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ABSTRACT

Author: Pena, Francisco. Ph.D.

Institution: Purdue University

Degree Received: May 2019

Title: Efficient Computation of Accurate Seismic Fragility Functions Through Strategic
Statistical Selection.

Major Professors: Shirley J. Dyke & Ilias Bilionis.

A fragility function quantifies the probability that a structural system reaches an un-
desirable limit state, conditioned on the occurrence of a hazard of prescribed intensity
level. Multiple sources of uncertainty are present when estimating fragility functions, e.g.,
record-to-record variation, uncertain material and geometric properties, model assumptions,
adopted methodologies, and scarce data to characterize the hazard. Advances in the last
decades have provided considerable research about parameter selection, hazard characteris-
tics and multiple methodology for the computation of these functions. However, there is no
clear path on the type of methodologies and data to ensure that accurate fragility functions
can be computed in an efficient manner. Fragility functions are influenced by the selection
of a methodology and the data to be analyzed. Each selection may lead to different levels of
accuracy, due to either increased potential for bias or the rate of convergence of the fragility
functions as more data is used. To overcome this difficulty, it is necessary to evaluate the
level of agreement between different statistical models and the available data as well as to
exploit the information provided by each piece of available data. By doing this, it is pos-
sible to accomplish more accurate fragility functions with less uncertainty while enabling
faster and widespread analysis. In this dissertation, two methodologies are developed to
address the aforementioned challenges. The first methodology provides a way to quantify
uncertainty and perform statistical model selection to compute seismic fragility functions.
This outcome is achieved by implementing a hierarchical Bayesian inference framework in

conjunction with a sequential Monte Carlo technique. Using a finite amount of simulations,
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the stochastic map between the hazard level and the structural response is constructed using
Bayesian inference. The Bayesian approach allows for the quantification of the epistemic
uncertainty induced by the limited number of simulations. The most probable model is then
selected using Bayesian model selection and validated through multiple metrics such as the
Kolmogorov-Smirnov test. The subsequent methodology proposes a sequential selection
strategy to choose the earthquake with characteristics that yield the largest reduction in
uncertainty. Sequentially, the quantification of uncertainty is exploited to consecutively
select the ground motion simulations that expedite learning and provides unbiased fragility
functions with fewer simulations. Lastly, some examples of practices during the computa-
tion of fragility functions that results i n undesirable bias in the results are discussed. The
methodologies are implemented on a widely studied twenty-story steel nonlinear bench-
mark building model and employ a set of realistic synthetic ground motions obtained from
earthquake scenarios in California. Further analysis of this case study demonstrates the
superior performance when using a lognormal probability distribution compared to other
models considered. It is concluded by demonstrating that the methodologies developed in
this dissertation can yield lower levels of uncertainty than traditional sampling techniques
using the same number of simulations. The methodologies developed in this dissertation
enable reliable and efficient structural assessment, by means of fragility functions, for civil
infrastructure, especially for time-critical applications such as post-disaster evaluation. Ad-
ditionally, this research empowers implementation by being transferable, facilitating such
analysis at community level and for other critical infrastructure systems (e.g., transportation,

communication, energy, water, security) and their interdependencies.



1. INTRODUCTION

The successful operation of a community relies on the preservation of normal functionality
of the built environment. However, normal performance is unfortunately interrupted by
major disruptions, e.g., natural or man-made hazard events. Even though the livelihood
of a community after a strong event may be disrupted by extensive damage in the built
infrastructure, additional factors like the lack of knowledge about the safety and integrity
of the existing assets may further impede the recovery process (e.g., loss of functionality,
inability to use designated shelter structures, inadequate classification of damage levels
for critical infrastructure). As a result, it is very important for any community to be
aware of the structural integrity of its assets before, but most importantly after, a major
disruption. By knowing the conditions of the built environment after a disaster, it is
possible to make informed decisions and an adequately allocate resources. Herein, the
terms "built environment", or "infrastructure", refer to the set of assets and facilities that
provide essential services and commodities to the inhabitants of a community, such as
buildings, hospitals, roads, bridges, power and communication networks.

Current practices to evaluate the integrity of a structural asset include on-site inspection
and structural health monitoring (SHM). The former requires a team of experts that are
available and willing to participate in the assessment, while the latter requires deploying a
set of sensors and other computational resources to monitor the dynamic response of a single
asset. Both practices have certain limitations, precluding their application at large scale
(e.g., community—level, city-level, or even state-level). On the one hand, human inspection
is expensive, time-consuming, and it may be inconsistent. Typically, there is a limited
number of qualified teams available to perform a subjective evaluation of the integrity for an
extensive number of large-scale assets [1]. On the other hand, SHM can be expensive, time-
consuming, and it is not a widely-accepted technique among stakeholders (e.g., owners,

regulatory agencies). A large network of sensors, data acquisition systems, and other



computational resources in conjunction with trained staff are needed for the implementation
of a robust, redundant, and well maintained system to extract the necessary information.
Furthermore, these systems may require supplementary investments for maintenance or
tuning due to time-dependent disturbances that weather conditions and transient loads
impose on the structure. Lastly, it may be difficult to identify local damage because these
systems are often trained to recognize patterns associated with global anomalies on the
structure. This is partly due to the fact that SHM systems often operate in an unsupervised
learning mode because data from damaged structures is scarce [2].

Consequently, special interest has been given to predict, in a more accurate and rapid
manner than human inspection or SHM, the structural integrity of an asset after a strong
event. Here the terms, hazard, event, or disturbance, refer to ground motion. By increasing
the level of knowledge about the effects that a ground motion may impose on the built
environment, stakeholders would be able to make better decisions to improve community
resilience. Thus, critical infrastructure would endure less damage and communities will
face minimal loss of functionality and number of casualties after a hazard event. For
example, it is possible to direct a larger amount of resources to the critical infrastructure
that requires immediate intervention. Similarly, response and reconnaissance missions can
better prepare action plans to safely mount rescue and response activities. Because of this
need to assess the structural integrity, the concept of fragility function (FF) emerged in the
mid 1970s. Originally FFs were established to address the need for evaluating assets in the
nuclear power industry. Recently, these methods obtained recognition for a broad range of
elements in the built environment.

Initially the term fragility was used to refer to the threshold value of the seismic capacity
of a nuclear power plant before failure occurs [3-5]. It was in 1980 when the term fragility
became recognized as the probability of failure of systems and components in the nuclear
power industry [6]. FFs are employed as an alternative solution to assess the structural
integrity of the built environment. A FF quantifies the probability of a system to reach

an undesirable limit state (LS), e.g., collapse, yielding, conditioned on the occurrence



of a hazard event of given magnitude [7,8]. Thus, a FF is a crucial component for the
quantification of economic loss and casualties, vulnerability, and risk assessment [7-11].

Although quite informative, FFs are sensitive to the choice of data used for their es-
timation. The uncertainty in a FF can be decomposed into aleatory (a.k.a., fundamental,
frequency, probabilistic, random variability) and epistemic uncertainties (other names given
in the literature are incomplete knowledge, probability, statistical, systematic, uncertainty
and modeling variation [12]). The former corresponds to the intrinsic variability (true
randomness) that may characterize the system (e.g., real structure, numerical model) and
the ground motion (e.g., record-to-record variation), while the latter refers to the lack of
knowledge about the problem (e.g., uncertainty induced by limited data). Since aleatory
uncertainty is irreducible, efforts should address reducing epistemic uncertainty.

The last decades have been dedicated substantially to increasing the level of knowl-
edge about all of the factors that contribute into the uncertainty of FFs [13-15]. For
instance, several methodologies have been implemented (although some of them were not
originally intended) for the computation of FFs, such as: Safety Factor Method [12, 16],
Linear Regression in Logarithmic Space [17, 18], numerical simulation using Maximum
Likelihood Estimation [19, 20], fitting model parameters using Moment Matching [21],
Sum-of-Squared-Errors [21,22], Least-Squares [21,22], Gaussian Kernel Smoothing [23],
Incremental Dynamic Analysis (IDA) [24,25], Neural Networks [25], Capacity Spectrum
Method [26,27], Modal Pushover Analysis [28], Bayesian Inference [29, 30], among oth-
ers. In addition to the notable differences in the time that a fragility analysis may take
among all the different methodologies, the shape of the resulting FFs may exhibit differ-
ences as well [22,31]. Similarly, multiple probability distribution functions have been used
to describe the dispersion in the structural response, the lognormal distribution being the
most commonly adopted case for seismic excitation [8]. Other distributions studied are
the Weibull [15], generalized extreme value [15], and non-parametric distributions [32].
For other natural hazard, such as turbulent wind forces, it is common practice to use log-
normal, Weibull, gamma, normal, and Cauchy distributions [33—-35]. Additionally, other

factors have been studied for their influence on uncertainty, such as material and geometric



properties [36, 37], record-to-record variations [19], damping [36], input/output parame-
ters [31,35], aging and deterioration [38], modeling calibration [39], and even the quantity
of analyzed ground motions [22,25,30].

Consequently, it is possible to find an extensive number of guidelines, frameworks, and
books dedicated almost exclusively to discuss all of these findings [7,8,40—45]. Despite the
tremendous advances made towards increasing the understanding about ground motions,
structural response, and FFs, there is a need to evaluate all the assumptions (most of
them adopted since the late 1970s when the computational resources were limited), the
different methodologies, and the intrinsic variation between fragility analyses. By being
more selective in the methodologies and type of data used for the analysis, it is possible
to achieve more accurate and realistic FF, supporting a better informed-decision-making
process and optimizing the allocation of community resources.

Given that FFs have potential to produce important supporting information in the deci-
sion process that transforms the built environment and correspondingly impacts community

livelihood, the following inquiries need to be properly addressed:

* Is this FF derived using the appropriate model?
* Are the data used representative and applicable for the case study?

¢ Is the amount of data used sufficient for the FF to be conclusive?

Although some of the techniques found in the literature partially address these questions,
primarily for the dynamic response of the structures, the development of a systematic
approach centered on seismic FFs remains unaddressed. The methodologies developed in
this dissertation leverage the use of Bayesian inference which is used to estimate the model
parameters while quantifying uncertainty. Similarly, this approach enables the evaluation
of the level of agreement between models and actual data as a means to acquire more
accurate FFs with a minimum expenditure of computational resources. Additionally, a
methodology for the selection of seismic data is developed to expedite the computation

of accurate FFs. Furthermore, this dissertation demonstrates that some of the common



practices in the computation of FF may lead to biased results, incorporating in some cases

substantial levels of uncertainty.

1.1 Literature Review

The concept of a seismic FF is defined as the conditional probability of a structure or
component to reach a prescribed LS, given the occurrence of a ground motion with intensity
measure (IM) X; = x. Here, the undesirable LS does not necessarily signify the complete
failure or collapse of a structure. It only refers to a given condition of functionality that is
associated with a selected structural response (a.k.a., damage measure, DM, or engineering
demand parameter, EDP), denoted by Y. It is possible to establish a critical level or
threshold y.rjt in the structural response for each LS. The fragility or probability of reaching

a LS refers to Y > yrit and the most general mathematical expression is:

o0

F(x; Yerit; 1) : = P[Y 2 yerie | X1 = x,1] = fy | Xi=x1)dy
Yerit (1.1)

=B Lo ) | X1 = 2,1

where P[ A | B] is the probability of event A occurring given that B already occurred,
fy(y) is the probability density function (PDF) for Y = y, E[- | -] is the conditional
expected value, and 14 is the characteristic function of set A, i.e., 14(y) = 1,if y € A, and
14(y) = 0, otherwise. Additionally, the term I corresponds to all known (or assumed to
be known) information about the structure and its surroundings. For instance, I includes
information such as the geographical location and orientation of the structure, specific site
conditions, soil characteristics, distance to seismically active faults, type of seismic fault,
weather conditions that may affect the soil properties, among many other factors. Including
this information in the fragility analysis is translated into implementing a realistic database
of ground motions that are representative for the system. From herein, the information
I is assumed to be an implicit property of the FF and it will be omitted to simplify the

mathematical notation. A graphical representation of a FF is shown in Fig. 1.1. The line



represents the expected FF while the are corresponds to the 95% predictive interval. FFs have

100
—— Predicted Mean

95% Pred. Interval

PlY=Yeit | X1

0.0 0.5 1.0
X1

Fig. 1.1. Representation of fragility function

become one of the principal tools for structural, loss, vulnerability, and risk assessments
[7-11,40]. Given the tight relationship between the concepts of hazard, vulnerability
and risk, it is possible to unintentionally interchange their definitions. For this reason, it is
convenient to briefly introduce proper definitions based on the detailed explanation prepared
by [8]. In summary, hazard or hazard probability refers to the relationship between a given
IM value and the frequency in which events of this magnitude or larger are expected to occur
at a specific geographical location. Vulnerability differs from fragility because it quantifies
the impact of reaching an undesirable LS in terms of a variable that measures the loss (e.g.,
casualties, dollars). And, the seismic risk of an asset represents the potential consequences
(vulnerabilities) that ground motions can generate in a structure with a specific geographical

location during a certain period of time.

1.1.1 History

The term FF was initially introduced in the late 1970s for the design and analysis of
facilities from the nuclear power industry. Although FFs are extensively applied nowadays
for the built environment, especially buildings and bridges, it was only in the late 1990s

when the concept started to be applied to such types of structures [15]. As was already



stated, the term fragility was associated with the margin ycj¢ in 1975 [3] and later became
the probability of failure in 1980 [6]. The surge of scientific research that precipitated
the advances in fragility during the late 1970s was triggered in response to the Reactor
Safety Study (a.k.a., the Rasmussen Report or WASH-1400) [46]. This controversial work
concluded that "earthquake-induced accidents should not contribute significantly to reactor
accident risk" along with multiple unsupported assumptions, probability distributions, and
methodologies [47]. According to [48], three programs followed that exposed deficiencies
of the Rasmussen Report and contributed remarkably with the advances in seismic fragility
analysis, including: (i) The Diablo canyon seismic risk evaluation [4], (ii) the Seismic Safety
Margins Research Program (SSMRP) [6,16,49-52], and (iii) the Oyster creek probabilistic
safety analysis [12].

The first program exposed the necessity to almost double the structural capacity (denoted
by R and measured in the same units as the ground motion) of the nuclear power plant to
preserve a similar level of reliability, after the discovery of a seismic fault line (Hosgri)
just 6 km away. Two major contributions resulted from this program: (i) an expression to
define the probability of failure, Pr € [0, 1] (see Eq. (1.2)), and (ii) the use of the lognormal
distribution to model the seismic capacity (see Eq. (1.3)), which was initially proposed

by [53]. These are expressed as

PIX) > yrid] = /0 Fr(x) fi, () dx = /0 [1-Fy)] fidre. (1)

(1.3)

Fp(x) = @ (M)

OR

where Fg(x) is the cumulative distribution function (CDF) for R evaluated at x, ®(-)
represents the CDF for the standard normal distribution, 7 is the median seismic capacity
of the system, and o corresponds to the standard deviation of the natural logarithm of
R. Assuming that R can be expressed as the product of a series of positive random
variables (RVs), the central limit theorem, CLT, (in particular Gibra’s law) states that fr

can be approximated using a lognormal distribution [53]. Thus, the capacity becomes



R :=cj ¢y - cx R, in which R corresponds to the calculated estimate of the capacity, and
the coefficients {ck}kK:1 are correction terms to account for the variations induced by site
conditions, dynamic amplification, damping, modeling discrepancies, among other factors.

The SSMRP included a compendium of projects to enhance the prediction of the
behavior of nuclear facilities disturbed by seismic excitation [6]. One of these projects
exclusively focused on fragility. In particular, this fragility project centered its attention
on augmenting a database of FFs and safety margins (conservative values for ycr; with
approximately 95% confidence) for elements and components from nuclear power plants [6].
Additionally, the program separated the correction terms ¢ into two ensembles: aleatory
and epistemic uncertainties.

The Oyster creek project centered its attention on the importance of incorporating
confidence intervals around FFs given the scarceness on available data and the considerable
dependency on engineering judgment for their derivation [12]. Before this project, FFs
were presented as deterministic functions representing the "best estimate" (median FF),
whose shape was labelled as unwarranted in accordance with the lack of incorporating
uncertainty [12].

Although [12, 16] supported the use of lognormal distributions, the applicability of
low probability events into real life was brought into question. The use of the lognormal
distribution for such rare events was said to result in a conservative estimate, giving lower
capacity and/or larger demand values [12]. Confidence intervals were obtained after defining

the ground motion IM for a prescribed probability of failure 0 < Pr < 1 as:
Xl = Xl €ER €U (1-4)

where X, is the "best estimate" (for Pr = 0.5) of the median ground motion IM, € repre-
sents the random (aleatory) variability while €y corresponds to the uncertainty (epistemic).
Both €z and ey were modeled using lognormal RVs with median value of one and loga-
rithmic standard deviations of og and oy, respectively. This approach is the most common

methodology used worldwide for seismic probability risk assessment in the nuclear power



industry, and it is known as the Safety Factor Method [31] (further explanation is provided
in Section 1.1.4). Its name was given due to the implementation of a set of safety factors
describing the uncertainty in terms of capacity for multiple components with the purpose
of computing the entire system’s median capacity X;. This method is still used nowadays
because of its simplicity which requires inferring just three parameters: X;, og, and o,
but the method also has the complexity to include different sources of uncertainty as safety

factors [15,54].

1.1.2  Classification of FFs

FFs are often classified into four categories, according to the source of the data used
for their derivation. These four categories are: empirical, judgmental or expert-based,
analytical, and hybrid [7, 11, 14,39,55]. A description of the source of data used, and the
advantages and disadvantages for each category can be found in Table 1.1. Examples of
empirical FFs can be found in [25,27,35]; judgmental FFs are commonly found in building
and rehabilitation codes [55-57]; analytical FF are becoming more common due to the
growing expertise and widespread use of computational modeling tools (e.g., Opensees,
SAP2000, Abaqus) [15,17,18,22,28,30,58]; and some of the major applications of hybrid
FF include [39,56,57]. In particular, the use of hybrid FF results is fascinating since it
may allow for the strengths of certain categories to compensate for the weaknesses of other
sources of data. For instance, [39] presented the differences between analytical FFs for
a calibrated/uncalibrated numerical model of a bridge that were subsequently updated by
implementing real experimental data for a scaled version of the center pile model. The results
show that experimental data enables convergence of the FF regardless of the differences
in the models due to calibration. Another example of hybrid FFs are the judgemental
functions that were corrected by incorporating data from the San Fernando (1971) and
Northridge (1994) earthquakes, and were finally presented by the American Technology
Council (ATC) in ATC-13 [56] and ATC-40 [57], respectively. Using numerical models

to derive analytical FFs has been widely adopted due to increased availability and access
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Table 1.1. Classification of fragility functions

Classification | Source Advantages Disadvantages
+ Most realistic class
+ Incorporates complex pragmatic . .
. p . p .p & - Available data is scarce
information (e.g., soil-structure .
. . and clustered in the low-
interaction effects, topography, . .
. . Post-earthquake . . . damage/low-intensity
Empirical location, orientation of the struc- .
assessments region
ture, path and source charac- .
L . - Requires the occurrence
teristics, construction process, .
. . of a major earthquake
material and geometric proper-
ties, actual boundary conditions)
Panel of experts - Easily biased by the
with extensive + No requirement for expensive opinion, knowledge,
Judgmental . . . . o
experience in computations expertise and recognition
earthquake eng. of each expert
- Accuracy depends on
numerical model and its
+ No requirement for real data nor capability to mimic real
panel of experts dynamic behavior
. Simulation of + Artificial ground motions can be | - A large ensemble of
Analytical . :
numerical model | used ground motions may be
+ Most accessible option -> widely | required
used - Biased by earthquake
characteristics and model
assumptions
+ Same as the ones from the
selected sources - Requires enough data
. Two or more s
Hybrid + Strength of one class may to counteract each source’s

different sources

compensate for weakness of
a different class

disadvantage

to computing clusters and supercomputers [9, 11, 14, 18,22,30,40,55,58,59]. Researchers

are not only able to perform faster fragility analysis but they are also able to quantify the

uncertainty associated with each function. For this reason, the methodologies explained

in this dissertation are discussed in the context of analytical FFs. However the proposed

methodologies of the subsequent chapters are independent of the category of FF and the

selected method.
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1.1.3  Uncertainty in FFs

The propagation of the uncertainty from specific parameters into the FF has been major
concern since the early studies in the 1980s [12]. In the case of analytical FFs, it is possible
to identify three major ingredients that contribute to the uncertainty of such functions:
(i) the numerical model, (ii) the available data, and (iii) the methodology used for its
derivation. The first one refers to the variations in the material, geometry, structural and
dynamic properties as well as the modeling assumptions adopted to represent the original
structure. The second considers the uncertainty in the ground motions and the selection
of the input/output parameters for the analysis. And, the third includes the discrepancies
between different methods, probability distributions, and algorithms for computing the FFs.

