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Abstract

The emphasis of the new seismic design regulations on the application of nonlinear
dynamic analyses to determine the response of unconventional structures (such as
high-rise buildings) promotes the selection of accelerograms that truly characterize
site-specific ground motions. Several parameters have been proposed throughout
time to describe the ground motions. On this point, this dissertation focuses on
studying the duration that characterizes the most intense part of the ground
movement, i.e., the strong-motion duration.

In particular, the study implies establishing criteria to measure the strong-
motion duration and developing predictive equations for its estimation. The research
extends to the development of hazard curves that allow estimating the annual
probability of exceedance of said parameter, either marginally or jointly with
amplitude-based ground-motion parameters. It is important to mention that this
thesis is limited to studying the strong-motion duration associated with interplate
earthquakes occurring in the Middle America Trench. The geographic area of
interest is Mexico City, where the effects of soil-dynamic amplification are
manifested considerably, especially in areas characterized by lacustrine deposits.

With the tools developed in this study, the accelerograms used in nonlinear
dynamic analyses and, even more so, in risk analysis can be selected more
objectively. For instance, this dissertation presents examples where the estimates of
the strong-motion duration obtained through the proposed predictive equations were
used to generate synthetic accelerograms. Successively, such accelerograms were
used to evaluate the performance of a steel frame, which was assumed to be located
at different sites within Mexico City.

The example results suggest that the strong-motion duration has a significant
influence on the seismic response of structures, specifically when they incur inelastic
deformations. Such an influence is more noticeable if the analyzed structure is
located at a site whose dominant period coincides with its natural period. Therefore,
the strong-motion duration must be judiciously included as one of the principal
design parameters in current earthquake engineering regulations. At least the author
recommends considering it to solve problems related to cycles of fatigue, soil
liquefaction, and soil settlement, as well as in the analysis of the inelastic response
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of unconventional structures. In this way, structural reliability is expected to be
improved.



Resumen

El énfasis de las nuevas normativas de disefio sismico en la aplicaciéon de analisis
dindmicos no-lineales para la determinaciéon de la respuesta de estructuras poco
convencionales (como edificios de gran altura) plantea la necesidad de usar
acelerogramas que realmente caractericen los movimientos del suelo en sitios
especificos. Diversos parametros se han propuesto para describir el movimiento del
suelo, de los cuales esta tesis se enfoca en el estudio de la duracién de la fase mas
intensa del movimiento del suelo.

Particularmente, el estudio implica establecer criterios para la medicién de la
duracion del movimiento fuerte del suelo y ecuaciones predictoras que permitan su
estimaciéon. Adicionalmente, el estudio se extiende al desarrollo de curvas de peligro
que posibilitan estimar la probabilidad anual de excedencia de dicho pardmetro,
tanto de manera marginal como junto con parametros basados en amplitud que
describen el movimiento del suelo. Es importante mencionar que esta tesis se limita
al estudio de la duraciéon del movimiento fuerte del suelo asociada a sismos interplaca
ocurridos en la fosa Mesoamericana. El area geografica de interés es la Ciudad de
México, en donde los efectos de amplificacion dindmica se manifiestan de manera
considerable, especialmente en las zonas caracterizadas por depositos lacustres.

Con las herramientas desarrolladas se pueden seleccionar de manera mas
objetiva los acelerogramas a utilizar en anélisis dindAmicos no-lineares, los cuales son
necesarios para llevar a cabo, p. ej., analisis de riesgo sismico. Como una pauta, en
esta tesis se presenta una serie de ejemplos de aplicaciéon de las ecuaciones
predictoras de la duracion del movimiento fuerte del suelo para la generacion de
acelerogramas sintéticos. Dichos acelerogramas fueron utilizados en la evaluacion del
desempeno de un sistema estructural ductil, el cual se supone desplantado en sitios
con distintas condiciones locales.

Los resultados de los ejemplos sugieren que la influencia de la duracion del
movimiento fuerte del suelo es significativa en la respuesta sismica de estructuras
cuando éstas incurren en el comportamiento ineléstico. La influencia es mas notoria
si la estructura de interés se encuentra localizada en un sitio cuyo periodo dominante
coincide con su periodo natural. Por lo anterior, dicho parametro del movimiento
del suelo debe de ser incluido de manera juiciosa como uno de los parametros

Xi



Xii Resumen

principales de disefio en ingenieria sismica. Al menos, la autora recomienda tenerlo
en consideracion cuando se estudien problemas relacionados con ciclos de fatiga,
licuefaccion y /o asentamientos del suelo, o con la respuesta inelastica de estructuras.
De esta manera, se espera una mejora de la confiabilidad estructural.
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CHAPTER 1

Introduction

1.1 Problem Statement

“Today, hundreds of millions of people through the world live with a significant risk
to their lives and property from earthquakes. Billions of dollars of public
infrastructure are continuously at risk of earthquake damage. The health of many
local, regional, and even national economies are [sic| also at risk from earthquakes.
These risks are not unique to the United States, Japan, or any other country.
Earthquakes are a global phenomenon and a global problem”.4

The above quote was written by Kramer? more than 25 years ago. To a large
extent, these words will continue to be reflected in the future. Nevertheless, while
humans do not have the power to stop earthquakes, we do have the ability to reduce
the probability of incurring some socio-economic consequences caused by them,
which include casualties and monetary loss.

The probability of loss due to earthquakes is precisely the definition of seismic
risk.> From an engineering point of view, a loss can be associated with a decrease in
the functionality of a structure, which is directly related to structural damage.
Structural damage is often quantified by discrete damage states, which can vary
from none, slight, moderate, extensive, to complete.6:” Therefore, the damage states
are tied in with structural performance levels, which define, e.g., the operational,
immediate occupancy, life safety, and collapse capacity of the structure.®

Hence, a seismic risk analysis (SRA) aims to estimate the probability of
exceeding a specific damage state (at least once) during a time period, T'. Based on
probability theory, the most common expression used to estimate the exceedance
probability of a damage state is":

P(structural response > damage state)

1.1
= /P(structuml response > damage state|Y =y)fy (y) dy (1.1)

where P(structural response > damage state]Y = y) is the probability that the
structural response exceeds a damage state given that a ground-motion parameter,
denoted as Y, takes a value equal to y, and f,- denotes the density function of Y.
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Identification of earthquake hazards is essential to conducting an SRA. An
earthquake hazard can be ground shaking (hereafter called ground motion), ground
failure, surface faulting, tectonic deformation, flooding, fire, or any other physical
phenomenon associated with an earthquake that may produce adverse effects on
human activities. Of these, ground motion is the most widespread and damaging
earthquake-related hazard.” The quantitative estimation of the expected ground
motion at a site is commonly determined by a seismic hazard analysis (SHA).
Specifically, the ground-motion characterization at a site of interest during any
future T' should be carried out through a probabilistic seismic hazard analysis
(PSHA). Broadly speaking, a PSHA integrates information from ground motions
caused by the full range of earthquakes that can occur at each fault or source zone
that might affect the site to estimate the exceedance probability of each y.%9
Commonly, the ground-motion levels y are estimated from ground-motion prediction
equations (GMPEs), formerly known as attenuation relationships. Note that a
GMPE relates a specific Y to one or more parameters that quantitatively
characterize a seismological property of the source, propagation path, or site-
response characteristics of an earthquake.19

Over the years, most SRAs have been performed using amplitude-based
parameters to characterize the ground motion at a site. Yet, it has been long
recognized that not only the amplitude of ground motions can greatly influence the
structural response, but also their frequency content and duration.!115 As the reader
must know, the peak ground acceleration, PG A, and a response-spectral parameter
have been used by convention as amplitude-based ground-motion parameters. The
former is defined as the maximum ground acceleration that occurred at the site of
interest during an earthquake and the latter can be specified from a response
spectrum, which is the maximum response of a set of single-degree-of-freedom
(SDOF) systems with a chosen level of (viscous) damping ratio, (., when subjected
to a particular ground-motion input at is base, plotted as a function of the undamped
natural period, T,, of the SDOF systems. In engineering seismology, the ground-
motion input is generally an accelerogram, which is a record of the ground

acceleration, ,, as a function of time, ¢, at a given site during an earthquake. On

the other handg, the frequency content is a parameter used to characterize the way
i, contains energy at different ordinary frequencies, f, and it can be measured by
the well-known Fourier amplitude spectrum (FAS).1416 The ground-motion duration
is defined as the total time of ground motion, from the arrival of the seismic waves

until the return to ambient conditions.!?
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An example of a (catastrophic) combination of the aforementioned ground-
motion parameters happened in Mexico City during the great Michoacan earthquake
that occurred on September 19, 1985. That earthquake caused ground motions that
reached quite high amplitudes, had very narrow-banded frequency content at low f,
and were long-lasting. As a consequence of these ground motions, 412 buildings
collapsed and 3,124 were badly damaged,!® leading to losses that likely reached 4
billion U.S. dollars in physical and economic damage.!? Specifically, buildings of 10-
to 20-story located at sites with a dominant period, 7', equal to approximately 2 s
were the most affected because of resonance.®20 Conversely, many stiff-short
buildings were able to follow such long-period ground motions without significant
damage. As a case in point, Figure 1.1 shows a photograph of a collapsed reinforced
concrete building due to the September 19, 1985 earthquake. The building was part
of a residential complex named Nonoalco, which was located in Tlatelolco, Mexico
City, and was formed of three sections of 15-storey each. While two of the building
sections collapsed during the September 19, 1985 earthquake, the third was so
damaged that it had to be demolished at once.

i

o “.‘:.': - “-" .

Figure 1.1 Total collapse of a 15-story reinforced concrete building located in
Tlatelolco, Mexico City due to the September 19, 1985 earthquake. The photograph
was taken from the El Universal newspaper archive?!



4 Chapter 1

The possible effects of the frequency content on the response of structures can
indirectly be considered in the SRAs by ensuring that all ground motions used in
the PSHAs are generated by earthquakes with similar focal mechanism, originated
in the same tectonic environment, and recorded in sites with similar local site
conditions. The focal mechanism describes the orientation and sense of slip on the
causative fault plane. It is typically classified into two or more categories which
typically include strike-slip (horizontal slip), reverse (dip-slip with the hanging-wall
side up), thrust (same as reverse but with shallow dip), and normal (dip-slip with
the hanging-wall side down).10 The tectonic environment describes the regions where
the earthquakes occur, e.g., shallow-crustal earthquakes commonly occur in active or
stable tectonic regions, intermediate-depth earthquakes (also known as intraslab
earthquakes) within a subducting plate, and interplate earthquakes in the interface
of two plates, such as in a subduction zone where one plate (usually oceanic crust)
subducts beneath another (usually continental crust) or on a transform fault.l0
Finally, the local site conditions are a qualitative or quantitative description of the
topography, geology, and soil profile at a site of interest.

By contrast, the ground-motion duration has rarely been used in SRAs
because of the following reasons:

1. There are few GMPEs for the ground-motion duration published in the
literature.22 The very first GMPEs were developed with limited strong-motion
databases, hence the ground-motion duration estimates tend to be biased.
Moreover, recent GMPEs are only regionally applicable.

2. It has been argued that the joint probability distribution of the ground-motion
duration and at least one amplitude-based parameter must be considered for its
inclusion in a PSHA and, therefore, in Eq. (1.1).

3. It has been preferred to use the strong-motion duration, which represents the
fraction considered intense of the ground motion at a site of interest, instead of
the total duration of the ground motion. Although the estimation of the strong-
motion duration seems simple, a great number of methods can be found in the
literature for its measurement,?? none of which has been fully accepted by the
structural engineering community.

Regarding the structural response, the probability of damage suffered by a
structural system needed to carry out an SRA is typically evaluated using fragility
functions. Specifically, a fragility function describes the conditional probability of
exceeding a damage state, for different ground-motion levels 3.6 That is, they define
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the first term of the integral given in Eq. (1.1). Developing a fragility function
commonly involves an incremental dynamic analysis (IDA), which requires
performing multiple nonlinear dynamic analyses (NDAs).?* First of all, an NDA is
a step-by-step analysis of the dynamic response of a structural system to a specified
loading that may vary with time, which is generally an accelerogram. Then, an IDA
involves scaling the set of accelerograms used in the NDAs to different ground-
motion levels y. Commonly, the ground-motion levels y are selected to force the
analyzed structural system through the full range of behavior, that is, from elastic
to inelastic and finally to global dynamic instability, where the structural system
essentially collapses.

Beyond the SRAs, the ground-motion duration has not been formerly
considered as a design ground-motion parameter in earthquake engineering
regulations. The author attributes the latter to a lack of agreement between the
members of the regulatory committees. This may be related to the reasons listed on
page 4 and to the insufficiency of specific regional studies on the effects of ground-
motion duration on the response of structures that allow obtaining reference values.
In this matter, current earthquake engineering regulations, such as those established
by the ASCE,?> Eurocode 8-1,26 and NTC-2020,%27 require NDAs to design certain
critical facilities. Therefore, the proper definition of the ground-motion duration is
necessary either for the selection of real accelerograms or the generation of synthetic
accelerograms to be used in an NDA. However, it happens to be a ground-motion
parameter whose importance in earthquake engineering is often overlooked. For
instance, the Eurocode 8-126 ambiguously establishes the following:

“When site-specific data are not available, the minimum duration of the stationary
part of the accelerograms should be equal to 10 s.”

On the other side of the world, the NTC-202027 presents a simple
mathematical expression for estimating the ground-motion duration caused by either
interplate or intraslab earthquakes. Nevertheless, as no details of the variance
defining such mathematical expression are provided, structural practitioners cannot
properly account for the randomness of the ground-motion duration when generating
synthetic accelerograms. Moreover, the NTC-202027 indicates that the synthetic
accelerograms to be used in NDAs to evaluate the response of a structure located at
a specified site must have the same response spectrum as a given design spectrum.
The latter specifies the required strength or capacity of the structure plotted as a
function of T, and (,. For the site of interest, the proposed design spectrum equals
a uniform hazard spectrum (UHS), which is a response spectrum with ordinates
having an equal probability of being exceeded within a pre-determined return period,
T.. Note that T, can be defined as the average time between exceedance of a specified
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y at the site of interest. In the case of the NTC-2020,27 T, = 250 years. Thus, a
reasonable question is if the estimated values of the ground-motion duration
obtained from the mathematical expression given in the NTC-2020%7 correspond to
ground motions with said T,..

The preceding remarks clearly illustrate that there is a knowledge gap in the
estimation of the ground-motion duration for both the seismic design and risk
assessment of structures. Thus, this dissertation aims to contribute to disseminating
the appropriate criterion for the characterization of that ground-motion parameter
in order to improve the design of structures under earthquake action. The extent of
the dissertation is given in the following section. An overview of it is given then in
Section 1.3.

1.2 Objectives and Scope of the Dissertation

The goal of this dissertation is to provide the necessary mechanisms to facilitate the
solution of earthquake engineering problems that require site-specific estimates of
the strong-motion duration and its exceeding probabilities. Therefore, the objectives
of this dissertation consist of:

i. Gather a complete database of accelerograms and study their strong-motion
duration from an adopted definition.

ii. Select a set of seismological parameters to develop GMPEs for the strong-motion
duration.

iii. Probabilistically characterize a set of seismological parameters to develop curves
of the expected exceedance rates of strong-motion duration.

iv. Measure the dependence between the strong-motion duration and other ground-
motion parameters to assess the viability of multivariate PSHAs.

v. Evaluate the influence of the strong-motion duration on structural performance
via fragility functions and SRAs.

vi. Explore the inclusion of the strong-motion duration as a primary parameter for
the structural design.

The scope of the dissertation includes the following:

- Ground motions caused by interplate earthquakes and recorded in Mexico City
will be analyzed.
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- Regarding the multivariate PSHASs, this dissertation extends to the modeling of
the dependence structure between the strong-motion duration and both PGA
and acceleration response spectral ordinates.

- For the evaluation of the influence of the strong-motion duration on the seismic
response of structures, this dissertation is limited to the analysis of an equivalent
SDOF system whose properties were estimated from the dynamic characteristics
of a four-story one-bay steel moment frame designed by the plastic method.

1.3 Overview of the Dissertation

This dissertation consists of seven chapters. These include the present one, which
contextualizes the reader on the role of the strong-motion duration in earthquake
engineering and gives a concise description of the issues being addressed in the
dissertation. The content of the remaining six chapters is briefly described below.

Chapter 2 presents the state-of-the-art methods used to measure the strong-
motion duration, a list of the GMPEs developed worldwide for its estimation, and
a summary of the observed trends between the strong-motion duration and other
ground-motion parameters reported in three recent research works. Additionally, a
summary of the findings reported by various researchers who have studied the
influence of the strong-motion duration on the response of structures is given at the
end of the chapter.

To get into the subject, Chapter 3 presents four GMPEs for the strong-motion
duration applicable to sites located in Mexico City. The statistical method used for
the development of the GMPEs is described in detail and the criteria considered to
measure the strong-motion duration and seismological parameters are justified
through the text.

Based on the probabilistic characterization of each earthquake source capable
of inducing ground motions of engineering significance in sites located in Mexico
City, Chapter 4 deals with the strong-motion duration hazard. The PSHAs are
addressed using the GMPEs developed in Chapter 3.

Chapter 5 is an introduction to multivariate PSHAs. The first part of the
chapter is concerned with the measurement of the dependency between the strong-
motion duration and seven ground-motion parameters, which include PGA and
acceleration response-spectral ordinates. The dependence structure between the
mentioned amplitude-based ground-motion parameters and the strong-motion
duration is modeled and used to perform multivariate PSHAs.
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Chapter 6 presents a series of studies on the effects of the strong-motion
duration on the response of an equivalent SDOF system, which is assumed to be
located at different sites in Mexico City. The studies include the development of
fragility functions, for which site-specific synthetic accelerograms were generated
using the GMPEs developed in Chapter 3. Also, SRAs are performed in this chapter.

Chapter 7 concludes the dissertation. Specifically, a breakdown is made of
how the proposed objectives were achieved under the established scope and some
recommendations are given for future work on topics related to ground-motion
duration. Articles derived from this study are listed at the end of this chapter.

1.3.1 Computer Software

Most of the programing and numeric computing were carried out in MATLAB. Also,
SIMQKE-I was used to generate synthetic accelerograms to perform IDAs, for which
ANSYS was used. Being a student enrolled, UNAM sponsors the licenses of the
mentioned software for educational purposes.

1.3.2 Units

This dissertation uses the International System of Units (SI, acronym in French).

1.3.3 Declaration of Co-authorship

This dissertation includes information from articles that have been published and
manuscripts sent for possible publication in peer-reviewed journals. Specifically,
Chapter 3 includes data and results from two articles published in co-authorship
with Dr. Eduardo Reinoso Angulo. Results in Chapters 4 and 5 are part of a
manuscript that will be submitted for possible peer review. Chapter 6 includes data
and results from a manuscript under review that was co-authored by the author,
Dr. Eduardo Reinoso Angulo, and Ph.D. candidate J. Osvaldo Martin del Campo
Preciado.



CHAPTER 2
Strong-motion Duration in Earthquake

Engineering

2.1 Introduction

The ground motions produced during an earthquake are complex. As expressed by
Sen® in his book, there are many areas of “kmown unknowns”, and the knowledge
base is updated with each additional piece of new information. This new information
includes an increasingly adequate characterization of ground-motion parameters.

Of all of the parameters that have been proposed to characterize the
amplitude, frequency content, and duration of the ground motions, this dissertation
focuses (as specified in Section 1.2) on the assessment of the strong-motion duration.
Then, this chapter aims to contextualize the reader about the current knowledge
that surrounds said parameter from a structural engineering approach. Specifically,
the methods found in the literature for the measurement of the strong-motion
duration, as well as the GMPEs developed from worldwide data that allow its
estimation, are presented in Sections 2.2 and 2.3. A summary of the findings reported
by various researchers on the correlation between the strong-motion duration and
other ground-motion parameters and its influence on the structural response is
carried out in Sections 2.4 and 2.5, respectively. Some comments on the reviewed
literature are given at the end of the chapter.

2.2 Defining Strong-motion Duration

Bommer and Martinez-Pereira?3 carried out extensive work that summarizes the
methods used by different researchers to estimate the strong-motion duration for
engineering purposes. The authors noted that nearly all of the methods, which were
more than 30, allowed to estimate how long the strong shaking phase of the ground
motion lasts from an accelerogram. Depending on the criteria used for the
measurement of the strong-motion duration from an accelerogram, Bommer and
Martinez-Pereira?? grouped each method into three generic categories, namely,
bracketed durations, uniform durations, and significant durations.
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Let’s consider an accelerogram i, (t), with total duration t;. The bracketed
duration, Dp, is defined as the time elapsed between the first and last excursions of
a specified level a, of ground acceleration. The uniform duration, Dy, is also
constrained by a threshold level of acceleration a,. But it is defined as the sum of
the time intervals during which the ground acceleration exceeds such level. On the

other hand, the significant duration, Dy, is based on the accumulation of energy in
an accelerogram. The energy is commonly represented as a measure of the Arias

intensity, I 4, which can be defined as a function of ¢ as follows?8:

h@z%/%@%t (2.1)
Therefore, Dy can be defined as the time elapsed between the instants when I,
reaches two specified threshold values, a; and a,. Figure 2.1, Figure 2.2, and Figure
2.3 illustrate a schematic of the estimation of Dy, D;;, and Dg, respectively, from
iy (t).

Each generic category of the strong-motion duration presented above can be

further subclassified depending on whether relative or absolute values of either a,
or a; and a, are used. Therefore, the absolute Dy can be computed as?9:

(2.2)

where ¢,,,. and ¢, are the time instants associated with the first and last value of

u,, respectively, that meet the following solution:

H(|i,(t) —ag) =1 (2.3)

iy (1)

Figure 2.1 Generic definition of D, of an accelerogram
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iy (1)

tl t2 t3 DU :t1+t2+t3+t4
t

Figure 2.2 Generic definition of D;; of an accelerogram

\ I‘ H“ll l“llu .Hllnlllllu AN H M Ap]
[ u ’!IH’ ! I YUUVUUTUVUyvY W"

iy (1)

Dg

Figure 2.3 Generic definitions of D¢ of an accelerogram

where H(e) is the Heaviside step function. Generally, a, ranges from 0.03g to 0.20g.
For instance, Ambraseys and Sarna3’ were the first that explicitly proposed a
definition to measure the portion of an accelerogram considered to be strong. They
used the concept of absolute Dy considering a, equal to 0.03g. Page et al.3! also
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used the concept, but considered a, equal to 0.05 g. Later, McGuire and Barnhard?3?
undertook an extensive study on the definitions of strong-motion duration, which
included Dp. They considered a, equal to 0.05g, 0.10g, 0.15g, and 0.20g. Notice that

g is the gravitational acceleration and is approximately 9.8067 m/s? near Earth’s
surface.

The relative Dy can also be computed using Eq. (2.2), but considering:
H(|i,(t)| — agPGA) =1 (2.4)

where in this case q, is a fraction of the peak ground acceleration, PGA.32:33 For
instance, McGuire and Barnhard3? considered a, equal to 0.5. They referred to the
relative Dy as fractional duration.

The absolute D;; can be computed as follows?":
Dy = /H(\ag@)\ —ag) dt (2.5)
and the relative Dy; as:
Dy = /H(\ag(wy _ agPGA) dt (2.6)

The values of a, in Egs. (2.5) and (2.6) can be taken as those for absolute and
relative D g, respectively. Note that Bolt3* formally introduced the concept and

name of (absolute) Dy and D;;. He considered a, equal to 0.05g and 0.10g for both
definitions.

The absolute D¢ can be computed as?:

Dszjﬁﬂu@»—%w—HUAw—agwt (2.7)

After analyzing several accelerograms, Bommer and Martinez-Pereira?? found that
a, and a, equal to 0.01 m/s and 0.125 m/s, respectively, are good indicators of the
strong-motion duration from an engineering perspective. Note that they called the

absolute Dy as effective duration, Dy, which is a name that was previously used by
Zaharah and Hall.3?

The relative Dg (hereafter denoted as Dg,.) can be computed as follows?:

Dﬁz/wwm—%w4mwwwﬂﬁ (2.8)
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where h(t) stands for the normalized I ,(t) and can be computed as:

nit) = Ja®) (2.9)

Amaac

where I, is the maximum I, estimated from the accelerogram of interest. The
graphical representation of h(t) versus ¢ is known as a Husid plot.36 In Eq. (2.8) a4
and a, are fractions that are usually taken as 0.05 and 0.95, respectively, i.e., the

time interval in which 90% of the total I, is attained.!337 The limits 0.05 and 0.75
have also been taken.38

Note that Dg can also be measured using the integral of the ground velocity
or displacement, denoted respectively as @, and u,, as function of ¢. For instance,
Taflamplas et al.3? proposed a method to estimate Dg based on the cumulative
absolute displacement, CAD, which is defined as:

CAD = /\ug@)\ dt (2.10)

In the literature, there are methods to measure the strong-motion duration based
on the response of structural systems subjected to ground motions. Bommer and
Martinez-Pereira?? classified these methods into a fourth generic category named
structural response durations, but they can also be classified in one of the three
categories described above. For instance, the very first study to propose a definition
of strong-motion duration was by Rosenblueth and Bustamante.?0 Their method
consisted in measuring the duration of uniform motion needed to produce a constant
ratio between the maximum spectral displacement response of an SDOF system with
and without a specified (,. According to Bommer and Martinez-Pereira,?® the
method proposed by Rosenblueth and Bustamante*? can be classified in the category
of Dpg.

