curves with the coefficients back-

transformed with D/B=2 (1000 simulations).

Table 3.4 Comparison of the probability distribution parameters between the

simulated and obtained hyperbolic model coefficients (1000 simulations).

Mean Cov Shape parameter k
Coefficient
Simulated Obtained Simulated Obtained Simulated Obtained
01t 0.98 0.99 0.45 0.46 - -
0, 1.00 1.00 0.061 0.065 -0.52 -0.51
.-':lx_-i 'T. -1 i
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Chapter 4. Reliability Simulations and LRFD

Calibration

4.1. Overview

The probability of failure (pr) and the associated reliability (f) of the foundation were
estimated via reliability-based simulations of the load-displacement curves. In this
study, the load and resistance factor design (LRFD) approach was adopted for the
calibration of the resistance factor (), which is applied to the computed foundation
resistance to ensure that the foundation fulfils the targeted level of reliability (fr).
The reliability analysis and LRFD calibration were carried out for both the ultimate
and serviceability limit states to allow for the comparison of the foundation
reliability at each limit state. The analysis specifically considers the context of
transmission tower foundations, as their design is often governed by the uplift
loading conditions [4], [5]. It is noted that the spatial correlation of the soil properties
was not considered in this study, while it can influence the performance and

reliability of geotechnical structures, including foundations [100]—[102].

4.2. LRFD Framework and Performance Functions

The LRFD framework considers the following inequality, where the factored

foundation capacity is greater than the factored loads.

YR, = Z yiQi,n (Eq- 4.1)

where y (<1) is the resistance factor, R, is the nominal resistance, and y; (>1) is the
load factor applied to the nominal load Q;.. The nominal resistance is taken as the
calculated uplift capacity of the foundation (R\=Quc).

For transmission tower foundations, the loads that induce uplift loads are
mainly the wind loads Qw., and the dead loads Op. that are caused by differential

wire tension. Thus, Equation 4.1 is rewritten as
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1
Quc = " (¥oLQpLn + YwLOWLn) (Eq.4.2)

where the subscripts DL and WL denote the dead loads and wind loads that induce
uplift loads, respectively. The load factors ypr=1.25 and ywi=1.00 were applied,
according to the AASHTO LRFD load combination limit state category, Strength III,

which relates to structures exposed to high wind speeds [1].

4.2.1 SLS Performance Function
The performance functions for the SLS and ULS were defined by incorporating
Equation 4.2. For the SLS, the performance function is

9 = Qan — Qapp = Qan — (ApLOpLn + AwLOwWLn) (Eq.4.3)

where 4 is the bias, defined as the ratio between the measured and expected value of
the associated parameter. The allowable load Q. is a function of all sources of
uncertainties in the load-displacement curves that are considered in this paper, as

expressed in Equation 4.4.

Qan = MypLsMgcMsysQuc (Eq.4.4)
The SLS model factor Ms; s is defined as

_ Nan _ Naln
01+ 0:man f101c + f202,Man

M SLS (Eq 45)
where 7.1 is the allowable pseudo-strain (=da/B’), and fi and f, are functions of the
embedment ratio (D/B), obtained from the regression analysis in Figure 3.8a.
Combining Equations 4.2, 4.44.5 gives the final form of the SLS performance

function of

Nall ) (VDL + YwLw

— (ApL + Awrw) (Eq.4.6)
f101¢ + 202 Man Ysis ) DL T WL q

g = MyrsMi <

where w is the ratio of the wind loads to the dead loads (=Qwr/ObLn). Since w is

unknown, w=10 was assumed, as it was shown to be the value where the calibration
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outputs reach convergence [75].

4.2.2 Performance Function for the Evaluation of the Relationship between
the SLS and ULS

For the ULS, failure occurs when the applied loads exceed the ultimate capacity of
the foundation (Q.) which is interpreted from the load-displacement curve. Hence,

the performance function for the ULS is

VoL T YwLw

PuLs )MI*JLS — (ApL + AwLw) (Eq.4.7)

9= 00— Qupp = (

where M uis is the capacity model factor of the interpreted ultimate capacity of the
foundation (=Qin/Quc). It is to be noted that the interpreted foundation capacity Qin
is decided by the designer (e.g. peak load, tangent intersection load), which means
that Oin s not necessarily equal to Orr. For simplicity purposes, it was assumed that
Oin=0Orer and M uLs=Mus in this paper.

Finally, another performance function was defined to assess the probability
of the foundation reaching the ULS, when the foundation displacement reaches the

allowable displacement level that corresponds to the SLS condition (Equation 4.8).