George Box stated in 1976 that "all numerical models are wrong but some are use-
ful" [60]. Consequently, a key aspect is implementing a realistic numerical model able to
represent the dynamics of the actual structure for the computation of analytical FFs. Other-
wise, the FFs will not be a applicable to the current state of the structure and they should not
be used for making important decisions. For this reason, the influence of modeling param-
eters on the FFs is perhaps the first consideration when dealing with uncertainty in these
functions. Uncertainty in the numerical model includes the variations due to geometrical
and material properties, implementation of non-linear behavior, release, and partial-fixity
between the structural members at the connection level, among other factors. This uncer-
tainty is typically integrated into the fragility analysis after assigning certain probability
distributions to each of the parameters that affect the response of the structure. Then, the
fragility of an ensemble of numerical models, each with a specific sample of parameters, is
analyzed and then combined into a unique FF for a given type of structure. The ensemble
can be obtained by randomly sampling parameters from each distribution. However, the
use of more efficient statistical samplers (than uniform sampling) has gained popularity.
For instance, one of the most used samplers is the Latin-Hypercube sampling (LHS) tech-
nique [19, 25,29,61]. LHS enables the creation of an efficient and varied ensemble by

distributing the samples along the entire domain. Examples of the probability distributions
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used in the literature to describe uncertainty in the model parameters are presented in Table

1.2.

Table 1.2. Examples of uncertainty on modeling parameters

Parameter Distribution Mean Cov
Concrete Normal 29.53 MPa 0.15 [36]
Compressive 4.500 psi 0.2 [19,62]
strength () Lognormal 38.80 MPa 0.2 [37]
Concrete Young’s

modulus (E,) Normal 25727.35 MPa 0.15 [36]
Masonry Compressive

strength (1) Normal 18.40 MPa 0.15 [36]
Masonry Young's Normal | 20700.00 MPa |  0.15 [36]
modulus (E,,)

Steel yielding Loonormal 336.72 MPa | 0.11[19,36,62]
strength (f;) & 384.80 MPa 0.137]
Steel Young’s

modulus (E.) Lognormal 200 GPa 0.05 [37]
Viscous damping Uniform 3 % 0.19 [36]
ratio ({) Lognormal 0.4 1.00 [63]
Eigen-frequency ( fy) Lognormal 5Hz 0.04 [63]
Cover depth Lognormal 3.81 cm 0.20 [38]
Diffusion Coefficient Lognormal 1.29 cm/year 0.1 [38]
Rate of corrosion Lognormal | 0.127 mm/year 0.3 [38]
General dimension Normal - 0.05 [37]

In 2000, [19] presented a statistical analysis of the uncertainty in analytical FFs for

bridges representative of the Memphis (Tennessee) area. Within this work, the authors

included in the analysis uncertainties in the material properties, f; and F), the response

associated with different types of bridge, and the influence of the characteristics of the time-

histories in Y by analyzing different ground motions datasets. The FFs were computed using

the maximum likelihood method and a lognormal distribution to describe the dispersion in

the DM. In summary, the work done by [19] provided evidence of the uncertainty between

realizations of FF and the importance of following an appropriate statistical procedure for

their derivation. Similarly, [19] showed the importance of including confidence or predictive

intervals with FFs as a measure to represent the uncertainty. The predictive intervals in
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a FF can be obtained comparably from the quantiles of the lognormal distribution used
to model the dispersion in the DM, as is the case in the work done by [11]. The authors
reduced the simulation time of the recursive analysis of ground motions by implementing
an equivalent single-degree-of-freedom (SDOF) response database. By characterizing a
structure in terms of its stiffness, strength and ductility, it was possible to extract polynomial
functions describing the mean response and the corresponding variance using the database.
Likewise, the study presented in [38] includes the variation in seismic FFs due to aging
and deterioration in steel girder bridges. The resulting FFs presented in [38] exhibits
the evolution of the moderate damage FF for the bridge from its construction until an
age of 100 years, with aging and the corresponding deterioration being considered. As
expected, fragility of the bridge increases with the passage of time when no rehabilitation
nor maintenance is included in the analysis. But what it is not obvious is that the change in
fragility occurs in a nonlinear fashion.

In terms of sensitivity analysis, [64] and [63] ranked the influence of modeling parame-
ters in the resulting uncertainty of FFs. A detailed sensitivity analysis for the uncertainties
associated with models of multispan simply supported steel girder bridges was presented
in [64]. Three different probability distributions, uniform, normal, and lognormal, were
used to describe the variability in the parameters describing the structural capacity for
each component of the bridge, including foundation, piers, abutments, bearings, girders,
and deck. This work concluded that a careful definition of modeling parameters might be
done in a deterministic manner with the intention of focus all the efforts on dealing with
the ground motion uncertainty which significantly influences the FF. The work performed
in [63] consisted of ranking the influence of multiple modeling parameters contributing to
the uncertainty in FFs. A total of 14 factors with their corresponding parameters varia-
tion were considered and categorized into three groups: capacity (e.g., strength, ductility),
equipment response (e.g., damping, ground motion component), and structural response
(e.g., spectral shape, eigen-frequencies and eigen-values, mode shapes). Within the most
influential factors, one finds the spectral shape, the ductility, and the equipment response

damping. Additionally, the variation in the eigen-frequency, damping, ground motion
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variability and model uncertainty were modeled using lognormal distribution. In [35] a
quantification of the epistemic uncertainty in empirical FF using post-tornado measure-
ments of a dataset of 1241 residential structures was presented. Four different sources of
uncertainty were evaluated: IM values (scarceness on the network of sensors distributed in
a given geographical area), damage classification (mis-classification), finite sampling (bias
due to reconnaissance missions assessing most damaged structures), and fitting method
(probability distribution). The results showed that the implementation of these sources of
uncertainty generated a variation of approximately + 6.5 m/s around the median wind speed
(fragility of 50 %), the lognormal distribution fitted adequately for all the damage cases
except the collapse condition, and FFs were sensitive to the uncertainty in the IM.

As it can be observed from the previous studies and from Table 1.2, the civil engineering
community is partial towards the use of lognormal distribution [8, 11, 18, 19, 22, 39, 41,
55,58]. This is understandable since most of the variables/parameters used within the
community have positive values, the shape of the capacity of some materials follow this
distribution [12], and the parameters can be written as a product or quotient of RVs (resulting
in lognormal according to the CLT theorem). According to [8], the reasons for using
the lognormal distribution are: it is a simple two-parameter distribution that takes only
positive values, sometimes it fits the data well, it has been used for decades, and it uses
the fewest assumptions (i.e., maximum entropy). Multiple probability distributions have
been analyzed to describe the dispersion in the the structural response, the lognormal
distribution being the most commonly adopted case for seismic excitation [8,65,66]. Other
distributions are the Weibull [15], generalized extreme value [15], and non-parametric
distributions [32]. However, it is common to use other probability distributions to describe
the dispersion in the response of structures under other classes of hazards. For instance,
the variation in the response of structures under turbulent wind forces like tornadoes is
typically described using a lognormal distribution, but other distributions, such as Weibull,
gamma, normal, and Cauchy distributions, are also used [33-35]. The work presented
by [35] provides evidence that the lognormal distribution is not the most suitable option for

the collapse LS due to tornadoes. Although, the FFs using normal, lognormal, gamma, and
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Weibull distributions exhibit similar values for the low magnitude wind speeds, considerable
differences are observed between these functions after a wind speed of approximately
75 m/s, which corresponds to a probability of failure of approximately 35 % for all the
considered probability distributions. The Weibull, normal, and gamma distribution show
better performance to describe the available data for the collapse LS. For the case of non-
parametric distributions, [32] presented discrepancies when using the lognormal distribution
to describe seismic FFs. The FFs computed with the lognormal distribution show larger
deformation than its non-parametric counterpart. This statement agrees with the initial
statement mentioned by [12] about the conservatism of the lognormal distribution. The
use of the lognormal distribution needs to be managed with care because it represents
conservative estimates for the low probability events.

When determining an analytical FF, it is important to avoid biasing practices that may
change the results. The specific ground motions used, as well as their number, play a
significant role in obtaining an unbiased and accurate outcome. Although there is no
consensus on the specific number of simulations that is adequate, some authors have found
the error in FFs is considerably reduced when using between 30 and 40 records for the
analysis [22,67, 68].

Ground motions can be characterized in terms of several different IMs. An intensity
measure provides a quantitative description of the magnitude of the motion, but each
ground motion contains a great deal of information that is impossible to capture in a single
parameter. Even if two ground motions share the same IM value, it is expected that each
motion will affect a given structure in a different way. This observation is evident in the
work developed by [19], who studied the influence of selecting sets of ground motions
randomly on the resulting FF and the uncertainty in that FF. Although subsets of records
were selected randomly from a larger set of similar ground motions, each dataset yielded
a different realization of the FF. According to [69], the use of different ground motion
databases for FF generation results in similar trends for the median structural response,
but with different standard deviation. [31] examined the selection of IM and its effect on a

fragility analysis. They found that the magnitude of the standard deviation obtained in the
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data after performing a linear regression analysis in the logarithmic space is proportional
to the level of uncertainty in the FF. Additionally, this study concluded that it is nearly
impossible to accurately estimate the appropriate number of simulations a priori, as such
number depends on the structure, the selection of the IM parameter(s) used to characterize
the ground motion, and the structural response [31,70]. [63] performed a sensitivity analysis
with FFs and determined that the parameters with the largest influence on the resulting
uncertainty are the spectral shape, the ductility, and the damping.

Then, [25] presents a comparison of the FFs computed using IDA [24] with different
number of ground motions. Different sizes of dataset result in different representations of
FF. However, the number of ground motions not necessarily correlates with overestimating
or underestimating a FF. For the five-story case study structure in [25] and assuming that
100 records represents the true FF, the use of 40 and 60 records leads to overestimate the
FF while using 20 and 80 ground motions underestimates the FF.

Later, [22] found that the algorithm used for fitting the parameters to obtain the FF also
plays a significant role in the variability of FF. For instance, a similar level of accuracy
(5% of error against the true FF) was observed using 40 ground motions when using the
least-squares regression for the output parameter, 150 records for the maximum likelihood
estimation on the probability of exceedance, and 300 motions for the sum-of-squared-errors
on the probability of reaching a limit state.

Another approach is to express the FF in terms of multiple intensity measures. In 2016,
[70] developed a framework for the computation of FF under multiple sources of uncertainty.
It was found that a conditional FF, using more than a single IM, enables correlation between
the IM and the structural response in spite of large variations. Considering the analysis of
multiple IMs, [66] introduced a methodology to build a generalized conditional intensity
measure using a multivariate lognormal distribution to describe the relationships between
the IM values. With this approach it is possible to identify ground motion records that
are representative of a given region while discarding those that may bias the CDF of the
response. In 2018, [71] developed a methodology to sequentially select the next observation

to enable a better estimation of the PDF for a quantity of interest. The selected observation
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is the one that provides the maximum expected reduction in the uncertainty of the PDF.
It was shown that by sequentially selecting a reduced set of additional observation, it is
possible to more efficiently generate a close estimate for the quantity of interest, even for
the low probability values (tails of the distribution).

For convenience, fragility has been typically expressed in the literature using Eq. (1.1)
instead of using the appropriate notation F(x; yerit) = P[Y = yerit | X1 = x, I] by including
all the known information /. The information 7 includes key aspects as: the structure with
all its characteristics, properties, materials, etc; the geographical location; the orientation
of the structure; the seismic hazard; the seismic faults that increase the likelihood of
ground motions to occur; among other factors. Consequently, different FFs should be
expected for different structures with a similar geographical location, or the "same" structure
located in two different places, or even in a similar location but with different orientations.
However, with the passage of time and the simplification of the notation (i.e., taking
I out of the equation), the fragility of a structure has been erroneously assumed as an
inherent characteristic that depends exclusively on the asset without being affected by the
site conditions (i.e., some people assume that the fragility of a structure remains constant no
matter its location or orientation). Conversely, reality is different. There is no such thing as
ignoring site conditions when evaluating the fragility of a structure. It is possible to average
out the site conditions to compute a FF that is independent of the site conditions. Obviously,
this indicates that a large amount of uncertainty needs to be accounted for in the fragility
analysis. For example, every single ground motion needs to be considered in the analysis,
including those disastrous events that take place in remote areas, as well as each ground
motion impacting the structure in all the possible orientations. Otherwise, the estimated
structural response will be most likely underestimated and/or overestimated, increasing the
potential of biasing the FF. Thus, performing this type of analysis is infeasible even with
the computational capabilities and ground motion databases available now.

A representative numerical model of the structure is needed for accurate FFs, but the
specific ground motions used also strongly influence the results. Both an accurate model of

the structure and a sufficient number of appropriate ground motions are needed to compute
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unbiased, realistic and applicable FFs for a given structure. However, the availability of
realistic ground motions for a specific geographical location is scarce. When a sufficient
number of realistic ground motions is not available for a given location, researchers augment
their databases by exploiting other databases [72, 73], using scaling to amplify existing
ground motions [24, 25], or adopting synthetic ground motions [30, 31, 74]. Each of
these alternatives must be applied with care to reduce the chance of bias in the resulting
FF [69,75,76].

According to [75], scaling of ground motions influences the median nonlinear response
of a structural model, even when the records are associated with similar values of magnitude
and epicentral distance. The bias in the structural response is proportional to the scaling fac-
tors, the natural period of the structure, the strength, higher modes contribution, magnitude
and epicentral distance. Finally, it is recommended to implement a methodology known as
spectrum matching [77] when ground motion scaling is necessary [67,75,76,78,79]. From
the work presented in [67], the spectrum matching method shows superiority at covering
a wider range of frequencies, but it underestimates structural response. However, it is
recommended to use this approach for far-fault conditions or near-fault events that do not
exhibit the presence of pulses in the ground velocity [76]. The scaling processes of match-
ing spectral acceleration values and modal push-over techniques have the inconvenience of
overestimating the acceleration response while underestimating the displacements [76].

Last, but not least, is the uncertainty imparted by the methodology chosen for the
computation of the FFs. Some of the methodologies found in the literature include: Safety
Factor Method [12,16], Linear Regression in Logarithmic Space [17], numerical simulation
using Maximum Likelihood Estimation (MLE) [20], Moment Matching [21], Least-Squares
[21,22], or Sum-of-Squared-Errors [21,22], Gaussian Kernel Smoothing [23], IDA [24],
Neural Networks [25], Capacity Spectrum Method [26, 27], Modal Pushover Analysis
[28], Bayesian Inference [29,30], among others. Multiple studies have made an effort to
compare the resulting FFs derived by different methods [21,22,27,31,37]. These studies
expose differences between the FFs, specially at large IM values. The work developed

in [31] exhibits the FFs for a 3-story reinforced concrete structure computed using different
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methods: the Safety Factor Method, Linear Regression, MLE, and IDA. Although the
mean FFs of the different methods are similar, except for the Safety Factor method that
underestimates the FF for large acceleration values, considerable differences are observed
for the FFs at different percentiles (i.e., predictive intervals). These four techniques are
the most widely used methods. For this reason, a brief description of these representative

methods is presented in the following section.

1.1.4  Computation of FFs

Several methodologies are available in the literature for the computation of FF. These
alternatives have emerged in response to the necessity and the available computational
resources at the time. Here, a brief introduction of some of the most relevant and widely
used methodologies is presented. The reader is referred to specific citations given for further

details about each technique.

Safety Factor Method

The Safety Factor Method is widely used in the nuclear power industry for the com-
putation of the seismic risk of nuclear facilities [80]. The method was initially introduced
in the late 1970s by [12] and remains applicable nowadays. The method is based on the
incorporation of seismic margins (a.k.a., safety factors) to estimate the median seismic
capacity X of the structure. The median capacity X; of the nuclear facility is obtained as
the product of the design-basis ground motion (i.e., maximum ground motion’s IM at which
the nuclear facility is able to remain functional and to assure a safe shut-down process)
and the median value of the safety product, SF = [[ SF;. The considered margin factors
SF; correspond to material strength, energy dissipation, spectral shape, damping, model-
ing, structural mode combination, combination of horizontal ground motion components,
soil-structure-interaction, and spacial incoherence [31]. Each factor can be calculated as
SF, = SF, eg; €y, Where SF; is the median value for the safety factor SF;, eg represents

the random (aleatoric) variability while €y corresponds to the uncertainty (epistemic) for
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the aforementioned factor. Both eg; and €y; are modeled using lognormal RVs with a
median value of one and a logarithmic standard deviation of oz; and o ;, respectively. The
parameters SF., og; and o ; have to be estimated, although standard values can be found
in [54].

Finally, the FF at percentile p (the median FF corresponds to p = 0.5) is expressed

using a lognormal distribution with shifted mean as:

log (x/)v() + oy (p)

OR

F(x)=0 (1.5)
where o and oy are the logarithmic standard deviation associated with the aleatoric
and epistemic uncertainty, respectively, for the seismic capacity (see Eq. (1.4)). Further

information of this method can be found in [12, 16,31].

Maximum Likelihood Estimator - MLE

This method has the characteristic that it is able to compute the FF without the interme-
diate step of estimating the response of the structure. Instead, the only information required
is the ground motion IM values and binary information about the exceedance of a limit
state. As the name of the method indicates, the objective is to determine the parameters
that dictate the shape of the probability distribution used to describe the FF, and maximize

the likelihood function:

N (
L= HF (x("))z (1 -F (x(”))) (1.6)
n=1

where N is the total number of ground motions to be analyzed, x is the IM for the
n-th ground motion, z is equal to 1 or 0 depending if the structure reached the LS with

the occurrence of the corresponding ground motion, and F(x) represents the FF for the
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analyzed LS and evaluated at X; = x. Assuming that the seismic FF can be expressed using

a lognormal distribution, the fragility takes the form:

F(x)=® ( (1.7)

log(x) — p)
o
where u and o represent the mean and standard deviation, respectively, of the natural

logarithm of Xj. Finally, 4 and o are computed such that the following equation is

satisfied:
d(log L) d(log L) _
du - doe

0. (1.8)

Further information of this method can be found in [19, 20,31, 81].

Linear regression in logarithmic space

This method and the IDA are perhaps the most common approaches used in the literature
for the computation of FF. As the name of the method indicates, the idea is to fit the best
line within a set of N data points after performing a logarithmic transformation Dy =
{log(x™), log(y(”))}flv:l. It is a common practice to assume that the median value of the
response, denoted as exp (u(x)), (i.e., u(x) corresponds to the mean value of the RV log(Y))

evaluated at X; = x takes the following form:

log
exp(u(x)) = ¢ xV — p(x) = log(c) +y log(x) (1.9)
where ¢ € R, is a positive coefficient and y € R is a positive exponent [17, 18, 40, 58].
The right-hand side of Eq. (1.9) represents the equation of a line with intercept log(c) and
coeflicient . Now the objective is to find the parameters ¢ and y that minimize the error
between the data Dy and the estimated line. Then, the fragility equation is computed as

(see Appendix A for the step-by-step derivation from Eq. (1.1)):

(1.10)

F(x; yerit) =1 — @ (log (Yerit) /ll(x))

(o
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where o is the logarithmic standard deviation of the response Y to be computed as:

o = \Joh+ol+ol. (1.11)

Here, op = m is the uncertainty in the demand, the standard error of the sample
population is denoted by s = }, (log (y(”)) - /uc(x(”)))2 /(N —2), o¢ is the uncertainty in
the capacity, and o7, corresponds to the modeling uncertainty. o¢ and o, are typically
taken as 0.3 according to [17, 18,40, 82, 83] (see these references for further information
on the method). Also, notice that both parameters u(x) and o(x) can be written as a
function of X including other mathematical expressions. For instance, these parameters
can be described in terms of polynomials (making necessary to perform a polynomial
regression). Lastly, note that although Eq. (1.7) and Eq. (1.10) both represent fragility, they
are expressed differently. The difference is the result of the two alternative perspectives
about the uncertainty: treating the variability as dispersion in the IM (Eq. (1.7)) or contrarily

as dispersion in the DM (Eq. (1.10)).