Other methods do not fall into one of the four categories proposed by Bommer
and Martinez-Pereira.2? For instance, Cosenza and Manfredi? proposed the following
factor to measure the strong-motion duration:

J i, (t)2 dt

leww = P4 POV (211)

where PGV is the peak ground velocity, which is defined as the maximum ground
velocity occurred (or expected) at a site of interest during an earthquake.
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2.3 Worldwide Predictive Equations for Strong-motion Duration

As mentioned in Section 1.1, GMPEs are commonly used to characterize the ground
motion at a site of interest. Specifically, a GMPE can be obtained from a
mathematical process of data fitting known as regression analysis,1? which is a set
of statistical processes for estimating the relationships between a response (or
dependent) variable, Y, and a set of explanatory (or independent) variables,
Xy, .y X,,. Most regression models can be expressed in matrix form as follows*L:

y=g(X,a)+e (2.12)

where vy is a known vector of responses of Y, g(X, ) is a function of a design matrix
X and an unknown vector of model coefficients a, and e is an unknown vector of
errors. Note that, in the literature, a linear regression model is denoted in matrix
form as y = Xa + e, where the form of the function Xa could be of any form
including nonlinear functions or polynomials as long as the linearity between Y and

the terms of « is maintained.

In practice, the form of g(X, a) is first specified and then a regression method
is chosen to estimate the terms of a. The goal is to determine the form of g(X, «)
that most closely fits the data. Note that the estimated value of y is y = g(X, &).
The estimated function g(X, &) can be used to assess the accuracy of the regression
model in explaining the data.

Among others, two usual assumptions for regression models are that: (i) the
terms of e are uncorrelated with one another, and (ii) they have independent and
identical normal distributions, with mean zero and variance 2. Also, under certain
considerations, the conditional expectation of Y when X, ..., X, take on a given set

of values z,...,z, can be approximated by g(X,&). Note that, in probability

p
theory, the expected value of a random variable is the average value that the random

variable takes on.4? Thus, it is also known as the mean.

In this manner, for earthquake engineering purposes, various researchers have
developed GMPEs taking as Y a specific ground-motion parameter and as part of
the set X,..., X, one or various seismological parameters, which can bel0:

- The magnitude, M, which is a quantity intended to measure the size of an
earthquake. The preferred magnitude scale used to develop GMPEs is the
moment magnitude, M, . Such magnitude scale was introduced by Kanamori*?
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and can be computed from the following equation given by Hanks and
Kanamori%:

log(M,) = 1.5M,, + 16.05 (2.13)

where M, is the scalar-seismic moment, which is defined as the magnitude of
the component couple of the double couple that is the point-force system
equivalent to a fault slip in an isotropic elastic body.%>
- The source-to-site distance, R, which is the shortest distance between an
observational site and the earthquake source, which is commonly represented as
either a point or finite fault plane. Point-source distance measures include the
The first is the
distance from the site to the hypocenter, which is the point within the Earth
where the earthquake rupture initiates. The second is the distance from the site
to the epicenter, which is the distance from the site to the point on the Earth’s

hypocentral distance, Ry, and epicentral distance, R,,;.

surface directly above the hypocenter. On the other hand, the most common
finite-source distance measure used nowadays is the closest distance from the
site to the fault plane, R,.,, .

- Either T or the average shear wave velocity at the uppermost 30 m of the soil,
V,30- They describe quantitatively the local site conditions at the site of interest.

The above seismological parameters can be viewed as numerical-valued
variables (also known as quantitative variables). That is, they describe a measurable
quantity as a number.46 In addition to these, GMPE developers often use categorical
variables to account for the effects of ground motions recorded in sites with different
local site conditions or caused by different tectonic environments. Note that a
categorical variable (also called a qualitative variable) has a measurement scale
consisting of a set of groups or categories defining qualitative property.46

In the case at hand, one can find in the literature various GMPEs for the
strong-motion duration. For instance, the very first GMPE was developed by
Professors Luis Esteva Maraboto and Emilio Rosenblueth Deutsch.! The estimated
function g (X, &) reported by the professors was?*’:

D, = 0.15exp(0.74)M + 0.3R,,,, (2.14)

where D, stands for a strong-motion duration definition that falls in the category of
structural-response durations.
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In general, early GMPEs were developed using the method of least squares
(which finds the estimates of o that minimize the sum of squared terms of e) and a
limited strong-motion database. Although the researchers recognized the effects of
the local site conditions, tectonic environment, or focal mechanism in the estimates
of the strong-motion duration, related seismological parameters were generally
disregarded in the development of early GMPEs. An exception may be made for the
GMPEs developed by Guerrero*” and Reinoso and Ordaz,*® who introduced T, in
the form of g(X, a). For instance, the following g (X, &) was reported by Reinoso
and Ordaz?s:

Dy, = 0.01exp(M) + (0.036M — 0.07)R + (4.8M — 16)(T, — 0.5) (2.15)

where T, = 0.5 s for rock or firm soil sites.

It should be mentioned that the GMPEs proposed by Guerrero*” and Reinoso
and Ordaz*® were developed considering ground motions recorded in various states
of Mexico, which include Mexico City. The selected ground motions were caused by
intraplate and intraslab earthquakes with M ranging from 5.2 to 8.1, and that
occurred until 1995. As noted from Eq. (2.15), the researchers considered Dg,., but
with a; = 0.025 and a, = 0.975, for the development of the GMPEs. They argued
that such values of a; and a, hold the part of the ground motions that is useful for
engineering purposes.

A summary of other early GMPEs can be found in the research works of
Guerrero?” and Douglas.?? The work of Guerrero?” (his master’s thesis) must be
especially recognized. It can be considered the basis for the development of the
GMPE proposed by Reinoso and Ordaz?® and, to some extent, a guideline for
understanding the level of development reached 25 years ago on the ground-motion
duration in Mexico City.

On another note, recent GMPEs have been often developed with robust
strong-motion databases and, when necessary, they contemplate as part of the set
X1, ..., X, one or various seismological parameters to consider the effects of ground
motions recorded in sites with different local site conditions and caused by
earthquakes with different tectonic environments or characterized by different focal
mechanisms. The vast majority of recent GMPEs have been developed using mized-
effects models, which constitute a class of regression models for data that are
collected and summarized in groups.? In general, as long as a limited strong-motion
dataset is used to develop a GMPE, the estimates of Y will be quite similar either
if the method of least squares or a mixed-effects model is used. However, with more
robust strong-motion datasets, the estimates of Y obtained from a GMPE developed
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using a mixed-effects model tend to be more accurate than those estimated from a
GMPE developed using the method of least squares.?0:51

Particularly, approximately 15 studies can be found in the literature in the
last 20 years that address the development of GMPEs for the strong-motion
duration.?? The relative significant duration Dg, has been preferred over Dy or Dy,
because the definition of a; and a, is more stable than the definition of a,.%? Clearly,
an accelerogram with amplitudes smaller than a, would lead to values of Dy or Dy,
equal to zero. Such zero strong-motion durations can be problematic when
developing GMPEs and, therefore, in their use for earthquake engineering purposes.
Nevertheless, GMPEs have also been developed for such definitions.?3:%¢ For
instance, to avoid problems, Bommer et al.%3 disregarded those accelerograms that
lead to Dy or Dy; values equal to zero for the development of the GMPEs.

Table 2.1 lists the estimated functions g¢(X, &) of nine GMPEs reported in
the literature between 2006 and 2021 that allow estimating the strong-motion
duration. The GMPEs were developed using mixed-effects models and considering
the natural logarithm of Dg,., with a; = 0.05 and a, = 0.95. The strong-motion data
used for their development is also summarized in Table 2.1. Note that the GMPEs
developed by the author are not reported in Table 2.1. They will be addressed in
Chapter 3.

Note that the recordings supplied in accelerograph network catalogs, such as
those provided by the CIRES and II-UNAM, commonly contain accelerograms in
two or three orthogonal components of the ground motion. That is, each ground-
motion recording could include two orthogonal horizontal accelerograms, gl(t) and

ilQQ(t), and one vertical, élgv(t). Then, to develop the GMPEs, most of the

researchers cited in Table 2.1 considered the geometric mean of the values of Dy,
obtained for each pair of horizontal accelerograms of a ground-motion recording.
This is done to match with the current practice that several researchers incur for
the measuring of other ground-motion parameters from accelerograms.>?

It can be said from the estimated functions g(X, @) reported in Table 2.1
that Dg, increases as either the earthquake magnitude or the source-to-site distance
increase and as v, decreases. Note that the interpretation of (nonlinear) functions
¢(X, a) is not straightforward. If g(X, ) were a + a; X; + -+ a, X, the sign of
each «;, with « =1,...,p, would indicate whether Y is positively or negatively
correlated with each X,. Then, to interpret the estimated functions g(X, &) given
in Table 2.1, it is quite good to rely on graphical tools such as scatter plots of the
observed strong-motion data or inspect the estimated values of Y using a given
GMPE and holding all but one X fixed.
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Table 2.1 Estimated functions g(X, &) of nine GMPEs reported in the literature from
2006 to 2021 for the natural logarithm of Dyg,., with a; = 0.05 and a, = 0.95. The strong-
motion data used for the development of the GMPEs is summarized below each g (X, &)

Author(s)

g(X,a)

1. Kempton and
Stewart>?

2. Bommer et al.53

3. Ghanat®”

( exp[2.79 + 0.82(M — 6)]\ 3 \
. | { 10T5M116.05 } +0.15R + (3.00 — 0.0041750) |
I 15.68 - 10 ' ' T

\ )

Strong-motion data: 1,559 ground-motion recordings from 73

worldwide shallow-crustal earthquakes with M ranging from 5.0
to 7.6. Here, R varies from 0 km to 200 km. The strong-motion
recordings were obtained from the Next Generation of Ground-
Motion Attenuation Models (NGA) project operated by the Pacific
Earthquake Engineering Research Center (PEER).5

—2.2393 + 0.9368M,, + (1.5686 —
0.1953M,,) In ( R2, + 2.52) — 0.34781n(v59) — 0.0365H

rup top>
where H,,,

is the depth to the top of the fault plane.

Strong-motion data: 2,406 ground-motion recordings (each with
two horizontal accelerograms) from 114 worldwide earthquakes (56
strike-slip, 35 reverse or reverse oblique, and 23 normal or normal
oblique) with M,, ranging from 4.8 to 7.9. All ground motions were
recorded at R,,,, < 100 km. The sites had v 5, ranging from 100
m/s to 2,000 m/s. Individual values of Dg, were considered to
develop the GMPE. The strong-motion data was obtained from

the PEER NGA database.56

[1.54241 4 0.61466(M,, — 6)] + [—0.33216 4- 0.011385R,,,,,| +

—0.00048v 3,
Strong-motion data: 2,690 ground-motion recordings (each with
two horizontal components) from 129 shallow-crustal earthquakes

(62 strike-slip, 42 reverse or reverse oblique, and 25 normal or
normal oblique) with M, ranging from 4.8 to 7.9 and R up to 200
km. The sites had v 3, ranging from 120 m/s up to 2,250 m/s. The
geometric mean of the values of Dg, computed from the horizontal
accelerograms of each ground-motion recording was considered to
develop the GMPE. The ground-motion recordings were obtained
from the PEER NGA database.>
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Table 2.1 Estimated functions g(X, &) of nine GMPEs reported in the literature from
2006 to 2021 for the natural logarithm of Dyg,., with a; = 0.05 and a, = 0.95. The strong-
motion data used for the development of the GMPEs is summarized below each g(X, &)

Author(s)

g(X,a)

4. Yaghmaei et al.’8

5. Lee and Green®!

0.21 + [—0.473 + 0.31log(R)]*?* + 0.097M} 2 — 0.0528,

where S is equal to 3, 2, 1, or 0 depending on whether the site is
categorized as Class B, C, D, or E, respectively, following the
FEMA 450.%° The logarithm base 10 of Dg, was used rather than
the natural logarithm of Dg,..

Strong-motion data: 286 ground-motion recordings (each with two
horizontal accelerograms) from shallow-crustal earthquakes
occurred in Iran up to the year 2007, with M, ranging from 3.7
to 7.7 and R ranging from 0.6 km to 294 km. The geometric mean
of the values of Dg, computed from the horizontal accelerograms
of each ground-motion recording was considered to develop the
GMPE. The ground-motion recordings were obtained from the
Building and Housing National Research Center (HBRC) database
operated by the Iranian Ministry of Housing Utilities and Urban
Development.%0

In{2.5 4+ 4.21 exp(M,, — 6) + 0.14R,,, + [—0.98 — 0.45(M,, — 6) —
0.0071Rmp]5} and

In{1.5 4 3.22exp(M,, — 6) + 0.11R,,, + [2.01 + 0.80(M,, — 6) —
O.OOQ?RTUP]S},

where S is a binary number equal to zero for “rock” sites and equal
to 1 for “soil” sites. The first g(X,&) is for shallow-crustal
earthquakes in stable continental regions, whereas the second is
for shallow-crustal earthquakes in active tectonic regions.
Strong-motion data: For the first GMPE, 324 ground-motion
recordings (each with three accelerograms) from 49 shallow-crustal
earthquakes in active tectonic regions with M, ranging from 5.0
to 7.6. For the second GMPE, 28 accelerograms from shallow-
crustal earthquakes in stable continental tectonic regions and 592
scaled accelerograms from shallow-crustal earthquakes in active
tectonic regions with M,, varying from 4.5 to 7.6 and R,.,, varying
from 0.1 km to 199.1 km. The Dyg, values from the horizontal
accelerograms were considered to develop the GMPEs.
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Table 2.1 Estimated functions g(X, &) of nine GMPEs reported in the literature from
2006 to 2021 for the natural logarithm of Dyg,., with a; = 0.05 and a, = 0.95. The strong-
motion data used for the development of the GMPEs is summarized below each g (X, &)

Author(s) g(X, o)
6. Afshari and In[g(M,,) + @(R,.,)] + ¢(Vg30),
Stewart®2 where g(M,) and g¢(R,,) are functions of source and path

7. Du and Wang?®

8. Meimandi-Parizi
et al.t4

rup
durations, respectively, and g (v3,) is a site term.

Strong-motion data: 11,195 ground-motion recordings (each with
two horizontal accelerograms) from worldwide shallow-crustal
earthquakes in active tectonic regions with M, ranging from 3.0
rup UP 10 500 km.
The geometric mean of the values of Dg, obtained from the
horizontal accelerograms of each ground-motion recording was
considered to develop the GMPE. The ground-motion recordings
were obtained from the PEER NGA-West2 database.>

to 7.9. The ground motions were recorded at R

1.736 + g¢(M,,, R,,,,) — 0.2421In(v3,) + 0.007H,,,,,
where g(Mw, Rrup) is a function of M,, and R,,,,.
Strong-motion dataset: 13,958 ground-motion recordings (each
having three horizontal accelerograms) from 311 shallow-crustal
earthquakes in active tectonic regions with M, between 3.05 and
7.9. The ground motions were recorded at R,,, from 0.1 km to

499.54 km. The ground-motion recordings were obtained from the
PEER NGA-West2 database.5

2.846 + g(M,,, Rrup) —0.1791n(v5,) + 0.027F,

where g(Mw, R,,up) is a function of M, and R and F
categorizes the earthquakes based on the fault rake, . Thus, F' is
equal to 1 if —30 <1 < 30, to 2 if —150 < ¢ < —30, and to 3 if

30 < < 150.

Strong-motion dataset: 2,228 ground-motion recordings (each
having three horizontal accelerograms) from 749 earthquakes with

rup’

M,, varying between 4.5 and 7.6. The ground motions were
recorded at various sites located in Iran at R,,, up to 200 km.
The sites had values of vz, from 100 m/s to 2500 m/s. The
method proposed by Boore et al.%5 was used to compute the
maximum Dg,. from the horizontal accelerograms. The ground-
motion recordings were obtained from the HBRC database.50
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Table 2.1 Estimated functions g(X, &) of nine GMPEs reported in the literature from
2006 to 2021 for the natural logarithm of Dyg,., with a; = 0.05 and a, = 0.95. The strong-
motion data used for the development of the GMPEs is summarized below each g(X, &)

Author(s) g(X,a)
9. Jaimes and Garcia- —1.4768 + 0.0147M,,, 4+ 0.9258 In(v/R? + 0.0075 - 100-597M..)  and
Soto® —1.9163 + 0.0979M,, + 0.9219In(v/R2 + 0.0075 - 1005070, ) —

0.0070[min(H,, 75) — 50],

where H), is the focal depth. Here, R = R, , for earthquakes with
M, > 6.5and R = Ry, for other earthquakes. The first g(X, &)
is for intraplate earthquakes, and the second is for intraslab
earthquakes.

Strong-motion dataset: For the first GMPE, 209 ground-motion
recordings (each with two horizontal accelerograms) from 40
interplate earthquakes with M, ranging from 5.0 to 8.0 and at R
varying from 17 km to 400 km. For the second GMPE, 183 ground-
motion recordings (each with two horizontal accelerograms) from
23 intraslab earthquakes with M, ranging from 5.2 to 8.2. All
ground motions were recorded at free-field ground-motion
recording stations located in states of Mexico called Chiapas,
Guerrero, Oaxaca, and Michoacan at R varying from 22 km to
400 km. The sites were categorized as Class B following the FEMA
450.% The quadratic mean of the values of Dg, from the horizontal
accelerograms of each ground-motion recording was considered to
develop the GMPE. The ground-motion recordings were obtained
from the database provided by the II-UNAM accelerograph
network.57

Finally, the work of Alcantara et al.®® was also found in the literature. Similar
to the authors cited in Table 2.2, they developed a GMPE for the natural logarithm
of Dg,., with a; = 0.05 and a, 0.95, but they used artificial neural networks (ANNs)
rather than mixed-effects models for this purpose. In broad terms, an ANN is an
adaptive system that learns by using interconnected nodes (also called neurons) in
a layered structure that resembles a human brain. It can be trained to recognize
patterns, classify data, and forecast future events.®® Then, from the learning of
strong-motion data, any form of ¢(X, a), such as those given in Table 2.1, can be
approximated. The estimated function g(X, &) developed by Alcantara et al.f® was
not reported in their work. Nevertheless, they presented scatter plots of the
estimated values of Dg, versus the empirical data. The accelerograms used by
Alcantara et al.%® came from ground motions caused by interplate and intraslab
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earthquakes with M, varying between 4.1 and 8.1 that occurred at R,,; > 300 km

and were recorded in sites mainly characterized by rock located in Puebla and
Oaxaca, which are states of Mexico.

2.4 Correlation Between Strong-motion Duration and Other

Ground-motion Parameters

Many researchers have measured the dependence between ground-motion
parameters.”0-7 The Pearson correlation coefficient, p, which measures the linear
correlation between two random variables, has been used by the cited for this
purpose. Note that the sample version of p can be defined as:

P Z;l:l (ylj - ?1) (yzj - ?2)
\/Z;;l (1, ~Y2) S0, (1, — Vo)

(2.16)

where {(yll,y21),... , (yln,y%)} is a sample of n observations from a vector of
continuous random variables (Y7,Y;), which in this instance are two ground-motion
parameters, Y, = %Z?: Y and Y, = %Z?: | Yo, are the sample means of Y, and
Y,, respectively. As per Eq. (2.16), p is the ratio between the covariance of two
random variables and the product of their standard deviations; thus, it is essentially

a normalized measurement of the covariance, such that the result always has a value
between -1 and 1.42

It has become common practice to obtain the estimates of p between the
(normalized) residuals computed as part of the development of the GMPEs for the
pair of ground-motion parameters of interest rather than directly from the
observations of such ground-motion parameters. Notice that, for each ground-motion
parameter, the normalized residuals are defined as

5= (2.17)

SHECN

where € = y — g is the vector of residuals that predict e and o is the estimate of o
computed from the regression analysis. The aforementioned procedure for estimating
p was first introduced in the research work of Baker and Cornell,” who focused on
measuring the dependence between pairs of acceleration response-spectral ordinates.
Among other things (and in genal terms), they argued that the estimated value of
p between Y; and Y, is equal to the estimated value of p between the normalized
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residuals, d; and d,, computed as part of the development of the GMPEs for Y; and
Y, because they are related simply by a linear function —see Eq.(2.17)—.

Thus, of all the reviewed literature, the research works of Bradley,’0 Baker
and Bradley,”” and Harati et al.”™ are the only ones that focused the attention on
measuring the dependence between the strong-motion duration and other ground-
motion parameters. The first researchers used the procedure proposed by Baker and
Cornell.™ In particular, Bradley’® reported the estimates of p between the natural
logarithm of Dg,, considering a; = 0.05 and a, equal to 0.75 and 0.95, and the
natural logarithm of seven ground-motion parameters that include PGA, PGV,
amplitudes of a response spectrum at various values of 7,, and the cumulative
absolute velocity, CAV. The latter is defined as:

CAD = /\ug(t)\ dt (2.18)

Bradley obtained the observations of the ground-motion parameters from 1842
ground-motion recordings from active shallow-crustal earthquakes that occurred at
source-to-site distances up to 200 km (obtained from the PEER NGA database?).
and to estimate the elements of & they used GMPEs proposed by various researchers
applicable to said tectonic environment. In the case of Dg,., the GMPE developed
by Bommer et al.53 (given in Table 2.1) was used. The estimates of p reported by
Bradley™ indicated that the natural logarithm of Dy, is negatively correlated with
the natural logarithm of PGA and PGV. He rereported negative estimates of p
between the natural logarithms of Dg,. and the acceleration response-spectral
ordinates for values of 7, up to approximately 1 s, but positive estimates of p for
values of T, varying from approximately 1 s to 10 s. For this case, the estimated
values of p varied from approximately -0.5 to 0.4. Regarding the estimates of p
between the natural logarithms of Dg, and CAV, they were positive and up to
approximately 0.15.

For their part, Baker and Bradley™ reported estimates of p between Dg,
(considering a, = 0.05 and a, equal to 0.75 and 0.95) and acceleration response
spectral-ordinates. They obtained the observations of the ground-motion parameters
from ground-motion recordings provided in the PEER NGA-West2 database® and
associated with shallow crustal earthquakes with M > 5 that occurred at R <
100 km. Baker and Bradley”” obtained the elements of 5 using GMPEs proposed by

various researchers, within which the GMPE for Dg,. developed by Afshari and
Stewart62 (given in Table 2.1) was selected. Similar to Bradley,”® they reported
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negative estimates of p between Dg, and acceleration response-spectral ordinates,
except for values of T, varying from approximately 1 s to 10 s.

Finally, Harati et al.™ measure the dependence between Dyg,., with a; = 0.05
and a, = 0.75, and PGA, PGV, acceleration response spectral-ordinates, and CAV
using Eq. (2.16). In absence of a robust strong-motion database,
{(yll, Yo, )s e s (yln, an)} was obtained using a Monte Carlo simulation. Note that
an unknown quantity can be approximately computed using a Monte Carlo
simulation, whereby independent replications of a random experiment (usually on a
computer) are averaged to estimate the quantity.42 Thus, Harati et al.” carried out
Monte Carlo simulations considering different possible earthquake scenarios.
Broadly speaking, one case consisted in simulating ground motions caused by
earthquakes having different miscellaneous characteristics (e.g., having distinct focal
mechanisms and occurring at a different source-to-site distance). A second case
consisted in simulating ground motions at a specific site caused by earthquakes with
distinct M, but caused by the same tectonic environment. A third case consisted
in simulating the ground motions at different sites caused by the same earthquake.
It should be mentioned that the ground-motion parameters were computed by
existing GMPEs, within which the GMPE for Dg, proposed by Afshari and
Stewart62 (given in Table 2.1) was considered. Depending on the simulation case,
the values of M,, were sampled between 4 and 8, the values of R, between 5 km
and 100 km, and the values of v, between 100 m/s and 1000 m/s. For the first
two simulation cases, the results reported by Harati et al.”® indicated that Dg, is
positively correlated with either PGA, PGV, the acceleration response-spectral
ordinates, or CAV'. For the third simulation case, the estimates of p between Dy,
and the acceleration response-spectral ordinates resulted in negative values.