Nan

— | M4 M, Eq.4.8
0, + 9277a11> fitMuLs (Eq )

ngu_Qall=MI*JLS_<

The estimated probability from Equation 4.8 can be used to aid the design of the
foundation-structure system, where the reliability of different components of the
system needs to be controlled. This would allow for the coordination of the failure
sequences, as referred to by several transmission structure design guidelines
including ASCE-74 [103] and IEC 60826 (BSI 2017). Generally, it is recommended
that the foundations have a higher level of reliability than the supported structure,

since the repair costs are generally higher for foundations [55].



4.3. LRFD Calibration

4.3.1 Reliability Analysis Procedures and Input Parameters

The reliability analysis was run by generating 500,000 samples through MCS with
the probability characteristics of the input parameters, summarised in Table 4.1.
Regarding the applied loads, the probability characteristics from past literature were
adopted for the dead loads [104], [105], and wind loads [75], [106]. Samples of the
treated hyperbolic fitting coefficients 61 and 6, were generated with the truncated
probability distributions and selected copula function. The generated coefficients

were then back-transformed to 6, and 6, with a deterministic value of D/B.

Table 4.1 Summary of the input parameters for the reliability simulations.

Parameter Distribution Type Mean A COoV Truncation

ApL Normal 1.05 0.10 -
AwL Type I (Gumbel) 0.78 0.37 -
01t Lognormal 0.99 0.46 [0.237, 2.560]
0,1+ Generalised Extreme Value 1.00 0.07 [0.760, 1.115]
Nall Lognormal 0'05%3’.86102%" v 0.20 -

Mys' Lognormal 1.67 0.55 -
Mg, Lognormal (Obtained from Figure 3.4: )

Hyperbolic Model)?

! The model statistics of the selected reference load Qo018 (Figure 3.7) were applied.
2 Mean and COV at each normalised displacement level applied to the corresponding

allowable displacement level.

The allowable pseudo-strain 7.1 was treated as a random variable, instead of a
deterministic value, to account for the uncertainties in #an. This is because the value
of #an or dan is affected by various factors, such as the soil-foundation-structure
interaction and the uniformity of settlement, which leads to inconsistencies and
uncertainties in #an [24]. Specifically for foundations in sands, Najjar et al. [107]
derived the statistics of the allowable displacement as a lognormal variable, with the
1] O 1]

2] 2.
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mean of 50mm and COV of 0.2, by analysing the data by Skempton and Macdonald
[108]. Based on this, COV(#a1)=0.2 was adopted for the range of considered
nani=0.05-3.90%, which corresponds to the foundation widths of approximately 1—
10m for the allowable displacement of 50mm. The upper limit of 7.1 was set as
3.90%, as the fitting model factor M could not be obtained at higher # values, due
to insufficient data with larger displacements. It is noted that the criteria for the
differential settlements or rotation were not considered, as this study considers the

displacement of a single foundation.

4.3.2 Target Reliability Index

For the calibration of the SLS resistance factor (isis), the SLS target reliability index
of fs1s=2.33 was chosen, which corresponds to p=1%. A lower fs.s may be allowed,
since the exceedance of the SLS leads to relatively small consequences of failure,
compared to the ULS [12], [21]. The target reliability index of fsis=1 was suggested
by Meyerhof [109] and Kulicki et al. [14] for the SLS design of foundations. In
addition, the parametric studies by Phoon et al. [21] demonstrated that the reliability
of the foundation did not exceed =2 for spread foundations under drained uplift
loading, given that d.=25mm and D/B=2. Nevertheless, the target reliability index
of fsis=2.33 was adopted for the LRFD calibration, as it has been commonly applied
for baseline studies in the literature about the RBSLS design of foundations [16]—
[18], [20], [78].

4.3.3 LRFD Calibration Results
The calibrated resistance factors wsis for each allowable displacement #,; are
presented in Figure 4.1. As shown, wsis has a hyperbolic relationship with 7,1, which
tended to plateau and reach convergence at approximately wsis=0.54 with further
increases in #.1. Moreover, the value of D/B had significant effects on ysis, where a
higher D/B leads to lower wsis at relatively small #,; values (<1.5%) and higher wsis
at large 7.1 values (>1.5%).