Incremental Dynamic Analysis - IDA

Another well-known method is IDA, introduced by [24]. This method is analogous to
static pushover, but is the dynamic version. The method consists of a progressive scaling
process of the value of IM used to characterize each available ground motion. For each
ground motion n = 1,..., N, the magnitude of the motion is scaled in an incremental
fashion until plastic deformation is achieved (i.e., monotonically increasing deformation for
constant or minimal increment in the IM value). The values at which these ground motions
are scaled can be simply determined to be the same for all the ground motions or selected
by implementing an appropriate and efficient scaling algorithm to reduce the number of
iterations [25]. For the latter, given that the IM values for each ground motion are different,
itis necessary to perform an additional step in which the results are interpolated into specific

IM values to carry on the statistical analysis of the variation for the N structural responses

PO X =
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The objective of the method is to estimate the statistics of the response Y at the
IM value X; = x, in particular the PDF fy(y | x). This can be achieved by using
the ensemble of {y™ | X; = x}nN:] to estimate fy (y | x), and then compute the FF
using Eq. (1.1). It is important to clarify that to minimize the error, it is preferable to
quantify the fragility by estimating the shape for fy (fitting a probability distribution)
instead of counting the percentage of responses y(”) > Yerit- This is because the number
of ground motions implemented in IDA, N, is typically kept on the order of a few dozen
(to limit the excessive use of computational resources during the iterative evaluation of the
numerical model subjected to several IM values) which becomes insufficient to estimate the
complementary cumulative distribution function (CCDF) by merely counting exceedances.

Further explanation of the method can be found in [24,25].

Bayesian Inference Framework (BIF)

This method is based on the Bayes” rule. The fragility analysis is carried out after
defining a statistical model to describe fy in terms of a set of RVs @ = {61, 0,,...,0,,},i.e.,
fy(y | x, 8). For instance, for the case when a lognormal distribution is used to model fy,
it is possible to define u(x) and o-(x) in terms of a set of basis functions and the parameters
6 may be the coeflicients for these functions.

Given that & € R™ is a multivariate RV, the values that # may take are dictated by
a probability distribution p(@), a.k.a, prior distribution. However, there is no or little
knowledge about @ a priori (before observing actual seismic data). Therefore, p(€) contains
the belief or hypothesis about #. Now, the objective is to test this hypothesis against
the seismic data Dy = {x), y(”)}f:’:] to update the prior into the posterior distribution

p(0 | Dy). This can be achieved using Bayes’ theorem as follows:

p(On|6)p(0)
P (Dy)

p(8 | Dy) = (1.12)

where p (Dy | ) is known as the likelihood and p (Dy) as the evidence. The likelihood

is the measurement process for the statistical model, and it quantifies the probability of
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observing the data Dy for a particular choice of #. And the evidence is a normalization

constant that quantifies the likelihood among all the possible values that # may take:

PDy) = / P(Dy | 6)p(6) db. (113)

Finally, once the posterior distribution is determined, the PDF fy(y | x, @) is known
and the FF can be computed using Eq. (1.1). An addendum of the Bayesian approach is that
it is able to quantify the epistemic uncertainty induced by limited data which can be used
to drive experimental design. The Bayesian approach has been implemented in the field
of civil engineering for applications of structural health monitoring [84, 85], to integrate
real post-earthquake data in analytic fragility functions [39], and quantify the epistemic

uncertainty model selection for FF [30].

Other approaches

In general, other methods available for the computation of FF have a degree of similarity
with the already discussed methods. Mostly, the objective is to apply a novel computational
technique to determine the parameters of the probability distribution that describes the
dispersion in the response or to estimate the actual distribution. For instance, the use of
neural networks for estimating the response Y presented in [25], the implementation of non-
parametric probability distributions as occurred in [23] with the use of kernel smoothing
methods, describing the response in terms of a set of parameters and basis functions and then
estimate these parameters deterministically by minimizing an error function, e.g., moment
matching, sum-of-squared-errors, least-squares [21, 22], or stochastically with Bayesian

inference [29, 30].
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1.2 Remaining Challenges

Despite the many advances made in quantifying uncertainty in FFs and understanding
how sensitive the shape of a FF is to variations in its parameters, there are still limitations
in determining the best alternative and data to compute unbiased FFs in the presence of
uncertainty. Analytical FFs are sensitive to the presence of uncertainty in the parameters
used to describe the numerical model, the hazard, the structural response, the probability
distribution, and even the method used to compute such functions. Additionally, there is
only a vague idea about the number of ground motion simulations that is adequate for a
fragility analysis and almost no knowledge about the influence of selecting a particular set
of ground motions on the uncertainty of FFs. If all of this were not enough, the repeated
evaluation of an expensive numerical model is not feasible under time constraints and limited
computational resources. As a result, the analysis of all the assets at a community-level
becomes inconceivable.

The methodologies developed in this dissertation are focused on breaking down these
barriers and gaps by creating: (i) a comparative methodology to implement a Bayesian
model selection approach and (ii) a ground motion selection strategy that predicts the
consequences of including a new ground motion record in the analysis. Additionally, some
of the common practices performed in a fragility analysis that result in bias in the FFs are

discussed.

1.3 Objective and Scope

In this dissertation, the overarching objective is to develop a methodology to expedite
the computation of accurate seismic FFs, accounting for the intrinsic uncertainty in the
data used for their derivation. The developed methods will enable automated, reliable,
and efficient computation of seismic FF. Rather than considering the FF as a deterministic
function and working with the best estimate, the perspective taken here is Bayesian. With
this viewpoint, it is possible to better understand the quality of the resulting FF by analyzing

the uncertainty associated with the dataset used for their derivation. By leveraging statistical
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techniques, such as Bayesian inference and sequential Monte Carlo (SMC)), it is possible to
quantify the epistemic uncertainty associated with a given choice of dataset, methodology,
model selection, and to determine what additional data would be needed for more accurate

and unbiased FFs.

Num. Model Seismicity Geo. Location

Structure
+

Conditions

Probabilistic
Model

(Data dispersion)

Training
Dataset

(Selection of
ground motions)

Fragility
Function

G This doctoral dissertation

Best Fragility Function :

PLY=Yerit | X11]

X1

Fig. 1.2. Overview of the fragility computation challenge

The principal contribution of this research is to establish a new paradigm for the com-
putation of accurate FFs. By following the methodologies developed in this dissertation,
readers will be able to establish a clear understanding of the statistical model and the seis-

mic data that yields the most accurate FF. Fig. 1.2 presents an overview of the problem of
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computing the FF for a specific structure with given conditions in the presence of multiple
alternatives of statistical models as well as multiple or extensive datasets. The identification
of this optimal path, marked in green in Fig. 1.2, enables the widespread use of the fragility

analysis. This is achieved by addressing the aforementioned research questions (RQ):

* RQ I: What is the most appropriate model for FFs?
The objective is to determine the statistical model that enables the most accurate FFs.
The approach is to perform the Bayesian model selection methodology developed in
this dissertation, to decide which model has the best representation according with
the available data. The results are compared with the ones derived from an exhaustive
analysis as it is the case of the Kolmogorov-Smirnov (KS) test. The conclusion is that
the proposed Bayesian model selection methodology is able to determine the model
with the largest level of agreement without requiring a large dataset, which is the

disadvantage of methodologies as the KS test.

* RQ 2: How to select the ground motions?
The objective is to determine the database that yields accurate FFs. The approach is to
demonstrate the importance of using representative and applicable ground motions to
the specific case study structure by presenting examples of commonly used practices
with the potential to bias the FFs. In particular three examples of common practices
that may result in biased FFs are discussed: (i) using random ground motion databases;
(ii) augmenting ground motion databases with famous historical time histories; and
(iii) augmenting ground motion databases by scaling available ground motion records.
The conclusion is obvious but important to disseminate, that the use of representative
ground motions is imperative to accomplish accurate FFs and augmenting ground

motion databases is a process that needs to be done carefully to avoid bias in the FFs.

* RQ 3: How to compute accurate FFs with fewer simulations?
The objective is to carefully select the ground motion records that enable and expedite
the computation of accurate FFs. The approach is to follow a ground motion sequential

selection strategy yielding the largest expected reduction in epistemic uncertainty
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based on up to two IM parameters. The anticipated effect of specific values of
IM associated with future observations are estimated with respect to the potential
changes in both the already inferred model parameters and the reduction in epistemic
uncertainty. The conclusion is that the ground motion selection strategy developed
in this dissertation enables rapid estimation of the FFs for a given structure, while
reducing the number of evaluations of that structure’s numerical model that are

needed.

The implementation of these methodologies will greatly improve the ability to perform

rapid computations to obtain unbiased FFs.

1.4 Overview

This dissertation is organized as follows. Chapter 2 introduces the available data to
create the dataset to validate the methodologies developed in subsequent chapters. Two
major ingredients are discussed within this chapter (i) a well-studied 20-story nonlinear
benchmark building and its structural characteristics that are used as the case study, and
(ii) synthetic ground-motions generated for this study that consider site-specific response
effects for sites of classes C and D, according to the National Earthquake Hazards Reduction
Program (NEHRP). In Chapter 3 several options are discussed as possible parameters used
to characterize both the intensity of a ground motion and the response of the structure.
Additionally, the limit states and the corresponding critical values of the response that are
applicable to the case study structure are discussed. A selection of these values, denoted
as, IM, EDP/DM, LS, and yi; is established and the reasoning for each choice is provided.
The Bayesian model selection methodology developed in this dissertation is presented in
Chapter 4. Then, the mathematical definition of the FF and its statistical model using the
BIF is presented, and the epistemic uncertainty measure is defined. This chapter concludes
with the Bayesian model selection methodology and the corresponding model validation
approach used to corroborate the model selection by means of a predictive interval analysis

and the KS test. Chapter 5 introduces the methodology developed in this dissertation for the
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sequential selection of ground motions. The extension of the concept of FF into a fragility
surface (FS) under the BIF is explained. Two possible strategies for sequential selection
are presented within this section. The selection of the next ground motion observation to
be used is performed based on an evaluation of the characteristics of all ground motions to
identify the optimal region, in terms of up to two IM values, that will lead to the largest
reduction in epistemic uncertainty. Chapter 6 is dedicated to exposing commonly used
practices that may lead towards bias in the resulting FFs and discussing and demonstrating
the importance of using realistic ground motions. Some conclusions of the methodologies,
the numerical results, and discussion of possible future work are presented in Chapter 7. A
few of the derivations used here in as well as some of the results derived in the application

of the methodologies are also contained in the Appendix.
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2. AVAILABLE DATA

This chapter presents the data needed to carry out the application of the methodologies
developed in this dissertation. The necessary elements are a case study structure, with its
corresponding numerical model, and a sufficient amount of ground motion data to perform
the fragility analyses. A well-known and widely-studied benchmark building model has
been selected for the analyses and a set of 78,000 synthetic ground motions obtained for
earthquake scenarios in California provide the available input data. The methodologies
developed in this dissertation are independent of the numerical model, type of structure,
and source of data to be analyzed. The only required data to implement the methodologies
is a dataset of X} vs. Y observations. Consequently, the structural model and the ground

motions are exclusively employed to create a dataset of observations.

2.1 Case Study Structure

The necessary data to develop and demonstrate the methodology is derived from a
widely-studied nonlinear benchmark model of a twenty-story building, originally designed
for the SAC steel project [86]. Although it was never constructed, the building was designed
to satisfy the seismic requirements for Los Angeles, California. The structure is composed
of two basement levels (with floor-to-floor height of 3.65 m), a ground level (with height
equal to 5.49 m), and nineteen typical floors (each with heigth of 3.96 m) for a total height of
80.73 m above ground level. The building was designed to sustain both vertical and lateral
loads through a system of steel Moment-Resisting Frames (MRFs). The structure has five
bays in the N-S direction and six in the E-W direction, with column-to-column distance of
6.10 m for both directions. The entire floor system is composed of A36 steel (248 MPa)
while the columns are made of A50 steel (345 MPa).
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The numerical model of the benchmark building was developed by [87] and it was made
available to the public by [88]. The dynamic analysis of the building is performed in the N-S
direction (see Fig. 2.1). Additional information of the structural configuration about the
building is presented in detail by [88]. The non-linearity is implemented through bi-linear
hysteretic behavior that takes place at the plastic hinges (column-beam and column-column
connections). The remainder of the structure is idealized as a twenty story shear model [88].
The first three natural frequencies (and damping ratios) of the model are 0.261 Hz (2.00%),
0.753 Hz (1.19%), and 1.30 Hz (1.34%).

2.2 Generating synthetic broadband ground motions

The broadband ground motions used in this study are generated using the simplified
method proposed by [89]. The incoherent (high-frequency) component of ground motion
is synthesized using the specific barrier model (SBM) [90] in the context of the stochastic
modeling approach [91]. The SBM is a physical model of the seismic source that applies both
in the near-field and far-field regions, allowing for consistent ground-motion simulations
over a wide frequency range and for all distances of engineering interest. The SBM has
been calibrated to shallow crustal earthquakes of three different tectonic regions: interplate,
intraplate, and extensional regimes [92]. The coherent (long-period) component of ground
motion (affected by forward rupture directivity) is generated using the simplified pulse
model proposed by [89], which involves input parameters: Ap, fp, vp, yp, and ty that
control the amplitude, prevailing frequency, phase, oscillatory character, and time shift of
the pulse, respectively. In addition, the pulse period 7Tp is defined as the inverse of the
prevailing frequency fp.

The broadband ground motions are simulated for hypothetical earthquakes of five dif-
ferent moment magnitudes, M,, = 5.5,6.0,6.5,7.0,7.5. The causative fault is assumed
to be a vertical, rectangular strike-slip fault with length L, width W, and burial depth
of 0.1 km located in an interplate region such as California. Two hypocenter locations

are considered: one at 0.5L along strike and 0.7W down-dip and the other at the same
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Fig. 2.1. Case study structure: 20-story nonlinear benchmark building

depth but on the edge of the fault (Fig. 2.2), whereas the rupture velocity is assumed to
be 2.4 km/s. The high-frequency component of ground motion is generated at a grid of
130 stations (Fig. 2.2) with distances normal to the fault equal to 3, 5, 7.5, 10, 15, 20,
25, 30, 40, 50, 60, 70, and 80 km. The spacing of the stations in the fault-parallel di-
rection is —2L/5,-L/5,0,L/5,2L/5,3L/5,4L/5,5L/5,6L/5, and 7L/S, where the fault

length L is a function of the moment magnitude M,, [93]. NEHRP site classes C and D
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Fig. 2.2. Earthquake fault (rectangle), grid of stations (triangles), and hypocenter locations
(stars) considered in this study.
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are considered for site characterization. To account for the uncertainty in the amplitude of
the white Gaussian noise used in the high-frequency simulations, fifteen realizations are
considered for each station and for every combination of magnitude, hypocenter location,
and site characterization. The long-period ground motion pulses are generated using the
empirical relationships and practical guidelines proposed by [89,94,95]. Namely, amplitude
Ap is determined by Ap = 0.9PGV, where the Peak Ground Velocity (PGV) is provided
by log(PGV) = 2.040 — 0.032r,4p (0i0gpGvy = 0.187). The distance measure ry,,, is de-
fined as the closest fault-to-station distance. The pulse period Tp scales self-similarly with
earthquake magnitude and is determined by log(Tp) = =2.9 + 0.5M,, (Tiog(r,) = 0.12). Pa-
rameter yp follows a normal distribution with a mean value of 1.93 and a standard deviation
of 0.47. This distribution is left-truncated to 1.0 to ensure that all yp values are greater than
1. In addition, phase angle vp is set equal to 90°. Monte Carlo (MC) sampling is used to
generate input values for Ap, fp, and yp.

Not all 130 stations shown in (Fig. 2.2) experience long-period pulses caused by forward
rupture directivity. [96] proposed a model for predicting the probability of observing a
directivity pulse at a near-fault station for a given source-to-station geometry. Their model
is adopted herein to evaluate whether the long-period component of ground motion should
be included in a realization. If included, the long-period component is combined with
the high-frequency component in the fault-normal direction, with the initiation of the pulse
aligned with a time instance corresponding to 1% of the Arias intensity of the high-frequency
component. Fig. 2.3 shows an example of synthetic acceleration and velocity time histories
(with the long-period component of ground motion included) for a station affected by
forward rupture directivity (displayed by a filled triangle in Fig. 2.2). It is noted that the
broadband ground motions generated in this study do not include permanent displacements
in the fault-parallel direction caused by dislocation across the fault surfaces, nor do they

incorporate irregular subsurface basin effects or topographic amplification effects.
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3. INPUT-OUTPUT PARAMETERS

This chapter presents the parameters needed to perform a fragility analysis and discusses
the process for selecting such parameters. The chapter is divided into four sections. Section
3.1 defines the seismic problem and the parameters that control the FF. Although the normal
procedure is to start by defining the input parameter, IM, it is actually more convenient to
start defining the output parameter, DM or EDP, first (see Section 3.2) and use this selection
to make a decision on the choice of IM. In Section 3.3, the definition of qualitative and
quantitative LSs are discussed. Then, some examples of critical values associated with
different LSs are discussed. Various parameters that may be used to characterize the ground
motion are studied in Section 3.4, along with a procedure to select the most appropriate IM.
Finally, the reader is directed to Appendix C to understand the ground motion database used
here in terms of the selected parameters and the initial classification presented in Chapter 2

(magnitude, epicentral distance, ground motion orientation, and type of soil).

3.1 Problem definition

Let (QQ, 7, P) be a probability space composed of a sample space Q, a o-algebra of
subsets denoted by 7, and a probability measure P. Any seismic event can be described using
an acceleration record measured at the ground surface level in the geographical location of
interest. This ground acceleration is modeled as a stochastic process {a; : Q — R}o<<7,
where the RV T : Q — R, is the duration of the event. For convenience, the shorthand
notation a; will be used throughout this work.

The seismic event a; disturbs a structure of interest or an appropriate numerical model.
As aresult, adynamic response Z, , : Q — R F occurs, where the dimension Z depends on
the number of degrees-of-freedom and the number of responses considered (e.g., absolute

acceleration, relative displacement), while 7 depends on the duration 7" and the time step of
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the signal a;. The response Z; ; is deterministically specified given the ground motion aj,
s < t, when modeling uncertainty is not considered.

Let X : Q — R™ be an n,-dimensional set of IMs characterizing a,. De Biasio [97]
presented an extensive list of IM options that are commonly used to describe an ground
motion. The list contains peak-based parameters like the peak ground acceleration (PGA)
or velocity,PGV, duration-based terms such as the Arias intensity (I,), and frequency-based
parameters as the spectral acceleration (S,) or velocity (S,). Further information about the
selection of these IMs is discussed later in Section 3.4. Similarly, letY : Q — R be a
single-valued characteristic of the response of the structure Z, ;, e.g., relative displacement,
relative velocity, absolute acceleration.

From this range of possibilities, only one IM, denoted by X; C X, where X; € R, and

one EDP, Y, are used for presenting the FF for a given LS with a critical value ycri;:

F(x; yerit) == P[Y 2= yerit | X1 = x]. 3.1

Later, a second IM, X, is also considered for the sequential selection strategy in two

dimensions where is necessary to compute fragility surfaces.

3.2 Structural response parameter: Engineering demand parameter (EDP)

The selection of Y is made on a case-by-case basis because it depends on the type
of analysis to be performed and the quantity that is most relevant (e.g., damage on local
members, entire structure, or non-structural components). For instance, structural features
expressed in terms of forces, stresses, and deformation for building components are as-
sociated with local effects, while features such as roof relative displacement or absolute
acceleration are typically linked to the building global behavior [97]. Additionally, the
selection of the structural feature Y may consider additional factors related to regions of
interest within the structure. For example, the maximum inter-story drift (MISD) or simply
drift of a building, defined as the ratio between maximum relative displacement of adjacent

floors to the associated floor height (see Eq. (3.2)) is typically used to describe global
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damage among structural members, while floor absolute acceleration is used to characterize
damage in non-structural components or content as office and laboratory equipment [97].
Given that there is no information about the content nor the non-structural components
within structure, the focus here is in determining the FFs that represent the global damage
that the building may suffer. For this reason, the structural response is characterized here in
terms of the MISD. Additionally, multiple studies have determined that this parameter has
high correlation with the presence of damage for multiple types of structures, materials and
structural configurations (see Table 3.1). Assuming that Z;, represents the displacement

of the i-th floor of the building at time ¢, the drift can be expressed as:

Zi,t — U1

i, (3.2)

Y = max max
I|<i<L 1<t<T

where Zy; = 0 (thus, there is no relative displacement between the base of the building and
the ground surface), L is the number of stories, and H; is the height of the columns for the
i-th floor. Fig. 3.1 presents the distribution of the response Y from the selected ground
motions. From the figure it is observed that most of the ground motions analyzed generate
low values of drift response in the structure. This behavior is linked to the large number
of low magnitude ground motions included in database, as is often the case of real ground

motions as well.

3.3 Structural response threshold: Limit States - LS

A LS refers to a particular level of structural performance or functionality for a given
asset. This criterion is associated with a specific threshold value in the structural response
Y denoted as ycr;. Either qualitative or quantitative approaches are utilized to classify
the performance of structures. The former measures specific changes in the material or
geometric properties, such as plastic mechanism initiation (PMI) and first yield (FY), i.e.,
story deformation where a member starts to yield under an imposed lateral load [40]. The
latter approach is based on specific operational states of the structure after the ground

motion. For instance, immediate occupancy (10), life safety (LSt) and collapse prevention
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(CP). 10 refers to a state in which the asset has sustained no significant structural damage
after the occurrence of the ground motion. This means that the structure is able to continue
its normal functionality. LSf denotes a state of the structure in which the life of the
occupants is preserved at the cost of the asset sustaining certain damage, however there is
no expectation for collapse in the structure. Finally, CP is associated with a state in which
the seismic excitation has generated excessive damage to the structure and there is a risk of
collapse. The asset is barely able to sustain only gravity loads [17,40,98]. Additionally, [98]
establishes some intermediate levels such as damage control (DC) and limited safety range
(SR). The order of increasing damage is the following IO < DC < LSf < SR < CP.