2.5 Influence of Strong-motion Duration on Structural Response

Over the last decades, several researchers have studied the influence of the strong-
motion duration on the seismic response of soils and civil structures. On the one
hand, the effects of the strong-motion duration on soil behavior have been fairly well
identified, causing some methodologies to consider this ground-motion parameter
for the solution of multiple geotechnical engineering problems.” 8! For instance, the
seismic demand on potentially liquefiable soils can be approximated by a series of
uniform shear stress cycles, Ng.. The number of Ng- can be estimated by GMPEs.3
By contrast, the effects of the strong-motion duration on structural response remain
a matter of discussion. The latter arises from the fact that structural response is
demarked not only by the inherent characteristics of the seismic loads but by many



Section 2.5 25

diverse parameters that typify the elements of each structural system. In other
words, the effects of strong-motion duration will (obviously) differ for different civil
structures. In general, it can be said that the effects of the strong-motion duration
on structural response may be more evident in masonry or reinforced concrete
buildings (whose stiffness and strength degrade under the action of seismic loadings)
than in steel buildings.?3 Regardless of the structural system analyzed, it can be said
that the significance attributed to the strong-motion duration relies mainly on the
damage measure used to evaluate their performance. For instance, Hancock and
Bommer®? reviewed a large number of studies on this matter. They concluded that
while the strong-motion duration has a negligible effect on the estimates of
maximum-response damage measures, it has a significant effect on the estimates of
energy-based damage measures.

Many researchers have studied the effects of the strong-motion duration
caused by distinct tectonic environments in structural response. In the literature,
those ground motions generated by subduction (either interplate or intraslab)
earthquakes have been referred to as long-lasting, whereas those generated by
shallow-crustal earthquakes have been denominated as short-lasting. Appendix A
summarizes the strong-motion data used by various researchers that have studied
the influence of the strong-motion duration on structural response. The structural
systems analyzed are also reported in Appendix A. They comprise mostly buildings
or idealizations of them through SDOF or multiple-degree-of-freedom (MDOF)
systems. All the researchers evaluated the structural response through NDAs, and
some of them developed fragility functions. Those researchers cited in Appendix A
that compared the effects of short-lasting ground motions against long-lasting
ground motions in the structural response concluded that long-lasting ground
motions tended to produce larger estimates of energy-based damage measures and
some of them reported an increase in the estimates of certain maximum-response
damage measures when large spectral ordinates were involved.

As can be noticed from the information given in Appendix A, the local site
conditions, as well as other seismological parameters, were disregarded in the
majority of the cited studies. Specifically, except for the studies carried out by
Chandramohan et al.83 and Ruiz-Garcia,3* no attention was paid to ensure that the
selected accelerograms used to perform the NDAs were recorded in sites with similar
local site conditions as those where the analyzed structural systems were located. It
should be recognized that this omission was somehow avoided in some of these
studies as the accelerograms employed were scaled in such a way that their response
spectra matched a site-specific target spectrum.



26 Chapter 2

2.6 Discussion

Several methods to estimate the strong-motion duration are found in the literature,
which in turn lead to many definitions. Of these, Dg, has been preferred for
engineering purposes because it preserves all the information of an accelerogram
without excluding any interval.66

Not many strong-motion duration GMPEs have been reported in the
literature. The most recent have been developed using strong-motion data from
shallow-crustal earthquakes, which are out of the scope of this dissertation.
Alcantara et al.,%8 Jaimes and Garcia-Soto,56 and Reinoso and Ordaz*® are the only
researchers who have proposed GMPEs considering accelerograms of ground motions
caused by interplate earthquakes and recorded at R,,, > 250 km. Nevertheless, the
GMPEs proposed by Alcantara et al.f8 and Jaimes and Garcia-Soto% were generated
using ground-motion recordings from sites characterized mostly by rock or firm soil
sites located in various states of Mexico, of which Mexico City was omitted.
Therefore, discretion is advised in using such GMPEs to estimate the strong-motion
duration in sites located in Mexico City. Likewise, discretion is advised when using
the GMPE proposed by Reinoso and Ordaz*® because, although they used (not
many) accelerograms recorded in Mexico City, no distinction between focal
mechanisms and no correlation between ground motions caused by the same
earthquake were considered for the development of the GMPE. Furthermore, fellow
researchers have commented about the overestimation of the strong-motion duration
in sites located in Mexico City when employing the GMPE proposed by Reinoso
and Ordaz.*8 For instance, when computing response spectra with random vibration
theory, Jaimes et al.%5 applied a factor of 0.5 to the estimated values, arguing that
“they were too long”.

From the estimated functions (X, &) reported by various researchers that
have developed GMPEs for the strong-motion duration (such as those given in Table
2.1), it can be concluded that such ground-motion parameter increases as both the
earthquake magnitude and source-to-site distance increase when is defined as Dg,,
but when is defined as either Dy or Dy; it has been demonstrated that it decreases
as the source-to-site distance increases.?3:54

Three research works were found in the literature on the measurement of the
dependence between the strong-motion duration and other ground motion
parameters. In all of them, the dependence was measured by means of p. At the
end, with the reported estimates of p, it is not possible to give a clear idea of what
might be expected in Mexico City because they were obtained from strong-motion
data associated with shallow-crustal earthquakes.
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As mentioned in Section 2.4, nowadays (many) researchers obtain the

estimates of p between the vectors 5 of normalized residuals computed as part of
the development of GMPEs for pairs of ground-motion parameters of interest, such
as Dg, and another ground-motion parameter (e.g., PGA, PGV, CAV, or
acceleration response-spectral ordinates) rather than from the vectors y of
observations of such ground-motion parameters. Although the author has followed
such procedure to measure the dependence between ground-motion parameters,’
she has reasoned that the argument that has been made since the research work of
Baker and Cornell™ (see page 22) is not entirely true. As Lebrun and Dutfoy®6 have
stated, the estimated value of p between two random variables, Y; and Y, is not
equal to the estimated value of p between another two random variables, Z; and
Z,, that are in function of Y; and Y;, ie., Z, =g(Y;) and Z, = g(Y;), if the
functions are strictly increasing.

Concerning the influence of the strong-motion duration on structural
response, attention was focused on summarizing the number and characteristics of
the accelerograms used by various researchers to perform NDAs (see Appendix A)
rather than making a report on the measured values of the structural response. In
the humble opinion of the author, such values could not be representative of the
seismic response of structures located in Mexico City because they were estimated
from accelerograms of ground motions that do not match those observed in the
geographical region of interest.

Moreover, although comparing the seismic response of a structural system
subjected to ground motions of different durations is quite beneficial, the
comparisons carried out by several researchers (such as those cited in Appendix A)
lose sense due to the criteria considered to group the ground motions into short- and
long-lasting. For instance, based on the work of Chandramohan et al.,3” Barbosa et
al.,88 Belejo et al.,’? Bravo-Haro and Elghazouli,”® and many other researchers had
classified as long-lasting those ground-motion recordings having at least one
accelerogram with Dg, > 25 s. Doing this kind of classification is highly subjective.
Indeed, the ground-motion duration caused by a single earthquake can be so
different at different sites as to classify it as short or long. For instance, Figure 2.4
shows a glimpse of the seismic response of the soil in Mexico City. It shows two
accelerograms recorded during the same earthquake at two sites located in Mexico
City within a radius of less than approximately 5 km. As can be appreciated from
Figure 2.4, the accelerograms had ¢, equal to approximately 150 s and 300 s. Then,
it could be said that while one ground motion was short-lasting, the other was long-
lasting. Therefore, care must be taken when selecting and grouping the
accelerograms for the evaluation of the structural response.
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Figure 2.4 Accelerograms recorded at the stations CH84 and JA43 during the January
22, 2003 earthquake that occurred in Colima, Mexico. These stations are located at two
different sites in Mexico City, each with T, equal to approximately 1.4 s and 3.0 s. On
the right of each accelerogram is shown its correspondent FAS



CHAPTER 3

Strong-motion Duration Predictive Equations

3.1 Introduction

As mentioned in Section 1.1, GMPEs play an important role in SHAs as they allow
to estimate the ground-motion levels y that can occur at a site of interest and,
therefore, to which an earthquake-resistant structure will be subjected. In this study,
the GMPEs were developed using linear mized-effects (LME) models, which are a
class of statistical models containing both fized effects and random effects. The
former are parameters associated with an entire population or with certain
repeatable levels of experimental factors and the latter are parameters associated
with individual experimental units drawn at random from a population.*¥ In the
LME models both fixed and random effects occur linearly in the model function.

In principle, an LME model allows for describing the relationship between a
response variable and some covariates in data that are grouped according to one or
more classification factors.®® For a single level of grouping, the LME model can be
expressed in matrix notation as follows?1:

where y, is an n, x 1 vector of responses of the ¢th cluster, o is a p x 1 vector of
fixed effects, b, is a ¢ x 1 vector of random effects, X, is an n,; x p design matrix of
fixed effects, Z; is an n; x ¢ design matrix of random effects, and e; is an n; x 1
error vector with independent components, each of them having zero mean and

variance 2.

It is assumed that b, and e, are normally distributed with a mean of 0 and
variance-covariance and variance matrices o7 = 0?Y and o2 = 021, respectively,
where Y is a symmetric and positive semi-definite matrix parameterized by a
variance component vector ¥ and I is an identity matrix. Also, the random effects
vectors b, are assumed to be independent of each other and of the error vectors
e;.1992 Note that, as b, are defined to have a mean of 0, any nonzero mean for a
term in the random effects must be expressed as part of the fixed-effects terms.

Thus, the columns of Z, are usually a subset of the columns of X.

29
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By combining vectors y, into a > n,; vector, matrices X, into a Y . n, xp
matrix, letting Z = diag(Zl, . ZNC), Eq. (3.1) can be compressed into one
equation as y = Xa + Zb + e. Notice that > n; is the total number of observations,
with j =1,...,n, observations per cluster i. Also note that, if the random effects
were disregarded, the compressed form of the regression model given in Eq. (3.1)
would be y = Xa + e, which is equivalent to the generic regression model given in
Eq. (2.12) considering that the form of g(X, «) is linear. Recall that the linearity
in mixed-effects models refers to the linearity of the terms of .

Although the LME model given in Eq. (3.1) looks like a linear model, the fact
that the variance parameters are unknown makes it a nonlinear statistical model
with an elaborated estimation methodology. Under the assumption that b, and e,
are normally distributed random variables, Eq. (3.1) can be written more compactly
as92:

C

meaning that y, has a multivariate normal distribution with mean X,o and
covariance matrix 0?(Z;DZ!), where Z/ is the transpose of the design matrix Z,.
Note that a multivariate normal distribution is a probability distribution for random
vectors of correlated variables where each vector element has a univariate normal
distribution.”

Inference of an LME model can be based on least squares and maximum
likelihood methods, or empirical Bayes methodology.?! For instance, if D were
known, as follows from the Gauss-Markov theorem, the following generalized least
squares estimator would be efficient:

1 N,

N e
a= |3 X'(I+ z,DZ,) X, X (r+ zDz) 'y, (3.3)

However, D is unknown, thus its estimation becomes a central issue in the
framework of the LME models. In this study, the maximum likelihood estimation
(MLE) method was used to estimate both fixed-effects coefficients e and variance
components o2 and 9. A detailed description of the procedure can be found in the
work of Pinheiro and Bates.*9

Thus, the next section describes the seismological parameters used to define
X and Z for the development of the strong-motion duration GMPEs for Mexico
City. The criteria used to compute the strong-motion duration vector of responses
y are given then in Section 3.3. In this section, four of the GMPEs developed in this
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study are presented. The observed trends between strong-motion duration and the
seismological parameters are also given in this section. Some comments about the
proposed GMPEs are given in Section 3.4.

3.2 Seismological Parameters

As mentioned in Section 1.1, seismological parameters are those that characterize
the earthquake source, the soil and geological profile beneath a site of interest, and
the wave propagation path between the source and the site.l? The more accurate
their estimation, the greater the potential of reducing the level of uncertainty in the
expected level of ground motion at the site.

The seismological parameters used to define X and Z for the development of
the strong-motion duration GMPEs are presented next.

3.2.1 Earthquake Source Parameters

Mexico is located at the intersection of five plates, which are: (a) the North
American and Pacific major plates, (b) the Caribbean and Cocos minor plates, and
(c) the Rivera microplate.? Figure 3.1 illustrates these plates, along with the mid-
oceanic ridges, and trenches that span Mexican territory. In Figure 3.1, the East
Pacific Rise is a divergent plate boundary that separates the oceanic Pacific Plate
from the continental North American Plate and the oceanic Rivera and Cocos plates.
The Middle America Trench (MAT) is the boundary between the Rivera and Cocos
plates on one side and the North American and Caribbean plates on the other. It
extends as far as northern Costa Rica, in Central America. The Trans-Mexican
Volcanic Belt (TMVB) is an active continental volcanic arc that spans across south-
central Mexico from the Pacific Ocean to the Gulf of Mexico. It was formed due to
the subduction of the Rivera and Cocos plates beneath the North American Plate
along the northern part of the MAT.%9 While the Rivera Plate moves to the
northeast with respect to the Rivera and North American plate boundary, the
motion of the Cocos Plate relative to the North American Plate is also to the
northeast, slightly counterclockwise from the normal to the MAT.97

Figure 3.1 also shows the geographical localization of Mexico City, which is
the capital of Mexico. One of the largest metropolises in North America is located
there. Mexico City is principally exposed to the seismic hazard caused by very
frequent interplate earthquakes occurring at the MAT and intraslab earthquakes
occurring within the subducted Cocos Plate, as well as infrequent shallow-crustal
earthquakes occurring in the TMVB.? In general, large thrust faulting interplate
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earthquakes occur at shallow depths, whereas intraslab normal faulting earthquakes
in the subducted Cocos Plate generally occur down-dip at some distance from the
strongly coupled interplate interface.?® This dipping planar (flat) zone of
earthquakes is known as the Wadati-Benioff zone.%*

As mentioned in Section 2.3, GMPE developers commonly introduce as part
of the set X,,..., X, a seismological parameter to define either the earthquake
tectonic environment or focal mechanism. This is very important (at least for Mexico
City) because the seismic response of various sites, and consequently of structures,
can differ greatly depending on the tectonic setting that originates the ground
motions.84:100,101  For instance, intraslab earthquakes tend to affect low-rise
structures because they are shown to have larger energy content at higher
frequencies.100:102 On the contrary, interplate earthquakes commonly affect long-
period structures as they have lower-frequency contents.103:104 Shallow-crustal
earthquakes that occur within the TMVB are not known to produce significant
damage in Mexico City.104 Nevertheless, as this study extends up to the evaluation
of the strong-motion duration hazard caused only by interplate earthquakes, there
is no need to define any source parameters for the development of the GMPEs.

Symbology
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Figure 3.1 Plates, mid-oceanic ridges, and trenches encompassing the Mexican
territory. The acronym TMVB stands for Trans-Mexican Volcanic Belt
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The identification of interplate earthquakes that have occurred along the MAT
was possible due to the catalogs provided by the Global Centroid Moment Tensor
(CMT) Project,!05:106 the International Seismological Centre (ISC),!07 and the
National Earthquake Information Center (NEIC) from the U.S. Geological
Survey.l08 The research works of Singh et al.l% and Zuaniga et al.ll0 were also
consulted. The search was focused on moderate and large earthquakes. To evaluate
their size, M,, was chosen among other conventional magnitude scales because it
does not “saturate” for large earthquakes.!!! Note that saturation occurs when the
fault dimension greatly exceeds the wavelength of the seismic waves to which a
particular scale is keyed. In the end, all earthquakes in the compiled catalog have
M, < 6. This level of M,, was chosen to consider all those earthquakes that can
cause damage, however minimal, in Mexico City.1'2 The compiled earthquake
catalog is presented in Appendix B.

It is to be noted that many ground motions from historical earthquakes that
occurred at the MAT were not recorded in Mexico City. In fact, early accelerograms
were too short to accurately measure the strong-motion duration. Therefore, several
of the interplate earthquakes presented in Appendix B were disregarded in the
development of the strong-motion duration GMPEs. Those that were used are listed
in Appendix C. These issues are discussed in more detail in Section 3.3.

3.2.2 Local Site Conditions

Most of the present-day Mexico City metropolitan area is contained in the Valley
of Mexico, which is located on a volcanic high plateau in the central part of the
TMVB. The valley is settled on very soft lacustrine deposits, which are the remnant
of the ancient Zumpango, Xaltocan, San Cristobal, Texcoco, Xochimilco, and Chalco
lakes.!13 Of these, only portions of the Zumpango, Xochimilco, and Texcoco lakes
remain today.

Several efforts have been made over the years to gain information about the
local site conditions in Mexico City, which are extremely heterogeneous.112113
Traditionally, the city has been divided into three zones, each encompassing sites
with similar geotechnical characteristics, namely, the hill zone, transition zone, and
lake zone.27113.114 On the west side of Mexico City, the hill zone is characterized by
deposits of granular soil and volcanic tuffs, with interspersed sandy deposits in the
loose or relatively soft cohesive state. The Pedregal area is located in southern
Mexico City and is typified by basalt deposits with a maximum thickness of 20 m.
Similarly, basalt deposits are found on the east side of Mexico City. On the other
hand, the lake zone is characterized by highly compressible clay deposits separated
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by sandy layers containing silt, clay, and volcano ash, and covered by alluvial soils,
dried materials, and debris. The total thickness of these deposits can exceed 50 m
in depth. The transition zone separates the hill zone from the lake zone. It is
characterized by intercalated sandy layers on clay deposits, but with a thickness
that varies from centimeters to a few meters. Hereafter, the hill, transition, and lake
zones are referred to as GZI, GZII, and GZIII, respectively.

According to Singh et al.,%8 v, is approximately equal to 750 m/s and
250 m/s for sites located in GZI and GZII, respectively, and varies from 50 m/s to
100 m/s for sites located in GZIIL.

Although the geotechnical classification described above depicts in practical
terms the materials that lie directly beneath Mexico City, for the development of
the GMPEs it is desirable to measure, rather than categorize, the local site
conditions. For this, T, was used.

Eighty-four reference sites in which free-field ground-motion recording
stations are (or were) located were selected for the measurement of T',. Specifically,
16 stations are located in GZI, 12 in GZII, and 56 in GZIII. Note that the stations
are part of the accelerograph networks operated by the CIRES and II-UNAM.67115
A list of them is given in Appendix D and a map showing their geographical
localization is presented in Figure 3.2. As per Figure 3.2, the sites located in GZIII
have been grouped into four subzones, namely, a, b, ¢, and d.

Following the NTC-2020,27 T, in sites located in GZI could be up to
approximately 0.5 s. Yet, several regional studies of the Valley of Mexico have
reported that ground motions recorded at the southwestern and northern hill zone
stations, as well as at stations located at the outcrops of two mountains (named
Cerro de la Estrella and Cerro del Peién) are anomalous with respect to other sites
located in the hill zone 104116117 The differences are attributed to local geologic and
topographic conditions at the recording sites. Based on these statements, the ground
motions recorded at stations CE18, CP28, CT64, and ESTS were disregarded for
the development of the GMPEs. Figure 3.2. shows their geographical localization.
A list of the stations disregarded in this study is presented in Appendix D.

For each site located in GZII or GZIII, the values of T, were estimated as the
inverse of the frequency fy )y, which is defined as follows:

fH/V =
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where max(e) are the frequencies, f, .., associated with the maximum spectral

ratios F| (w)/Fy (w) and Fy(w)/Fy (w), with F}(w), Fy(w), and F}, (w), being the FAS

of the orthogonal components ilgl(t), ilgz(t), and ilgv(t), respectively, of each

ground-motion recording at the site. Here, w is the angular frequency defined as
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Figure 3.2 Map of Mexico City (shaded in gray) showing the location of the free-field
ground-motion recording stations (triangles). Data from crossed-out stations was
disregarded for the development of the strong-motion duration GMPEs. From north to
south these are ESTS, CT64, CP28, CE18, and TH35. Stations marked with yellow
circles are related to the examples shown in Table 3.1 and Figure 3.6. These are Station
DX37 located in GZII, and stations 1B22, SP51, BA49, and AE02 located in GZIlla,
GZIIIb, GZIIIc, and GZIIId, respectively
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Note that, from a given i, (t), F'(w) can be computed as follows!?:

2 2

+ [/ i, (t) cos(wt) dt] (3.5)

0

Flw) = [ / i (t) sin(wt) dt

0

Equation (3.4) is based on the root mean square (RMS) formulation!!® and it can
be seen as a variation of the standard horizontal-to-vertical ratio as presented by
Delgado et al.l1?

Based on Eq. (3.2), Table 3.1 shows the estimation of T, from a set of ground
motions recorded at five stations during the March 20, 2012 earthquake that
occurred in Ometepec, Guerrero, and had M, = 7.4. Each recording station is
located in a different geotechnical zone. Specifically, station DX37 is located in GZII,
and stations IB22, SP51, BA49, and AEO2 in GZIIla, GZIIIb, GZIIlc, and GZIIId,
respectively. The sites are marked with yellow circles in Figure 3.2.

From the calculations, T, vary from 0.4 s to 1.0 s for sites that are located in
GZII and from 1.0 sto 1.5 s, 1.5 s to 2.5 s and 2.5 s to 3.5 s for sites that are located
in GZIIa, GZIIIb, and GZIIIc, respectively. The estimates of T, were up to
approximately 6.0 s for sites located in GZIIId. Specifically, the estimates of 7T, from
ground motions recorded at stations AE02, AR14, NZ20, NZ31, PD42, and ZARZ
exhibited values of 5.5 s £10%.

Overall, the estimates of T, remained similar per site. Only values of T for
some stations located in GZIIId exhibited a slight and constant decrease over the
years. For instance, the estimates of T, decreased from 4.2 s in 1995 to 3.4 s in 2018
for the site where station AR14 is located. This change in the estimates of T is
attributed to the effects of the regional subsidence affecting the lake zone, which has

been documented in the research works of Ovando-Shelley!20 and Avilés and Pérez-
Rocha.12!

It should be mentioned that many of the estimates of T, obtained from ground
motions recorded at station TH35 exceeded 6.0 s. This station is located at a site
over the deepest clay deposits (with thicknesses greater than 130 m) in the Tlahuac
lakebed area, which is settled where the ancient Chalco and Xochimilco lakes met.
Then, by complex amplification patterns, the ground motions in this area behave
very differently from other sites in Mexico City.!16 Due to this atypical behavior,
data from station TH35 was not considered for the development of the strong-motion
duration GMPEs. The geographical localization of station TH35 is indicated in
Figure 3.2.
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Table 3.1 Estimation of T, from a set of ground motions recorded at five stations
located in different geotechnical zones
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In general, all the estimates of T, obtained using Eq. (3.4) are in good
agreement with those reported in various specialized studies on the subject in which
T, was measured employing different techniques, such as ambient vibration tests or
using FAS from ground-motion records.120.122-126

3.2.3 Source-to-site Distance

Both R, and R
it propagates away from the earthquake source. The estimation of R, is quite

~up Were chosen to characterize the decrease in ground motion as
obvious, so it needs no description, However, estimating finite-source distances, such
as Rmp,
orientation, and location of the fault plane within the Earth. Guptal?? proposed a

is a task far from trivial as it requires knowledge of the shape, size,

quite practical method, which was used in this study to estimate R based on

rup?
idealizing the fault plane as a rectangular shape with length L and width 1%/[/'. Relying
on this idealization and knowing the orientation of the fault plane with respect to
the site of interest, a global coordinate system (u,v,w) having the epicenter as the
origin and a local coordinate system ({,7n) with origin at the upper left corner of the
fault plane is defined. Then, any point j in the fault plane with local coordinates

(¢j,m;) can be defined by global coordinates (u,v;, w;) as follows:

u; = (¢ — Co) sin(0) + (1; — o) cos() cos(6) (3.6a)
v; = (G — Co) cos(0) — (m; — np) cos(yp) sin(6) (3.6b)
w; = Hy, + (1; —19) sin(p) (3.6¢)

where ({,,7,) are the local coordinates of the hypocenter, 6 is the azimuthal direction
of the horizontal in the fault plane, and ¢ is the inclination of the fault plane relative
to the horizontal. The angles 6 and ¢ are known as fault strike and dip, respectively,
and are measured in degrees. Figure 3.3 shows a schematic of the global and local
coordinate systems as defined above. As per Figure 3.3, the global coordinates of
the site of interest are (R, sin®, R, cos¢, —H,), where H_ is the altitude of the
site and v is the direction from the fault plane to the site measured in degrees
clockwise from the north. The distance r; between the site of interest and the point
j on the fault plane can be computed easily using the Pythagorean theorem. Thus,
R,,, can be obtained by finding the minimum of the distances r; for a closely spaced
grid of points covering the entire rectangular fault.