The effects of the fitting errors on the calibrated wsis were assessed in
Figure 4.2, and it was shown that the incorporation of the fitting model factor Mg

yielded lower ysis values. Such effects were more pronounced at relatively low #.n

values of less than 0.2%, which may be due to the higher COV in Mg at this range _
1] O

-
| = |
(-

A 21
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of . This implies that the fitting errors may have more significant effects on the
calibration results for foundations with large widths, which have smaller 7. for a
given dan value. From this, it was deduced that the consideration of the statistical
dependencies on D/B and the fitting errors led to improved accuracy of the

calibration results.
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Figure 4.1 Effects of the embedment ratio (D/B) on the relationship between the

calibrated SLS resistance factor (wsis) and allowable pseudo-strain (7).
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Figure 4.2 Effects of the fitting model factor (Ms¢) on the calibrated SLS resistance
factor (ywsts).

4.4. Assessment of the Relationship Between the Foundation
Reliability at the ULS and SLS

4.4.1 Governing Limit State and Limiting Allowable Pseudo-Strain y.u
The design of foundations generally requires a higher level of reliability to be
fulfilled against ULS failure, compared to SLS failure [12], [21]. To ensure that the
foundation fulfils both limit states, the governing limit state needs to be identified
and determined for the design. The ULS resistance factor wyrs was calibrated and
compared with the SLS resistance factor ysis to determine governing limit state for
design at each #an value. The limit state that gives a smaller resistance factor was
considered as the governing limit state. The calibration of wurs was carried out with
the performance function in Equation 4.7 and the target reliability indices of
Purs=2.3-3.2 which correspond to the range of values that are implicit in the existing
designs for spread foundations under drained uplift conditions [21].

Figure 4.3 shows an example of determining the governing limit state

:l b

—1
|
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through the comparison of ysis and yuis. In the figure, it is shown that the SLS is
the governing limit state for small 7.1 values (s s<yurs). With further increases in
nan, the value of wsis eventually exceeds yuis, causing the ULS to become the
governing limit state. The upper limit of #ai, where the SLS governs the design, is
referred to as the limiting allowable pseudo-strain (#iim) in this study. As illustrated
in Figure 4.4, 771im can also be interpreted as the allowable pseudo-strain #an with a 1%
probability of exceedance (fss=2.33), when the ULS resistance factor is used for
design. Since yuis is interpreted as the upper limit of the resistance factor, it is
implied that 71 is the maximum design value of #.; in the RBSLS design. Figure
4.4 presents the value of nim for each ULS target reliability index furs. It is
demonstrated that the value of #1m decreases with an increase in Surs. The observed
relationship is as expected, as a higher fursresults in the calibration of a smaller yurs
which corresponds to lower #an values. For each curve that is shown in Figure 4.4,
the area above the curve (7a1 > #71m) can be interpreted as the domain, where a
constant value of wurs is applied to the calculated resistance of the foundation. For

the area below the curve (#7a11 < 71im), the corresponding value of ysis is used.

0.8 1 SLS (By. = 2.33)
ULS (Bus = 3.2)
Governing Limit State

o
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Resistance Factor y
o
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o
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i Limiting Allowable
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0 E/ T T T 1
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Figure 4.3 Determination of the limiting allowable pseudo-strain (#im) and the

governing limit state.
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Figure 4.4 Values of the limiting allowable pseudo-strain (#iim) and ULS resistance

factor (yuis) for different ULS target reliability index (SuLs) values.

4.4.2 Probability of ULS Failure at the SLS Condition
While the foundation design can be carried out by considering a single governing
limit state, additional analysis was carried out to assess the probability of the ULS
being reached, when the foundation reaches the SLS condition, or the allowable
displacement level (Jdan or #an). This can be expressed as the probability of the
allowable load (Q.n) being greater or equal to the ultimate foundation capacity (Q.),
written as P(Qai>Qy). With the estimated P(Q.i>Q.), the reliability of the foundation
against ultimate failure could be compared with the reliability of the supported
structural components for a given serviceability requirement. The obtained relative
reliability could be used to evaluate the suitability of the foundation design and the
design value of 7.y1. It is noted that this probability is essentially equal to P(Qui=0\)
when the peak load of the foundation is interpreted as Q,, as further increases in the
mobilised loads would not be possible. On the other hand, if a different capacity such
as Omu was interpreted as Q., the allowable load Qai could exceed Q, at large
allowable displacement levels.