In the case of non-structural components, there are other LS cases although the IO and
LSf states are also applicable for these types of components. The additional states are
operational (components operate in the same manner as they did prior to the event) and
hazard reduced range (existence of falling hazard of minor components, but not from major
elements) [40,98].

To associate a LS with a particular value of the structural response, [99] proposed the
implementation of a damage index for RC structural components. The computation of

this index involves factors such as the maximum deformation that the structure suffered
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during the ground motion, the ultimate deformation observed in monotonic loading, yield
and maximum strength, and the hysteretic energy per loading cycle [99]. Subsequent
studies [98, 100, 101] included classification of damage in terms of the MISD for multiple
materials and different structural configurations. The work developed by [101] included
some acceptable ranges to identify the damage levels for steel MRF. All the limit values

associated with each equivalent LS are presented in Table 3.1.

Table 3.1. Commonly used critical values of building response per limit state [98—101]

. Drift (%) [98, 100]
A D.amage Drift Concrete Steel MRF Masonry Wood
Limit State index (o) Unreinf | Unreinf Stud
[99] [101] | MRF | Wall | Unbraced | Braced (infill) | (no-infill) Reinf Wall
None 0.01-0.1 0-0.2 - - - - - - -
Slight 0.01-0.2 | 0.2-0.5 - - - - - - - -
Light (I0) - 0.5-0.7 | 1.0 | 05 0.7 0.5 0.1 0.3 0.2 1.0
Moderate 0.2-0.5 0.7-1.5 - - - - - - - -
Heavy (LSf) - 1525 | 2.0 | 1.0 2.5 1.5 0.5 0.6 0.6 2.0
Major 0.5-0.85 | 2.5-5.0 - - - - - - - -
Collapse(CP) | 0.85-1.15 >5 40 | 2.0 5.0 2.0 0.6 1.0 1.5 3.0

The methods developed in this dissertation area applicable to other states, but are
demonstrated using the three main classification 10, LSf, CP. For this fragility analysis,
the LSf state has been selected as the controlling LS to compute the FFs and demonstrate
the methodologies developed. This LS represents intermediate structural damage without
compromising the life safety of the occupants [40]. Considering that the case study structure
is an unbraced steel MFR and the FF will be computed for the life safety condition, Table

3.1 specifies that the appropriate threshold value of the response is y¢rit = 2.5% [98, 100].

3.4 Input parameter: Intensity Measure - IM

The selection of the IMs X; and X, to characterize the ground motion can be more
challenging due to the wide range of possibilities. In 2014, [97] completed a literature
review of different options for IMs used in seismic probability risk analysis. In that study,
the author presented a list of several IMs used to describe the structural demand under

seismic load. The author presented a detailed revies of each IM found in the literature and
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introduced a new IM known as average spectral acceleration (S,-gq,, see the description in
the following lines). According to [97], ground motion IMs can be classified into three big

groups which are briefly described below:

* Peak-based IMs: This group of parameters reflect the maximum absolute values from

the ground motion’s time history records. Some examples of these IMs include:

— Peak Ground Acceleration: PGA := max | a, | where | - | represents the

absolute value operator.

— Peak Ground Velocity: PGV := max | v; | where v; corresponds to the velocity

that the ground experiences during a;.

— Peak Ground Displacement: PGD := max | d; | where d; corresponds to the

displacement that the ground experiences during a;.

» Frequency-based IMs: This collection of parameters relates to the seismic response of
a SDOF system. For this particular case, the SDOF considered system has the same
dynamic properties as the first dynamic mode of the structure: natural frequency
Jf» = 0.26 Hz and damping ratio ¢, = 2.0 %. A few examples of these IMs are

included:

— Spectral Acceleration: S, (f,, {,) := max | ii(t) | for t € [0,T] where ii(t)

represents the absolute acceleration response for a SDOF due to a;.

— Spectral Velocity: Sy (fy, ) := max |u(z)| fort € [0, T] where u(¢) is the relative

velocity response of a SDOF due to q;.

— Spectral Displacement: Sq (fy, {) := max |u(¢)| for t € [0,T] where u(¢) is the
relative displacement response of a SDOF due to a;.

— Average spectral acceleration: S,_re, (fn, &) = (1/R f) ({':R) i Sa(f, &df.

This IM was proposed by [97] as spectral measure that accounts for inflicted
damage in the structure. Such damage is associated with an R% of reduction of

the initial natural frequency f,,.
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For convenience in the notation, these frequency-based IMs are described as S, Sy, Sy,

and S,_gq, from now on.

* Duration-based IMs: This set of parameters captures not only the maximum magni-
tude, but also the cumulative effect of the ground motion during its entire duration
(typically represented by integrating the whole duration of the acceleration record).

Here are some examples of these IMs:

— Arias Intensity: Ip = (7/2g) /OT alzdt.

— Cumulative Absolute Velocity: CAV = /OT | a; | dt.

— Root-mean-squared acceleration: agms = +/(1/7) fOT at2 dt

In the analysis of IMs provided by [97] the following conclusions were provided: frequency-

based IMs show superior correlation with damage in the structure, making of them a
better choice for risk analysis (similar results were found in [102]); S, is typically more
efficient than PGA, but S, does not account for the contribution of higher dynamic modes
in the response nor the elongation of the natural period of the structure; S, shows good
correlation when the materials of the structure remain linear; and the use of PGA and PGV
is recommended for structures with intermediate values of f, while PGD is recommended
for low frequency values.

Although there is a wide range of IM alternatives, most of the studies found in the
literature use PGA and S, [11, 15,16, 19,25,55]. However, it is important to consider all
possible IMs so as not to bias the analysis with other researchers’ assumptions or preferences.
For this investigation, the ground motion database is composed of 600 realizations of
ground motions measured at 130 different stations distributed in a perpendicular distance
between 3-80 km from the fault surface (see Fig. 2.2), for a total of 78,000 records.
Nonetheless, the records originated from the stations located up to 20 km away from the
fault (measured perpendicularly) are accounted for implementation of the model and ground
motion selection methodologies (600 motions X 60 stations = 36,000 records). The reason
for this decision is that a reduced area needs to be considered in order to narrow the analysis

into a specific region in order to obtain more realistic results. Later the remaining ground
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motions are used to demonstrate the importance of using realistic ground motion for a
specific geographical location.

Here, the initial vector of IMs is composed of all the aforementioned parameters
X := {PGA, PGV, PGD, S,, Sy, Sd, Sa—40%, Ia, CAV, arms}. Fig. 3.2 presents the dataset
obtained for the different IMs and the simulation of the structural response using the vari-
ous ground motions. It is important to clarify that this figure is presented herein with the
purpose of displaying how the dataset to be analyzed may be affected by the selection of
IM. However, the figure is not used to select the IM. An assumption in this dissertation is
that the potential users do not have access to a large database and/or there are no sufficient
computational resources to carry out such volume of simulations.

In the first analysis performed the goal is to determine which parameters are directly
correlated with each other. The procedure is to select X; and X, and retain only the
independent IMs and discard those that can be expressed in terms of others. Fig. 3.3
presents a scatter-matrix plot for all of the IMs contained in X. The subplot located in the
J-th row and the i-th column corresponds to the scatter plot X; vs. X;, where X; is the
i-th component of X. Additionally, the main diagonal in Fig. 3.3 presents the normalized
histogram for each of the elements in X to be understood as an estimate of the PDF fx.
Fig. 3.3 has been divided into Figures B.1 to B.4 (see pages 111 to 114 from Appendix B)
to see the amplified subplots. From the scatter-matrix plot, the following conclusions are

drawn:

* Parameters S,, S,, and S; are highly correlated. This means that there is a clear,
almost-linear dependency between these parameters. Thus, only one of the three
parameters should remain in the analysis, and S, is selected. Parameters S, and Sy
are discarded because there is a clear linear relationship between them, another form
of spectral acceleration is kept S,_40%, and the S, values contain more samples in the

mid-range section (see histograms).
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Fig. 3.2. Initial dataset of X vs. Y

* Some patterns in the data points are observed for the 74, CAV, and agys cases. No
conclusion can be drawn, but a further investivation is needed to understand these

cases.

* The arys IM presents some discontinuities at low intensity values. For this reason,

this IM is removed from the analysis.
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The array of IMs is redefined with the remaining parameters, X := {PGA, PGV, PGD, S,,
Sa—40%, 1a, CAV}. For the next analysis, a sample population of 40 observations (ground
motions) is chosen for making a decision about the parameters X; and X;. Ground motions
are selected for NEHRP site class C and include one sample from all the possible combi-
nations of the following parameters (i) Magnitude — M,, = (5.5, 6.0, 6.5, 7.0, 7.5); (ii)
Epicentral (normal) distance — (3.0, 5.0, 7.5, 10.0) in km; and (iii) motion orientation to
be either parallel or perpendicular to the fault. Additionally, a sample of size 40 is selected
because [22,67,68] have agreed that this number represents a lower bound for an acceptable
number of observations in fragility analysis. In this way, it is possible to assume that a
representative sample of the entire population of ground motions is selected. The following
analysis requires to evaluate the magnitude of the standard deviation of the IM vs. EDP
plot in the logarithmic space. According to [31] this standard deviation is proportional
to the imposed uncertainty in the FF. The value of the logarithm standard deviation o is
determined following the process described in Section 1.1.4.

The results of the linear regression are presented in Fig. 3.4. For each IM, two plots
are presented: the linear regression results before and after applying a logarithmic trans-
formation. The black dashed line represents the median function (mean in the log-space)
exp(u(x)) = ¢ x7, the gray area corresponds to 95% predictive intervals (a.k.a., confidence
intervals) computed as y + 207, and the dots are the 40 observations. The bar plot located
in the bottom right corner represents the magnitude of o for each IM. It can be observed
that the IM alternatives that should reduce the amount of uncertainty are PGV and S,, with
o values of 0.246 and 0.222, respectively.

Now, the objective is to choose the principal and the secondary IMs, X; and X>,
respectively. Fig. 3.5 represents the distribution of the ground motions in terms of the
two selected IMs. It is important to clarify that this figure can be used to make decisions
because it is derived without performing any simulations on the expensive structural model.
The red dashed lines represents the IM threshold values at which the observations start
to become limited for each IM. The threshold values are PGV ~ 125 cm/s and S, =~ 100

cm/s. These lines divide the entire domain into three zones. Zone (1) represents the region
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Fig. 3.5. Distribution of PGV vs. S,

in which S, continues increasing but PGV has reached its threshold. This means that an
estimation of fs (x|PGV) is more reliable than fpgy(x|S,), which is one of the fundamental
components of the sequential selection strategy from Chapter 5. Zone (2) corresponds to
the region in which both IMs exhibit increasing behavior. And, the available data in zone
(3) is very limited which results in a large uncertainty when one wants to infer any type of
information in this region. According to this reasoning, it is determined that X| —PGV
since it is possible to account for a larger number of observations in the analysis and a
reliable estimation of fs (x|PGV). Correspondingly, the secondary IM X, — §,. To
illustrate the effect of ground motion features such as earthquake magnitude, NEHRP soil
class, wave orientation, and epicentral distance, plots of the database (X; vs. Y data points)

with respect to these parameters can be observed in Appendix C (see page 115).
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4. BAYESIAN MODEL SELECTION

This chapter presents the Bayesian model selection methodology developed to quantify the
level of agreement between a given dataset and different statistical models with the purpose
of determining the model that enables the most accurate FFs. The methodology developed
in this dissertation has been already introduced in [30, 103] for a different ground motion
database. The results presented in this chapter exhibits quite similar trends in the results and
conclusions. This chapter begins by presenting the Monte Carlo approximation of a FF for
seismic hazards and its challenges. The conventional model of FF is introduced, followed by
the required conditions that the models must satisfy. Then, a sample set of statistical models
of FF for seismic data and their corresponding parameters are presented. This set of models
is presented to facilitate an understanding of the model selection methodology, but it could
be complemented with additional models. Next, Bayesian inference and the corresponding
calibration of model parameters with respect to the observed data are presented in detail.
The concept of epistemic uncertainty for this study is also defined for predicting fragility
with a given model. The methodology discussion concludes with the Bayesian model
selection method and the corresponding model validation approach. The latter corroborates
the model selection by means of a predictive interval analysis and a Kolmogorov-Smirnov
(K-S) test [104]. An application to illustrate the methodology is presented using data
derived from a well-known twenty-story nonlinear benchmark building [86, 88] subjected

to a ground excitation.

4.1 Monte Carlo approximation of the FF

The simplest approximation of Eq. (1.1) is via MC sampling. This approach performs a
point-wise approximation of the function F(x; ycrit). Specifically for a given ground motion

characteristic X; = x, S possible ground motion are generated {aﬁs) :0<t < T(S)}f:1
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compatible with x. For each one of these ground motion ags), the structural response y*) is

computed evaluating the expensive numerical model to obtain { y(s)}le, i.e., samples of Y

conditioned on X; = x. Then, Eq. (1.1) can be approximated by:

S
1
FxsYeri) * 5 - g (0) @.1)
s=1

The challenges of the MC approximation are that: (i) it has to be applied to each x at
which the fragility value is required; (ii) it requires the ability to sample that are compatible
with X; = x; (iii) it requires a large number of samples S in order to yield convergent
statistics (especially for low probability events). These challenges, in combination with the
computational cost of non-linear structural simulations, make MC impractical for calculat-

ing the FF in complex cases.

4.2 Learning the FF from limited data

It is possible to learn F(x; ycri) from a finite number of observations. Specifically,
N . . . .
let {af") }n:1 be N independently-drawn sample time series, e.g., randomly picked from
a larger dataset of real or synthetic ground motions. For each n = 1,..., N, the ground
motion characteristic x" is evaluated, the corresponding structural response is computed,
and the response characteristic y is determined.

N
The goal is to use the observed seismic data Dy = { (x(”), y(”)) } | (a.k.a., training
n=

dataset) to learn the PDF of Y conditioned on X| = x, denoted fy(y | x ). This is sufficient

according with Eq. (1.1).

4.2.1 Conventional model of FF

Consider a set of M models M, ..., My, from which it is desired to determine the one
with the best representation of Dy. Each model M € { My, ..., My} defines a possible
functional form for fya(y | x) := fy(y | x, M) in terms of a set of unknown statistical

parameters (e.g., location and shape parameter). For example, the most common model



50

selection in seismic fragility studies uses the lognormal distribution with linear trend and

constant variance [11,41], and the model’s functional form is:

Jum(y | x.ep) =10g N (¥ | piog(xs epn) s Tog(xienr))

! ~ (log(y) = og(x, cM))2 4.2)
ex

- p
yo—log(X;cM)m 20'1%g(x; cpm)

where cp( € RIM is the vector of unknown coefficients to be estimated from the data,
Miog(X;€p) = ¢1 + ¢ x is the mean and 0'120 g(x;c m) = c3 is the variance of the natural

logarithm for parameter Y. For this conventional model, ¢y = (cy, 2, ¢3) and gpq = 3.

4.2.2  Prior knowledge about the model

For the case of undamaged structures subjected to seismic input, it is certain that
E[Y | X; =0] =0and V[ | X; = 0] = 0, where V[- | -] represents the conditional
variance. Similarly, previous studies have shown that the expectation in the response can
be assumed to be

E[Y | Xi = x] = m(x) = x" h;,(x) 4.3)

where y,, is a non-negative exponent and h,,(x) is a positive correction term typically
assumed to be a constant value [11,39,41,58]. Likewise, it is possible to define the standard

deviation as

VVIY | Xi = x] = s(x) = x” hy(x). (4.4)

Moreover, m(x) and s(x) need to be monotonically increasing functions because it is
expected that both the average value and the variance of Y increases when magnitude X}
increases (i.e., dm(x)/dx > 0 < ds(x)/dx).

Additionally, the correction terms /,,(x) (Eq. (4.3)) and hy(x) (Eq. (4.4)), can be ex-
panded using a set of ¢, and ¢, basis functions, respectively. For convenience the subscript

m — s is used to simplify notation of about the different number of basis functions ¢, and
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dm-s

gs- In particular, log(,,—5(x)) can be expanded in a set of g, basis functions {¢;(x)}"",

which is equivalent to

dm-s
hyn—s(x) = exp (Z CMi SDi(x)) : (4.5)

i=1
The selection of the basis functions needs to be performed on a case-by-case basis to
keep their number to a minimum. Alternatively, a generic set of basis function can be used,
e.g., step, radial basis, polynomial, or sine functions. For reasons of numerical stability, a
set of orthogonal polynomials has been selected to represent {cp,-(x)}l.q;"l”. The polynomials
¢i(x) and ¢;(x) are orthogonal if the inner product {¢;, ¢;) = 0 forall i # j, where the inner

product is defined as

(n o)) = /R (X (D) (x)dx 4.6)

and g(x) is a weight function describing the X;-domain. The orthogonal polynomials can
be estimated numerically using the ORTHPOL package [105] via the Python interface
developed by [106].

4.2.3 Models of FFs

For this study, five models, each with a different but well-known PDFs, have been

adopted to explain the methodology, including

—(v_N2
o Miormal) : fyaq (v | x, 1, 0?) = —lexp (Ut

- lOg(y)_ﬂo :
* M (lognormal)  : fya,(y | X, iogs 0'120g) = ;\/ﬂ exp( ( 207 oe) )
o, og

v+l

rh) log(M)—piog | 2|
* M3 (log-studentT): fyp,(y | X, Hiog, oﬁ)g, V) = F(%Tzv%gy (1 + % (%Ogmg) )

* My(gamma)  : fm(y | x, @, B) = f5y e

* Ms (beta) (v X, @, By = x0T (1= 0P g5

where the parameters y, pog € R and o, 0jog, v, @, B € R™* are functions of x and I'(-) is

the gamma function. Defining all of the statistical parameters as a function of x enables
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Sym(y | x) to take multiple forms. For instance, fy((y | x) may adopt the form of the
common model of linear trend and constant variance in Eq. (4.2) or more complex forms.
In order to satisfy the conditions from equations (4.3) and (4.4), it is necessary to define the

model parameters as follows:
e Mi: u=m(x), o =s(x)

N . _ m(x)* 2 _ m(x)*+s(x)?
Mo Hioe = log( m(x)2+s(x)2)’ O-IOg B log( m(x)* )

* Mj : Similar to M; plus v = 2 + x” h,(x) > 2 (to have a finite variance)
© My:a=m(x)*/s(x)?, B = m(x)/s(x)*

c Ms: g = COPU) g o)

s(x)? m(x)

The vector ¢y contains a total of g = 2¢ coeflicients for the case of fy((y | x) defined
by two parameters (models M, My, My, and Ms) or g = 3 g when three parameters are
used (model M3).

4.2.4 Bayesian inference of model parameters

Model M is able to represent the data Dy by calibrating the vector of coefficients ¢
and the exponents ¥ ¢ = (¥m, ¥s» ¥v), Where the exponent y, only applies for model M;.
The vector ¢ corresponds to a gp(-dimensional RV with normal prior probability density

with zero mean and unknown covariance matrix:

CMm |TM NNqM (OqM’ZM) 4.7

where 0,, is a gp(-dimensional zero vector, X is a square diagonal matrix with 5'3\4
as the main diagonal (assuming no a priori correlation between the parameters ¢y4), and
9‘3\4 € R is the variance vector. Then, the magnitude for each element in 93\4 is inferred
from the data. To this end, an exponential hyper-prior is assigned to each component of
Siil
M~ E(:=0.1 4.8
Sp~ E(1s=0.1) (4.8)
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where E(A¢) is an exponential distribution with rate parameter 1. € R* and represents the
prior belief that the expected variance is a priori equal to 10. Additionally, the prior for the

vector of exponents is

rm~E(,=1) 4.9)

and its expected value is a priori equal to 1. The values for the rate parameters A, and 4,
were selected for the case of Y corresponding to the maximum inter-story drift response,
in which Y < 1. But the rate parameters can be adjusted according with the magnitude of
the response Y. The vector y 5, does not require a hyper-prior because its components can
take any value due to the infinity support of the exponential distribution.