The interplate earthquakes and their corresponding source parameters
selected for the development of the strong-motion duration GMPEs are presented
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in Appendix C. Note that all the parameters necessary to compute R,,, were
unavailable in the reviewed literature for earthquakes with M, < 7.2. Nonetheless,
typical rupture dimensions of these earthquakes are several orders of magnitude

smaller than the distance to Mexico City, allowing R, ,, to be used instead of R,.,,,,.
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o
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Figure 3.3 Schematic of the global and local coordinate systems used to compute R,
and R,

3.3 Estimation of Strong-motion Duration

Each of the definitions given in Section 2.2 was thoroughly analyzed in this study
to determine which one was the best to measure the strong-motion duration in sites
located in Mexico City. A careful exploration (almost accelerogram by accelerogram)
was necessary to fully understand the behavior of the strong-motion duration in a
region located several hundred kilometers from the earthquake sources of interplate
earthquakes. It should be mentioned that the amplitudes of the vertical component
of ground motions caused by such distant earthquakes are so small that they are
not relevant for structural design in Mexico City. Therefore, the author focused on
studying the strong-motion duration only from the horizontal components of the
ground motion.
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For the development of GMPEs, the use of both Dy and D;; was discarded
because establishing the value of a, either absolute or relative, was very difficult to
determine. For instance, according to the literature review given in Section 2.2, the
value of a, has been taken within the interval from 0.03g to 0.20g. But notice that,
even taking ay, = 0.03g, almost all the values of Dy and D; obtained from
accelerograms recorded at GZI were equal to zero because the maximum PGA
recorded in that zone was equal to approximately 33 cm/s2. Such a value of PGA
corresponds to an accelerogram recorded at station CUO1 during the September 19,
1985 earthquake, which occurred at R, ,, = 379 km. Using the mentioned
accelerogram, Figure 3.4 shows the measurement of the absolute Dy considering
ay = 0.03g. The estimated value of the absolute Dy was equal to 4.85 s. Thus,
should a, be taken equal to 0.01g, 0.005g, or 0.001g? Most of these values represent
acceleration amplitudes that are below human perception.
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Figure 3.4 Estimation of the absolute Dy from an accelerogram recorded at station
CUO1 during the September 19, 1985 earthquake, with M, = 8.0

For accelerograms recorded at sites located in GZII or GZIII, the use of Dy
or Dy; is unproblematic, but it is preferable to establish the same criteria to measure
the strong-motion duration in all sites to make objective comparisons.



Section 3.3 41

Thus, for the development of the GMPEs, the author preferred Dg,, with
a; = 0.05 and ay = 0.95. Although the estimation of Dg, could be seen as an
automatic process, attention was drawn to the influence exerted by trigger
thresholds and memory availability of recording devices used in the accelerograph
networks operated by the CIRES and II-UNAM.67115 In this regard, some of the
recording devices used in the early years had very high trigger acceleration
thresholds and almost null pre- and post-event memory availabilities (varying from
approximately 0 s to 8 s), leading to a significant loss of the first and last motions
of the ground, which are very valuable for the estimation of Dg,. For this reason,
all ground-motion recordings from earthquakes that occurred before 1985 had to be
discarded because of their incompleteness. Moreover, the few ground-motion

recordings of the earthquakes that occurred in that year from sites located outside
GZI also had to be discarded.

Most of the recording devices installed currently have sufficient memory
availabilities, which leads to little or insignificant loss of information. Nevertheless,
this large capacity entails that, in many cases, a considerable part of the beginning
and end of a recording is not an intrinsic part of the ground motion caused by an
earthquake. This may present no problem for estimating other ground-motion
parameters, such as those used for response spectra, but it does when it comes to
estimating the strong-motion duration. From the inspection of the accelerograms, it
was observed that regardless of how weak the acceleration values are in the post-
event trail, their contribution to the estimates of Dg,. could be considerable. For
instance, following Figure 3.5, compare the estimated values of Dg, from two
accelerograms recorded at stations CUP1 and CUP4 during the September 14, 1995
earthquake that occurred in Guerrero at R, = 339 km and had M, = 7.4.
Although the stations are located at almost the same geographical coordinates,
station CUP1 recorded 97.50 s of ground motion, whereas station CUP4 recorded
492.57 s. While Dg, = 46.68 s was obtained from the accelerogram recorded at
station CUP1, Dg, = 93.80 s was obtained from the accelerogram recorded at station
CUP4. The second value of Dg, is not credible for a site located in GZI, from an
earthquake of such characteristics.

To overcome the problems described above it was decided to disregard the
initial and final part of the accelerograms whose amplitudes were not representative
of the ground motion for the estimation of Dg,. The portion of the accelerograms
to be considered was set between the first and last excursion of a specified
acceleration threshold, a,, equal to 2 cm/s?. By applying the above standardization,
more consistent values of Dg, were obtained. For instance, for the case displayed in
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Figure 3.5, values of Dg, equal to 41.32 s and 37.18 s were estimated when
considering such criterion.
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Figure 3.5 Estimation of Dg, from two accelerograms recorded at stations CUP1 and
CUP4 during the September 14, 1995 earthquake, with M, = 7.4. The black lines stand
for the computation of Dg, using the raw accelerograms, whereas the blue lines stand
for its computation using the portion of the accelerograms bounded by a, = 2 cm/s?

The selection of the value of a, was nonarbitrary. Various possibilities were
analyzed. If a value of a, smaller than 2 cm/s? had been taken, many accelerograms
would have to be discarded because some of the recording devices had trigger
acceleration thresholds greater than 2 cm/s?. For instance, all the accelerograms
recorded at GZII or GZIII during the September 19, 1985 earthquake were part of
these. Although at first glance such accelerograms appeared to be complete (with
values of £, < 315 s), they had to be discarded since they were recorded with devices
having a trigger threshold of 4 cm/s? and almost null pre- and post-event memory
availabilities (ranging from 0 s to 15 s). For instance, station SCT1, which was
located in GZIIIb at a site with T, of approximately 2 s, recorded 183.51 s of the
ground motion. From the horizontal accelerograms of such ground-motion recording,
values of Dg. equal to 39 s and 71 s were computed. Such values are
unrepresentative of the real strong-motion duration felt at that site during the
earthquake.
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Taking a value of a, greater than 2 cm/s? was also inexpedient. From an
intensive exploration of “ideal” accelerograms of ground motions recorded in GZIIIb,
values of Dg, considering a, = 4 cm/s?> were up to 1.6 times smaller than those
considering a, = 2 cm/s? for accelerograms with values of PGA greater than
approximately 15 cm/s2. Moreover, for accelerograms with smaller values of PGA,
the differences became greater than 20 times. Similar results were observed for
ground motions recorded at other geotechnical zones. For instance, for the case
displayed in Figure 3.5, values of Dg, equal to 27.06 s and 27.07 s were estimated
from accelerograms recorded at stations CUP1 and CUP4, respectively, when taking
ag = 4 cm/s?. These values extremely underestimate the expected strong-motion
duration at the sites of interest.

Moreover, the value of a, was set equal to 2cm/s? based on the serviceability
criteria for human perception of vibrations, e.g., those provided by the 2014
Architectural Institute of Japan Recommendations for a 30% of probability of
perception.!?8 Furthermore, the selected value of a, is half the minimum limit
defined for human perception criteria of other standards, such as ISO 10137:2007.129
Thus, the information loss by the use of this threshold is expected to be negligible
for structural engineering purposes.

It is worth mentioning that, noticing issues similar to those described above,
Guerrero*” and Reinoso and Ordaz®® also trimmed the accelerograms at a fixed
acceleration threshold for the estimation of Dg,.. Guerrero?” used an acceleration
threshold equal to 1 cm/s?, 2 cm/s?, and 4 cm/s? for accelerograms recorded at GZI,
GZII, and GZIII, respectively. Similarly, Reinoso and Ordaz*® set the fixed
acceleration threshold equal to 4 cm/s? for those accelerograms recorded at GZII or
GZIII, but for those from ground motions recorded at GZI non-acceleration
threshold was used. Again, the author considers that it is preferable to establish the
same criteria to estimate the strong-motion duration in all sites to make objective
comparisons.

Figure 3.6 shows a collection of six accelerograms recorded at different sites
of Mexico City during the March 20, 2012 earthquake. For the selected sites R, ,,
varies approximately from 330 km to 340 km. As can be seen from Figure 3.6, there
is a wide variation in the estimates of Dyg,. in sites located within a 5-km radius. For
instance, the estimated value of Dg, from the accelerogram recorded at station AE02
(located in GZIIId) is 2.7 times that from station CUP5 (located in GZI). Note that

the accelerograms shown in Figure 3.6 are bounded by a, = 2 cm/s?.
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Figure 3.6 Collection of six accelerograms recorded at different sites in Mexico City
during the March 20, 2012 earthquake, which had M, ,6 = 7.4. The accelerograms are
bounded by a, = 2 cm/s?. Shaded areas stand for the strong-motion duration lapse of
each accelerogram

As noticed from Figure 3.6, accelerograms recorded in Mexico City are
characterized by extended codas, which are defined as a succession of roughly
harmonic beats of slowly decaying amplitude,!39 and they are generally attributed
to the resonance of the local sedimentary layers that characterize Mexico City.3!
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Trimming the accelerograms with the criteria described above negligibly modifies
the estimated values of Dyg,.. In general, for ground motions with high values of PG A
(e.g., greater than 15 c¢m/s2, which are the ones that could cause some damage in
Mexico City), the difference between considering such threshold value or not is less
than 5 s. For instance, Figure 3.7 shows the estimation of Dg, from an accelerogram
recorded at station BA49 during the March 20, 2012 earthquake that occurred in
Ometepec, Guerrero, and had M, = 7.4. The estimated values of Dg, considering

the raw accelerogram and the portion of it bounded by a, = 2 cm/s? only differ by
2.5 s.
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Figure 3.7 Estimation of Dg, from an accelerogram recorded at station BA49 during
the March 20, 2012 earthquake, with M,, = 7.4

3.3.1 Observed Trends Between Strong-motion Duration and Different

Seismological Parameters

The observed trends between Dg,. and either M,,, Ry, ,, R and T, are briefly

discussed next.

rup’

The ground-motion duration in a given site is expected to increase as the
earthquake magnitude increases because, as it is well known, the size of an
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earthquake is strongly dependent on the dimension of its fault plane, thus, the time
needed to break large faults is longer.11! This hypothesis is corroborated in Figure
3.8, which shows the distribution of D, in M, , grouped by earthquake event, where
a positive dependence between both variables is noticed.
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Figure 3.8 Distribution of Dg, in M,,, grouped by earthquake event

On the other hand, Dg, is expected to decrease with either R, , or R, .
This is attributed to the effects of attenuation, which is the decrease in seismic wave
amplitude with propagation, caused by intrinsic absorption and/or scattering.!32 For
example, the time elapsed between the first and last excursions of a specified value
of a, will be shortened as either R;, , or R,,, increases (even if q, is almost zero,
as for ideal accelerograms). It is important to mention that the strong-motion
duration measured at a given site should by no means be confused with the time it
takes for seismic waves to arrive from a given earthquake source to the site. Clearly,
the farther the site, the longer it will take for the waves to arrive. In this matter,
the seismic waves reach Mexico City extremely attenuated (due to its great distance
to the MAT) but, due to local site condition effects, they undergo considerable
amplification.
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Figures 3.9 and 3.10 show the distribution of Dg,. in R, and R
respectively, grouped by earthquake event. A positive correlation between Dg, and

rup?

either R, , or R, is observed when all the observations are considered as a single

ru
set. However, it shguld be noted from Figure 3.11, which shows the distribution of
the two definitions of R in M, ,, grouped by earthquake event, that observations for
large Ry, or R,.,, correspond to major earthquakes. This is the reason why a
positive correlation is perceived in Figures 3.9 and 3.10 considering the data as a
single set. Now, there is a lack of ground-motion recordings from large earthquakes
occurring in seismic gaps located at R,.,, from approximately 350 km to 400 km.
Large events likely to occur at this range are expected to produce long-lasting ground
motions. This is insofar as the attenuation effects would be expected to be less
noticeable than those for distant earthquakes. Moreover, there are no ground-motion
recordings of small earthquakes occurring at large R from Mexico City because, due
to attenuation effects, these are unperceived. For such ground motions, the strong-
motion duration is zero. Hence, imagining an “ideal” strong-motion database, a

negative association can be visualized between Dg, and either R, , or R, .

Moreover, the positive correlation between Dg, and either R, , or R,
observed from the scatter plots shown in Figures 3.9 and 3.10 is because these
include data from sites with different local site conditions. As mentioned above,
although the seismic waves of earthquakes occurring at the MAT arrive very
attenuated to Mexico City, the peculiar (and intricate) local site conditions of said
geographical region cause the waves to be greatly amplified. Then, Dyg,. is expected
to increase as T increases. Thus, the negative correlation between Dg,. and either
Ry, po and R
with similar local site conditions.

can be observed by grouping the data by earthquake event and sites

rup

To exemplify what was mentioned in the previous paragraph, Figure 3.12
shows the distribution of Dg, in R,,,, grouped by geotechnical zone, for data from
the earthquakes that occurred on July 15, 1996, June 30, 2010, and April 18, 2018.
As noticed in Figure 3.12, a positive correlation between Dg, and R,.,, is observed
when all the observations from the earthquakes that occurred on July 15, 1996 and
April 18, 2018 are considered as a single set. But looking more closely, a negative
correlation between Dg, and R,,, is perceived for data belonging to the same
, of the data from the June 30,

2010 earthquake shows that such parameters are negatively correlated.

geotechnical zone. The distribution of Dg, in R,,,

The hypothesis that Dg, decreases as T, increases can be corroborated from
Figure 3.13, which plots the distribution of Dy, in T, grouped by earthquake event.
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Figure 3.9 Distribution of Dg, in R;,,, grouped by earthquake event
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Figure 3.12 Distribution of Dg, in R,,,, grouped by geotechnical zone, for data from
the earthquakes that occurred on July 15, 1996 (yellow box), April 18, 2018 (burgundy
box), and June 30, 2010 (blue box)
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Figure 3.13 Distribution of Dg, in T, grouped by earthquake event

3.3.2 Predictive Equations for Strong-motion Duration

Predictive equations for the strong-motion duration were developed for sites located
in GZI and for sites located in GZII or GZIII. The regression analyses were
performed based on the LME model given in Eq. (3.1), considering the natural
logarithm of Dg, as Y and M,,, T§, and either R, or R, as the set of X;,..., X,
for the definition of X, and by grouping the data by earthquake event. Specifically,
141 accelerograms were used for the development of the GMPEs for GZI and 1374
for the development of the GMPEs for GZII and GZIII. All accelerograms have
PGA> 3 cm/s?2. The number of ground-motion recordings per earthquake
considered is summarized in Appendix D. Note that all the ground-motion
recordings had two horizontal accelerograms, except those from stations MT50 and
PA34 obtained during the October 09, 1995 earthquake, from station CUP5
obtained during the August 21, 2013 earthquake, and from stations CUP5 and TP13
obtained during the May 10, 2014 earthquake.

rup

Several functional forms were evaluated for the selection of the best suitable
GMPEs. Random effects b, for all model coefficients and a full variance-covariance
matrix o7 using the Cholesky parameterization were first considered. From this
preliminary inspection, it was observed from the estimated o7 that b, seemed to be
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weakly correlated and that only the one associated with the intercept was significant.
Note that a model coefficient could be treated as a fixed effect if its corresponding
variance estimate in o7 is near zero. Hence, regression analyses were carried out
considering only the intercept, oy, as random and the design matrix of random
effects Z, as a vector of ones.

The selected functional form for sites located in GZI is:

In(Dg, )i, = g + (g + ay M, ) In(R);, + by + e, (3.7)
where In(Dyg, ), and In(R),, are the natural logarithms of Dg, and R, respectively,
of the kth accelerogram recorded during the ¢th earthquake event, and Mwi is the
moment magnitude of the ¢th earthquake event. From the assumptions for the LME
models given in Section 3.1, the terms by and e; have the prior distributions

by ,~N (0, o?) and e;;~N(0,02), respectively.
The selected functional form for sites located in GZII or GZIII is:

ln(DS>ik = + aq ln<Ts>'Lk + (042 + angi) 1n<R>zk + bO’i + €k (38)
where In(7T,),, is the natural logarithm of 7', of the kth accelerogram recorded during
the ith earthquake event.

Tables 3.2 and 3.3 summarize the estimates of o, oy, ay, and a4 obtained
from the regression analysis for Eqs. (3.7) and (3.8), respectively. The results given
in the columns titled GMPE A and GMPE C correspond to those considering R,
as the measure defining R, whereas the results shown in the columns titled GMPE
B and GMPE D correspond to those considering R In Table 3.2 and 3.3 the
estimates of oy, a1, oy, and a5 are shown together with their corresponding standard

rup"*

error (SE) and p-value for a t-test. Note that the ¢-test is any statistical hypothesis
in which the test statistic follows a Student’s t¢-distribution under the null
hypothesis. The Student’s ¢ distribution is commonly applied to the testing of one-
sided hypotheses related to normally distributed data, and its density function can
be found in Forbes et al.!?3 In this study, the probability of rejecting the null
hypothesis, given that it was assumed to be true, i.e., the significance level, was set
at 0.05. Recall that the p-value is the probability of obtaining test results as extreme,
or more extreme than, the results observed, under the assumption that the null

hypothesis is true. The standard deviation of the normally distributed variables bOi
2

w?

and e, i.e., of and o2, respectively, together with their 95% confidence intervals
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obtained from the regression analysis for Egs. (3.7) and (3.8) are summarized in
Table 3.4.

Table 3.2 Estimates of the elements of a for the strong-motion duration GMPEs
developed for sites located in GZI. Results shown in columns titled GMPE A correspond
to those considering R, ,, as the measure defining the R, whereas the results shown in
the columns titled GMPE B correspond to those considering R,.,,,

GMPE A GMPE B
Parameter
Estimate SE p-value Estimate SE p-value
o 7.3586 1.6371 1.4903e-05 5.7300 1.4467  1.2080e-04
ay -1.6875 -4.2949  3.3313e-05 -1.2673 0.3125  8.4666e-05
Qg 0.1486 7.3278  1.9777e-11 0.1279 0.0171 9.2850e-12

Table 3.3 Estimates of the elements of a for the strong-motion duration GMPEs
developed for sites located in GZII or GZIII. Results shown in columns titled GMPE C
correspond to those considering R, ,, as the measure defining R, whereas the results
shown in the columns titled GMPE D correspond to those considering R, .,

GMPE C GMPE D
Parameter
Estimate SE p-value Estimate SE p-value
o 5.5590 0.8544 1.0853e-10 5.4515 0.8080 2.2463e-11
Q) 0.5241 0.0088 0 0.5242 0.0089 0
o -0.7859 0.2019 1.0447e-04 -0.7393 0.1787 3.7223e-0.5
oy 0.0735 0.0108 1.3463e-11 0.0692 0.0094 2.8256e-13

Table 3.4 Estimates of 0, and o, and their corresponding 95% confidence intervals
(lower, upper)

GMPE o, o

GMPE A 0.1821
GMPE B 0.1993
GMPE C 0.1094
GMPE B 0.1090

w

0.1790 (0.1578, 0.2031)
0.1786 (0.1574, 0.2026)
0.1858 (0.17882, 0.1930)
0.1863 (0.1793, 0.1935)

0.1214, 0.2731
0.1344, 0.2955
0.0771, 0.1552
0.0769, 0.1547

~~ T~ I~
~— — ~— “—
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The variance, V, and covariance, C, for the GMPEs given in Eqgs. (3.7) and
(3.8) can be computed as follows!34:

VIn(Dg, )] = op + 03, (3.9a)
C[[1n<DSr>ik 71n<DSr>i/kH =0 1#7 (3.9b)
C[[ln<DSr>ikz 71n<DSr>z’k/]] =0y k#FK (3.9¢)

From Table 3.4, V is equal to 0.0652, 0.0716, 0.0465, and 0.0466 for GMPEs A, B,
C, and D, respectively. Note that the first covariance statement given in Eq. (3.9b)
indicates that earthquake events are independent of each other, whereas the second
covariance statement given in Eq. (3.9¢) indicates that o7 is the covariance for any
two repeated measures within the same earthquake event. Expressing Eq. (3.9¢) as
a correlation yields the so-called inter-class correlation, o, which is defined as92134;
o}

0= m (3.10)
In this case, the intraclass correlation o represents the degree of association of the
strong-motion data within earthquake events. In other words, two observations from
the same earthquake are statistically associated with the correlation coefficient o.
For instance, based on the results given in Table 3.4, values of p equal to 0.5547

and 0.5084 were obtained for GMPEs A and B, respectively, whereas values of p
equal to 0.2574 and 0.2552 were obtained for the GMPEs C and D, respectively.

It should be mentioned that o and o2 are commonly referred to as the
between-events variability and within-event variability, respectively.135:136 From the
results given in Table 3.4, the major source of variation for GMPEs A and B can be
attributed to the between-events variability. By contrast, the within-event
variability is the major source of variation for GMPEs C and D.

Following Eq. (3.2), the density function of the natural logarithm of D, is!3":

FraiIn(d)] = Wl%exp {_% [@] 2} (3.11)

where the parameters y and o are the mean and standard deviation of the natural

logarithm of Dg,., respectively. The first can be computed from the estimated Xo
used to develop the GMPESs, and the second as the squared root of V. For instance,
using GMPE C and considering three specific values of M, , Figure 3.14 shows the
distribution of 4 and p + o of the natural logarithm of Dg, in R, and T;. The
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data considered in the regression analysis and that match the selected M, values
are superimposed in Figure 3.14. As can be appreciated from Figure 3.14, the
behavior perceived in the empirical data and discussed in Subsection 3.3.1 is
satisfactorily reflected in the GMPEs proposed in this study.

! : T Rpypo [km]
0

Riypo k]

N

600

400
2
T, [s] T, [s] Rpypo [km]

' : * Riypo [kn] 0 200
0

Figure 3.14 Distribution of ;1 and p 4 o of the natural logarithm of Dg,., with respect
to Ry, and T, computed using GMPE C for three values of M,,. A 3D view of the
plots is shown on the right, whereas their lateral view is shown on the left. Scatter plots
of the data considered in the regression analysis that match the selected values of M,
are superimposed. Data points marked in red are outliers

3.3.2.1 Residual Analysis

The sources of variation e and b in LME models can generate three types of
residuals, namely, conditional residuals, marginal residuals, and best linear unbiased
predictors (BLUP).138:139 Based on the compact form of Eq. (3.1), the vector of

conditional residuals, €, that predict the vector e can be defined as:
é=y— Xa— Zb (3.12)

where & and b are the estimators of a and b, respectively. Note that the BLUPs,

Zi), predict Zb. The vector of marginal residuals, é, that predict the vector of
marginal errors &, can be defined as:
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E=y— Xa (3.13)
Thus, Figure 3.15 shows the distribution of the estimated BLUPs for GMPEs A and

C. From Figure 3.15, no outlying earthquakes can be appreciated. Similar results as
those given in Figure 3.15 were observed for GMPEs B and D.

Based on Egs. (3.12) and (3.13) residual analyses were carried out to check
the validity of LME model assumptions. For instance, for GMPE A, Figure 3.16
shows a scatter plot of the standardized e versus fitted conditional values of the
natural logarithm of Dg,, y, and a frequency histogram and box plots of e. The
standardized € can be computed by dividing € by the estimated o, and y = Xa +

Zb. Notice that a frequency histogram is a bar plot for numeric data that groups
data into bins of equal width. Each bin is plotted as a bar whose height corresponds
to how many data points are in that bin. A box plot provides some statistics for a
sample of data. It contains the following features*?: (a) The lines at the bottom and
top of the box are the first and third quartiles, respectively, of the sample; the
distance between these sections is the interquartile range. (b) The line in the center
of the box is the sample median. (¢) The dashed lines extending above and below
the box, colloquially known as whiskers, go from the end of the interquartile range
to the farther observation within a distance of 1.5 times the interquartile range.
Observations beyond the whisker lengths are commonly referred to as outliers.

No obvious pattern can be observed from the inspection of the dispersion of
the standardized € in 9y given in Figure 3.16. Thus, it can be said that e is
homoscedastic and that the components of e are uncorrelated. The frequency
histogram of e corroborates that e is well-represented by a normal distribution. The
box plots indicate that the proposed GMPE has successfully accounted for
earthquake event effects as they are centered in zero.

Scatter plots of € versus M, and R, are also shown in Figure 3.16. The
random behavior around the zero-axis observed in these plots supports the linearity
of the natural logarithm of Dg, with respect to M,, and R;, . Similar results as
those given in Figure 3.16 were observed when performing residual analyses for
GMPEs B, C, and D. For instance, graphical diagnostics are shown in Figure 3.17
for GMPE C.

It should be mentioned that preliminary residual analyses were conducted to
identify the presence of outliers as part of the GMPEs fitting process. Initially,
GMPEs A and B were fitted considering the entire data set of 141 observations, but
it was noticed that four data points appeared to be outliers. These outliers were
discarded for the final regression analyses. Similarly, 36 and 37 outliers were
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discarded in the regression analysis for GMPEs C and D, respectively. Thus, the
results presented in Tables 3.2, 3.3, and 3.4 and Figures 3.15, 3.16, and 3.17 are those
of a refit of the models excluding such outliers. In Figure 3.14 the outliers are marked

in red.
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Figure 3.16 Residual analyses for GMPE A. At the top there are illustrated a scatter
plot of the standardized € versus gy, a frequency histogram of €, and box plots of e

grouped by earthquake event. At the bottom there are illustrated scatter plots of é

versus M, and R, ., respectively
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Figure 3.17 Residual analyses for GMPE C. At the top there are illustrated a scatter
plot of the standardized € versus gy, a frequency histogram of €, and box plots of e

grouped by earthquake event. At the bottom there are illustrated scatter plots of é
versus M,,, Ry, ., and T}, respectively

3.4 Discussion

Four GMPEs were presented in this chapter. They allow estimating the strong-
motion duration in sites located in Mexico City. The moment magnitude M, either
Ryypo OF R and T, were the elements of X selected to develop the GMPEs. A
great effort was made in obtaining reliable data for its measurement. For instance,

rup’

the moment and focal-mechanism data of the selected interplate earthquakes taken
from the U.S. Geological Survey (USGS) National Earthquake Information Center
(NEIC) catalog,!®® and reported in Appendix C, used to compute R,,, were
generated using a kinematic finite fault inversion approach based on the method of
Ji et al.,14 which adequately considers the uncertainties related to the complex

geometry of the faults.!4!