Figure 4.5 shows the probability P(Qai>Q.), computed with the performance

function in Equation 4.8, for each allowable pseudo-strain level. It was observed that _
.:I."i . e .
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P(Qai=Q.) increases exponentially with an increase in the #ay that is reached by the
foundation, up to the point of approximately #.1=1%. The plateau is reached where
P(Q.>0,) is nearly equal to 100%, which indicates that Qai=Q.. The plateau may
have been reached at a different value of P(Qu=>Q.), if a different interpreted
capacity Oin was used as Q.. Nevertheless, it is shown that the likelihood of the joint
occurrence of ULS and SLS failures increases significantly, as the allowable load

Q. approaches the ultimate failure capacity Q, of the foundation.

100
10
S
= 1
O a“
Al 2
S 01 - g
g } % Qu &
0.01 4 3
o | .
/ ,
PQq>Q)  LoadQ
0.001 : : : .
0 1 2 3 4

Allowable Pseudo-Strain #,, = d,,/B' (%)

Figure 4.5 Probability of the allowable load (Qan) exceeding the ultimate foundation

capacity (Qu).
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Chapter 5. Proposed RBSLS Design Procedures

5.1. Proposed Procedures

The RBSLS design procedures of determining the design resistance factor yq and
design foundation capacity Q4 were proposed, as presented in Figure 5.1. In addition
to the fundamental framework of selecting an appropriate SLS resistance factor, the
proposed procedures include the determination of the governing limit state and the

evaluation of the probability P(Qai=Q.).

Calculate the embedment ratio (D/B),
and the ULS capacity (Quc) from the
Meyerhof and Adams [28] method

!

Select the design performance

A

§ characteristics (77an and BuLs)
o
S v
B e A
"; Determine the design resistance_ factor wd = m_in(l/JSLs, WuLs)
2 (w4) and allowable pseudo-strain (#q) 74 = mMin(#an, Miim)
= . J
S '
© Evaluate the reliability of the ( )
2 foundation in terms of ULS failure at P(Qan = Qu) at 74
the SLS condition \ J

s N

Unsatisfactory] [ Satisfactory

—

Apply the design resistance factor (yq)
to the calculated foundation capacity

\ J

Figure 5.1 Proposed reliability-based SLS design procedures for estimating the

design foundation capacity (Qq4) of spread foundations under uplift loading in

cohesionless soils.
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5.2. Example of the RBSLS Design Procedures

An example is provided to demonstrate the use of the procedures to obtain the design
foundation capacity that fulfils the target reliability of the SLS (fs.s=2.33) and ULS
(PuLs=2.3-3.2). The example considers a square shallow foundation of a
transmission tower with the width and embedment depth of 3m which corresponds
to the embedment ratio of D/B=1. The nominal allowable displacement was assumed
to be 50mm which gives the 7a1=1.48%, considering that the circular equivalent
width of the foundation is 3.39m. The ULS target reliability was taken as furs=3.2,
which is recommended for the ULS design of transmission tower foundations (Phoon,
Kulhawy, and Grigoriu 2003). The key steps of the procedures for determining the
design foundation capacity are described as follows:

1. Compute the ultimate uplift capacity of the foundation Q.. by using the
Meyerhof and Adams [28] method with the design foundation dimensions
and soil properties.

2. Obtain the resistance factors ws.s and wurs by considering the selected
design performance characteristics, #an and furs, and the embedment ratio
D/B. Then, determine the design resistance factor wq that relates to the
governing limit state which gives a smaller y value, and the corresponding
allowable pseudo-strain 7q¢. As obtained from Figures 4.1 and 4.4, the
resistance factors are s s=0.49 and yus=0.28, which gives w4=0.28. Since
the ULS governs (yuLs<wysis), the ULS resistance factor is applied, and the
allowable pseudo-strain is capped at 7¢=#iim=0.11% (da1=3.73mm).

3. With the obtained 74, estimate P(Qa=>Q.). From Figure 4.5, P(Qu>0u)=4.3%
for #74=0.11%. This can be used to evaluate the estimated reliability of the
foundation, relative to other components in the foundation-structure system,
given that the foundation displacement reached the SLS condition. As a
general guidance based on the ASCE-74 guidelines [103], it could be
checked that probability of ULS failure of the foundation P(Q.i=>Q,) is one
magnitude smaller than the probability of failure of the transmission
structure.

4. Ifthe evaluated relative reliability of the foundation is satisfactory, calculate

the design foundation capacity by using the determined resistance factor

:l b

-
|
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(Q=wdQuc). If unsatisfactory, reiterate from Step (1) with a different
foundation design or design performance characteristics. Assuming that the
foundation reliability is satisfactory, the resulting design foundation
capacity Qq4=0.28Qy for this example.
With the estimated design foundation capacity, it is checked whether the foundation
satisfies the LRFD equation of ¥4Qyc = Qq = 1.4Qp.n + Qwrn from the
AASHTO Strength I1I load combination limit state category that was adopted for the

calibration [1].
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Chapter 6. Conclusion and Suggestions

6.1 Conclusion

In this paper, a reliability-based design approach was developed for the SLS design
of spread foundations under uplift loading in cohesionless soils. The uncertainties in
the compiled load-displacement curves were quantified to estimate the foundation
reliability by using MCS, and to calibrate the SLS resistance factors for different
allowable displacement levels within the LRFD framework. Additional statistical
considerations were investigated, including the fitting errors of the empirical model
and the statistical dependencies in the fitting coefficients, as well as their effects on
the calibrated resistance factors.