The objective is to find the parameter @5 = (¥ p1, a1, Sp¢) With prior probability

density

POAM) =P (YsertsTm) =P (epm | TM) P (TM) PV pM)- (4.10)

Since the ground motion observations are independent, the likelihood of the data under

model M is:

N
POy 1650 = [ |y (¥ 5, 00). (“.11)
n=1
Using Bayes rule, the posterior probability density of the model parameters is:

P(Dn|0p) p(Op)

p(Om | Dy) = (4.12)
N p(Dy)
where the denominator is a normalization constant (a.k.a., the evidence)
Zyi= [ POy 160 p(810) dn @.13)
M

The posterior of the model parameters is not analytically available and it needs to be
obtained via sampling. The most common sampling algorithm is the Markov-Chain Monte
Carlo MCMC) [107,108]. Unfortunately, MCMC is not sufficient for producing a robust
estimate of Z, (which is essential for implementing the Bayesian model selection technique)

because all known estimators have an infinite variance [109]. SMC remedies this challenge
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[110-113]. SMC is an algorithm that allows the gradual transformation of a particle
approximation (weighted samples) from the prior to a particle approximation of the posterior.

This is achieved by following a one-parameter family of distributions of increasing
complexity that continuously links the prior to the posterior. The resulting particle approx-

S
imation of the posterior { (wxf, 053) } is interpreted as

s=1

S
P(Or) = Y w8 (00— 6%) (4.14)
s=1
where wﬁa are normalized weights of the parameter samples 053, o0 is the Dirac delta

function and S is the number of particles or samples. Eq. (4.14) is to be interpreted in the

sense that for any sufficiently smooth function g of 6 4,

N
I o5
—_

wing (651) = ELe@r0 | Dy] (4.15)

almost surely as § — +oo [114]. In addition, SMC can produce an estimate of Zy,. [115]

presents a detailed explanation of the SMC algorithm along with the estimator of Zy,.

4.2.5 Predicting fragility under a given model

In this section, it is shown how the particle approximation of the posterior can be
exploited to predict the FF with quantified epistemic uncertainty intervals. The FF under

model M is fully specified if 8 5 is known:

+00

F Miep (X5 Yerit) = Sum (¥ | x,0p)dy. (4.16)

Yerit
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Using Eq. (4.16) and the particle approximation of the posterior, it is possible to obtain
s

a particle approximation of the FF { ( <) ,F (S)| (s (X5 ycnt)) } , to be interpreted as

s=1

Fpioy (x5 Yerit) = p (F(x3 Yerit) | Dn, M)) = Z W(é)é (F(x Yerit) = F )IG’(A) (%, Yerit) | -
s=1

4.17)
The best prediction of the FF under model M conditioned on the data Dy is its expected
value:
S
N
Fmipy (X, Yerit) = E [FMleM (x, ycrit)] ~ Z Wﬁa i\s/:w(s) (X, Yerit) = FE\/I)IZ) (x5 Yerit)-

s=1

(4.18)

4.3 Bayesian model selection

The objective of the Bayesian model selection approach [116] is to find the model M
with the best representation of Dy. This can be understood as the model with the largest
probability to replicate the data Dy. It is possible to assign a prior p(M) to each model.
Assuming there is no preference towards any of the M models results in a non-informative
prior p(M) = 1/M YM € {M,,..., My }. Using Bayes rule, the posterior distribution

of the model is:

p(DOy [ M)pM) _ p(Dy | M) p(M)

p(M|Dy) = = : (4.19)
p(Dy) Z,A,f:]p(DN | M) p(M,y)
For the case when a non-informative prior is selected, Eq. (4.19) simplifies into
Dy M V4
pM | Dy)= —PEOVTM) 2 (4.20)

SM o p(Dn I M) SN Zyiw

Consequently, the best model is the one with the largest evidence Zy( when there is no

preference towards a subset of models.
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4.3.1 Model Validation

Bayesian model selection is a useful technique, especially when there are constraints
on the size of Dy. However, models should be validated empirically. For this reason,
an additional set of K observations is isolated from the design stage. The unobserved

_ K
data Dg = { (x(k), y(k)) }k | (a.k.a., testing dataset) is exclusively used for the subsequent

validation of the Bayesian model selection results.

Predictive interval validation

The selected model can be validated evaluating the testing dataset with some predictive
intervals. The p-percentile of response Y | X| = x is defined such that

P|Y(x) < J//ng’g%(x)‘m, DN] =p (4.21)

where Y /&Tg}g%(x) is the corresponding p-percentile which can be estimated empirically
from a set of samples derived from the model. Similarly, the percentile can be obtained
analytically using fya((y | x). The 95% predictive interval for the response V' | X; = x
: 2.5% 97.5% e P : .

is defined as |Y MDDy (x), Y MiDy (x)|. Additionally, it is possible to determine the actual
percentage of observations enclosed in this interval by counting the number of observations

enclosed by the interval

(4.22)

M|D

K
1
_ - _ (k)
PDx. Moy = K ;Zf 1[yZAS%N(x(k)),y%"sgﬂlv(x(k))] (y )

A good choice of model corresponds to have a small error between the actual and
the desired number of observations inside the predictive interval, which is equivalent to

minimizing |0 3. (o, 95%|.
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Statistical agreement validation

Numerical validation requires determining if model M statistically agrees with the
testing dataset. This can be achieved by performing a K-S test [104]. The K-S test consists
of comparing the samples from the testing dataset with the probability distribution defined
by fym(y | x). This comparison is quantified in terms of the error between two CDFs,
the theoretical CDF of the reference probability distribution using fya(y | x) and the
empirical distribution function using Dg. In order to perform the K-S test, it is necessary
to transform all the observations into a common space for each particle of the posterior
distribution 05‘3. Let’s define the Y-transformation of observation (x(k), y(k)) as the CDF of

Y evaluated at particle 053
T, 0,000 = B (¥ <y 110,65 ) (4.23)

It is expected that the variable Y follows a standard uniform distribution U([0, 1]). Conse-
quently, the K-S test is performed between the empirical CDF for Y, Fy(v) and the CDF for
U([0, 1]). The results from the K-S test can be illustrated through a quantile-quantile (Q-Q)
plot [117].

Effectively, if the Bayesian model selection technique works properly, the selected model
should be the one with the smallest difference between both CDFs, Fy and Fy(v) = v. This
difference can be quantified in terms of either the peak error between the functions (a.k.a.,

K-S distance), or an overall or accumulated error between both CDFs, e.g., L norm.

Validation metrics

The most probable model, the one with largest Zj(, can be validated through the

following metrics:

* 91 : The magnitude of the error in the percentage of observations enclosed by the

95% predictive interval, PDx MOy ~ 95%.
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e % :The K-S distance, max 0SUS1|FT(U | Dk, Or ) — v| (i.e., maximum error in the

Q-Q plot).

. _ 2
* J3 : The Euclidean distance in the Q-Q plot, \/ > (FT (v | Dk, 0 M) - v) for
v el0,1].

Finally, the objective is to determine if the selected model simultaneously minimizes 1,

J>, and J5.

4.3.2 Epistemic uncertainty of FF

The Bayesian approach enables the quantification of all sorts of epistemic statistics for
the FF induced by the limited size of Dy. To this end, think of F(x; ycrit) as a purely
epistemic (lack of knowledge) RV and let p ( F(x; ycrit) | Dy, M) be the state of knowledge

about it under model M and after seeing the data Dy . Itis possible to estimate the epistemic
N

uncertainty for F(x; ycrit) using its particle approximation { (wg‘a, F i\sjl 4 (x, ycm)) }
M

Let A(/‘t” 4 (Verit) : © — R be a single-valued characteristic of the FF evaluated at ycrj¢
M

s=1

and associated with particle s. For instance, A 59 ,, can be the fragility at a given value of
interest Xi = xcri¢ (€., F a9 M(xcrit; Yerit))- Alternatively, this study adopts for this chapter

A Mg ,, to be the area below the FF on its entire domain

xmax
(s) ) — (s) )
AM| 0(/2 (Verit) = / FM| 0(/3 (x, Yerit) dx (4.24)

Xmin

where x,,;, and X4, are the minimum and maximum Xj value in Dy, respectively. The
reason for this particular selection is that there is interest in quantifying the variation of the

entire FF and not on a single data point. The epistemic uncertainty A p, represents the
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variation between the fragility samples. Thus, A p, can be quantified using the variance

for the characteristic A (¢ ,,

A pmioy Gerit) = V [ A gy erit) | D |

2 2
=E [AM|9M (Yerit) | @N] —E [ Amia, erit) | Dy | 425)
s

s 2
N (5) 42:(5) () 4 )
~ Z W Mw(s)()’crlt) - (Z WA M6 ()’crlt))

s=1 s=1

Finally, the epistemic uncertainty A »(p, can be computed for datasets with different
size and content (i.e., different ground motions) to determine the uncertainty induced by

Dy.

4.4 Numerical Results

This section presents an illustrative application of the methodology section using data
derived from case study and the ground motion database. This section starts by presenting
the results for the five statistical models, Bayesian model selection, and the corresponding
validation through a set of relevant metrics. Finally, the quantification of the epistemic
uncertainty in FFs section shows some examples of FFs for the case study and the corre-
sponding quantification of the epistemic uncertainty with respect to the size and content of

the training data.

4.4.1 Selecting the best model

Gehl et al. [22] found that the regression method with the lowest convergence rate
requires at least 300 observations, a total of N = 500 observations uniformly distributed in
the Xj-domain are selected for the analysis to avoid significant variation among the FFs.
Fig. 4.1 shows all the available observations. The 500 light dots represents the training

dataset, Dy, while the remaining K = 35, 500 black dots constitutes the testing dataset EK.
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. Testing Dy o Training Dy

0 ' 100
X1 : PGV (cm/s)

Fig. 4.1. Data set of 36,000 observations

The statistical models are defined by the functional forms described previously in the
methodology section and their parameters vary according to the coefficients ¢, exponents
¥ m» and basis functions {¢;(x) l.qz’”l’s. Considering the small variation and the level of
smoothness observed in Fig. 4.1, a total of ¢,, = 4 and g; = 3 polynomial functions were
determined more than appropriate for the analysis. These polynomials are computed using
the Python interface ORTHPOL [105] developed by [106]. The selected weight function
g(x) for this analysis corresponds to the PDF of a normal RV with zero mean and standard

deviation of 78.3 cm/s, which corresponds to half of the X;-domain, (0, 156.7] (cm/s). The

basis functions implemented in the analysis are shown in Fig. 4.2.

200 | = @alx) oo ®2(x)

Y: Drift (%)

0 100
X1 : PGV (cm/s)

Fig. 4.2. Considered basis functions
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Before performing Bayesian model selection, it is necessary to determine the minimum
number of basis function that each model requires. Starting with the basis function ¢;(x) =
1, polynomial functions of increasing order are added. Then, the coefficients ¢y and
exponents y 5 can be estimated after performing an SMC analysis with 750 particles. SMC
analysis is performed using the PYSMC package developed by [112]. The performance of
the models is initially evaluated in terms of the logarithmic value of the evidence, log(Z ).
Given that one of the outcomes from the SMC analysis is the approximation of the evidence,
this analysis is repeated twenty times.

Table 4.1 depicts the results of this initial analysis in terms of the sample mean (and
COV) for log(Zx,) after repeating the analysis 20 times. The bold values represent the
cases with the maximum evidence or the best representation of Dy. Since models of
increasing complexity are nested, the evidence value exhibits asymptotic behavior after
a specific number of basis functions is included [118]. Similarly, Table 4.1 depicts the
increasing variation in the evidence when more basis functions are used in the analysis.
Therefore, it is determined that on average a constant correction term (i.e., only using the
function ¢(x) = 1, g,y = g5 = 1) yields to the best results for all the models but Ms which
requires and additional basis function to describe the standard deviation (g,, = 0 while
qs = 3). Additionally, it is necessary to validate that having § = 750 particles generate
accurate results. The Coefficient of Variation (COV) is a good estimate of the uncertainty
in a measure since it represents the ratio of the standard variation and the mean value. The
COV values presented in Table 4.1 show that the maximum COV for the best case of each
probability distribution is 1.79 % corresponding to model M,. Nonetheless, SMC analysis
is performed with different numbers of particles for the best model, the one with the largest
evidence value, Mj;. The results are included in Fig. 4.3, where a variation of +11 units
(0.6%) around the mean of log(Z ) found for model M, with a g, = g5 = 1 basis function
and S = 750 particles. Besides this level of variation, it is clear that M, is the best model
for having the largest evidence. As a result, the Bayesian model selection technique shows

that M, is almost surely the best model to describe the data Dy. Additionally, M5 shows
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the second best correlation with Dy. There is less than 1% of probability that any of the

other models to have a better fit using this specific training dataset.

Table 4.1. Average (COV) log-value for the evidence, log(Zu,), for different number of

basis functions

Likelihood

Q
>

Number of basis functions: g,

1 2 3 4
1 | 1826.8 (0.34%) | 1826.0(0.34%) | 1816.9 (0.58%) | 1814.2 (0.81%)
M ;: Normal 2 | 1825.4(0.41%) | 1820.4 (0.51%) | 1815.0 (0.64%) | 1809.6 (0.67%)
3 | 1824.4(0.37%) | 1805.3 (1.52%) | 1809.8 (0.45%) | 1803.8 (0.89%)
1 | 1866.8 (0.14%) | 1861.4 (0.26%) | 1845.0 (0.68%) | 1824.0 (1.22%)
My: Lognormal | 2 | 1859.7 (0.40%) | 1848.7 (0.46%) | 1835.2 (1.20%) | 1810.1 (1.73%)
3 | 2836.8(1.18%) | 1801.2 (1.36%) | 1803.0 (1.92%) | 1764.3 (2.83%)
1 | 1847.0 (0.54%) | 1824.8 (0.86%) | 1811.6 (1.31%) | 1803.7 (1.52%)
Ms: Log St. T | 2 | 1840.1 (0.87%) | 1827.1 (1.15%) | 1805.7 (1.11%) | 1787.7 (1.06%)
3 | 1827.6 (0.86%) | 1813.0 (0.90%) | 1811.0 (0.98%) | 1770.1 (1.67%)
1 | 1834.0 (1.79%) | 1737.4 (7.45%) | 1711.9 (5.97%) | 1662.7 (7.65%)
My Gamma 2 | 1756.4(9.90%) | 1711.7 (11.81%) | 1532.2 (19.29%) | 1251.7 (10.53%)
3 | 1455.4 (33.66%) | 1060.8 (39.04%) | 998.7 (12.88%) | 948.7 (13.01%)
1 | 1831.1(2.09%) | 1820.7 (2.75%) | 1809.8 (2.41%) | 1764.4 (3.63%)
Ms: Beta 2 | 1794.5 (4.29%) | 1841.9 (1.34%) | 1840.8 (1.04%) | 1837.0 (0.99%)
3 | 1852.6 (0.70%) | 18459 (1.13%) | 1837.6 (1.08%) | 1826.3 (1.44%)

1850

l0g(Zx12)

1800

1750

-

—— Predicted Mean M3 (qm =0s=1)
95% Predicted Interval

10

S: Number of particles

Fig. 4.3. Variation of 10g(Zp;) (for gm = qs = 1) due to number of particles

The methodology is illustrated using the five proposed models with one basis function

(except M that requires g; = 3) and 750 particles in the PYSMC package [112]. Fig. 4.4

depicts the results of this analysis. The left column of plots shows the entire dataset and

the numerical predictions for the X;-Y response of each model. The line represents the
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Table 4.2. Comparison metrics of the models

Likelihood Evidence log(Z) | g1 [%0] D N

M : Normal 1829.6 2.0 0.069@PGV=20.4 cm/s | 0.102
Mj: Lognormal 1867.2 1.0 0.054@PGV=48.6cm/s | 0.171
Ms: Log-T 1834.8 2.4 0.073@PGV=98.7cm/s | 0.322
My: Gamma 1827.4 2.2 0.050@PGV=28.2cm/s | 0.142
Ms: Beta 1865.6 2.2 0.051@PGV=26.6cm/s | 0.112

expected value and the area is the 95% predictive interval. The predictive interval is
numerically determined by finding the bounds that encloses 95% for a dataset of random
samples generated for each model. A total of 45 millions random samples are generated
to estimate the predictive intervals (200 values of X; X 300 samples of Y per value of
X1 x 750 particles 05\2) on each model. The middle column of the plots in Fig. 4.4
shows the corresponding FF for each model. Similar to the X;-Y response prediction,
the line represents the expected FF and the area is the 95% predictive interval. Lastly,
the right column of plots depicts the Q-Q plots from the K-S test. The black solid line
is the theoretical CDF for the standard uniform distribution, Fy;(v), and the dashed line is
the estimated CDF for the transformed parameter Y, Fy (v | Dk, Opm ) This estimator is
obtained after transforming the 35,500 observations from the testing dataset 51( for all the
750 particles of the posterior and using Eq. (4.23). In general (for Fig. 4.4) it is desired to
have the 95% predictive interval enclosing as many observations as possible (left column),
have a small predictive interval for the FFs (middle column), and have Fy (v | Dk, O )
(dashed line on the right column) as close as possible to Fy(v) (black solid line).
Additionally, Table 4.2 summarizes the numerical results corresponding to the vali-
dation metrics 1, », and 3, as well as log(Zy). The results of all analyzed models
(mean and standard deviation values for a population of twenty iterations in each model),
for different probability distributions and number of basis function, can be found in Table
E.1 in the Appendix (see page 121). Recall that a larger evidence represents a model with
a better fit to Dy. Similarly, J; — 0 means that the percentage of observation inside the

predictive interval (Fig. 4.4-left) is close to the desired 95%; it is preferred > — 0 because
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Fig. 4.4. Numerical results for models (a) My, (b) Mo, (c) M3,
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Fig. 4.5. Comparison metrics of models (a) Bayesian model selection, (b) Predictive
interval, (c) K-S distance, and (d) Q-Q error

itrepresents a smaller K-S distance (i.e., maximum error in the Q-Q plot on the right column
of Fig. 4.4); and it is desired that 3 — 0 since it is the Euclidean norm between Fy(v) and
Fy (v | Dk, O p ) (proportional to the area between both CDFs). Similarly, these results
are illustrated in Fig. 4.5 using bar plots. The top left (a) plot presents the results of the
Bayesian model selection technique, the top right (b) plot shows the comparison metrics /7,
the bottom left (c) presents the ratio of the K-S distance to respect to the maximum distance,
and the bottom right (d) shows the ratio of the Q-Q error with respect to the maximum error.
Just to point out, the gray arrow in each plot of Fig. 4.5 points to the desired magnitude for
each metric. For instance, the gray arrow pointing up in plot (a) means that a larger value
is desired because it represents a larger probability of being the most accurate model. Note
that the evidence is determined with respect to training data Dy, while the J metrics are

defined with respect to the testing data Dg. Additionally, Fig. 4.7 presents the comparison
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of the prior and posterior distributions for the exponents 7y ,, the hyper-parameter for the

variance gfw and the coefficients ¢ for model Mo.

100

—— M : Normal
My : Lognormal
— 75| — M3: Log—T
= ——  My: Gamma
- —— Ms: Beta
X
50
~
Q) 75 80
& 5 48
43
00 50 100 150

X1 :PGV(cm/s)

Fig. 4.6. Expected FFs for life safety limit state
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P(Yr0) pP(G3) p(Car)
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Fig. 4.7. Prior/posterior comparison (a) Exponent y »,, (b) Variance 5‘3\4’ and (c) Coeffi-
cients Cpq

The results presented in Table 4.2 and Fig. 4.5 show the superiority of model M,
(lognormal). This model selection agrees with the assumptions from previous studies of
lognormal dispersion and the capability of the constant term (g, = g; = 1) to describe the
seismic data [8,11,19,41,55]. It is important to mention that the Bayesian model selection

determines that M, is undoubtedly superior to the rest of the models by only analyzing the
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training dataset. The evidence of each model provides valuable information which can be
used to determine the best model. For this illustrative application, it is possible to validate
the Bayesian model selection because there is a sufficiently large dataset D available to
perform a K-S test. However, this is not the case for most real-life applications. Instead
reduced-size datasets are available. As a result, Bayesian model selection is a powerful
technique that takes advantage of the information that every single data point provides.
Fig. 4.4 provides valuable information about this case study. It is possible to perceive
small differences between the X-Y responses of the different models (left). There are some
differences between the median line and 95% predictive interval among models, which may
cause one to think that the functional form fy(y | x) does not play a significant role.
However, it is critical to recognize that these small differences in the X;-Y response do
generate differences in the resulting FFs (middle column). Fig. 4.6 presents the mean of the
FFs for each model and a closed-up plot to show the differences. For instance, the expected
FF at ground motion intensity level PGV=83 cm/s (i.e., P[Y > 2.5% | X =0.17g]) is
approximately 57% for M; (normal), 50% for M, (lognormal), 51% for M3 (log-T), 52%
for M, (gamma), and 52% for Ms (beta). This corresponds to a difference of up to 14%
in the expected values, which may be even larger when considering the uncertainty of the
predictive interval or a smaller number of observations. These differences between FFs may
impact the decision-making process. For example, a stakeholder may decide to allocate too
few resources to retrofit a structure based on an erroneously low fragility value compared to
the true value. Such a situation motivates validating the analysis and suggests performing
an additional analysis such as the K-S test, which confirms that the statistics of the model

are really representative of the entire dataset.