The strong-motion duration was measured from the orthogonal horizontal
accelerograms of ground-motion recordings following the definition of Dg, given in
Eq. (2.8) and considering a; = 0.05 and a, = 0.95. The total durations ¢, of the
accelerograms used to compute Dg, were considered equal to the portion of the
accelerograms bounded by a, = 2 cm/s?. This was done to avoid overestimating the
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strong-motion duration due to the influence of the accelerations registered in the
initial and final parts of the accelerograms that (in most cases) are no intrinsic part
of the ground motions. Disregarding the initial fraction of an accelerogram, which
corresponds to the time elapsed between the P- and S-wave arrivals, insignificantly
affect the estimated values of Dyg,.. For instance, for all the accelerograms considered
in the regression analyses, differences up to 5 s were observed. On the other hand,
with the proposed value of a;, = 2 cm/s?, the extended codas characterizing the
ground motion in Mexico City are preserved.

Setting the acceleration threshold a, = 2 cm/s? excludes accelerograms with
very weak amplitudes. In particular, accelerograms with PGA < 3 cm/s? were
disregarded for the development of the strong-motion duration GMPEs.
Nevertheless, ground motions associated with such values of PGA are unlikely to
cause any harm to the civil engineering structures located in Mexico City.

It must be noted that, although noise may negligibly affect the estimates of
any definition of the strong-motion duration, the accelerograms were filtered by
rigor. The recommendations given in the works of Carrefio et al.142 and Boore!43
were attained for this purpose. In particular, each accelerogram was filtered as
follows:

1. First, a baseline correction of the signal was carried out.
2. Then, a 4th order Butterworth (bandpass) filter was applied. The high-pass

cutoff frequency, f., was selected based on a visual examination of where the

c
long-period portion of the FAS of the accelerogram deviates from the tendency
of decay in the proportion of the frequency squared (considering 0.15 Hz as the
maximum possible value for f.). Also, the velocity and displacement time
histories were inspected to detect unphysical tendencies. The low-pass cutoff
frequency was set at 30 Hz. Before the application of the bandpass filter, a pad
of zeros equal to 1.5n,/f., where n, is the order of the Butterworth filter, was
added to the signal. Half of this pat was added at the beginning and the other

half at the end of the accelerogram.

The values of f, and the low-pass cutoff frequency (equal to 30 Hz) employed
when processing the accelerograms ensure that the filter will not have a significant
effect on the computation of response-spectral ordinates for values of T, varying
from 0.05 s to 5 s (which will be used in Chapter 5). As an instance, Abrahamson
and Silval#* recommended using only values of response-spectral ordinates for the
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interval where f is greater than 1.25 times f, and less than 1/1.25 times the low-
pass cutoff frequency.

It should be mentioned that the estimates of T, were computed from the
unfiltered accelerograms. Particularly, only spectral smoothing was applied before
the calculation of the spectral horizontal-to-vertical ratios F)(w)/Fy (w) and
Fy(w)/Fy (w).

The selection of the optimal strong-motion duration GMPEs was determined
by: (i) likelihood ratio tests, such as the Akaike information criterion!4> (AIC) and
Bayesian information criterion!46 (BIC), which are penalized likelihood criteria that
allow determining the quality of a model among a finite set of models, (ii) ensuring
that all fixed-effects coefficients and variance components were statistically
significant, and (iii) guaranteeing that the behavior observed in the empirical data
was well-represented by the fitted GMPEs. Thus, the GMPEs given in Egs. (3.7)
and (3.8) reached the best statistics. Note that the GMPEs given in Subsection 3.3.2
for sites located in GZI are slightly different than those given in the work of Lopez-
Castaneda and Reinoso.’! Either GMPE fits the data well, but the ones presented
in this study have lower values of V. Moreover, GMPE B has a simpler functional
form, which facilitates its application in practice.

Regardless of the functional form analyzed and as discussed in Subsection
3.3.2, the trends observed in the empirical strong-motion data were maintained.
That is, a positive association of Dyg,. in both M, and T, and a negative association
between Dy, and either R, ,, or R, were observed. Analogous trends are reported
in research works focused on developing GMPEs for other definitions of the strong-
motion duration (see Section 2.3) or energy-related ground-motion parameters such
as I ,.147-149

In the work of Lopez-Castaneda and Reinoso!®? regression analyses were also
performed grouping the data both by earthquake event and geotechnical zone, as a
strategy to evaluate the possible influence that the local site conditions of Mexico
City could have in the estimation of Dg,. It was concluded that the dependence of
Dg, on geotechnical and topographic conditions is significant. Such kinds of GMPEs
could be improved as more detailed micro zoning of Mexico City becomes available.
The above leads to the conclusion that GMPEs must be updated every so often.
The more (reliable) data is used for their development, the better the estimates of
the expected ground motion at Mexico City. The latter encourages the constant
improvement of the accelerograph networks operating not only throughout Mexico
City but in several parts of the world subjected to seismic hazards.
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CHAPTER 4

Strong-motion Duration Hazard

4.1 Introduction

The earthquake-resistant design seeks to produce structures that can withstand a
certain ground motion without excessive damage. The ground-motion level y (for a
specific Y') characterizing such ground motion is usually determined with the aid of
an SHA. It may be conducted deterministically or probabilistically.

A deterministic seismic hazard analysis (DSHA) aims to estimate the ground
motion expected at a site of interest from a particular earthquake scenario. The
scenario consists of the postulated occurrence of an earthquake of a specified size
occurring at a specified location, typically an active fault.* For instance, the scenario
earthquake can be either the mazimum probable earthquake (MPE) or the mazimum
credible earthquake (MCE). The first is defined as the maximum historical event
and the second is the maximum earthquake that appears capable of occurring under
the known tectonic framework.15! Statistical models, like the GMPEs given in
Chapter 3, are generally used for the estimation of the parameters characterizing
the expected ground motion at the site caused by the scenario earthquake.

When performing a DSHA, not just one but several scenario earthquakes are
commonly evaluated to select the one that will possibly produce the strongest
ground motion at a site. The chosen one is called the controlling earthquake (or
design earthquake). For instance, consider two earthquake scenarios that might
affect the site where station CUO1 was located. The first scenario consists in taking
as the MPE the September 19, 1985 earthquake and the second in specifying as the
MCE one earthquake with M,, = 7.5 occurring at R, = 250 km. Using GMPE
A, the MPE will generate a mean value of Dg, = 84 s, and the MCE a value of
Dg, = 69 s. The former is recognized as the controlling earthquake, and it will be
used to characterize the ground motion at the site of interest.

Although a DSHA provides an easy-to-follow and transparent method for
estimating the expected level of ground motion at a site,8 it provides no information
on the likelihood of occurrence of the scenario earthquake or the level of ground
motion that might be expected during a finite time period.? Moreover, the effects of
any uncertainties involved in the modeling of the timing, location, size, and resulting

61
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level of shaking of future earthquakes are not explicitly considered in it.%152 A PSHA
is a recognized technique, originally developed by Professors Luis Esteva Maraboto
and Carl A Cornell, 153 capable of addressing the issues identified above because it
considers the broad set of earthquakes that can occur on each fault or source zone
that might affect a site of interest to calculate not merely the expected levels of
ground motion at the site, but their exceedance probabilities.?

At its core, a PSHA uses the law of total probability to estimate the probability
that Y takes a value greater than y as follows:

P(Y >y) = /P(Y >yl .., :I:p)fxl’_,,xp(:z:l, oy xy) dxy - dx, (4.1)
where P(Y > y|zq, ... ,:cp) denotes the complementary distribution function of Y
conditional on a set of explanatory variables X,..., X, which are defined by the

joint density function fxl---Xp- For instance, taking only M, and R, as the
explanatory variables X, and assuming that they are independent and had marginal
distribution functions f,, and thypo, respectively, the probability of exceeding y

can be computed as follows:

PY >y = //P(Y > ylm,r) far, (m)thypo(r) dmdr (4.2)

where P(Y > y|m,r) is the complementary distribution function of Y conditional
on M, and Ry, .. Then, considering the contribution of Ng earthquake sources that
can affect a site of interest, the mean annual rate of exceedance of y can be computed
as:

NS
Ay = Z Mg, // P(Y >ylm,r) fy, (m)fg,, , (r)dmdr (4.3)

where, for each i =1,..., Ng earthquake source, >‘mo‘ is the mean annual rate at
K3

which an earthquake with a magnitude equal to m will be exceeded. Notice that a
hazard curve gives the estimated A, for a finite set of ground-motion levels y.

Assuming that the occurrence of earthquakes follows a Poisson process, i.e.,
that the events of a sequence occur with no “memory” of time, location, or size of
preceding events, their interarrival times are exponentially distributed, and the
overall rate of the process is stationary,? it can be said that the occurrence of ground
motions also follows a Poisson process.!5* Thereby, the probability that Y takes a
value greater than y (at least once) in T can be written as follows:
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P(Y >y) =1—exp(=A,T) (4.4)

Notice that, in the context of SRAs, T is usually chosen to represent the design or
economic life of a structure and is called exposure time. Also, for earthquake

engineering applications it is quite convenient to estimate 7)., which can be defined
from Eq. (4.4) as:

1
T —
" 1—exp(=A,)

(4.5)

where the denominator equals the probability that there is at least one event within
one unit time interval 7', i.e., within one year. Note that 7. is almost equal to the
mean inter-arrival time, T, defined as the inverse of Ay when they are greater than
10.155 In Appendix E there are summarized typical values of exceedance probabilities
of ground-motion levels y and associated values of T, for seismic hazard analysis.

Thus, the probabilistic evaluation of the strong-motion duration hazard for
sites located in Mexico City was performed considering Dg,. as Y. The identification
and evaluation of all the interplate earthquake sources capable of inducing ground
motions of engineering significance in sites located in the geographic region of
interest are described first in Section 4.2. Then, the PSHASs results are summarized
in Section 4.3. They were obtained using two of the GMPEs developed in Chapter
3, which allow to determine the complementary distribution function of Dg,
conditional on M,, and R, necessary to solve Eq. (4.3). A brief discussion of the
results is given in Section 4.4.

4.2 l|dentification and Characterization of Earthquake Sources

The identification of the geometries of earthquake sources depends on the tectonic
processes involved in their formulation. For instance, earthquakes induced by
volcanic activity or originating at small fault planes can be associated with point
sources. On the other hand, well-defined fault planes in which earthquakes occur at
many different (shallow) locations can be modeled as areal sources. The regions
where earthquake focal mechanisms are not well defined can be modeled as
volumetric sources.*

Identifying earthquakes of similar nature requires extensive knowledge of the
tectonic and geologic structures that characterize the region of interest. Thus, this
study relies in the work of Ramirez-Herrera and Urrutia-Fucugauchi.?” They
conducted a concrete and comprehensible analysis, employing topographic,
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morphologic, geologic, and bathymetric maps, as well as field studies, to describe
the morphology of the southern coast of Mexico. Also, the research works of Ordaz
and Reyes!®0 and Zuiiiga et al.,'10 who defined an earthquake source zonation for
Mexico, were consulted. Thus, based on these research works, four source zones are
proposed in this study. They encompass interplate earthquakes with M, > 6.0 that
occurred between 1900 and 2021 in the Mexican subduction zone (see Appendix B).
The four source zones are depicted in Figure 4.1 and, as noticed, can be defined as
areal sources.
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Figure 4.1 Map depicting the four source zones identified in this study for interplate
earthquakes occurring along the MAT. The abbreviation RP means Rivera Plate. The
epicenters of earthquakes that occurred between 1900 and 2021 and were considered to
estimate the seismicity of each source zone are marked with circles. The blue triangle

stands for an observational site located in Mexico City with geographic coordinates
19.35°N, 99.15°W

As per Figure 4.1, the first source zone, named SZ1, comprises the coupled
interface of the Rivera and North American plates. It extends along the coast of
Jalisco to the coast of Colima. Specifically, its boundary (to the southeast) is defined
by the presence of the El Gordo Graben. The second source zone, named SZ2,
corresponds to the coupled interface of the Cocos and North American plates that
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extends from the southern part of the coast of Colima to the coast of Michoacan.
The third source zone, named SZ3, also corresponds to the coupled interface of the
Cocos and North American plates but covers the southern part of the coast of
Michoacan and most of the coast of Oaxaca. The upper boundary of SZ3 is defined
based on a change in seismicity near the O’Gorman Fracture Zone, whereas its lower
boundary corresponds to the region where the Tehuantepec Ridge intersects the
MAT. The fourth source zone, named SZ4, mainly comprises the coupled interface
of the Cocos and Caribbean plates. It covers the southern part of the coast of Oaxaca
and the coast of Chiapas. Its lower boundary corresponds to a region where the
geometry of the subduction changes from a shallow to a steep dipping angle.

Note that SZ2 could be split into two source zones delimited by the Orozco
Fracture Zone, but it was wanted to match, somehow, the zonation proposed by
both Ordaz and Reyes!®® and Zuniga et al.l10 Also, it must be pointed out that the
lower boundary of SZ4 was set close to the geographical demarcation between
Guatemala and El Salvador because, although the earthquakes occurring at this
region certainty implicate null danger at Mexico City, its consideration is important
to calculate more accurately the seismicity in the said source zone.

The quantitative description of the time, size, and spatial distribution of
earthquake occurrences is defined next under the assumption that each source zone
describes a domain within which earthquakes (i) are equally likely in space, (ii)
conform to a single magnitude distribution, (iii) have the same maximum

magnitude, m,,, and (iv) are independent of each other.?

4.2.1 Earthquake Occurrence Models and Magnitude Distribution

In this study, the temporal occurrence of earthquakes is described by the Poisson
distribution, which provides a simple framework for evaluating probabilities of
events that follow a Poisson process. Keep in mind that the probability function of
a Poisson-distributed random variable N, denoting the number of events n occurring
in a fixed time interval T, is given by!57:

_ ptexp(—p) (4.6)

px(n) = PN =n) =22

where n! is the factorial of the non-negative integer n, and the parameter p > 0 is
equal to both the mean and variance of the Poisson distribution. Equation (4.6) can
also be written as:
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(At)™ exp(—AT)
n!

where )\ is the mean rate of occurrence of the events. Given that, the probability of
occurrence of at least one event in the time interval T' of interest can be computed
as:

P(N >1)=1—exp(—AT) (4.8)

On this basis, one can compute the probability that a certain earthquake magnitude
m will be exceeded (at least once) in a predefined time interval T" as follows:

P(M,, >m)=1—exp(—A\,T) (4.9)

where A, is the mean rate of occurrence of earthquakes which magnitude is greater
than m.

Gutenberg and Richter!® first described the underlying pattern of earthquake
magnitudes and their occurrence. They proposed the following empirical relation to
estimate \,,159.160;

logg A, =a+bm (4.10)

where, for a given source zone, coefficient a indicates the rate of seismic activity,
and coefficient b describes the ratio between the number of small and large
eartkquakes.? In seismology, Eq. (4.10) is known as the Gutenberg-Richter law.

The standard Gutenberg-Richter law given in Eq. (4.10) is equivalent to the
power-law distribution of earthquake energies or moments,!6! and can also be
expressed in exponential form a follows:

A, =1097™ = exp(a — fm) (4.11)

where o = aIn(10) and 5 = b1In(10). In Eq. (4.11) 10* gives the mean yearly number
of earthquakes with magnitude higher than zero per unit of time.

The exponential form of the Gutenberg-Richter law given in Eq. (4.11) covers
an infinite range of magnitudes, which is not necessarily favorable as much higher
magnitude values can be estimated than those that would possibly be generated in
the source zone of interest. On the other hand, and for engineering purposes, it is
common to disregard those earthquakes that are unlikely to cause significant damage
at the site of interest. For these reasons, it is quite convenient to set both an upper
and lower limit of magnitude in the earthquake occurrence model.
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Setting a lower-bound m,, for earthquake magnitudes leads to a “shifted” form
of the exponential Gutenberg-Richter law given in Eq. (4.11) as follows:

)‘m = )‘mo exp[—ﬁ(m - mo)] m, <m (412)

Note that, as introduced in Section 4.1, A, ~is the mean annual rate of exceedance
of the lower-bound m, and can be estimated from Eq. (4.11). Based on Eq. (4.12),
fan, can be written as:

wa (m) = Bexp[—B(m —my)] my <m (4.13)
Then, introducing m,,, Eq. (4.12) becomes!62:163;

_, exp[=B(m —my)] — exp[—B(m, — my)]
m - 1= expl—B(m, —my)] my <m <m, (4.14)

Given the “shifted and truncated” form of the exponential Gutenberg-Richter law in
Eq. (4.14), fy;, can be expressed as follows:

fap (m) = Bexp[—6<m - mo)]

) T [ Bm, —my)] 0SS 19

The estimation of the seismic activity parameters § and A as well as the

mg?

determination of the magnitude thresholds m, and m,, necessary to compute the

u’

corresponding exceedance rate A\, of each source zone is developed next.

4.2.1.1 Estimation of Seismic Activity Parameters

Various mathematical approaches are available in the literature for estimating 3 (or
b) and A, from historical data.!0%1%> For instance, assuming that the magnitude
data are random samples from a population obeying the standard Gutenberg-Richter
law given in Eq. (4.10) and using the MLE method, Akil66 gave the following
estimator of b:

logyg €

b= (4.16)
where m and m,, are the arithmetic mean and minimum earthquake magnitudes in
a given sample (catalog), respectively, and e is a mathematical constant known as
Euler’s number and is approximately equal to 2.7183. Be informed that Utsul6” was
the first to propose the estimator given in Eq. (4.16) but he used the method of
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moments to obtain the solution. Note that the Aki-Utsu estimator of b given in Eq.
(4.16) is equivalent to:

. 1
f=r (4.17)

—my
Even today, the Aki-Utsu estimator of [ given in Eq. (4.17) is preferred.
Nevertheless, a complete earthquake catalog, starting from the specified level of
completeness m,, is needed to apply it. The latter can be quite challenging because
observation periods for large earthquakes are usually longer than those for small, or
even moderate, earthquakes. For instance, the catalog compiled for this study (see
Appendix B) is complete for M, = 7.0 since 1900, M, = 6.5 since 1950, and M, =
6.0 since 1976. Figure 4.2 shows scatter plots of the earthquake occurrences over
time for each source zone.

Then, various authors have proposed estimators for both g (or b) and A

considering unequal observation time periods T with different m,.168-170 The
approach proposed by Kijko and Smit!6? was used in this study.

Let’s consider that an incomplete earthquake catalog, with N, earthquakes,
is divided into j =1, ..., N, sub-catalogs, each with N E; earthquakes. Each sub-

catalog j is complete for time periods T); and earthquakes with magnitude m greater
than or equal to mg .- Then, the estimator of 3 proposed by Kijko and Smit!69 is:

. N,
B Zﬁ 3 (4.18)
where S; is computed as follows:
N,
S; = Z (mk’j — moj) (4.19)
k=1
If 8 is known, the estimator of )\mol proposed by Kijko and Smit!69 is:
Ay, = Ny (4.20)

LN Tie(BA,)

where A is equal to My, — My, - Note that, for a complete catalog with observation

period T, the estimator of 5 given in Eq. (4.18) reduces to the Aki-Utsu estimator
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of # given in Eq. (4.17). Moreover, the maximum likelihood estimator of A, 8iven
in Eq. (4.20) takes the well-known form N /T
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Figure 4.2 Scatter plots of earthquake occurrences over time. For each source zone,

the shaded areas represent the grouping of earthquakes into sub-catalogs
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Some of the nomenclature used above was borrowed from the work of Ordaz
and Giraldo.!'"0 They also propose estimators of 8 and A\ 0 but, contrary to the
estimators proposed by Kijko and Smit, which maximize the marginal likelihoods of
the parameters, they gave estimators that maximize their joint likelihood.
Vermeulen and Kijko!™! demonstrated that the estimators of Ordaz and Giraldo!™

are merely a special case of the joint maximum likelihood expression given by Kijko
and Sellevoll.172

Based on the sub-catalogs shown in Figure 4.2, the estimates of g and )\mol
were obtained using Eqs. (4.18) and (4.20), respectively. Table 4.1 summarizes some
statistics used in the estimation process and Table 4.2 reports the results. For each
source zone, Figure 4.3 shows a curve of magnitudes ranging from m, to m,, versus
their correspondent exceedance rate \,,. The curves were developed using Eq. (4.14)
and the estimates of 8 and )\mol reported in Table 4.2. The magnitude thresholds
m, and m,, used are also reported in Table 4.2. The lower-bound m, was set equal
to 6.0 for all source zones. Such value is the smallest earthquake magnitude that is
thought to be capable of damaging structures located in Mexico City. Therefore,

A, €quals )‘mol for each source zone. The upper-bound m,, was specified as m,,,,, +

0.2, where m is the magnitude of the MPE known from each source zone. From

max
Table 4.2 and Figure 4.3, one can tell that the seismic activity rate corresponding
to m, is much lower for SZ1 than for the other three source zones, which have a

similar activity rate.

Table 4.1 Statistics used to estimate the S-values and seismicity rates A, 0

Source zone Sub-catalog Initial year m Ng
SZ1 1 1976 6.0

2 1900 7.0 4

SZ2 1 1976 6.0 21
2 1950 6.5

3 1900 7.0 7

SZ3 1 1900 6.0 16

2 1950 6.5 4
3 1976 7.0

SZ4 1 1900 6.0 30
2 1950 6.5
3 1976 7.0




Section 4.2 71

===

g H B HE B B B B o——a | P

<<' \.

S71

0.1 - = W

g
~ H B B B B
0.01 \\

0.001

0.1

g
N [ B B ]
0.01 \

S73

0.001

0.1

0.01

S74

0.001

60 62 64 66 68 70 72 74 76 78 80 82 84
M,

w

Figure 4.3 Annual exceedance rates of magnitude \,, computed from the “shifted and
truncated” form of the exponential Gutenberg-Richter law and data given in Table 4.2
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Table 4.2 Estimates of the [-values and seismicity rates )‘mo’ and magnitude

thresholds m, and m,,

Source zone B )\mol [1/year] my my,
SZ1 0.3030 0.1041 6.0 8.3
SZ2 0.8571 0.4119 6.0 8.2
SZ3 0.7273 0.3559 6.0 8.1
SZ4 1.0130 0.4139 6.0 7.9

4.2.2 Source-to-site Distribution

The geometry of a source zone is commonly used to define the probability
distribution of R.%9 For instance, the distance between a point source and a site of
interest can be seen as a constant, r, thus the probability that R = r is one and the
probability of R # r is zero. On the other hand, when the depth of a fault plane is
small, a planar source can be modeled as a linear source. Assuming that earthquakes
are uniformly distributed over the fault length L, f; can be computed as follows:

r

fr(7) =m (4.21)

where 7, is the closest distance to the fault plane. A schematic of the geometries
described above is shown in Figure 4.4. On the other hand, for a source zone with
complicated geometry, the probability distribution of R is commonly evaluated by
numerical methods.173

In this study, instead of defining the probability distribution of R by
analytical or numerical methods, the statistical inference was used. This decision
was made to reduce uncertainties related to modeling complex fault planes that are
(for the author) imperfectly understood. Bear in mind that statistical inference is
the process of using data analysis to infer properties of an underlying distribution of
probability.17 Therefore, for each source zone, the distances from an observation
site located in Mexico City to the earthquake hypocenters were computed. Note that
such point-source distance measure is indeed R, ,,. The observational site was set
at the geographic coordinates 19.35°N, 99.15°W, with H, = 2240 m. Figure 4.1 shows
the location of the site on a map of Mexico. Table 4.3 summarizes the minimum and
maximum values of R, ,, computed for each source zone. The closest R, ,
corresponds to the July 28, 1957 earthquake, with M, = 7.6, that occurred in SZ2,
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whereas the farthest corresponds to the November 20, 2004 earthquake, with M, =
6.3, that occurred in SZ4.