For the normalisation of the load-displacement curves, it was shown that the
normalisation of the loads by the slope tangent capacity with the offset of 0.018
resulted in the least scatter in the curves. In terms of the SLS model, the hyperbolic
model provided a better fit to the normalised curves, compared to the power law
model, as demonstrated by the relatively low RMSE values and fitting errors. The
hyperbolic fitting coefficients showed a strong statistical dependency on the
embedment ratio of the foundation (D/B), which were treated by regressing the
fitting coefficients against D/B.

The LRFD calibration was carried out with the target reliability index of
Psis=2.33 (1% probability of exceedance), and the results showed a nonlinear
relationship between the resistance factors and the allowable pseudo-strain #an. The
relationship was shown to be significantly affected by the D/B of the foundation. The
incorporation of the fitting errors resulted in lower resistance factors for small #.n
(<0.2%), due to the higher fitting errors in this range of 7a1. From this, it was deduced
that the consideration of the statistical dependencies and fitting errors resulted in
improved accuracy of the calibration results.

The relationship of the SLS with the ULS was explored, and the concept of
the limiting allowable pseudo-strain #im was suggested to define the upper limit of
the #an value, where the SLS governs the design. Moreover, this study assessed the

probability of the ultimate failure being reached at the SLS condition of the
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foundation, where the allowable load exceeds the ultimate capacity. Preliminary
results have been presented, which can be used to evaluate the relative reliability of
the foundation in the overall foundation-structure system for a given SLS criteria.
With consideration of the obtained relationship between the ULS and SLS,
the procedures for determining the design foundation capacity were proposed, along

with an example that demonstrated each step of the procedures.

6.2 Suggestions for Further Work

For the development of RBSLS design methods, an accurate characterisation of the
load-displacement behaviour and foundation reliability is crucial. Since the analyses
in this study are based on the compiled database and several assumptions, additional
work could be carried out to extend the research further and to improve the accuracy
of the analysis outcomes. The suggestions for further work are as follows:

1. Further adjustments of the reliability analysis outputs may be required with
the introduction of additional load test data and the use of project-specific
calibration inputs. Particularly, load-displacement curves with large
maximum displacement levels would be required to improve the accuracy
of the analysis results for large allowable displacement levels.

2. As the spatial variability and correlation in the soil properties were not
considered in this paper, further studies could be carried out to incorporate
spatial parameters in the development of the RBSLS design method.

3. Additional studies could be carried out to quantify the uncertainties in the
allowable displacement or pseudo-strain 7., specifically for spread
foundations under uplift loading conditions in cohesionless soils. This would
require the assessment of the limit state requirements of the structure, and
the relevant criteria for differential settlement and angular displacements
that may occur due to the uplift. The obtained probability distributions of #.n
could be used to yield more project-specific resistance factors.

4. Different values of the interpreted ultimate capacity can be used to assess
the probability of ULS failure at the SLS condition P(Q.>Q.) to provide
more practical results that can be used to assess the relative reliability of the

foundation and structure.
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Load Test Database

Appendix A
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Appendix B: Convergence Check

To check whether the number of load-displacement curves in the database (N=61) is
sufficient for the analysis, a convergence check was carried out. It was checked
whether the probability characteristics of the hyperbolic fitting coefficients (6; and
0,) and the Kendall’s tau correlation coefficient (p;) converge at the sample size of
N=61. The convergence check results are shown in Figures B.1-B.3, which display
the variation in the parameter values with an increase in the sample size. For
demonstration purposes, the samples were inputted randomly in 100 different
sequences. As shown in the figures, convergence is reached at the sample size of
approximately N=30 — 40. This indicates that the sample size of the database is

sufficient for the analysis in this study.
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Figure B.1 Convergence check of the probability characteristics of the hyperbolic

fitting coefficient 8; (Lognormal distribution).
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Figure B.2 Convergence check of the probability characteristics of the hyperbolic

fitting coefficient 8, (Generalised extreme value distribution).
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Figure B.3 Convergence check of the Kendall’s tau correlation coefficient between

the hyperbolic fitting coefficients.
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