4.4.2 Quantification of the epistemic uncertainty in the FFs

Given the clear superiority of model M,, the uncertainty quantification of the FF is
performed exclusively for this model. The SMC analysis gives a particle approximation

for the FFs from which it is possible to estimate their 95% predictive intervals as an
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uncertainty measure. SMC analyses are performed using training datasets Dy of different
sizes, N € {10,40, 500}, in order to identify differences in the resulting FFs (see Fig. 4.8).
Additionally, it is possible to characterize the convergence of these FFs (light lines) to the
best estimate of FF (black line), which is the result of training the model with N = 10, 000
uniformly distributed observations. Fig. 4.8 demonstrates the variation in the FFs due to
the size and the content of Dy, which emphasizes the importance of quantifying their
uncertainty. From the figure, it is possible to determine that using N = 10 observations
(see plot a) results in a predictive interval with big uncertainty and an expected FF that
differs from the best estimate of the function. As a result, it can be concluded that using
this set of N = 15 observations is not sufficient to generate an accurate model. However,
an expected FF similar to the best estimated function is observed for datasets with at least

40 observations (plot b and c¢).

100 100 100
—_ (a) (b) (c)
x
)
1
N
AN
>§
T
0 0 0
0 100 0 100 0 100
X1: PGV (cm/s) X71: PGV (cm/s) X1: PGV (cm/s)
—— Predicted Mean —— True Function 95% Pred. Interval

Fig. 4.8. Comparison of FFs for: (a) 10, (b) 40, and (c) 500 observations

Here, the epistemic uncertainty A p(p, in a particle approximation of FFs is quantified
as the variance of the area below these functions. Consequently, each particular training
dataset Dy is associated with a specific value of A (p, . Therefore, the epistemic uncer-
tainty is quantified only as a function of the size of Dy. For this reason, the SMC analysis
is repeated varying the size and the content of the training dataset. Different datasets with

10 to 500 observations are evaluated to characterize the variation in A ,p,, due to the size
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N. Similarly, the variation due to content is obtained by analyzing 100 different randomly
selected datasets (i.e., using different ground motions) per each dataset of size N. Fig. 4.9
depicts the reduction in A 5qp, as N increases. The line shows the mean function for
A pmipy and the area represents the 95% predictive interval. There is approximately a 85%
reduction in the expected A p(p, When the number of observations is increased from 10
to 40 (from 67.41 to 10.24). This outcome also reinforces the prior research of [22] where
it is stated that approximately 40 observations are associated with a maximum error of 5%
in the K-S distance. However, more than 60 observations are required to achieve similar
performance (A p(p,, = 10.96 for the 97.5% percentile) when the variation is also consid-
ered (i.e., upper bound of predictive interval). Although these numerical results are only
directly applicable to this case study, similar trends are expected for nonlinear multi-story

building models [30].

—— Predicted Mean
95% Predicted Interval

100

Bai |y (2.5%)

10 107
N: Number of Observations

Fig. 4.9. Reduction of epistemic uncertainty as function of N

4.5 Conclusions

This chapter presents and validates a model selection methodology intended to enhance
the computation of more accurate FFs. There are several proposed probability distributions
in the literature to describe the dispersion on seismic data. However this does not mean

that just any model is suitable to represent the available data. An appropriate model is
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one that can represent the training dataset. Otherwise, making decisions based on its FF
results is meaningless and it may even be counterproductive. The methodology established
in this chapter addresses this issue. The key contribution of the developed methodology
is to identify the probabilistic model with the best representation of the training dataset.
Although there is no guarantee that the selected model has a perfect fit for the problem,
the methodology developed here is able to identify the model that yields the most accurate
results from a range of possibilities. Additionally, the methodology developed here is
able to quantify the level of epistemic uncertainty that the scarceness in the numerical
model inflicts on the resulting FF. The feasibility of the methodology is demonstrated using
seismic response data derived from a well-known numerical model, thousands of synthetic
ground motions, and a set of probabilistic models that have been previously promoted to
describe seismic data. Ultimately, the methodology provides the means to identify the most

representative model independently of the type of data.
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5. GROUND MOTION SELECTION TECHNIQUE

This chapter presents the methodology developed for sequentially selecting the ground
motions. The objective of developing this method is to expedite the computation of accurate
FFs by carefully selecting the ground motion with the largest potential to achieving the most
reduction in epistemic uncertainty.

The methodology developed in this chapter is in review at this time [119]. The central
hypothesis is that simulations should be selected sequentially by considering their effect on
reducing epistemic uncertainty. To quantify the epistemic uncertainty in the first place, the
Bayesian approach in conjunction with the SMC approach presented in the previous chapter
and in [30] is employed. The effect of specific values of IM for the additional observation,
are anticipated with respect to changes in the already inferred model parameters and the
reduction in epistemic uncertainty.

This chapter begins by discussing the effect of an additional observation on the posterior
distribution and its corresponding particle approximation. Using the updated particle
approximation of the posterior distribution it is possible to infer the epistemic uncertainty
of the new dataset. Then, two selection strategies are presented, one in terms of a single IM
characterization and the other with respect to two different IM for each ground motion. The
former requires the computation of fragility curves while the latter is performed in terms
of fragility surfaces which are projected onto a two-dimensional space for comparison
purposes. The methodology section concludes by presenting the algorithm for sequential
selection of ground motions, which is applicable to both strategies. Finally, an application
of the methodology is presented to illustrate the efficiency of the sequential selection of
ground motions strategies with respect to conventional sampling techniques (e.g., random

selection of ground motions, uniform selection of IM).
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5.1 Effect of a hypothetical observation on the reduction in epistemic uncertainty

Consider the expected effect of a hypothetical observation at X on reducing epistemic
uncertainty. Let § correspond to the structural response at this ¥. The most straightforward
way to quantify the effect of a hypothetical observation (X, ¥) is to include it with the rest
of the data and perform a new SMC analysis. However, this scheme would be prohibitively
expensive since the analysis would have to be performed for various x’s and many possible
y’s. In the Appendix (see page 115), it is shown that an updated particle approximation
{ (wfls) (%, ¥), 053) }f_l of the hypothetical posterior p(0 p(| Dy, X, ¥) is:

pP(F1X%0pm)p(Op | Dn)
p(yl%)

S
POy | Dy, & 5) = < Y (& 9 8 (Om-6%) 6D
s=1

where wgf) (%, ¥) represents the updated normalized weight for particle 0(5), after the addi-

tional observation (X, ¥) is included in the analysis:

p(v1%6)

we (5, 3) = wt) — —— .
ZZ:I W(Z)p(y | x’aM)

(5.2)

This updated approximation enables the calculation of the epistemic uncertainty after adding
a hypothetical observation (%, ¥), denoted as A (%, ¥, Dy), using Eq. (4.25) and replacing
(s)

wl) — Wy .

Finally, the ground motion database provides values of Xj but there is no knowledge
of their associated values of Y. For this reason, the estimate of the epistemic uncertainty
A (X, Dy) is used to select of the IM value associated with the next observation. The

expected value for this epistemic uncertainty is expressed as

E[A (. @N)]=/A<x, Dy | y=y)p<y|x,DN)dy=/A<x, 5 Dy) p(5 | 5. Dy) d5.
(5.3)
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5.2 Sequential selection based on single-dimension IM

The first selection strategy consists of identifying a reduced interval, within the entire X -
domain [Xin, Xmax], that provides the largest expected reduction in epistemic uncertainty.

This optimal interval is referred as the i*-th interval and is the one such that:
i* = arg max E[A(Dy)—Ai (Dy, X1) | Dy, Xi] for Xi € [x;, xix1] (5.4)

where A; (Dy, X) represents the value of the epistemic uncertainty in the i-th interval
[x, xi+1], the bound x; := Xpin + (Xmax — Xmin) (@ — 1)/n1, ny is the number of adjacent and
non-overlapping intervals of equal size, and x,,;, and x,,,, correspond to the lower and

upper bound for the X-domain, respectively.

5.3 Sequential selection based on two-dimensional IM

This sequential selection strategy is an extension of the aforementioned strategy (single-
dimension IM) by including the additional information provided by a second IM, X>. As a
result, the analysis involves a fragility surface instead of a fragility curve. The second IM,

X>, is chosen to be one of the remaining elements of X. The fragility surface is defined as

“+00

F(x1; x25 yerit) = PLY 2 yerie | X1 = x1, & = 0] = / Jy (v [ X1 = x1,X = x2)dy.
Yerit
cri (5.5)
The FF (one dimensional) obtained from this fragility surface results from a marginalization

process along X»:

+00
F(x15 Yerit) = / 1 Xi=x,X=x) p(x2| X1 =x1)dxydy (5.6)

Yerit

where the conditional probability p (x; | X; = x;) captures the relationship between the two
IMs. This probability can be easily and rapidly inferred from the entire ground motion
database since no structural response is required (i.e., there is no need to evaluate expensive

computational models). Itisimportant to point out that a particle approximation of a fragility
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surfaces can readily be mapped to a particle approximation of the FF using Eq. (5.6). Thus,
it is possible to compute the epistemic uncertainty and its expected reduction using the
procedure defined already in Chapter 4.

The incorporation of the additional dimension X, requires defining a new model and its
corresponding assumptions. In this work, the expected value of Y takes the form:

E[Y | X = x1, X2 = x2] = ma(x1, x2) = X" X} By (x1, X2) (5.7)

where vy,,1 and y,,» are non-negative exponents for X; and X», respectively, while ,,, is the

correction term to be expanded in terms of g* basis functions {go,-(xl, XZ)}?;1 as follows

7
hm, (X1, X2) = exp (Z Cmy, i Pi(X1, xz)) ) (5.8)

i=1

Similarly, the standard deviation is

VV Y | X1 = x1, Xz = x2] = s2(x1, %2) = exp(cs,) X X7 (5.9)

with the corresponding non-negative exponents ys1, ¥s2 and coefficient ¢, € R. As in
the previous model, the basis functions for this model are polynomial functions in two
dimensions, although any other type of basis functions may be used.

The application of the Bayesian framework is similar to the single-dimension case,

N
and the parameters can be inferred from the training dataset Dy = { (xgn), xé"), y(”)) }

n=1
However, a larger number of parameters (i.e., exponents and coefficients) must be inferred
from the data. The additional parameters to be inferred due the presence of X; are y,,2, 52,
as well as some additional basis functions that are required to define the polynomials of a
particular degree.

The (X}, X>) sequential selection strategy consists of dividing the (Xj, X3) space into a
finite number, denoted by n;, of blocks or intervals {In};’i - Then the optimal interval /;-

is determined as the one in which the expectation of the reduction of epistemic uncertainty

is maximized. Assuming that the most informative ground motion is the one defined
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by the observation (X}, X, ¥), the inclusions of this observation into Dy results in an
improved posterior distribution (Eq. (5.1)). This improvement yields the fragility function
with the minimum expected value of epistemic uncertainty, which can be computed using
Eq. (4.25) for the updated particle approximation (Eq. (5.2)). The challenge is that there is
no knowledge about the optimal location (X, X, ) so an exploratory analysis is required
to investigate each interval and handpick I;+. To accomplish this, it is necessary to draw
random observations (xy, x3), enclosed in each box I,, and determine their corresponding
effects on reducing the epistemic uncertainty (see Eq. (5.3)). Notice that the intrinsic
randomness in the Y dimension is accounted for in the analysis by determining the average
from a population of observations sampled from the posterior distribution (Eq. (4.12)) for
(s)
1

each sample (x xgs)). Finally, the expected epistemic uncertainty reduction in the interval

I, is approximated by the average sample of the set of (xj, x») observations.

5.4 Process to implement the sequential selection strategy

Given that the idea adopted for both selection strategies is very similar (the only differ-
ence is the number of dimensions to be analyzed), it is helpful to now explain the general
methodology for determining the (N + 1)-th observation. To discuss the methodology, the

following notation is used:

* [; is the corresponding interval to be analyzed and represents a subset of the entire

domain.

* X is an array of the coordinates to be analyzed, e.g., X = X] (one dimension),

X = {X}, X2} (two dimensions).

o X®) is the k-th sample (when performing inference) or observation (for the training

dataset) for the chosen IM.
* Dy is the training dataset containing N observations of X, i.e., Dy = {X (”)}fl\’: 1

In the sequential selection strategy, the process to select the (N + 1)-th observation is as

follows:
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1. Divide the X-domain into n, adjacent and disjoint subsets of approximately equal

size.
2. Foreachi =1,...,n, interval:

(a) Using a uniform distribution U (/;), sample K values from the array of coordi-
nates, {X(k)}szl.
(b) For every X%

i. Sample R structural response values {Y (’)}f: , using the posterior distri-
bution p (8 | Dy). Specifically, the samples are obtained using the point-
predictive distributions fy (y | X0, Dy, 0(““)) for all §-particles.

ii. For each and every Y

« Compute the updated particle approximation w,(X®), Y) using Equa-
tion (5.2).
* Compute the expected value of epistemic uncertainty A (X ®), y ) )
using Eq. (4.25), replacing w'® with w'").
iii. Evaluate the average value of the epistemic uncertainty at XX,

E [A (Z)N, X(k>)] =(1/R) XX, A (X(k), y(,))

(c) Determine the mean value of the epistemic uncertainty for the i-th interval:

B[AI (D, X)) = (1/K) T, E [ (Dy, X))
3. Determine the index i* for the optimal interval using Eq. (5.4).

4. From the ground motion database, randomly select a sample with an IM X € I;- to

be the (N + 1)-th observation.

5. END of the sequential selection algorithm.
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5.5 Numerical Results

This section presents an implementation of the methodology used for the case study.
First, a new parameter to quantify the uncertainty in the FFs and the considered selection
strategies is presented. Second, the basis for the selection of the statistical model to describe
the relationship between X and X; is discussed. Then, the results of the fragility analysis

for several different selection algorithms are presented.

5.5.1 Sequential selection strategies

To evaluate the performance of the different selection strategies, an initial training dataset
with N = 10 observations is used, and is sequentially complemented with 90 additional
observations. This process is repeated at least a hundred times to evaluate the success of
the selection strategy independently of random initialization of the training dataset. Four

different strategies are compared, including:
1. Random: ground motions are selected in an aleatory fashion regardless of the IM Xj.

2. Uniform: ground motions are selected to generate a uniform distribution in the IM

coordinate X].

3. Xj-based: sequential selection strategy to choose ground motions in terms of the

Xj-coordinate.

4. (X1, Xy)-based: sequential selection strategy to choose ground motions using both

(X1, Xp)-coordinates.

The uniform selection alternative is considered because it tends to be the preferred option
among researchers, but implementation of the other strategies are expected to accelerate
the process. Although the common practice for selecting ground motions is to use random
samples, this strategy has quite a low convergence rate when using a realistic ground motion

database because the records are typically clustered at the low-intensity, and thus low-
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damage, region. As a result, any prediction at medium or high IM values may be associated
with large values of uncertainty due to the scarceness of data at these IM magnitudes.

For the implementation of the Xj-based and (Xj, X,)-based selection strategies, the
following change in the parameter to quantify the uncertainty in the FFs was found to yield

better convergence rate:

ABM (Verit) = F (Xerits Yerit) (5.10)

where, the specific IM value x; is chosen as the location yielding the largest amount of

uncertainty

Xerit = arg max vV [F (X; ycrit)] . (5.11)
X

It is important to clarify that the location of x.j; depends on multiple factors such as the
training dataset, the number of particles, random initialization, among other, and for this
reason varies at each iteration of the sequential selection process. This behavior is exactly

what is to be exploited with this approach.

5.5.2 Statistical model for secondary IM

. Testing Dg o Training Dy

400

Sy (cm/s)

200

Xy

0 50 100 150
Xy: PGV (cm/s)

Fig. 5.1. Data set of X, vs. X, observations

To project the fragility surfaces computed in the (X, X>)-based strategy onto the X| — Y
plane, it is necessary to determine the appropriate functional form for p (X, | X| = x1).

Applying the methodology proposed in [30] and described in detail in Chapter 4, it is
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possible to determine this functional form. The only difference is that the output parameter
Y is replaced by X,/100 in the analysis (the factor 1/100 is introduced to keep a similar
scale and to use the same basis functions presented in Fig. 4.2), while the number of particles
remains the same (S = 750). A total of 1,000 ground motions uniformly distributed along
X are used as the training dataset while the remaining 35,000 motions as the testing dataset
(see Fig. 5.1). Table 5.1 presents a summary of the model selection results for the number
of basis functions ¢, and ¢, that yields to the best representation of the training dataset per
likelihood function. This table includes the same comparison metrics described in Chapter
4, Ji, Jo, T3, and log(Z ). The complete table for all the considered numbers of basis
functions is included in the Appendix (see page 123). Fig. 5.2 depicts the results of this
analysis for the selected models included in Table 5.1. The left column of plots shows the
entire dataset and the numerical predictions for the X;-X, response of each model. The
line represents the expected value and the area the 95% predictive interval. The predictive
intervals are determined numerically from 15 million random samples generated for each
model (200 values of X x 100 samples of X, per value of X x 750 particles). The right
column of plots corresponds to the Q-Q plots from the K-S test. The black solid line is
the theoretical CDF for the standard and the dashed line is the estimated distribution from
the testing dataset. Furthermore, the results presented in Table 5.1 are shown graphically
in Fig. 5.3 using bar plots. The top left (a) plot presents the results of the Bayesian model
selection technique, the top right (b) plot shows the comparison metric fj, the bottom
left (c) plot corresponds to the ratio of the K-S distance for each model and the maximum
distance among the models, and the bottom right (d) plot shows the ratio of the Q-Q error
with respect to the maximum error. The gray arrow points the direction of the desired
behavior of the magnitude for each metric.

The results from the model selection methodology show the superiority of the lognormal
distribution to describe the dispersion of X, when it is conditioned on X;. The dependency
of X, with X; can be modelled using a lognormal (tog(X1), Tlog(x1)), Where pog(x1) =
log (\/#fs(m) and o-log(xl)2 = log (%) The expected value m(x;) and the

standard deviation s(x;) can be obtained from the particle approximation presented in
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Likelihood qm | qs | Evidence log(Z) | 1 [Y] D NE

M: Normal 1|1 4195.0 3.1 0.091@PGV=18.4cm/s | 0.309
Mjy: Lognormal | 1 | 1 4305.2 2.2 0.054@PGV=141.0cm/s | 0.099
Ms: Log-T 4 |1 4257.7 0.9 0.052@PGV=139.4cm/s | 0.092
My: Gamma 2 |2 4260.4 14 0.066@PGV=15.8cm/s | 0.182
Ms: Beta 1 ]2 4284.2 2.3 0.062@PGV=17.3cm/s | 0.141

Fig. 5.4, resulting in m(x;) = x;-'?exp (-3.567) and s(x;) = x,*! exp (—4.288). Finally,
the numerical predictions and the training dataset (dots) are presented in Fig. 5.5, where
the solid line corresponds to the expected value m(x;) while the area is the 95% predictive

interval.

5.5.3 Results of selected selection strategies

Following the methodology proposed here, the performance of the four selection strate-
gies is evaluated for an increasing number of observations (from 10 to 100 observations).
For the X|-based strategy, the X| domain is divided into 22 intervals (see left plot in Fig. 5.6)
and a total of K = 300 random samples are evaluated for each intervali = 1, ...,22. On the
other hand, in the (X, X;)-based strategy, the X| domain is divided into 15 intervals while
the X, domain is divided into a number of intervals that is increasing as a function of Xj.
Thus, the X, domain uses just one interval for the lowest values of X; and is divided into
eight intervals for the largest values of X (see right plot in Fig. 5.6). A total of 83 boxes of
similar size are evaluated for this selection strategy, and a total of K = 1000 samples are
randomly distributed among the (X}, X>) subdomain for each box (i, j). For each sample
(Xl(k), z\’z(k)), a total of R = 250 samples of Y are derived to determine the box indicating
the location of the next desired observation.