-
- e
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- -
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.-~ _.-="7 Source .~~~ Point source

/ N Line source

Figure 4.4 Schematic of the variations of R for a short fault that can be modeled as a
point source and shallow fault modeled as a linear source

Table 4.3 Minimum and maximum values of R, i.e., r;, and 7, .., respectively,
observed for each source zone
Ry o SZ1 SZ2 SZ3 SZ4
Tmin 1K 500 258 293 654
Tmae 1K 617 426 603 1144

Various probability distributions were evaluated to determine which one best
describes the set of R, observations corresponding to each source zone. The
gamma, generalized extreme value (GEV), lognormal, and normal distributions gave
the best fits to the data. The one-sample Kolmogorov-Smirnov (KS) test was used
to evaluate how well each probability distribution fits each set of point-source
distances. Concretely, the one-sample KS test is a nonparametric test of the null
hypothesis that the data comes from a population with a specific distribution
function.!”™ In this study, the significance level was set at 0.05. For each source zone,
Table 4.4 summarizes the p-values of the hypothesis tests performed. Small p-values
cast doubt on the validity of the null hypothesis. As per Table 4.4, the GEV
distribution gave the best p-values for SZ2, SZ3, and SZ4. The p-values for SZ1
resulted when the January 22, 2003 earthquake was included as part of such source
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zone. The mentioned earthquake had M, = 7.5 and originated in the El Gordo
Graben, i.e., near the juncture of the North American, Rivera, and Cocos plates.
Without this observation, the estimated p-value for the GEV distribution was
0.8774. Based on the results given in Table 4.4, it appears that the GEV distribution
describes well the set of point-source distance observations.

Table 4.4 Probability of observing a test statistic at least as extreme as the observed
value under the null hypothesis that the point-source distances came from a population
with a specific distribution function

p-value
Distribution
S71 SZ2 S73 S74
Gamma 0.7595 0.4013 0.5360 0.5735
GEV 0.7126 0.8337 0.7954 0.5945
Lognormal 0.8150 0.4696 0.6287 0.5125
Normal 0.7705 0.3428 0.4468 0.5888

Other goodness-of-fit tests were also carried out to determine if indeed the
GEV distribution could represent R, .. For instance, graphical diagnostics are
shown in Figure 4.5. These include probability plots, density histograms, and plots
of density functions. Briefly, a probability plot is a graphical technique for assessing
whether or not a sample of data follows a given probability distribution. The sample
is plotted against a theoretical distribution in such a way that the points should
form approximately a straight line. Departures from this straight line indicate
departures from the specified distribution. Similar to a frequency histogram, a
density histogram is a type of bar plot for numeric data that groups data into bins
of equal width, but each bin is plotted as a bar whose height equals the proportion
of data points that are in that bin divided by the length of the bin. Thus, the vertical
axis of a density histogram shows units that make the total area of all the bars add
to one.*2 As seen from Figure 4.5, the GEV distribution (depicted with blue solid
lines) appropriately estimates the probability of occurrence of the different possible

outcomes of Ry, .

The density function of R, ,, described by the GEV distribution, with
location parameter p, scale parameter o, and shape parameter x, can be denoted as
follows:
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([ explexp(—s) (5] k=0

thypo<7"> = 4 1

[—<1 + KS)f(lJF%) exp [_(1 + I‘iS)*%} k—0and ks > —1 (422)

o
0 otherwise

where s = (r — p) /o is a standardized variable. In Eq. (4.22) p and x can be any
real number, whereas o > 0. The estimates of the GEV distribution parameters
obtained for each source zone are presented in Table 4.5.

Table 4.5 Estimates of the GEV distribution parameters u, o, and x, and distance
thresholds 7, and r, corresponding to the levels at which F Riyvo equals 0.05 and 0.95,

respectively
Source zone I o K ry [km] o [km]
S7Z1 529.7866 32.2100 -0.0021 494 625
SZ2 291.1710 33.1641 0.2836 260 446
SZ3 337.9961 47.5251 0.3709 295 595
SZ4 875.6903 119.3602 -0.3163 719 1106

4.3 Strong-motion Duration Hazard Curves

Equation (4.3) was used to estimate the mean annual rate of exceedance of a given
level d of Dyg,.. It was evaluated numerically by converting the integrals into discrete
summations as follows*152;

Ng Ny Ng

)\d - Z Z Z )\moiP(DST > d|mj’rk) P(Mw = mj)P(Rhypo = Tk:) (423)

i=1 j=1 k=1

where )\, is the exceedance rate of d, N,, is the total number of elements in a finite
set of earthquake magnitudes bounded by the thresholds m, and m,,, and Ny is the
total number of elements in a finite set of source-to-site distances bounded by the
thresholds r; and 7, which are defined as the levels at which F Rpypo equals 0.05 and
0.95, respectively. The values of A, ., my, and m,, are reported in Table 4.2 and the

values of r; and r, are reported in Table 4.5. Notice that the latter were obtained
using Eq. (4.22).
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In Eq. (4.23), the probability that Dg, exceeds d given m; and r;, can be
computed as follows:

Plln(Dg,) > In(d) |mj,r| = 1= Fyp, ,[In(d)] (4.24)

S'r‘)

where Fy, p_  is the distribution function of the natural logarithm of Dg,. It can be
defined as the integral of f, Dg,)s which mathematical expression is given in Eq.
(3.11). As M,, and R;,,, were considered as the explanatory variables X, the
distribution parameters p and o of the density function f, Ds,) corresponding to
the GMPEs A and C were used for consistency —see Egs. (3.7) and (3.8),

respectively—. The first GMPE allows to estimate A\, for sites located in GZI and
the second for sites located in GZII or GZIIL.

Figure 4.6 shows the strong-motion duration hazard curve for sites located in
GZ1, considering the contribution of all seismic sources of interplate earthquakes
that occur at the MAT. As per Figure 4.6, SZ2 produces the greatest contribution
to the estimates of A\;. While SZ1 produces the smaller estimates of A\; among other
source zones for d < 30 s, SZ4 produces the smaller \; for d > 30 s. The estimates
of A\, for d < 10 s range from approximately 0.3206 to 0.3732 for SZ2, SZ3, and SZA4.
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Figure 4.6 Hazard curves of Dg, for sites located in GZI. The dashed lines stand for
the contribution of the individual source zones identified for interplate earthquakes
occurring at the MAT and the solid black line stands for the summation of all
contributions
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Similarly, Figure 4.7 shows the strong-motion duration hazard curves for sites
with values of T, ranging from 1 s to 5 s, in steps of 1 s, considering the contribution
of all seismic sources of interplate earthquakes that occur at the MAT. For sites
with such values of T,, Figure 4.7 shows that the expected value of Dy,
approximates 115 s, 165 s, 205 s, 240 s, and 270 s, respectively, considering that
T, = 250 years.
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Figure 4.7 Hazard curves of Dy, for sites located in Mexico City that have values of

T, that vary from 1 s to 5 s in steps of 1 s

Following Eq. (4.4), the probability that Dg, takes a value greater than d at
least once in T in sites located in GZI and either GZII or GZIII can be then
estimated. For instance, for " = 50 years, Dg, = 200 s has an exceedance probability
equal to zero for a site located in GZI and equal to 2.23% for a site with T, = 2 s.
The expected exceedance probabilities increase abruptly for sites with 7T, > 3 s,
yielding values almost equal to 100%.

For sites located in GZI, Figure 4.8 shows plots of the expected value of Dy,
with an exceedance probability of 2%, 5%, 10%, and 20% over various exposure
times T'. Note that such probabilities of exceedance in T' = 50 years correspond to
values of T'. equal to 2475 years, 975 years, 475 years, and 224 years, respectively.
Likewise, Figure 4.9 shows plots of the expected value of Dg, with an exceedance
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probability of 10% over various exposure times 7', for sites located in Mexico City
that had values of T, ranging from 1 s to 5 s, in steps of 1 s.

200 , — , — ,
Probability .
% L
_2 -
0 /// "’—
--5% e il
// ’,"’ -
150]] —10% B i M P 5 )
SE —
20% e e
E // —‘,f’ -
- // ”,— -
@A // ”,— g
Q - e -
100“ // 2B il 1
L~ ’,—’ -
f"’ /
™ ~
P
L~
o0 L i
H H R H H R S H
1 10 100

Exposure time [years]

Figure 4.8 Expected Dy, with an exceedance probability of 2%, 5%, 10%, and 20%
over various exposure times for sites located in GZI
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Figure 4.9 Expected D, with an exceedance probability of 10% over various exposure

times for sites with 7T, varying from 1 s to 5 s, in steps of 1 s
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4.3.1 Disaggregation of Strong-motion Hazard

Before concluding this chapter, it should be noted that some researchers have argued
that in a PSHA the concept of design earthquake is lost.®12 This may be true
because a single influential earthquake cannot be simply linked with the results of a
PSHA. Nevertheless, it is possible to identify the dominant contributor to the
earthquake hazard through a process called disaggregation (also known as
deaggregation) and this can serve as a convenient design earthquake. As the name
implies, the disaggregation of the earthquake hazard allows identifying the
combination of values of M,, and R, ,, that contributes the most to the probability
of exceeding a given y, which is commonly associated with a predefined 7.

For the case in hand, the conditional probability distribution of M, and R,
given that Dg, exceeds d at a site of interest can be computed as follows:

P(Mw = mj,Rhypo - Tk:|DS’r' > d)
P(M,, =m;)P(Rpypo =14) Y08 Ao P(Dg, > dlmy, ;) (4.25)
)‘d

As noted, Eq. (4.25) considers the contribution of Ng earthquake sources that can
affect a site of interest. If disaggregating the strong-motion hazard from the ith
earthquake source is of interest, the M,, and R, , contributions to hazard from
such earthquake source only have to be normalized by the rate of exceedance of d

from the earthquake source i, A;.. Note that A; = Zjisl Ad;-

Figure 4.10 shows the joint mass function of M, and R, ,, conditional on
exceeding 125 s, which is associated with a value of 7). = 250 years (see Figure 4.6)
at a site located in GZI. From the results given in Figure 4.10, an earthquake with
M,, = 8.15 occurred at Ry, = 278 km is the most likely to cause the exceedance
of the specified d.

Similarly, M,, = 8.15 and Ry, equal to approximately 280 km contribute the
most to the probability that D, exceeds values of d associated with T, = 250 years
at sites located in GZII or GZIII. But also, the influence of an earthquake with
M, = 8.05 at R,,,,, equal to approximately 300 km becomes more noticeable. As

an instance, Figure 4.11 shows the joint mass function of M,, and R, conditional
on exceeding 237 s at a site with T, = 4.0 s.

For any site, the largest contributions to the probability of exceedance of the
specified d associated with T, = 250 years occur at SZ2 and SZ3.
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4.4 Discussion

Strong-motion duration hazard curves for sites located in Mexico City were
presented in this chapter. The specification of these curves required the identification
and evaluation of the interplate earthquake sources capable of producing significant
ground motions in the geographical region of interest. For the identification of the
earthquake sources, the author relied on the research works of Ramirez-Herrera and
Urrutia-Fucugauchi,?” Ordaz and Reyes!® and Zuiiiga et al.ll9 Specifically, four
source zones were proposed. They were defined as areal sources that encompass
interplate earthquakes with M, > 6.0 that occurred between 1900 and 2021 in the
Mexican subduction zone. The evaluation of the source zones consisted in
characterizing probabilistically the time, space, and size distribution of the
earthquakes occurring at each one. This was done under the common assumption
that earthquakes are random in time and follow a Poisson process.

The probability distribution of earthquake sizes and corresponding
information on rates of occurrence was carried out based on the “shifted and
truncated” Gutenberg-Richter law given in Eq. (4.14). As noticed in Appendix B,
the earthquake catalog compiled for this study is complete for M, = 7.0 since 1900,
M, = 6.5 since 1950, and M, = 6.0 since 1976. In particular, the approach proposed
by Kijko and Smit'6? was used for the estimation of the parameters 8 and A, of the
“shifted and truncated” Gutenberg-Richter law because it allows considering unequal
observation time periods 7" with different m,.

It is worth mentioning that most of the PSHAs carried out for sites located
not only in Mexico City but in other states of Mexico are commonly carried out
considering the estimates of A, proposed by Ordaz and Reyes.!56 They proposed a
similar zonation to the one proposed in this study (see Figure 4.1) but for small and
moderate interplate earthquakes, i.e., with magnitudes smaller than 7.0, that
occurred in the Mexican territory. As in this study, they employed Eq. (4.14) to
estimate A\, for each of these source zones. In contrast, they proposed 14 areal source
zones along the MAT associated with major interplate earthquakes that were
identified as characteristic earthquakes. Note that a characteristic earthquake is an
earthquake that breaks the same fault segment with a similar magnitude during
repeated seismic cycles.170 For these source zones, Ordaz and Reyes!®® computed A,
assuming that the earthquake magnitude follows a normal distribution, with
parameters y = 7.5 and o = 0.3. Then, beyond the differences in the estimation
process of A, , the results reported by Ordaz and Reyes!®6 and the ones obtained in
this study are similar. For instance, Figure 4.12 shows a comparison between the
mean annual exceedance rate of earthquakes with magnitudes ranging from 7.0 to
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8.2, computed from both the data provided by Ordaz and Reyes!®® and this study.
In Figure 4.12 the subscript 1" was added to the variable A, because the results
include the contribution of all the Ng earthquake sources, i.e., 14 in the work of
Ordaz and Reyes and four in this study. As can be seen, the initial segment of the
curves (say up to M, = 7.6) is practically the same. Likewise, the end segment of
the curves drops at the same point. The estimated values of \,, computed from the
data of this study are higher for earthquakes with M, greater than approximately
7.6, in comparison with those from the Ordaz and Reyes!®® data. This increment is
attributed to the number of large earthquakes that have occurred in the last two
decades. Thus, the results given in Subsection 4.2.1 can be seen as a readjustment
of the information given in the work of Ordaz and Reyes.156
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Figure 4.12 Comparison between the rate of exceedance of magnitude computed from
the Ordaz and Reyes!'®® data (dashed red line) and the one developed in this study
(solid black line). The curves consider the contribution of all source zones, i.e., four in
the present study and 14 in the work of Ordaz and Reyes.156

It should also be mentioned that Zuafiga et al.ll® recently defined the
seismicity of distinct source zones located in the Mexican territory. They used the
Aki-Utsu estimator of b given in Eq. (4.16). Although their work was developed
flawlessly, the reported estimates were disregarded in the present study because they
were developed using the surface wave magnitude, M., instead of M,. As it is
known, estimates of the Gutenberg and Richter parameters cannot be used
interchangeably when the measures used to size the earthquakes are not calibrated
to be identical.l’” The latter represents no problem if only moderate or large
earthquakes were used, as estimates of M, and M, are similar for such earthquakes.
However, in the work of Zuniga et al.l10 earthquakes as small as approximately 3.0
in magnitude were considered. The main reason they used M, was that most of the
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agencies that provide earthquake catalogs generally give values of such magnitude
scale for historical earthquakes.

Concerning the characterization of the spatial distribution of earthquakes, in
this work, it was proposed (in an unprecedented way) to define the probability
distribution of R;,,, using statistical inference. The author believes that the
parameter uncertainties are significantly reduced this way in comparison with classic
analytical methods (just as those briefly described in Subsection 4.2.2). Relying on
goodness-of-fit tests, such as the one-sample KS test, it was determined that the
GEV distribution could adequately represent R, .. This probability distribution
gave the best estimates of p-values not only for the proposed source zones (see Table
4.4 and Figure 4.5) but for other source zone proposals that were evaluated in
preliminary PSHAs carried out by the author.

It is necessary to mention that, although the use of R, (or any other finite-

source distance measure) is highly recommended when developing GMPEs

TUp

(especially when considering strong-motion data from moderate and major
earthquakes),!0 the source parameters necessary for its estimation were unavailable
for many historical earthquakes. The foregoing prevented determining the

probability distribution of R, using statistical inference. Nevertheless, from a

p
practical engineering perspective, the author considers the definition of R, ,, is more

user-friendly than that of R,

Based on the strong-motion duration hazard curves given in Section 4.3 it can
be said that the values of the ground-motion duration recommended in the NTC-
202027 to select or (generate synthetic) accelerograms are considerably
underestimated. Specifically, the NTC-202027 defines that the “free-field ground-
motion duration” had to be equal to 80 4 20(7, — 0.5). It is not specified but T,
should be equal to 0.5 for any site located in GZI when using such expression. The
cited mathematical expression was developed considering that the ground-motion
duration at sites located in GZI equals 80 s. Such value was determined using an
unspecified GMPE and considering a scenario earthquake with M, = 7.8 occurred
at Ry, = 265 km. The latter was defined from the disaggregation of the earthquake
hazard (the author assumes that for PGA) associated with 7, = 250 years. Then,
among others, the following key-point observations stand out:

1. Using GMPE A and considering the same scenario earthquake as in the NTC-
202027 for interplate earthquakes, the expected value of Dy, for a site located
in GZI is equal to 85 s. At a first glance, such value could be quite similar to
the 80 s given in the NTC-2020%7 for sites located in GZI. However, this standard



Section 4.4 85

does not define the strong-motion duration. As mentioned in the NTC-202027 it
defines the “input ground-motion duration”, which the author interprets as the
total duration of the ground motion. Therefore, a value of 80 s not only
underestimates the expected strong-motion duration at sites located in GZI but
the total duration of the ground motions.

2. If the value of the strong-motion duration was determined under the same
criteria as the design spectrum, i.e., for T). = 250 years, the expected value of
Dy, approximates 125 s at sites located in GZI (see Figure 4.6). Following this
approach, the value reported in the NTC-202027 is underestimating the expected
value of the strong-motion duration by 34% (assuming that the value of 80 s
given in the NTC-202027 represents the strong-motion duration for sites located
in GZI). Similarly, the underestimation would vary from 22% in sites with T}, =
1 s to 37% at sites with T, = 5 s.

3. As per Figures 4.6 and 4.7, the increase in the strong-motion hazard as T,
increases is nonlinear, thus the mathematical expression given in the NTC-
202027 could be causing bias in the estimates of the ground-motion duration.
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CHAPTER 5
Multivariate Probabilistic Seismic Hazard

Analysis

5.1 Introduction

As per Chapter 4, a conventional PSHA allows estimating the probability that a
specific Y takes a value greater than y at least once in T. Nevertheless, the
knowledge of the joint exceedance probability of various ground-motion levels
Y1, Y, €ach associated with one different ground-motion parameter of the set
Y},...,Y,, could improve the accuracy in the prediction of the seismic response of
soils and structures.!”™ Practical engineering applications include: (a) the evaluation
of the seismic response of non-single-mode-dominated structures, (b) the evaluation
of amplification functions of non-linear soil deposits, (c¢) the evaluation of the
response of earth slopes, (d) the assessment of soil liquefaction potential, and (e) the
generation of synthetic accelerograms.

Hence, assuming that the occurrence of earthquakes follows a Poisson process,
the probability that Y;,...,Y, take values greater than y,...,y, at least once in T
can be defined as:

PYy>yp,...Y, >y,)=1— exp(—)\ (5.1)

y17'--7qu)

where )‘yn-- is the joint mean annual rate of exceedance of y,...y,. Considering

'7yq
the contribution of Ng earthquake sources and taking only M,, and R, ,, as the

explanatory variables, A can be computed as follows:

y17'“ayq

Ng
Ny, = meoi // P(Yy > yy, e Yy > yglm,r) for, (m) thypOi(r) dmdr (5.2)
=1

where, for each 7 =1,..., Ng earthquake source, )‘mo- is the mean annual rate at
3

which an earthquake with a magnitude equal to m; will be exceeded and
P(Y, > Ypyer Yy > yj|m,r) is the complementary joint distribution function of
Y}, ..., Y, conditional on M,, and R, .

87
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It is common for the multivariate normal distribution to be used by
researchers for the determination of the joint probability distribution of Yi,...Y,.
Recall that, in probability theory and statistics, the multivariate normal distribution
is a generalization of the (univariate) normal distribution.?® For instance, let Y; and
Y, be the random variables, their joint (binormal) density function is the function
fy, v, defined by

Py, (W) = : eXp{— : Kyl_ﬂlf
YOY WD 2 org oa/T — p 2(1—p?) o,

— 2 — —
n <y2 w) _9 <y1 m) <y2 A@)]}
92 91 02
where (1, {5, 01, 05, and p are real numbers, with o,,0, > 0 and —1 < p < 1. Note
that Y1~N(/"L170-%> and YQNN(/"L27O-§>'

Generalizing, the multivariate normal distribution of a ¢ x 1 random vector
Y =Y,,...Y, is denoted as N(u,X), where p = jiy,..., 1, is a ¢ X 1 mean vector
and X is a ¢ X ¢ variance-covariance matrix.% Clearly, in the bivariate case:

= (02 s

2
2:( £ ’”102) (5.4b)

2
PO102 02

Be aware that the density function given in Eq. (5.3) stands when the bivariate
normal distribution is said to be nondegenerate when X is positive definite. Note
that, in linear algebra, a positive definite matriz is a symmetric matrix where each
of its eigenvalues is positive, and a square matrix that is non-invertible is called
degenerate (or singular).17

The ease of using the multivariable normal distribution in a PSHA arises that
one can get the values of the elements of g and ¥ directly from GMPEs if an LME
model is used for their development —please refer to Eq. (3.2)—. To proceed in this
way, a literature review of GMPEs applicable to Mexico City for ground-motion
parameters other than the strong-motion duration was carried out. In this search,
the author became aware of their scarcity.180-185 For instance, the only GMPEs
reported recently that allow estimating peak time-domain parameters and
amplitudes of a response spectrum at various values of T, were proposed by Reyes
et al.183 and Jaimes et al.!3%185 In particular, Reyes et al.183 developed a GMPE
using ground motions caused by interplate earthquakes occurred from 1965 to 1995
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and that had M, ranging from 6.1 to 8.1. The ground motions were recorded at the
main UNAM campus (where the stations whose code begins with the letters CU are
located, see Appendix D). The geometric mean of PG A, as well as of the acceleration
response-spectral ordinates for values of T, varying from 0.1 s to 6.0 s, in steps of
0.1 s, computed from the horizontal accelerograms of ground-motion recordings were
considered. For instance, Reyes et al.183 report the following g(X, &) for PGA:

—

In(PGA) = 5.5474 + 1.4024(M,, — 6) — 0.0130(M,, — 6)> (5.5)
— 0.50001n(R) — 0.0058R

For the acceleration response-spectral ordinates, Reyes et al.!® carried out a
regression analysis for each specified value of T,. The regression analyses were
performed maintaining the same form of g¢(X, ), thereby 61 groups of estimates of
the terms of o were given. Likewise, Reyes et al.183 presented results from regression
analyses performed using data from the horizontal components of the ground-motion
recordings separately. For their part, Jaimes et al.18%18 developed site-specific
GMPEs for PGA, PGV, and acceleration response-spectral ordinates for a set of
values of T, but from shallow-crustal and intraslab earthquakes, which are out of
the focus of this dissertation.

Before proceeding it should be mentioned that Reyes et al.!8 and Jaimes et
al.184.185 developed their GMPEs using Bayesian linear regression. As the name
implies, a Bayesian linear regression is an approach to linear regression in which
the statistical analysis is undertaken within the context of Bayesian inference. As
the mixed-effects model approach, the Bayesian approach is based on a hierarchical
statistical model but, in the latter, the values for all parameters must be specified.?2

As the reader can presume, the lack of GMPEs for other ground-motion
parameters than the strong-motion duration and for sites other than the main
UNAM campus prevented the author to carry out (in their fullness) multivariate
PSHAs. Although it is possible to develop some GMPEs to achieve such an aim,
these are out of the scope of this dissertation. Nevertheless, to exemplify a
multivariate PSHA, Section 5.3 presents a study case conducted for sites located in
GZI, where the main UNAM campus is located. The attention was focused on
modeling the dependence between Dg, and both PGA and acceleration response-
spectral ordinates for specific values of T,. Furthermore, thinking about the
importance that other ground-motion parameters could have in earthquake
engineering applications, the dependence between Dg,. and a selection of five ground-
motion parameters is measured with detail in a prior section (i.e., in Section 5.2).
The findings are discussed in Section 5.4.
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5.2 Measuring Dependence Between Strong-motion Duration and

1ther Ground-Motion Parameters

Several formulations can be found in the statistical literature to synthesize the
dependence between two random variables, Y; and Y, through the determination
of a scalar value associated with them. In this regard, no quantity has been more
characteristic in research work than p. As introduced in Section 2.4, p measures the
linear dependence that exists between Y, and Y, and is called the Pearson correlation
coefficient. Its sample definition was given in Eq. (2.16).

In addition to p, a measure of association can be used to quantify the way
Y, and Y, are linked together. By far, the most widely known measures of association
are Spearman’s correlation coefficient on ranks (best known as Spearman’s rho) and
Kendall’s concordance coefficient (best known as Kendall’s tau).186.187

A rank correlation coefficient measures the dependence between the rankings
of Y; and Y,, where a ranking is the assignment of the ordering labels to the
observations of Y, and Y,. Thus, Spearman’s rho is defined as the Pearson
correlation coefficient between the ranked Y; and Y,. This leads to the following
definition for its sample version!88:

Z;;l [rank (ylj) — rank(Yl)} [rank <y2j> — rank(YQ)]

\/2?1 [rank (ylj) — rank(Yl)] ? Z;‘:l [rank (ij) — rank(YQ)] ?

—

ps =1

(5.6)

where rank (ylj) and rank (y2j) respectively stand for the ranks of the jth
observation of Y; and Y;, and the sample means rank(Y;) and rank(Y;) are equal to
ot

Let (ylp, y2p> and (qu, yQQ) denote an independent pair of observations from
the vector (Y7, Y;) of continuous random variables. They are concordant if Y1, <Y,
and Y2, <Yz, OF if Y1, > Y1, and Y2, > Ya, - On the contrary, (ylp,yQP) and
(qu, y24> are discordant if Y1, <Y, and Yo, > Yz, OF if Y1, > Y, and Yo, < y2q.187
Additionally, the pair of observations {(ylp,y2p> , (qu,y2q>} is said to be tied if

Y1
P
in the case of no ties, Eq. (5.6) may be more conveniently expressed in the following

= Yo, OF Y1 = Y i.e., a tied pair is neither concordant nor discordant. Then,
P q

form189;



Section 5.2 91

_ 12 .

Pg = PR [rank (ylj) — % (n + 1)] [rank <y2j) —%(n + 1)} (5.7)

=1
In terms of concordance, the sample version of Kendall’s tau is defined as!87:188:

— Nconc - Ndisc

7—K - n 5.8
&) %

where N

conc

respectively, in the random sample {(y1 1,y21),...,(y1n,y2n)} from the vector
(Y1,Y;). Note that there are (g) distinct pairs (ylp,y%) and (qu,y2q) of
observations in {(yll, y21), s (yln, an)}.

and N_,. are the number of concordant and discordant pairs,

By the very definition, both pg and 7 are rank correlation coefficients.!8
They have the following properties®6:

i) Their estimates take values from -1 to 1. Then, Y; and Y, are positively
associated if the estimate of either pg or 74 is greater than zero, and negatively
associated if it is smaller than zero.

ii) If Y; and Y, are independent, their estimates take values equal to zero.

iii) If g(Y7) and g(Y3) are strictly increasing functions, the estimate of either pg or
T between Y] and Y, is equal to that between g(Y]) and g(Y3).

The Pearson correlation coefficient p shares with pg and 7, the first two
properties.86 Other correlation coefficients can be found in the statistical literature
to measure the dependence between random variables. Nevertheless, this
dissertation extends to the use of p, pg, and 7.

Thus, the dependence between D¢, and PGA, PGV, and the peak ground
displacement, PG D, was measured. Note that PGD is defined as the maximum
ground displacement that occurred at a site of interest during an earthquake. The
observations of PGV and PG'D were measured from time histories obtained by direct
integration of accelerograms over t.

The dependence between Dg, and acceleration response-spectral ordinates
was also measured. The response-spectral ordinates were specified from response
spectra that were developed considering that the SDOF systems had ¢, = 5% and
values of T, varying from 0.1 s to 5 s, in steps of 0.1 s, and using the Newmark
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method. In this respect, a computational algorithm can be found in Chopra’s world-
renowned book.!% The author wants to emphasize that the computed response
spectra are defined by the absolute acceleration, which is the maximum acceleration
of the seismic mass in an inertial reference frame.4 To follow with the nomenclature
used in related literature, the acceleration response-spectral ordinates are denoted
as S,(T,).

Moreover, the author considered it interesting to measure the dependence
between Dg, and the total ground-motion duration. The parameter ¢, was used for
this purpose. To be consistent with the criteria established in Section 3.3 for the
measurement of Dg, from accelerograms recorded in Mexico City, t; was defined as
the time elapsed between the first and last excursion of a; = 2 cm/s?.

Thereby, for sites located in GZI, the estimates of p, pg, and 7, between Dy,
and t;, PGA, PGV, PGD, and S,(T,), with values of T, up to 5 s, were obtained
using Egs. (2.16), (5.6), and (5.8), respectively. Each vector of observations consisted
of 141 elements. The observations were obtained from the same strong-motion
database used to develop the GMPEs for Dg, (see Subsection 3.3.2 and Appendix
D). The results for the first four pairs of ground-motion parameters are summarized
in Table 5.1 and for the last pair in Figure 5.1.

The results given in Table 5.1 imply that Dg, increases as t;, PGA, PGV,
and PGD increase. This relationship can be corroborated by scatterplots of the
strong-motion data presented in Table 5.1. Similarly, the results given in Figure 5.1
indicate a high positive dependence between Dg, and S,(T.). In this instance, Figure
5.2 shows scatterplots of the observed values of Dg, and S,(T,) for four specific
values of T,. Note that four data points stand out in the upper right quadrant of
the scatterplots shown in Table 5.1. These are related to the ground motions caused
by the September 19, 1985 earthquake, which lead to the higher values of PG A,
PGV, and PG D from the entire database.

Following the third property of the measures of association (defined on page
91), the estimates of either pg or 74 between Dg, and any other ground-motion
parameter are equal to the estimates obtained from their natural logarithms. The
latter cannot be true for the estimates of p, which dissatisfies such property. For
instance, the estimates of p between the natural logarithm of D, and the natural
logarithms of t;, PGA, PGV, and PGD for sites located in GZI are 0.9393, 0.6601,
0.6949, and 0.6986, respectively. These are greater values than the ones displayed
in Table 5.1. The estimates of p between the natural logarithm of Dg, and S, (7))
for sites located in GZI are summarized in Figure 5.1.
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Table 5.1 Estimates of p, pg, and 7, between Dg, and t;, PGA, PGV, and PGD
considering data from sites located in GZI

Pair of ground-motion

Correlation coefficient

Graphical diagnostic

parameters estimate
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Figure 5.1 Estimates of p (solid black line), pg (dashed red line), and 7, (dotted
yellow line) between Dg, and S,(7.) considering data from sites located in GZI. The
dash-dotted gray line stands for the estimates of p between the natural logarithms of

Dg, and S,(T.)
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Figure 5.2 Scatter plots between the observations of Dg, and S,(7,), with values of
T, equal to 1.0 s, 2.0 s, 3.0 s, and 4.0 s, respectively, considering data from sites located
in GZI
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The estimates of p, pg, and 7, between Dg, and t;, PGA, PGV, PGD, and
S, (T,) for sites located outside GZI were obtained by grouping the observations per
geotechnical zone (see Figure 3.2). The observations were obtained from the same
strong-motion database used to develop the GMPEs for Dy, (see Appendix D).
Table 5.2 and Figure 5.3 summarize the results for the first four and last pair of
ground-motion parameters, respectively. It could be said from Table 5.2 and Figure
5.3 that the estimates of p, pg, and 7, between the analyzed pairs of ground-motion
parameters are quite similar among GZII, GZIIla, GZIIIb, and GZIIlc. However,
they differ from the estimates obtained considering observations from sites located
in GZI or GZIIId, which overall displayed greater values of correlation.

Table 5.2 Estimates of p, pg, and 7, between Dg, and t;, PGA, PGV, and PGD
considering data from sites located in GZII or GZIII

Pair of ground-motion parameters

Geotechnical zone

Dg, and t;  Dg, and PGA  Dg, and PGV Dg, and PGD

GZ11 p = 0.6286 p = 0.1240 p = 0.1987 p = 0.3264
pg = 0.6959 pg = 0.2811 pg = 0.4089 pg = 0.5088

T = 0.5342 T = 0.2148 T = 0.2659 T = 0.3366

GZIIIa p = 0.5694 p = 0.1530 p = 0.1890 p = 0.2752
ps = 0.6203 ps = 0.3156 pg = 0..3418 pg = 0.3977

T = 0.4503 Tr = 0.2016 T = 0.2173 Tr = 0.2622

GZIIIb p = 0.6777 p = 0.2031 p = 0.2408 p = 0.3052
ps = 0.7322 pg = 0.3798 pg = 0.4209 pg = 0.4893

T = 0.5477 T = 0.2301 T = 0.2640 T = 0.3180

GZIlIc p = 0.6654 p = 0.1339 p = 0.1991 p=0.2741
ps = 0.6900 pg = 0.2831 pg = 0.3262 pg = 0.3852

T = 0.5030 T = 0.1573 T = 0.1916 Tr = 0.2419

GZIIId p = 0.8404 p = 0.4322 p = 0.5331 p = 0.5824
pg = 0.8432 pg = 0.5242 pg = 0.5978 pg = 0.6711

T = 0.6708 T = 0.3499 T = 0.4204 Tr = 0.4852
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Figure 5.3 Estimates of p, pg, and 7 (from top to bottom) between Dg, and S, (7))

considering data from sites located in GZII or GZIII



Section 5.3 97

As can be appreciated from Figure 5.3, the trends among the estimates of p,
pg, and Ty between Dg,. and S,(7,) are similar per geotechnical zone and, also,
among themselves.

5.3 Multivariate Probabilistic Seismic Hazard Analyses for Sites

Located in the Hill Zone of Mexico City

This section presents multivariate seismic hazard analyses that include the
contribution of Dg, and either PGA or S,(T,). The study case is staged for sites
located in GZI.

The determination of a GMPE that allows estimating the mentioned
amplitude-based ground-motion parameters is presented first in Subsection 5.3.1.
The multivariate PSHAs are then performed in Subsection 5.3.2.

5.3.1 Predictive Equation for Peak Ground Acceleration and

Acceleration Response-spectral Ordinates

A GMPE for the natural logarithm of PGA and S,(T,), with T, varying from 0.1 s
to 5 s, in steps of 0.1 s, was developed for sites located in GZI. For PGA and each
S,(T,), a regression analysis was performed based on the LME model given in Eq.
(3.1), considering M,, and Ry, for the definition of X, and grouping the data by
earthquake event. The selected functional form is the following:

In(PGA);, or n[S,(T,)]; = ag + (ay +agM,, ) In(Ry,, )i, + 0o, + e, (5.9)
where In(PGA);;, In[S,(T.)];, and In(R,,,,,);x are the natural logarithms of PG A,
S,(T,) and Ry, of the kth accelerogram recorded during the ith earthquake event,
respectively, and Mwi is the moment magnitude of the ith earthquake event. Recall
that the terms b, and e; have the prior distributions b, ~N (0, o?) and
e;~N(0,02), respectively. The estimates of oy, ay, ay, o7, and o2 obtained from
the regression analysis are summarized in Appendix G.

Figure 5.4 shows the distribution of i and p + o of the natural logarithms of
PGA and S,(T,), for five specific values of T, in R;,,,, and M,. As explained in
Subsection 3.3.2 for Dg,., p and o are the mean and standard deviation of the natural
logarithm of either PGA or S,(T.), respectively. The strong-motion data considered
in the regression analyses are superimposed in Figure 5.4. Notice that the values of
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PGA and S,(T,) used to develop the GMPE were obtained from the acceleration

response spectra depicted in Appendix F.
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Figure 5.4 Distribution of p and p 4 o of the natural logarithm of PGA and S, (7)),

with values of T, varying from 1.0 s to 5.0 s, in steps of 1.0 s, with respect to R, ,, and
M,,. A 3D view of the plots is shown on the right, whereas their lateral view is shown
on the left. Scatter plots of the strong-motion data considered in the regression are
superimposed
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As noticed by the reader, the functional form given in Eq. (5.9) is the same
as that for the natural logarithm of Dg, given in Eq. (3.7). Either for PGA or S,(T,),
all model coefficients and variance components were statistically significant. That
is, their corresponding p-values were smaller than 0.05 and their 95% confidence
intervals contain no zeros. Only the estimates of «, for S,(7,) with values of T,
equal to 4.8 s, 4.9 s, and 5.0 s showed no statistical significance. However, for such
values of T, no regression analyses were performed considering other functional
forms than the one given in Eq (5.9) for simplicity and because of the satisfactory
representation of the strong-motion data by the fitted GMPE. The latter can be
visually corroborated by Figure 5.4.

The LME model assumptions (such as homoscedasticity, normality, and
linearity of effects) were verified from residual analyses and no outliers were
discarded during the regression analyses to develop the GMPE for PGA and S, (T,).

5.3.2 Multivariate Seismic Hazard Curves

Before further evaluation, as well as for comparison purposes, Figures 5.5 and
5.6 show the (marginal) hazard curves for PGA and S, (7.), for values of T, ranging
from 1 s to 5 s, in steps of 1 s, respectively. These were obtained using the procedure
described in detail in Section 4.3 to develop the hazard curves for Dg,, but
considering the GMPE for PGA and S,(T,) developed in Subsection 5.3.1.

Concerning the multivariate PSHAs, Eq. (5.2) was used to estimate the joint
mean annual rate of exceedance of a given level d of Dg, and a given level a of either
PGA and S,(T,). It was evaluated numerically by converting the integrals into
discrete summations. For instance, considering the ground-motion parameters Dyg,
and PG A, the joint mean annual rate of exceedance of d and a, denoted as A, ,, can
be estimated as follows:

Ada = Z Z ZAmOiP(DST > d, PGA > almj,r},) P(M,, = m;)P(Ry,,, =r,)  (5.10)

w J
i=1 j=1 k=1

As for Eq. (4.23), N, is the total number of elements in a finite set of earthquake
magnitudes bounded by the thresholds m, and m,, and N is the total number of
elements in a finite set of source-to-site distances bounded by the thresholds r; and
Ty, which were defined as the levels at which F Rpypo equals 0.05 and 0.95,

respectively. For each ¢ = 1,..., Ng earthquake source, the values of A mg, and

m07

m,, are reported in Table 4.2 and the values of r; and r, are reported in Table 4.5.
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In Eq. (5.10), the joint probability that Dg,. and PGA exceed d and a,
respectively, given m; and ry, can be computed as follows:

P[In(Dg,) > In(d),In(PGA) > 1In(a) |m;, 7] =1~ Fyp, ) mpcand),In(a)] (5.11)

where Fi,p_ ) in(pca) 18 the joint distribution function of the natural logarithms of
D¢, and PGA. It can be defined as the integral of their joint density function, which
mathematical expression can be formulated based on Eq. (5.3). In this case, u; and
o, are the mean and standard deviation of the natural logarithm of Dy,
respectively, and p, and o, are the mean and standard deviation of the natural
logarithm of PG A, respectively. They can be obtained from GMPE A given in
Subsection 3.3.2 and the GMPE for PGA developed in Subsection 5.3.1. The

estimate of p between the natural logarithms of Dy, and PGA is already reported
in Section 5.2.

Similarly, the joint mean annual rate of exceedance of d and a given level a
of S,(T,) can be estimated using Egs. (5.10) and (5.11) but substituting S, (7))
instead of PG A.

Figure 5.7 shows the multivariate hazard curve that considers the
contribution of Dg,. and PG A for sites located in GZI. For its part, Figure 5.8 shows
contour plots of the multivariate seismic hazard curves that consider the
contribution of Dg, and either PGA or S,(T,), with values of T, varying from 1 s
to 5 s, in steps of 1 s. Note that, for better visualization, Figure 5.8 includes only
the isolines for values of A, , equal to 1, 0.1, 0.01, 0.001, 0.0001, and 0.00001.
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Figure 5.7 Joint annual rate of exceedance of Dy, and PGA for sites located in
GZI
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5.4 Discussion

In this chapter, the author first explains the method used to analyze the joint seismic
hazard of a set of ground-motion parameters. The basic premise of the method is
the application of the multivariate normal distribution for the definition of the
mathematical function that gives the probabilities of occurrence of different possible
outcomes of more than two ground-motion parameters, which are taken as random
variables. The use of such probability distribution is permitted under the assumption
that ground-motion parameters are marginally normally distributed. If ground-
motion parameters have a normal distribution, the development of GMPEs for their
estimation can be done using LME models (see Section 3.1). Then, the values of the
elements of p and X, which are parameters of the multivariate normal distribution,
can be readily obtained from the GMPEs.

One should mention that Bazzurro and Cornell!”® were the first to illustrate
the implementation of the multivariate extension of the normal distribution in
PSHAs. They presented an example of how to estimate the joint mean annual rate
of exceedance of acceleration response-spectral amplitudes at two values of T..

Beyond this study, less than a handful of research works have addressed multivariate
PSHASs. The above could be due to the lack of GMPEs regionally applicable.

The last statement undoubtedly applies to Mexico City. As stated in Section
5.1, the most recent stage in the development of GMPEs is quite limited there. In
particular, the vast majority (of the few) GMPEs found in the literature have been
developed for the site where the main UNAM campus is located. Scholars of the
development of design ground motions have made a common practice the use of
such GMPEs and empirical transfer functions to obtain response spectra at other
sites located in Mexico City.85:191-193 The determination of transfer functions can be
done using different techniques, a detailed description of them is beyond the scope
of this thesis, but they can be consulted in the cited references. From this
perspective, and for the development of PSHAs, an issue that remains to be solved
is if there are no distortions in the values of the elements of u and 3 of the
multivariate normal distribution of the ground-motion parameters. This is due to
the application of transfer functions to estimate ground-motion values at other zones
than GZI.

On the subject of the development of GMPEs, it would be highly desirable to
have consistency in the way that the ground-motion parameters are obtained from
the horizontal accelerograms of ground-motion recordings. As mentioned in Section
2.3, the most popular practice in recent years has become the use of the geometric
mean of the observations obtained from each pair of horizontal accelerograms. As
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discussed by Bommer et al.,53 the geometric mean component was originally
introduced as a surrogate for a random component of the ground motion.
Nevertheless, it can be argued by the author that individual observations represent
the randomness of the ground motion in its purest way. That is, there is no better
measurement of a ground-motion parameter than the one obtained directly from a
real accelerogram.

To perform multivariate PSHAs, expressly for the measurement of the
dependence between ground-motion parameters, it must be ensured that the
observations are obtained systematically. As a vague example, imagine trying to get
estimates of p between one ground-motion parameter whose observations were
obtained individually from each arbitrary component of ground-motion recordings
and another ground-motion parameter whose observations are based on the
geometric mean of the horizontal components. Such a calculation would be nonvalid
because a noncompatible criterion would be employed.

The author considers that nowadays there are robust strong-motion databases
(at least to Mexico City) with which to develop GMPEs. They must be developed
meticulously. For instance, in addition to the GMPEs for Dg, (advanced in Chapter
3), the author proposed in Section 5.2.1 a GMPE for PGA and S, (T,) for sites
located in GZI to fulfill the purpose of this dissertation about the multivariate
PSHAs. For simplicity, the selected functional form of the GMPE for PGA and
S,(T.) was the same as that for Dg,. The estimates of the elements of a, ¢, and
o, obtained from the regression analysis were statistically significant, except for
values of T, equal to 4.8 s, 4.9 s, and 5.0 s. Nevertheless, for structural engineering
purposes, such values of T, are related to unconventional structures (e.g., long-span
bridges or supertall buildings). Thus, if necessary, a refit of the strong-motion data
is recommended, considering distinct functional forms. Aside, the proposed GMPE

fits the observed values of PGA and S, (7,) satisfactorily (see Figure 5.4).

It is worth mentioning that, to validate the GMPE for PGA and S,(T,)
proposed in this dissertation, the estimates of such amplitude-based ground motion
parameters were compared with those obtained using the GMPE reported in the
research work of Reyes et al.,183 giving satisfactory results. Moreover, the
probabilistic evaluation of PGA and S, (T),) leaded to a UHS for T, = 250 years that
is pretty similar to the one given in the NTC-202027 for sites located in GZI. Both
UHSs are shown in Figure 5.9. The differences between these UHSs are mainly
because they were developed under different considerations regarding the
identification and probabilistic characterization of earthquake sources and, as
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mentioned in previous paragraphs, in the way the ground-motion parameters were
obtained from the horizontal accelerograms of ground-motion recordings.

140 T T T T T T T T
;78 . UHS for T,= 250 years
B Y —This study
L0t ' i \ - -NTC-2020

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
T. [s]

Figure 5.9 Comparison between the UHS for sites located in GZI developed in this
study (solid black line) and the one given in the NTC-20202" (dashed red line)

The contour plots of the joint annual rate of exceedance of Dg, and either
PGA or S,(T.) (see Figure 5.8) suggest that, to consider the joint effects of such
ground-motion parameters in structural design, the values defining the vertex of the
isolines associated to the value of T, of interest must be selected.

Finally, the author wants to mention that the statistical dependence between
Dg, and PGA, PGV, PGD, S,(T,), and t; using pg and 7, for all sites was measured
in Section 5.2. Such estimates would facilitate the performance of multivariate
PSHAs considering other joint probability distributions different from the
multivariate normal distribution. As an instance, they are customarily when
modeling the dependence structure of random variables using copulas, which are
functions that describe the nonlinear dependence between random variables in
isolation from their marginal probability distributions.!8” They can be useful for
structural reliability applications where non-Gaussian random variables with
significant uncertainty are involved. In the case of Dg,., PGA, and S,(T,), there was
no evidence to reject the null hypothesis that they are normally distributed random
variables (relying on the one-sample KS test and other goodness-of-fit tests results)
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allowing multivariate PSHAs to be performed using a multivariate normal
distribution.



CHAPTER 6
Strong-motion Duration and Structural

Performance

6.1 Introduction

For geotechnical and building code purposes, Mexico City has been divided into
three zones, namely, GZI, GZII, and GZIII (see Subsection 3.2.2). A drastic
amplification of the seismic waves in GZIII with respect to GZI is well documented.
For instance, ground motions at GZIII are amplified 8 to 50 times with respect to
the site where station CUP5 is located; the frequency at which the maximum
amplification occurs varies from site to site and lies between 0.2 Hz and 0.7 Hz.194
Even ground motions at GZI (where station CUP5 is located) present an
amplification as large as 10 in the frequency range of 0.2 Hz to 0.7 Hz in comparison
with ground motions at sites outside Mexico City that are located at similar source-
to-site distances than station CUP5.104117 Given this, a net amplification of 500 has
been reached at some sites located in GZIII. The latter is the largest documented
anywhere in the world and has been the cause of damage to structures located in
Mexico City during earthquakes.9

There is extensive research on the influence of amplitude-based ground-
motion parameters (such as PG A and acceleration-response spectral ordinates) and
the frequency content on the seismic response of structures located in Mexico City.
Being the opposite for the strong-motion duration (as noted in Appendix A). Thus,
investigations should be performed on the capacity of site-specific strong-motion
duration to have an effect on the structural response, as well as on the way it is
related with other ground-motion parameters.

The following sections present the main results of a series of studies that
provide a useful starting point to begin the investigations. In particular, Section 6.3
illustrates the effects of the strong-motion duration as recorded in four different sites
in Mexico City on the response of an equivalent SDOF system, which is first formally
defined in Section 6.2. Fragility functions for this structure, that consider damage
states related to the occupational, life safety, and collapse performance levels, are
then presented in Section 6.4. This section extends to SRAs for the collapse
performance level. A brief discussion of the results is given in Section 6.5.

107
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6.2 Equivalent Single Degree of Freedom System Modeling

The structural system analyzed is based on an example presented in the book
published by Goel and Chao.19 It consists of a four-story one-bay steel moment
frame designed by the plastic method. The gravity loads acting on the steel frame,
structural profiles, and dimensions of the steel frame are presented in Figure 6.1.

A classical modal analysis of a two-dimensional finite element model (FEM)
of the steel frame was used to find the periods at which the steel frame naturally
resonates. It was determined that the first mode, which is triangular-shaped, controls
the response of the steel frame. A natural period 7, equal to 1.2 s and mass
participation of 0.82 were associated with the first mode. The seismic capacity of
the steel frame was determined using an incremental nonlinear static analysis
(NSA). Note that an incremental NSA, commonly called pushover analysis, is used
to capture the initial yielding and gradual progressive plastic behavior of elements
and the overall response of a given structure under seismic excitations. In particular,
a nonlinear FEM of the structure is subjected to monotonically increasing lateral
forces with a specified invariant height-wise distribution pattern until either a
predetermined target displacement is met or the model collapses (i.e., it becomes
unstable).190 In this case, a load distribution pattern concordant to the first vibration
mode of the steel frame was considered. The collapse mechanism developed by the
steel frame is depicted in Figure 6.1.

A pushover curve, which plots the base shear, V,, versus the roof
displacement, u,, for the steel frame was determined from the incremental NSA. It
is presented in Figure 6.2. Note that whereas V} is the horizontal shearing force at
the base of a structure,!6 u, is the result of the lateral forces acting along the height
of the structure.” It can be said from the pushover curve given in Figure 6.2 that
the yielding of the steel frame begins when the force reaches 379 kN, i.e., when the
deformation reaches 17.7 cm. The yield strength and deformation are denoted as F,
and u,, respectively. As per Figure 6.2, the maximum deformation, u,,, takes place
at 58.6 cm and is associated with a maximum force, F,, equal to 490 kN. The
ductility ratio of the system, p, = u,,/ u,,, is approximately 3.3. Notice that ductility
is a property of a structure that allows it to continue to have significant strength
after it has yielded or begun to fail.