Fig. 5.7 shows the expected FF after sequentially selecting 90 observations (i.e, for

a total of 100 observations if the initial 10 are accounted for) for the three selection

strategies and different training datasets. In Fig. 5.7 the (a) (orange), (b) (blue), (c) (green)
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Fig. 5.3. Comparison metrics of (X1, X») models (a) Bayesian model selection, (b) Predic-
tive interval, (c) KS-distance, and (d) Q-Q error

and (d) (red) subplots correspond to the random, uniform, X;-based, and (X}, X;)-based
strategies, respectively. In each plot the black dashed line represents the best estimate
for the FF based on the available information, which is computed using 10,000 ground
motions, uniformly distributed along the X; domain. The solid colored line in each plot
represents the expected FF for a dataset of size 100 (regardless of the initial dataset),
while the shaded area corresponds to the 95% predictive interval of the mean FF among
all of the different training datasets. The results show that all strategies exhibit similar
mean convergence, albeit with different degrees of performance uncertainty (performance
uncertainty is induced by the random selection of the initial 10 observations). In particular,
the X-based strategy has is characterized by fastest performance in terms of uncertainty
reduction, followed by the uniform strategy, and finally the random and (X}, X>)-based, both

having the slowest performance uncertainty reduction. Given this evidence, it is concluded
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that the X;-based strategy should be preferred because its performance is similar to the

uniform strategy but with lower performance uncertainty for the same number of samples.

Fig. 5.8 shows the epistemic uncertainty performance for these strategies as a function of

the number of ground motions. In this figure, the left subplot (a) shows the reduction in this

uncertainty as N increases after implementing the random selection strategy (orange), the

subplot (b) corresponds to the X;-based strategy (green), while the subplot (c) contains the
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Fig. 5.7. Comparison of expected fragility functions using different datasets with 100
observations and different selection strategies

results for the (X, X2)-based strategy (red). To provide a common comparison, the results
of the uniform selection strategy (blue) are included on all plots. Additionally, in each plot

the line corresponds to the mean value while the shaded area indicates the 95% predictive
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Fig. 5.8. Comparison of epistemic uncertainty performance as function of N for the
strategies (a) random, (b) Xy-based and (c) (X, X>)-based with respect to uniform (blue)

interval for the epistemic uncertainty values. Although the mean epistemic uncertainty
value is similar for N = 10 observations among all the considered selection strategies,
observe that both the descent rate and the variation are different for the cases shown in
Fig. 5.8. Specifically, the uniform and the X;-based strategies have similar performance
until approximately N = 50 observations, but the latter exhibits lower values of both
epistemic uncertainty and variation when additional observations are sequentially added to
the dataset. For the (X}, X2)-based strategy, a larger variation in the epistemic uncertainty
is observed, but with the same or better results than the other strategies. However, although
there is small variation between the FFs, when the (X}, X>)-based strategy is implemented,
Fig. 5.7 indicates that no convergence has been achieved in the FF at N = 100 observations
when the random initialization is considered. Furthermore, the random strategy exhibits the
lowest descent rate among all the cases with an almost constant variation for N € [10, 100]

observations.

5.6 Conclusions

This chapter introduces and validates a methodology for sequentially selecting the
ground motion records that yield more accurate FFs in an even more efficient manner.

Current selection strategies are based on a random selection of ground motion records or
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an uniform distribution of values for a selected IM. However, obtaining an accurate and
consistent FF may require the analysis of a training dataset with an extensive number of
ground motions. The key contribution of the developed methodology, the establishment of
two sequential selection strategies, addresses this issue. The methodology is validated by
implementing thousands of synthetic ground motion records based on earthquake scenarios
for California and a widely used numerical model of a steel building designed for the same
region. The results show that the proposed selection strategies achieve more accurate FF
with a reduced number of ground motion records and less uncertainty than conventional
selection algorithms. It is expected that these sequential selection strategies will offer even
greater advantages with models of higher complexity that require basis functions of higher
order than linear. Ultimately, implementation of these sequential selection strategies will

empower the engineer to compute more accurate FFs more efficiently.
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6. PRACTICES THAT UNINTENSIONALLY BIAS FRAGILITY
FUNCTIONS

This chapter presents some common practices that may produce bias in the resulting FF
when constructing or defining a database of ground motions. The first such practice is
the aleatory selection of an existing ground motion database. Each ground motion record
includes specific characteristics that triggers a unique response in a given structure. Conse-
quently, a similar level of uniqueness can be found for the case of ground motion databases
that have been constructed with specific parameters, such as: frequency content, target lo-
cation, magnitude and distance, among others. The second such practice is the inclusion of
historical ground motion records (e.g., El Centro 1940, Loma Prieta 1989, Kobe 1995, Chi
Chi 1999) with the intention of creating a more "robust" or just bigger database. Lastly, the
final such practice that is discussed here is the effect of scaling the ground motion records
as it is the case of the well-known and widely-used IDA method. The introduction of bias
to the FFs is exposed through a series of examples using different ground motion databases

and the twenty-story nonlinear benchmark building [86, 88].

6.1 Effect of using different ground motion databases

The first biasing practice is selecting random databases of ground motions when per-
forming a fragility analysis. There is a misconception that FFs are an inherent property
function of the studied structure. For example, it is commonly believed that the FF for a
given structure is an invariant function with respect to the geographical location and the
orientation of the building (which are factors that dictate the characteristics of the ground
motions). The validity of such understanding is questionable since the set of ground motion

records is used to train the probabilistic model. Here, it is clear that the inclusion of a ground
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motion database for FF generation with particular characteristics yields certain dispersion
in the response of the structure, and consequently a distinct FF. To illustrate this behavior,

three different earthquake databases are considered for the computation of FFs:

1. California database: the synthetic ground motions introduced in Chapter 2 which
are obtained from earthquake scenarios in California. The following are some of

characteristics of the ground motions within this database:

Size: 36,000 (synthetic)
* Epicentral distance: up to 20 Km

* Magnitude: from 5.5 to 7.5

NHEREP site class: C and D
» Earthquake scenario location: California
2. Stiff-Soil database: synthetic ground motions obtained using a different technique,
that is filtering a white noise signal through a Kanai-Tajimi filter [120,121] to simulate
the ground motions for a stiff soil site [122]. Some of the characteristics of these
ground motions are:
* Size: 20,000 (synthetic)
* Soil characteristic: Stiff soil

* Soil natural frequency: 20.8 rad/s for the average value (7.33 rad/s of standard

deviation)
* Soil damping ratio: 0.4 for the average value (0.18 of standard deviation)
* Acceleration maximum amplitude: up to 1.7g (uniform distribution)
3. SAC-Combined database: using a combination of synthetic and real ground motions
[73] created for the SAC steel project [86], in which can be found ground motions

such as El Centro (1940), San Fernando (1971), Imperial Valley (1979), Loma Prieata
(1989), Northridge (1994), Kobe (1995), among others.
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* Size: 60 (50 real motions and 10 synthetic records)

* Hazard level within a 50-year period: 50% for 20 records, 10% for 20 records,
and 2% for 20 records (10 real and 10 synthetic)

Fig. 6.1 shows the three ground motion database in terms of the selected IM (PGV) and
the structural response. The blue dots in the (a) subplot corresponds the ground motions
from the California database, the orange dots in the (b) subplot to the Stiff-Soil ground

motions, and the green dots in the (c) subplot to the SAC-Combined records.

o California Stiff — Soil o SAC — Combined
R C) o (b) (c)
§ Q
':'E [} o °
)] ° o
°0 Om o
%0 o o
° o %‘900
g P, 0 °
o
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X1: PGV (cm/s)

Fig. 6.1. Representation of different ground motion databases

Due to the size differences among the databases, the methodology proposed in Chapter
4 is implemented for N = 60 records following an uniform selection strategy for the
California and Stiff-Soil databases. The results of these analyses are presented in Fig. 6.2.
The left subplots correspond to the structural response data: the colored dots correspond
to the training dataset, the black dots are the unobserved data points from the database,
and the solid line is the mean while the colored area represents the 95% predictive interval
response from the probabilistic model. Additionally, the right subplots present the FFs for
each training dataset. The dashed line corresponds to the best estimate previously derived
using N = 10,000 records from the California database. As it was previously stated, the
California database of ground motions are treated in this dissertation as the reference, or the

representative motion records, for the case study. From Fig. 6.2 it is clear that the ground
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motion database needs to be carefully selected to be representative of the actual motions that

the studied structure is prone experience based on its geographical location and orientation.

6.2 Effect of including historical ground motions

Another common practice when selecting the ground motion database is to augment an
existing database, perhaps containing low-intensity or with pure synthetic records, with real
historic ground motions [73]. As was previously shown, the use of different databases may
bias the resulting FF due the differences in the ground motion characteristics. Consequently,
similar behavior can be expected when the training dataset of ground motions is derived from
a combination of records of two or more databases. To exemplify this, a fragility analysis is
carried out using a training dataset of N = 50 records derived from the California database
of ground motions and a reduced number of real records from the SAC-Combined database.
Four different cases are considered for this demonstration, the inclusion of none (0%), 5
(10%), 15 (30%), and 25 (25%) real ground motion records. In order to account for the
randomness of the aleatory initialization, the analysis for each case is repeated for a total of
100 different training datasets. Fig. 6.3 shows the results of this analysis. In the figure, the
solid lines represent the mean FF and the colored area its 95% predictive interval. The (a)
subplot corresponds to the FF when 5 observations (10%) of the training dataset are derived
from historic records (orange), the (b) subplot presents the case with 15 observations (30%)
in green, and the (c) subplot is the 25 observations case (50%) in red. For comparison
purposes, the case with pure synthetic ground motions (0%) is presented in all the subplots
with the FF in blue. From Fig. 6.3, it can be observed that including ground motions from
different databases, as it it is the case of the historic records on this example, introduces
bias in the computed FFs. Furthermore, this bias increases proportionally with the number

of ground motions added from different databases.
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Fig. 6.3. Fragility analysis for 50 observations combining synthetic and historic ground
motion records

6.3 Effect of scaling ground motions

The final biasing practice to discuss in this dissertation is the effect of scaling the
ground motions to increase the size of the dataset. A common example of this approach
is the well-known IDA method [24]. Although this method results in an effective way to
identify the probability distribution that describes the dispersion of the structural response
for a given value of IM, the numerical evaluation of the scaled ground motions can result
computationally expensive. Previous studies have demonstrated that scaling the ground
motion introduces bias into the MISD response [67,75,76]. Likewise, the assumption is
that scaling the ground motions should introduce bias in the FF. To illustrate this, a fragility
analysis is carried out for an increased ground motion database obtained after scaling the
records from the SAC-Combined set. The values of spectral acceleration S,( f;, {,,) for each
of the 60 records from the SAC-Combined database is scaled for 12 different values of
acceleration and then the X] IM is evaluated. The observations from the scaled ground
motions are presented in Fig. 6.4.

To expose the bias in the FF, the fragility analysis is carried out for the original ground
motions (SAC-Combined), the augmented database with 720 records, and a dataset from

this augmented database of similar size than the SAC-Combined set (60 ground motions).
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Fig. 6.4. Observations from scaled and original ground motions from SAC-Combined
database

The results are included in Fig. 6.5 In the figure, the left subplots correspond to the structural
response data: the colored dots correspond to the training dataset, the solid line is the mean
while the colored area represents the 95% predictive interval for the structural response
from the asset’s probabilistic model. Additionally, the right subplots present the FFs for
each training dataset. The dashed line corresponds to the best estimate previously derived
using N = 10,000 records from the California database. From Fig. 6.5, it is observed that
the cases (a) 720 scaled ground motions and (b) 60 scaled records generate FFs that are
completely different from the best estimate. This behavior is expected since the training
datasets are derived from a totally different database, however the best estimate is included
only for reference. But, what it is really important to realize is that the FFs from cases (a)

and (b) differ significantly from the FF of the original dataset in case (c).

6.4 Conclusions

This chapter illustrates some of the common practices that introduces bias in the FF
when defining or creating a training dataset of ground motions. The examples presented in
this chapter show that the aleatory selection of ground motion databases, the combination

between different databases, and the amplitude scaling of the ground motion records are
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practices that can introduce bias in the resulting FF. For this reason, the ground motion
database needs to be representative to the geographical location for the studied structure.
For instance, the direction in which these motions are recorded or created needs to coincide
with the rotation of the structure, among other site-specific conditions are important factors
to perform an accurate fragility analysis, the one that can be used to make important

decisions within a community.



96

7. SUMMARY AND CONCLUSIONS

In this dissertation, strategic statistical selection methodologies have been developed for
civil engineering applications. These methodologies focus on closing the gaps that impede
the extensive use of fragility analyses for real-world applications: unfamiliarity with the
fragility functions, the potentially large uncertainty in such functions, the lack of quantifica-
tion of this uncertainty, and the high computational demand needed for the analysis during
the repetitively evaluation of ground motions. The implementation of the methodologies
developed herein enable the selection of the best model, the acceleration of the com-
putation, and the quantification of the epistemic uncertainty of more accurate fragility
functions. Consequently, this implementation would provide the means to compute more
efficient and reliable fragility functions, and thus enable much more extensive use of such
analysis for structural applications in civil infrastructure. For instance, a possible appli-
cation of the developed methodologies is in the field of structural assessment evaluation
that is mostly dominated by two main alternatives: on-site inspection and structural health
monitoring. Both alternatives require a large amount of valuable resources (e.g., qualified
personnel, time, and money). For this reason, the implementation of more efficient assess-
ment techniques, such as efficient fragility analysis, offers a cost-effective option for the
development of a community.

To investigate the efficiency of the methodologies developed, a twenty-story benchmark
building model and a large dataset of synthetic ground motions are used to demonstrate and
validate the methodologies. Next, a brief summary of the topics and conclusions covered

in this dissertation are summarized:

* In chapter 3, an analysis is conducted to identify the most representative features for
the ground motion and structural response in the context of earthquake engineering.

Rather than simply adopting the common input parameters of acceleration (e.g., peak
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ground acceleration, spectral acceleration), a comprehensive study is carried out to

determine the intensity measure that yields the lowest value of uncertainty.

* In chapter 4, a methodology is developed for selecting the best statistical model to
describe the dispersion in the structural response. The methodology is based on
a Bayesian model selection algorithm and validated through multiple comparison
metrics. In addition, a quantification procedure for the epistemic uncertainty in

fragility functions induced by finite datasets is introduced.

* Inchapter 5, amethodology is developed for sequentially selecting the ground motions
that produce the lowest values of uncertainty in fragility functions. This is achieved by
estimating the value(s) of intensity measure yielding the largest reduction in epistemic

uncertainty.

* In chapter 6, some widely-used practices that unintensionally bias fragility functions
are discussed and evaluated. Within these practices, three cases are illustrated:
selecting the ground motion database randomly, combining records from multiple

databases, and scaling the ground motions.

The implementation of the selection methodologies developed herein will empower
engineers to efficiently compute more accurate fragility functions, opening a venue for the
fragility analysis to become the first option when dealing with structural assessments in the
world. Additionally, the quantification and targeted reduction of the epistemic uncertainty
of such function empower a better understanding of the community assets performance,
an essential step towards an informed decision-making process, which may lead a more
efficient allocation and mobilization of resources.

Although the methodologies developed here have been designed and illustrated in the
context of buildings and ground motions, these methodologies are: independent of the
source of data (e.g., numerical simulation, real world observations, hybrid), hazard, type
of structure or system; and transferable to other critical infrastructure systems such as

transportation, communication, energy, etc. However, it is important to clarify that these
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methodologies have been developed under the assumption that the database of ground
motions and the nonlinear benchmark building model are representative and realistic. This
means that no uncertainty on these two aspects have been considered in this dissertation. It
would make no sense to implement the model selection and sequential selection of ground
motion methodologies proposed herein if the basis of the analysis, the ground motion
database and the numerical model, has been poorly defined. For this reason, it is important
to recall Eq. (1.1):

F(x; yerit; 1) := PLY > yerit | X1 = x, 1] (1.1)

and the importance of the information I in the analysis. In fact, I includes all what
is considered to be known about the structure and the surrounding area that impacts the
selection of the ground motion database. For this reason, itis crucial to incorporate all known
information about the system conditions in I. In addition, every unknown aspect that affects
the fragility function should be averaged out. For example, the epicentral distance, type
of seismic fault, soil classification, building orientation, geographical location, presence
of saturated soil, occupancy, among other factors must be considered in the analysis or
otherwise averaged out.

And, all the uncertain information needs to be averaged in the analysis in order to
generate the best unbiased estimate of the fragility function. Ultimately, what we think we
know but may not be true is something that should scare us.

Some recommendations for future studies extending the contributions of the method-

ologies developed in this dissertation include:

» Updating the fragility functions automatically to account for non-stationary processes

such as the aging and degradation of the structural materials.

* Investigating the possibility of scaling these methodologies to encompass a larger

number of structures to facilitate the analysis at a community level.

* Exploring how this implementation facilitates fundamental aspects at a community
level, such as life-cycle management, decision-making process, and efficient alloca-

tion and mobilization of resources.
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A. DERIVATION OF FRAGILITY FUNCTION UNDER LOGNORMAL
DISTRIBUTION ASSUMPTION

Here, it is assumed that the structural response Y follows a lognormal distribution (i.e.,
Y ~ lognormal (4, 02) ). This means that the natural logarithm of Y can be modelled using
anormal distribution, i.e., log (Y) ~ N (,u, 0'2). Before the FF is calculated, it is necessary
to define the standard normal variable Z ~ N(0, 1) to fully understand the derivation.

The probability of the structural response to exceed the critical level ycri; after the

occurrence of an earthquake with intensity X = x is the FF and it can be expressed as:

F(x;yerit) : = P[Y > yerit] : Using CCDF
=1-PY < Yerit] : Using CDF
=1-P[log(¥Y) < (yeriv)] : Logarithmic transformation
=1-Pllog(¥Y)—u < (Yerit) — 4] : Translation
__p [IOg W) =p _ erit) = /1] - Scaling

o o
=1-P|Z < W] : Standard normal variable
=1-0 (—()’cri;)_ — ,u) : Standard normal variable

where @ is the CDF of the standard normal distribution. It is important to clarify that the
value of the CDF remains constant after applying transformation, translation, and scaling to
the analyzed random variable. Perhaps it is easier to understand this in a graphical manner.
Fig. A.1 shows the relationship between a normal and a lognormal random variable, where

the blue area represents the CDF at a random point y* (normal), equivalent to x* = exp(y™*)
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(lognormal). The ratio between the blue area and the total area is equivalent to the CDF

and it remains constant after the exponential/logarithmic transformation.

0T f(a) | 1
0.06 - E[X] X ~InN(p, o) §
0.05 - | ]
0.04 - : I -
0.03F [ ! ' i
0.02 | : P -
i P! i
0.01 : | et ! e#+%gg X
1 0.00 : - ] ] ] ]
T T I
y | :
0 | |
|
I |
i o
_____ |
|
2r [
/’L ____________
3 -
4 L
5 1 1 1 1 1 1 1 1 1
00 01 02 03 04 05 0.6 10 20 30 40 50

Fig. A.1. Relationship between normal and lognormal RV (Courtesy of [123])
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B. SELECTION OF INPUT PARAMETERS
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C. EARTHQUAKE DATABASE

eee Magnitude:5.5
]

%o

Magnitude: 6.0,

e®o Magnitude:6.5,

%o

100
X1 : PGV (cm/s)

Fig. C.1. Ground motion database in terms of earthquake magnitude
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Fig. C.2. Ground motion database in terms of NEHRP soil classification
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Fig. C.3. Ground motion database in terms of wave direction
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D. UPDATED PARTICLE APPROXIMATION

An important ingredient of this methodology is the estimation of the updated particle
S
approximation { (w,(ls), 053) } when the observation (X, ¥) is added to the training dataset.

Here, it is assumed that the \S/e_tllue that Y takes depend on the magnitude of independent
coordinate X, and any prediction for Y | X| must be conditioned on the observed data Dy .
Although the particle approximation can be derived after performing an SMC analysis of
the new training dataset, this is infeasible there is a large testing dataset and the numerical

model is expensive to evaluate. Alternatively, it is possible to estimate this updated particle

approximation as:
p(% 3| 0pm Dn) p(Opm | Dn)
p(% 5| Dn)

_P(IIX 0pm D) p(X]|0m Dv)Ip(Om | D)
p(¥| % Dy)p(X| Dy)

— p(i|f,0M,@N)p(0M|Z)N)
/p(i | %6 DN) p(H*M | Z)N)daj‘w
PG 150y Dy) p(Ou | D)
23, p(51%65, Dy ) we
p(¥1X0pm D) (Zle w(s)é(OM —G(AS}))

25, (71565, Dy ) wO

p(aMl X, y’ Z)N):

S ~ ~
p(§ | % 0p, Dy) w?
:Z S 1 ~ @ 5(0/\/(_053)
=1 Zzzlp(ylx,() ’DN)W(z)

MU)

Wi (5,9) 6 (00— 6%

Il
—

N
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where wfls) (%, %) is the weighting factor associated to the particle 05‘3 from the updated
S

particle approximation { (wés), 05&) } | and to be understood as a function of X and y:
S=

p(J|%6Mm)
S w@p (51565

w (.5) = w

It is important to clarify that the expected value for the updated posterior distribution
remains constant along the entire derivation almost surely as § — oo [114]. Equivalently,
the implementation of a sufficiently large number of particles along the computation should

not affect the expected value.
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E. MODEL SELECTION RESULTS
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Table E.1. Model selection results for N = 500, X1 : PGV, and V.
Model | g g log(Z) A(Dy) J2 (KS dist.) I3 (Q-Q error) J1 (CI observ.)

u o COV u o COV u o COV u o (60)% u o COov

1 118268 62 0.34% |1.04 0.18 17.73% | 6.66E-02 2.31E-03 3.48% | 0.098 0.007 7.50% |0.09 0.13 144%

2 1118260 6.2 0.34% | 1.10 0.14 13.05% | 7.11E-02 4.89E-03 6.88% | 0.146 0.060 41.21% | 0.27 0.25 92.6%

— 3 1 (18169 105 0.58% |1.15 0.16 13.97% | 7.10E-02 6.99E-03 9.85% | 0.185 0.121 6543% | 0.29 031 107%
= 4 118142 147 0.81% | 1.16 0.22 18.88% | 8.43E-02 3.65E-02 4331% |0.391 0.643 164.59% | 0.35 0.36 103%
E 1 218254 75 041% | 1.01 0.12 11.89% | 6.45E-02 5.31E-03  8.23% | 0.098 0.012 12.07% | 0.50 0.61 122%
) 2 218204 92 051% | 1.16 027 23.69% | 6.84E-02 1.73E-02 25.34% | 0.161 0.211 131.12% | 0.76 0.68 89.5%
Z 3 2 |18150 11.6 0.64% |1.17 0.15 13.08% | 6.57E-02 7.95E-03 12.10% | 0.127 0.057 44.95% | 0.76 0.50 65.8%
et 4 2 ]1809.6 12.1 0.67% | 1.23 032 2645% | 6.78E-02 8.30E-03 12.25% | 0.159 0.125 78.57% |0.99 0.51 51.5%
E 1 318244 68 037% |1.09 0.15 13.56% | 6.57E-02 3.42E-03 5.21% |[0.098 0.010 10.47% |0.45 037 82.2%
2 318053 274 1.52% | 144 036 24.86% | 1.11E-01 9.49E-02 8591% |0.974 2.078 213.30% | 0.63 0.37 58.7%

3 3118098 82 045% |1.28 0.18 14.10% | 6.87E-02 5.10E-03  7.43% | 0.125 0.043 34.78% | 0.42 0.55 131%

4 3 |1803.8 16.1 0.89% | 132 021 1580% | 7.83E-02 1.87E-02 23.86% |0.250 0.304 121.68% | 0.32 0.61 191%

1 118668 2.7 0.14% | 0.82 0.12 14.06% | 5.51E-02 2.16E-03 3.92% | 0.180 0.020 11.25% | 0.71 0.22 31.0%

— 2 118614 49 0.26% | 0.89 0.14 15.85% | 5.81E-02 1.01E-02 17.44% | 0.206 0.071 34.35% | 0.80 0.31 38.8%
= 3 1 ]18450 125 0.68% |092 0.15 16.78% | 6.79E-02 1.56E-02 23.03% | 0.293 0.146 49.89% | 0.60 0.47 78.3%
E 4 118240 222 1.22% [0.92 0.24 2627% | 7.75E-02 2.24E-02 28.96% | 0.391 0.227 58.07% | 0.32 0.47 147%
‘5 1 2 |1859.7 175 0.40% | 0.90 0.13 14.52% | 5.79E-02 5.66E-03  9.79% | 0.198 0.028 14.08% | 0.60 0.85 142%
= 2 218487 85 0.46% | 093 0.17 17.72% | 5.44E-02 1.28E-02 23.63% | 0.207 0.110 52.95% | 0.04 0.69 1725%
%D 3 2118352 220 1.20% |097 0.21 21.49% | 6.09E-02 1.35E-02 22.12% | 0.240 0.106 44.13% | 0.03 1.35 4500%
6 4 2 ]1810.1 313 1.73% | 1.03 0.23 22.82% | 7.49E-02 3.87E-02 51.69% | 0.412 0.388 94.18% | 0.54 1.77 385%
N 1 3 |1836.8 216 1.18% |0.83 0.11 12.84% | 590E-02 6.12E-03 10.37% | 0.212 0.036 16.89% | 0.13 0.70  538%
E 2 3 (18012 245 1.36% |094 031 33.43% |6.01E-02 3.45E-02 57.44% |0.284 0.462 162.73% | 0.34 0.77 226%
3 3 (1803.0 346 192% |1.02 0.23 22.09% | 6.98E-02 5.06E-02 72.49% |0.390 0.741 189.94% | 0.53 133 251%

4 3117643 499 2.83% | 1.33 0.50 37.44% | 8.33E-02 6.01E-02 72.13% | 0.580 0.904 155.81% | 0.25 1.06 424%

1 118470 99 0.54% | 0.80 0.08 10.15% | 6.64E-02 1.15E-02 17.26% | 0.283 0.081 28.57% | 1.44 131 91.0%

—~ 2 1 ]18248 157 0.86% |0.95 0.16 16.37% | 9.23E-02 1.84E-02 19.98% | 0.489 0.207 42.33% |2.75 142 51.6%
t: 3 1 |1811.6 237 131% |0.99 028 27.89% | 1.04E-01 3.68E-02 35.48% | 0.589 0.373 63.32% |3.37 145 43.0%
5 4 1 ]1803.7 274 1.52% |1.01 027 26.69% | 1.25E-01 3.67E-02 29.40% | 0.851 0.491 57.66% |3.23 141 43.7%
o] 1 2 |1840.1 160 087% |0.80 0.10 12.97% | 837E-02 1.40E-02 16.71% | 0.370 0.086 23.33% |2.15 2.16 100%
2 2 218271 21.0 1.15% |0.86 0.15 17.28% | 8.30E-02 2.56E-02 30.91% | 0.361 0.146 40.57% | 1.08 2.03 188%
?n 3 2118057 20.1 1.11% | 0.92 0.19 20.24% | 9.89E-02 3.52E-02 35.60% | 0.511 0.327 63.97% | 0.87 2.73 314%
5 4 2117877 189 1.06% | 1.08 031 28.43% | 1.05E-01 2.84E-02 26.96% | 0.544 0.241 44.24% | 1.27 1.67 132%
~ 1 3 ]1827.6 156 0.86% |0.85 0.10 11.65% | 8.54E-02 1.69E-02 19.85% | 0.391 0.104 26.64% | 1.81 1.77 97.8%
< 2 3 |1813.0 164 090% |0.94 0.16 16.76% | 7.89E-02 1.88E-02 23.77% | 0.335 0.129 38.63% |2.16 1.83 84.7%
E 3 3 ]11811.0 17.8 098% | 1.13 0.22 19.42% | 6.64E-02 245E-02 36.87% | 0.286 0.213 7447% |2.26 146 64.6%
4 3 ]1770.1 29.6 1.67% | 148 0.67 45.08% | 9.90E-02 4.96E-02 50.09% | 0.604 0.659 109.19% |3.13 135 43.1%

1 1 ]1834.0 327 1.79% |0.86 0.10 11.89% | 5.17E-02 2.92E-03 5.64% | 0.101 0.023 23.02% | 0.86 0.42 48.8%

2 117374 1294 745% |1.02 0.25 2446% | 1.33E-01 1.36E-01 102.87% | 1.222 1971 161.32% | 2.45 1.84 75.1%

—_ 3 117119 1022 597% | 124 0.76 60.97% | 9.76E-02 9.31E-02 95.30% | 0.681 1.226 179.93% | 2.04 1.75 85.8%
< 4 116627 127.2 7.65% | 1.67 1.11 66.35% | 9.15E-02 6.85E-02 74.95% | 0.538 0.789 146.84% | 2.02 1.96 97.0%
E I 217564 1739 990% | 0.85 0.11 12.43% | 6.21E-02 1.41E-02 22.75% | 0.157 0.058 36.96% | 1.60 1.47 91.9%
% 2 2| 17117 2022 11.81% | 0.75 0.21 28.20% | 8.19E-02 4.97E-02 60.69% | 0.403 0.601 149.17% | 1.90 2.93 154%
(@) 3 2| 15352 296.1 19.29% | 1.89 2.62 138.92% | 8.20E-02 9.45E-02 115.14% | 0.586 1.655 282.48% | 2.16 1.60 74.1%
\; 4 2 |1251.7 131.8 10.53% | 2.70 1.27 47.11% | 1.01E-01 4.74E-02 46.72% | 0.515 0.467 90.59% |3.65 0.72 19.7%
E 1 3 |14554 489.8 33.66% | 222 191 86.32% | 1.96E-01 1.79E-01 91.04% |2.352 2.804 119.23% | 2.23 2.35 105%
2 3 11060.8 4142 39.04% | 449 243 54.07% | 3.44E-01 1.69E-01 49.31% |4.715 2.786 59.10% |3.77 2.89 76.7%

3 39987 1287 12.88% | 841 3.94 46.87% |3.61E-01 1.00E-01 27.69% |5214 2.162 4147% |4.75 038 8.0%

4 3] 9487 1235 13.01% | 9.55 3.70 38.74% | 3.68E-01 8.43E-02 22.92% | 5.231 1.896 36.25% |4.85 031 6.4%

1 1 |1831.1 383 209% |091 0.15 16.93% |5.08E-02 2.50E-03 4.93% |[0.099 0.029 28.96% |0.91 0.64 70.3%

2 118207 50.1 275% |0.86 0.12 13.45% | 6.53E-02 6.99E-02 107.01% | 0.311 0.913 293.31% | 1.24 1.15 92.7%

3 1 ]1809.8 43.7 241% |097 0.23 23.22% | 541E-02 1.93E-02 35.66% | 0.146 0.177 121.07% | 1.08 0.91 84.3%

— 4 117964 652 3.63% |098 034 34.67% | 6.88E-02 6.73E-02 97.78% | 0.342 0947 27647% | 1.73 1.14 65.9%
g 1 2 (17945 77.0 429% |0.82 0.11 13.18% | 5.79E-02 1.11E-02 19.20% | 0.136 0.038 28.04% | 095 1.73 182%
m 2 218419 248 1.34% |0.77 0.16 21.45% | 5.58E-02 8.97E-03 16.06% | 0.130 0.050 38.46% | 1.74 137 78.7%
\v: 32 ]1840.8 19.1 1.04% | 0.93 0.20 21.61% | 6.33E-02 2.72E-02 4291% | 0.222 0.225 101.26% | 1.23 1.53 124%
§ 4 2 ]1837.0 183 0.99% |0.94 0.29 30.95% | 7.08E-02 1.83E-02 25.80% | 0.241 0.145 60.26% | 1.78 1.25 70.2%
1 318526 130 0.70% | 0.83 0.14 16.67% | 5.14E-02 5.45E-03 10.60% | 0.119 0.021 17.44% | 0.04 0.89 2225%

2 3118459 20.8 1.13% |0.86 0.12 14.57% | 545E-02 1.68E-02 30.91% | 0.138 0.119 86.11% | 1.38 1.15 83.3%

3 3 |18376 198 1.08% |093 0.17 17.95% |547E-02 1.10E-02 20.12% | 0.149 0.096 64.09% | 0.93 095 102%

4 318263 263 1.44% | 1.10 0.26 23.45% | 6.53E-02 1.94E-02 29.77% |0.216 0.170 78.48% | 0.80 1.39 174%

*The values presented in the table corresponds to the results of 20 iterations
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F. SEQUENTIAL SELECTION OF GROUND MOTIONS RESULTS



Table F.1. Model selection results for N = 1000, X1 : PGV, and X5 : S,.

123

Model | ¢, @ log (Z) J2 (KS dist.) 5 (Q-Q error) J1 (CI observ.)

U o Cov u o Cov u o Cov u o Cov

1 1 4194.6 6.0 0.14% | 9.11E-02 1.33E-03 1.46% | 0.309  0.008 2.46% | 313 0.08 2.7%

2 1 4190.6 7.3 0.17% | 8.40E-02 1.12E-03  1.33% | 0.269  0.028 10.34% | 3.00 0.07 2.4%

—_ 3 1 41812 132 0.31% | 7.55E-02 6.25E-03 8.27% | 0.205  0.059 28.60% | 2.38 0.55 23.3%
= 4 1 41733  19.1 0.46% | 7.61E-02 2.93E-03 3.85% | 0.200 0.063 31.54% | 236 0.31  13.3%
g 1 2 41875 1.3 0.17% | 8.71E-02 2.80E-03 3.21% |0.279  0.022 7.78% |3.46 029 8.4%
8 2 2 41884 11.0 0.26% | 8.13E-02 2.94E-03 3.62% | 0.262  0.022 848% |324 019 59%
p 3 2 4188.6 6.4 0.15% | 7.97E-02 9.74E-03 12.22% | 0.255  0.067 26.30% | 2.55 049 19.3%
- 4 2 41682 17.7 0.42% | 8.00E-02 9.08E-03 11.35% | 0.240  0.062 25.67% |2.66 0.69  26.0%
2 1 3 41929 89 0.21% | 9.12E-02 1.14E-03 1.25% |0.276  0.013 474% |3.14 0.09 3.0%
2 3 4183.1 10.1 0.24% | 8.71E-02 1.86E-03  2.14% | 0.271  0.048 17.78% | 2.67 026  9.7%

3 3 4185.1 9.5 0.23% | 8.86E-02 6.45E-03  7.28% | 0.301  0.044 14.74% | 2.56 056  21.9%

4 3 4166.5 22.6 0.54% | 8.03E-02 5.85E-03 7.29% | 0.207  0.074 35.74% | 1.78 0.57  32.0%

1 1 43063 2.2 0.05% | 5.45E-02 1.27E-03 2.33% | 0.100  0.001 0.83% | 214 0.14 6.4%

- 2 1 42914 127 0.30% | 5.00E-02 1.80E-03 3.59% | 0.089  0.012 13.21% | 1.86 0.19  10.3%
= 3 1 42879 125 0.29% | 4.61E-02 7.23E-03 15.69% | 0.073  0.020 27.95% | 149 050 33.5%
g 4 1 42558 378 0.89% | 4.57E-02 7.72E-03 16.91% | 0.080  0.039 48.27% | 0.96 0.46  48.0%
‘5 1 2 42988 5.5 0.13% | 5.60E-02 3.65E-03  6.53% | 0.100  0.005 538% |2.17 0.63 29.3%
=) 2 2 4269.1  22.7 0.53% | 4.89E-02 3.41E-03 6.98% | 0.091 0.013 13.96% |2.05 0.52 25.4%
%D 3 2 4260.5 14.0 0.33% | 496E-02 9.70E-03 19.57% | 0.091  0.025 27.51% | 2.00 090 45.2%
d 4 2 42420 384 091% | 4.80E-02 6.98E-03 14.55% | 0.086  0.026 30.14% | 1.09 1.00 91.4%
~ 1 3 4268.0 29.8 0.70% | 5.81E-02 3.09E-03 5.32% | 0.105 0.006 5.85% |2.55 0.39 15.3%
2 2 3 42332  56.6 1.34% | 5.37E-02 1.92E-02 35.68% | 0.119  0.092 77.44% | 096 122  128%
3 3 42339 395 0.93% | 496E-02 2.10E-02 42.35% | 0.109 0.127 116.26% | 0.03 1.73 5182%

4 3 41104 1585 3.86% | 1.01E-01 7.95E-02 78.81% |0.797 1365 171.35% | 0.75 3.77  507%

1 1 4254.6  45.0 1.06% | 6.65E-02 1.02E-02 15.32% | 0.156  0.070 45.11% | 0.51 2.64  514%

—~ 2 1 42484 329 0.77% | 6.74E-02 1.34E-02 19.89% | 0.138  0.053 38.11% | 0.19 252 1343%
t 3 1 4217.5 520 1.23% | 6.26E-02 1.49E-02 23.87% | 0.142  0.081 57.40% | 123 2.00 162%
8 4 1 42564 215 0.50% | 5.19E-02 1.06E-02 20.50% | 0.104 0.041  39.85% | 0.13 1.60 1241%
=] 1 2 4261.8 18.7 0.44% | 749E-02 6.08E-03 8.12% | 0.165 0.044 26.67% | 1.39 199  143%
g 2 2 42514 20.1 0.47% | 6.32E-02 1.16E-02 18.37% | 0.129  0.039 30.13% | 043 1.74  408%
en 3 2 4200.5 41.7 0.99% | 6.11E-02 1.83E-02 29.98% | 0.150  0.109 72.57% | 0.88 2.50  285%
3 4 2 4268.8 2373  556% | 2.02E-01 2.34E-01 115.90% | 3.797  7.551  198.87% | 1.47 294  200%
~ 1 3 4260.7 163 0.38% | 6.74E-02 3.97E-03 5.89% | 0.132  0.013 9.55% |2.69 090 53.1%
g 2 3 42175  35.6 0.84% | 6.04E-02 1.64E-02 27.08% | 0.133  0.086 64.77% | 0.14 2.01  1455%
3 3 42179 329 0.78% | 5.29E-02 1.24E-02 23.41% | 0.087  0.037 43.18% | 1.33 1.82  137%

4 3 41659 324 0.78% | 7.04E-02 2.21E-02 31.45% |0.225 0.178 79.41% |2.56 159 61.9%

1 1 4099.5 1837  4.48% | 2.21E-01 1.52E-01 68.78% | 2.499  2.362 94.55% | 244 336  234%

2 1 3845.1 154.0 4.01% | 3.65E-01 2.60E-02 7.13% |4.688 0.736 15.70% | 4.80 0.01  0.1%

— 3 1 3856.8 825 2.14% | 3.78E-01 3.47E-02 9.19% |5.415 0.851 15.72% | 4.80 0.01  0.2%
< 4 1 38252 2442  6.38% | 2.71E-01 1.30E-01 47.92% |3.408 2.250 66.02% | 326 247 75.8%
g 1 2 3992.1 324.1  8.12% | 1.68E-01 1.07E-01 63.99% | 1.445  1.330 92.02% | 0.89 3.77  423%
g 2 2 4113.8 3727 9.06% | 8.75E-02 3.54E-02 40.42% | 0.350  0.274  78.47% | 0.09 2.25 2547%
O 3 2 3664.6 3839 10.48% | 9.36E-02 1.81E-02 19.36% | 0.320  0.105 32.65% | 0.63 0.69  108%
\; 4 2 3550.1 479.6  13.51% | 1.01E-01 3.35E-02 33.08% | 0.414  0.245 59.13% | 1.01 1.11  110%
E 1 3 2862.3 9342 32.64% | 3.64E-01 2.04E-01 56.05% |5.250 3.510 66.86% |2.60 3.67 142%
2 3 21985 242 1.10% | 479E-01 6.10E-02 12.74% | 7.108  1.296 18.23% | 5.00 0.00 0.00%

3 3 3048.8 821.6 26.95% | 2.88E-01 1.63E-01 56.66% | 3.688  3.092 83.83% | 3.31 2.11  63.8%

4 3 2556.6 205.1  8.02% | 3.50E-01 1.00E-01 28.67% |4.721  4.721 42.67% | 446 0.63 14.2%

1 1 42439 99.2 2.34% | 1.02E-01 9.37E-02 92.00% | 0.645 1.412  218.96% | 1.18 2.12  180%

2 1 4103.6 180.3  4.39% | 2.27E-01 1.60E-01 70.59% | 2.763  2.633 95.30% | 1.37 343  251%

3 1 41141 1537  3.74% | 1.57E-01 1.55E-01 98.43% | 1.799  2.579  143.36% | 0.59 2.79 473
4~ 1 4086. 1357 3.32% 2.08E-01 | 1.58E-01  75.93% 2.576 | 2720 105.57% 1.63 3.07 189%

g 1 2 42827 8.0 0.19% | 6.21E-02 2.75E-03 4.42% | 0.141  0.008 5.92% | 249 053 21.1%
m 2 2 42469 458 1.08% | 8.14E-02 2.49E-02 30.62% | 0.268  0.164 61.40% | 0.54 1.90 351%
:7/ 3 2 4269.0 20.5 0.48% | 6.00E-02 1.42E-02 23.69% | 0.141  0.069 49.06% | 098 094 95.5%
E 4 2 42416 303 0.71% | 747E-02 1.92E-02 25.72% | 0.215 0.104 48.30% | 035 124  355%
1 3 42702 155 0.36% | 6.40E-02 5.90E-03 9.23% | 0.152  0.031 20.64% | 236 1.01 42.7%

2 3 4162.6 2843  6.83% | 8.20E-02 2.53E-02 30.81% | 0.272  0.181 66.58% | 0.79 1.51 191%

3 3 42019 67.7 1.61% | 1.03E-01 4.22E-02 40.80% | 0.448  0.324 72.34% | 046 1.27  279%

4 3 4236.6 36.8 0.87% | 742E-02 2.68E-02 36.13% | 0.226  0.169 74.46% | 037 094  257%

*The values presented in the table corresponds to the results of 10 iterations
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