An equivalent SDOF system of the steel frame was defined to perform a
massive number of IDAs at an affordable computational cost. Its lateral stiffness,
k., was determined from the linear interval in the pushover curve for the steel frame
shown in Figure 6.2 and its mass, m,, was computed so that the period of the
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equivalent SDOF system matched that of the first mode of the steel frame. Here, (,
was assumed as 5%. The selected constitutive model of the equivalent SDOF system
considers an elastic-plastic behavior with hardening. Figure 6.3 depicts schemes for
the equivalent SDOF system and its constitutive model. In Figure 6.3, c, =

2¢,m, /:; is the viscous damping coefficient, u, = u, + u, is the total displacement

of the equivalent SDOF system, and «, is a fraction of k, determined from the
values of F,, and u,, (see Figure 6.2). The latter is needed for the definition of the
secondary stiffens of the constitutive model.

The capacity curve of the equivalent SDOF system is shown in Figure 6.2
together with the pushover curve of the steel frame. As noticed in Figure 6.3, the
area under the capacity curve of the equivalent SDOF is smaller than the area under
the pushover curve for the steel frame. Expressly, there is a difference of less than
5%. This difference is not expected to cause biases in the IDAs results. As
demonstrated by De Luca et al.,'97 maintaining the values of k, and w, when
employing an equivalent bi-linear SDOF system with hardening for IDAs ensures
negligible errors in the structural response despite small differences in the area
beneath both curves.
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Figure 6.1 At the left is shown a schematic of the moment-resisting steel frame model
and at the right is shown the collapse mechanism developed by the steel frame when
subjected to a pushover analysis considering a first-mode distribution pattern
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Figure 6.2 Pushover curve for the steel frame and capacity curve of the equivalent
SDOF system

/—> ﬁg — U;

/] Ce oy
T—1 koo
/ .

,—\M,Uu—

/ k. s ;S ;

/

Figure 6.3 Schematics of the equivalent SDOF system and constitutive model
considered for its development

6.3 Effects of Strong-motion Duration as Recorded in Mexico City

on Structural Response

Accelerograms recorded at stations CUP5, UC44, BO39, and AUl1l during the
earthquakes that occurred on January 22, 2003, March 20, 2013, April 18, 2014, and
June 18, 2020 were used to evaluate the effects of the strong-motion duration on the
response of the equivalent SDOF system defined in Section 6.1. In chronological
order, the earthquakes will be referred to as E1, E2, E3, and E4, respectively. A
map of Central Mexico showing the epicenters of the four interplate earthquakes is
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presented in Figure 6.4. Also, a map of Mexico City showing the location of the four
stations is presented in Figure 6.4. According to the c the sites where stations CUP5,
UC44, BO39, and AU11 are located exhibit values of T, equal to 0.5 s, 1.3 s, 2.5 s,
and 4.0 s, respectively. Station CUPS5 is located at the central campus of UNAM in
GZI. The other three stations are located in GZIII.
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Figure 6.4 Map of Central Mexico showing the epicenters of the earthquakes that
occurred on January 22, 2003, March 20, 2013, April 18, 2014, and June 18, 2020, in
the Mexican subduction zone. Listed in chronological order, the first earthquake had
M, = 7.5, the second and fourth earthquakes had M, = 7.4, and the third earthquake
had M, = 7.3. The map overlay shows the territorial delimitation of Mexico City and
the geographical location of the stations CUPH, UC44, BO39, and AU11. The sites
where these stations are located exhibit values of T, equal to 0.5 s, 1.3 s, 2.5 s, and
4.0 s, respectively, in accordance with the NTC-202027
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The portion of the accelerograms bounded by a, = 2 cm/s? that was recorded
in stations CUP5, UC44, BO39, and AU11 during the aforementioned earthquakes
are presented in Figure 6.5. As stated in Section 3.3, accelerograms must be bounded
by ay = 2 cm/s? for objective comparisons of the measured values of t; and Dg,.. As
per Figure 6.5, there is a wide variation between the values of ¢ from accelerograms
recorded in sites located within a radius of approximately 8 km. While station CUP5
recorded accelerograms with ¢, > 80 s and Dg, > 41 s, stations UC44, BO39, and
AU11 recorded accelerograms with values of ¢ 7 greater than 120 s, 205 s, and 320 s,
as well as values of Dg, greater than 49 s, 88 s, and 153 s, respectively. The latter
indicates the positive correlation between T and both ¢, and Dy,..

As mentioned in Sections 1.1 and 2.2, the first and last amplitudes of
accelerograms generally are so small that they are of little significance for earthquake
engineering purposes.l” For this reason, the strong-motion duration has been
adopted to account for the portion of an accelerogram to be considered in the
evaluation of the seismic response of structures using NDAs. Indeed, the response of
the equivalent SDOF system was evaluated through NDAs using both the
accelerograms bounded by a, = 2 cm/s? and the time windows in which their
amplitudes may be considered strong based on the definition of Dg, given in Eq.
(2.8) and considering a; = 0.05, a, = 0.95, and t; equal to the time elapsed between
the portion of the accelerograms that encompasses the first and last excursion of
ag = 2 cm/s%. Such time windows are shaded in Figure 6.5. The peak displacement,

U

maz> and mazimum hysteretic energy, £, ., were selected to evaluate the response

of the equivalent SDOF system. The former is defined as the maximum absolute
displacement exhorted in the equivalent SDOF system by an accelerogram and can
be directly identified from a displacement time history, u, (), which is an output of
an NDA. The second is the energy dissipated in the inelastic behavior of the
equivalent SDOF system and is equal to the area within the hysteresis loop resulting
from each NDA. Note that a hysteresis loop is presented as a plot of the isolated
forces on the spring of the equivalent SDOF system, F},, versus the deformations u,
(see Figure 6.3).190

The displacement histories u(t) of the equivalent SDOF system obtained from
the NDAs are given in Figure 6.5. As noted in Figure 6.5, the displacement histories
u(t) produced by the time window defined by Dg, look exactly like those produced

by the accelerograms bounded by a, = 2 cm/s?. Hence, the values of u are

max
practically the same. As per Figure 6.5, the maximum difference between values of

U is observed for the accelerogram recorded at station UC44 during the March

max

20, 2013 earthquake. This difference is equal to 0.69 cm and, to the mild opinion of
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the author, is inconsequential from a structural engineering perspective for the
structure under analysis.
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Figure 6.5 On the left, there are shown accelerograms (bounded by a, = 2 cm/s?)
recorded in stations CUP5H, UC44, BO39, and AUl1l during four earthquakes that
occurred in the Mexican subduction zone (see Figure 6.4). The shaded areas represent
the time windows in which the ground motions may be considered strong according to
the definition of Dg,. On the right, there are shown the displacement histories u,(¢) of
the equivalent SDOF system when subjected to the accelerograms shown on the left
side. The structural displacement measured considering the accelerograms (bounded by
ap = 2 cm/s?) is depicted by the black lines and the structural displacement measured
considering only the strong phase of the ground motions is depicted by the colored lines
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Figure 6.5 On the left, there are shown accelerograms (bounded by a, = 2 cm/s?)
recorded in stations CUP5, UC44, BO39, and AU11l during four earthquakes that
occurred in the Mexican subduction zone (see Figure 6.4). The shaded areas represent
the time windows in which the ground motions may be considered strong according to
the definition of Dg,. On the right, there are shown the displacement histories u,(t) of
the equivalent SDOF system when subjected to the accelerograms shown on the left
side. The structural displacement measured considering the accelerograms (bounded by
ay, = 2 cm/s?) is depicted by the black lines and the structural displacement measured
considering only the strong phase of the ground motions is depicted by the colored lines
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As can be noticed from Figure 6.5, the equivalent SDOF system never
undergoes its plastic behavior when subjected to the accelerograms. This implies
line-like hysteresis loops, i.e., values of hysteretic energy, E, ., equal to zero.

It is worth mentioning that the energy input to the equivalent SDOF system
considering both an accelerogram bounded by a, = 2 ¢cm/s? and the time window in
which its amplitudes may be considered as strong based on the definition of Dg,. is
just about the same. For instance, Figure 6.6 depicts the input energy, E,, as a
., imparted to the equivalent SDOF
system when subjected to the accelerograms recorded at station UC44 during E2
and E4 (see Figure 6.5). Notice that F;(t) can be defined as follows!98:

function of ¢ and normalized with respect to m

B,(t) = / ity (£)it, () d (6.1)

where 1, (t) = ,(t) + 1, (t) is the absolute acceleration, with ii,(t) being the relative
acceleration of the equivalent SDOF system as function of ¢.
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Figure 6.6 Input energy imparted to the equivalent SDOF system when subjected to
accelerograms recorded at station UC44 during E2 and E4. The black line represents
the energy disclosed by the accelerograms (bounded by a, = 2 cm/s?), whereas the red
line represents the energy disclosed by the strong phase of the ground motions
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As per Figure 6.6, the value of E; disclosed by the accelerograms (bounded
by ay, = 2 cm/s?) recorded during E2 and E4 to the equivalent SDOF system was
approximately 15% and 4% greater, respectively, than that disclosed when
considering only the time windows in which the ground motions may be considered
strong according to the definition of Dg,.. Such percentages were smaller when
examining the input energy imparted by accelerograms with greater values of PG A.

6.4 Relating Strong-motion Duration and Structural Damage

Nowadays, relationships between the severity of ground motions and structural
damage are commonly given in the form of fragility functions, which define the
conditional probability of exceeding various damage states given postulated ground-
motion levels y. Expressly, the first term of the integral given in Eq. (1.1) provides
the generic definition of a fragility function.

As explained in Section 1.1, developing a fragility function commonly involves
an IDA, which requires the use of either real or synthetic accelerograms. As discussed
in Section 2.5, due to the lack of real site-specific accelerograms, it has been common
practice to use accelerograms recorded worldwide to perform IDAs. In a certain way,
any problem is dismissed as the acceleration response spectra of the accelerograms
are scaled based on site-specific target spectra, which can be obtained, e.g., from
either predetermined design spectra or GMPEs for PGA and response-spectral
ordinates. The foregoing does not cover that the (strong-motion) duration of such
accelerograms is representative of the one observed at the site where a structure of
interest is (or will be) located. Furthermore, there is a tendency to evaluate the
effect of the strong-motion duration on the structural response by categorically
classifying accelerograms as “short” or “long” according to different duration intervals
(which are based on different subjective opinions) or depending on the tectonic
environment that caused the recorded ground motions (e.g., those accelerograms
associated to interplate earthquakes are cataloged as long, while those associated to
shallow-crustal are cataloged as short).

Such as the use of a target response spectrum to define the amplitude and
frequency content of ground motions at a specific site, one may directly utilize
GMPEs (just as those given in Subsection 3.3.2) to define the strong-motion
duration of ground motions located at the site of interest. By doing so, the two
problems identified above can be easily avoided.

Thus, this section presents the development of fragility functions that allow
evaluating the influence of the strong-motion duration on the performance of the
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equivalent SDOF system defined in Section 6.2. Particularly, the results of the IDAs
needed to develop the fragility functions are first presented in Subsection 6.4.1 and
the fragility functions are then given in Subsection 6.4.2.

6.4.1 Incremental Dynamic Analyses

Incremental dynamic analyses were used to evaluate the seismic response of the
equivalent SDOF system, which was assumed to be situated at three different sites
in Mexico City. The sites are located where stations UC44, BO39, and AU11 are
situated (see Figure 6.1). Site-specific accelerograms were needed to conduct IDAs.
Instead of selecting accelerograms recorded at each of the three sites, mutually
independent accelerograms were simulated by employing the well-known SIMQKE-
I software. For each site, the target response spectrum was taken as the UHS given
in the NTC-2020.27 Figure 6.7 shows the site-specific target spectrum considered in
for the generation of the synthetic accelerograms.

Deterministic seismic hazard analyses that considered the MCE as one
earthquake with M,, = 7.5 occurring at Rj,,, = 250 km were conducted to
characterize the strong-motion duration at each site of interest. The estimates of
of the natural logarithm of Dg, obtained using GMPE C are shown in Table 6.1.
Recall that the values of u can be computed from the estimated Xa used to develop
GMPE C —see Eq. (3.8)— and o = 0.2156.

If the natural logarithm of D,g is assumed to be normally distributed, then it
can be said that Dy, is lognormally distributed. Therefore, the density function of
Dyg,. can be defined as!¥:

fio,, (d) = ———exp {—% [@r} (6.2)

Based on Eq. (3.11), one can estimate the mean and standard deviation of Dg,,
denoted as pp_ and op_ , respectively, as follows:

ip, = €Xp (u + %) (6.3a)
op,, = Vexp(2p + V)[exp(V) — 1] (6.3b)

The estimates of p,_ —and op_ obtained for each site where the equivalent SDOF
system is hypothetically located are also reported in Table 6.1.
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Figure 6.7 On the left, there are shown the design spectra given in the NTC-202027
(UHSs for T, = 250 years) for the sites where stations UC44, BO39, and AU11 are
located. The response spectra of three aleatory groups (one per site) of 40 synthetic
accelerograms each (with PGA = 0.3g) overlap the design spectra. On the right, there
are shown a sample of eight synthetic accelerograms with PGA = 0.3¢g from two aleatory
groups generated for the site where station BO39 is located. Each sample consists of
four synthetic accelerograms with equal duration

Table 6.1 Estimates of p of the natural logarithm of Dg,, pp_ , and op_ obtained
from a DSHA that considers a scenario earthquake with M,, = 7.5 occurred at R, ,, =
250 km from three sites with 7T, equal to 1.3 s, 2.5 s, and 4.0 s. The last two columns
summarize the values placed at the 5 and 95t percentile for F D,

g Iz Fp,, IDs, dy dos
1.3s 4.4024 18 s 65 s 57 s 116 s
2.5s 4.7451 26 s 92 s 81 s 164 s

4.0 s 4.9915 151 s 33 s 103 s 210 s
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Then, two sets of synthetic accelerograms were generated per site, each with
a duration equal to the values placed at the 5 and 95! percentile, respectively, for
the probability distribution of Dg,., F De, > which can be defined as the integral of
Eq. (6.2). Note that, for Fp_ , the ith percentile, with ¢ varying from 1 to 100, is
defined to be the smallest number Dy, satisfying 55 < Fp, (d;). Thus, per site,

Table 6.1 summarizes the values of dy and dgy.42

Notice that the use of GMPE C (or of any other strong-motion duration
GMPE given in Subsection 6.3.2) means the simulation of the time windows in
which the ground motions may be considered as strong according to the definition
of Dg,, with a; = 0.05 and a, = 0.95. Therefore, it was necessary to establish
amplitude envelopes using the intervals over which accelerograms recorded at each
site may be considered as strong. The selected accelerograms were from ground
motions caused by interplate earthquakes with similar characteristics as the MCE,
e.g., those presented in Figure 6.5.

Every set of synthetic accelerograms consisted of seven groups of forty
accelerograms each. Every group was associated with one discrete value of PG A,
which varies from 0.1g to 0.4g, in increments of 0.05g. As an instance, Figure 6.7
shows samples of four synthetic accelerograms (with PGA = 0.3g) from two aleatory
groups generated for the site where station BO39 is located. Notice that Figure 6.7
also includes the response spectra from three aleatory groups of synthetic
accelerograms (one per site) having that PGA = 0.3g.

Figure 6.8 shows the IDAs results in form of box plots. As noticed in Figure
6.8, the structural response of the equivalent SDOF system was evaluated by means
of u,,,, and E}, . It can be seen from Figure 6.8 that, for each site, the medians
of both u,,,,
of each box) increase as PG A increases. In general, at each value of PGA > 0.2g,

and Ej,  (visually represented by the horizontal line at the middle

the medians of u,,,, and E, associated with durations equal to d; are smaller than

those associated to durations equal to dg;. For PGA < 0.20¢, the medians of u,,,.,
and £, obtained from accelerograms with durations equal to d, o5 are practically

the same as those obtained from accelerograms with durations equal to dgs.

From Figure 6.8 it can also be noticed that, at values of PGA < 0.25g, the
medians of both w,,,, and E,  (from accelerograms with duration equal to either
ds or dgy) for the site with 7, = 1.3 s are greater than the medians obtained for
other sites. The above seems to be quite logical because the dominating frequency
of the applied accelerograms is close to the natural frequency of the equivalent SDOF
system, which generates increased amplitudes.
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Figure 6.8 Incremental dynamic analysis results for the equivalent SDOF system,

which was assumed to be located at three different sites in Mexico City. The results

that considered synthetic accelerograms with a duration equal to d; are shown in green

and those results that considered synthetic accelerograms with a duration equal to dgy
while at the bottom for

are shown in orange. At the top are shown the results for u

hmax

max’
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6.4.2 Fragility Functions

Based on the IDAs results, fragility functions that consider displacement- and
energy-based damage states were developed to evaluate the effects of the strong-
motion duration on the performance of the equivalent SDOF system, which was
assumed to be situated at the sites were stations UC44, BO39, and AU11 are located.

Specifically, the fragility functions were developed considering damage states
related to the operational, life safety, and collapse performance levels of the
equivalent SDOF system. On one hand, the displacement-based damage states were
defined as follows based on the recommendations given in the SEAOQC200:

(a) The damage state related to the operational performance level was set from a
displacement threshold equal to u, = 17.7 cm.

(b) The damage state related to the live safety performance level was set from a
displacement threshold equal to u, + 0.6u,,, where u, = u,, — u,,. Therefore, the
damage state was assumed to be equal to 42.2 cm.

(c) For the last performance level, which is associated with the collapse of the
equivalent SDOF system, the damage state was set equal to u,, = 58.6 cm.

On the other hand, for the energy-based fragility functions, the response of
the equivalent SDOF system was defined in terms of a damage index proposed by
Diaz et al.2 Such damage index, hereafter denoted as DIg, is determined using a

linear relation between FE, and the mazimum strain energy, E each
max

S'rnaac’
normalized with respect to their correspondent energy capacity of the system
(associated to the predetermined performance levels). Note that the strain energy,

E_, is related to the stiffness variation and the ductility of a structure.

Thus, DI~ can be computed as follows:

Dlgc =ngEY 4+ (1— np) B (6.4)

max

where Eé\fnw and E)Y  are the normalized-maximum strain and hysteretic energy,
respectively. For this study, they were estimated as follows2:

EN :J E, N (6.5a)
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¢ 0 0<u< u,
E;LV = J Ehmaz (65b)
maz L y < U < u,
Eh(“d)

where FE_ (u,;) and FE,(u,;) are the strain and hysteretic energy, respectively,
associated with a displacement u, equal to u, + 0.6u, for the life safety performance
level or equal to u,, for the collapse performance level. Note that, by definition, the
values of DIp. are zero for u, < u,. Therefore, fragility functions associated with

the operational performance level were omitted. The parameter 7 is defined ahead
in the text.

It is worth emphasizing that Diaz et al.? considered u,; = u,,. Although in this
study such value was considered for analyzing the collapse performance level of the
structure, u; = u,, + 0.6u,, was established to have a comparable index to evaluate
the life safety performance level. Note that E,(u,) and E, (u,) can be obtained from
the capacity curve of the equivalent SDOF system. For instance, Figure 6.9 depicts
the computation of F (u,) and E, (u,) for u; = u,,.

Equivalent SDOF
system capacity curve
(see Figure 6.2)

v

Figure 6.9 Schematic for the determination of F,(u,) and Ej,(u,) for u; = u,, using
the capacity curve of the equivalent SDOF system

In Eq. (6.4), ng is a proportionality factor that describes how much E (u, )y
contributes to the structural damage. On the other hand, 1 — 7, describes how much
the energy dissipated through hysteresis contributes to the structural damage.
According to Diaz et al.,2 values of 1 ranging from 0.6 to 0.7 have been determined
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for steel structures. Here, n, = 0.68 was considered for the development of the
fragility functions for the equivalent SDOF system.

In this manner, for the development of the energy-based fragility functions,
the damage state is set equal to one for the evaluation of the life safety and collapse
performance levels of the equivalent SDOF system. Following Eq. (1.1), each
fragility function was defined using the form of the lognormal distribution, with
parameters p and o, as follows:

P(structural response > damage state] PGA = a) = ® [@ ] (6.6)
where P(structural response > damage state| PGA = a) is the probability that the
structural response, measured as either w,,,, or DIg~, exceeds a damage state given
that PG A takes a value equal to a and ® represents the distribution function of the
standard normal distribution.!3” Note that, for better reading, the left side of Eq.
(6.3) will be denoted as Pp, hereafter.

As noticed, the right side of Eq. (6.6) stands for the distribution function of a
lognormal distribution. Such probability distribution was considered to fit the data
to the effects of a continuous function. Specifically, for each site and set of synthetic
accelerograms of equal duration, the data fitting was performed as follows:

1. The probability of exceeding each damage state at each value of PGA was
determined using the lognormal distribution.

2. For each damage state, the parameters pu and o were estimated from linear
regression knowing that Eq. (6.6) comprises a linear combination of such
parameters as follows:

O Pp,) = %ln(a) —g (6.7)

The estimates of © and o that describe the displacement- and energy-based
fragility functions are summarized in Tables 6.2 and 6.3, respectively.

Based on Eq. (6.6), Figures 6.10 and 6.11 show the site-specific fragility curves
developed for the selected performance levels of the equivalent SDOF system. Note
that a fragility curve is a graphical tool for presenting the probability of exceeding
a specific damage state as a function of a ground-motion parameter.6
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Table 6.2 Estimates of i and o for the displacement-based fragility functions developed
for the operational, life safety, and collapse performance levels of the equivalent SDOF

system located in sites with T, of 1.3 s, 2.5 s, and 4.0 s

Operational Life safety Collapse
Ts DS’I‘
il o i o il o
1.3 s ds = 57s -2.3560 0.1459 -1.1152 0.1602 -0.6077 0.2504
dgs = 116 s -2.3254 0.1498 -1.1625 0.1620 -0.6613 0.2600
2.5s ds = 81s -1.5147 0.0735 -0.9583 0.0865 -0.7956 0.0955
dgs = 164 s -1.5025 0.0717 -0.9842 0.0968 -0.8293 0.0901
4.0s ds =103 s -1.7330 0.0890 -1.1370 0.1279 -0.8304 0.1892
dgs = 210 s -1.7904 0.0973 -1.2253 0.0934 -0.9512 0.1356
1 _ - 1 :
Ts =138 ,/f":/ Ts = 41;' /
' yid i / - - d5 Oper
: ,/:/'I "l, / -'-'d5 Life
1%05 ! ///.’ 0.5 :: | / —d5 Coll
: '1'/.’/ 'l: i i - d95 Oper
: /.’/,'/ I" i i --—-dg5 Life
4 —dg; Coll
oL ol Lo 17
0.1 0.2 03 04 0.1 0.2 03 04
0.4 0.4
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0.1 0.2 03 04 0.1 0.2 03 04 0.1 0.2 03 04
PGA [g] PGA [g] PGA [g]

Figure 6.10 At the top are shown the displacement-based fragility curves developed
for the operational (dashed lines), life safety (long-short lines), and collapse (solid lines)
performance levels of the equivalent SDOF system located in sites with 7, of 1.3 s,
2.5 s, and 4.0 s when subjected to sets of synthetic accelerograms with duration equal
to d5 (blue lines) and dy5 (red lines). At the bottom are shown the differences in fragility
Ap . between the results obtained from synthetic accelerograms with a duration equal

to d; and those from synthetic accelerograms with a duration equal to dgyg
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Table 6.3 Estimates of p and o for the energy-based fragility functions developed for
the life safety and collapse performance levels of the equivalent SDOF system located
in sites with T, of 1.3 s, 2.5 s, and 4.0 s

Life safety Collapse
Ts DS’I‘
i & i &
1.3 s ds = 57s -1.0805 0.1408 -0.3399 0.3093
dgs = 116 s -1.1227 0.1306 -0.4706 0.2756
2.5's ds = 81s -0.9238 0.0875 -0.7452 0.0921
dgs = 164 s -0.9536 0.0797 -0.7816 0.0905
4.0 s ds = 103 s -1.1140 0.1388 -0.7687 0.1837
dgs = 210 s -1.1939 0.0807 -0.9029 0.0957
1 s 1 1
——d; Life
= 0.5 0.5 if 0.5 —ds Coll
i ~—-dgs Life
i —dg; Coll
0 Al A o 0
0.1 02 03 04 0.1 02 03 04 0.1
0.4 0.4 0.4
-
402 0.2 0.2
0 A ¢ 7T o
0.1 02 03 04 0.1 02 03 04 0.1
PGA [g] PGA [g]

Figure 6.11 At the top are shown the energy-based fragility curves developed for life

safety (long-short lines) and collapse (solid lines) performance levels of the equivalent
SDOF system located in sites with 7, of 1.3 s, 2.5 s, and 4.0 s when subjected to sets
of synthetic accelerograms with duration equal to dy (blue lines) and dgy; (red lines). At

the bottom are shown the differences in fragility A Pra between the results obtained

from synthetic accelerograms with a duration equal to d; and those from synthetic

accelerograms with a duration equal to dgj
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Following the procedure provided by Martin del Campo et al.,20! the absolute
differences in the probability of failure, A Pra between the results from synthetic
accelerograms with a duration equal to dy and those from synthetic accelerograms

with a duration equal to dgy; were computed (per site and performance level). They
are also depicted in Figures 6.10 and 6.11.

As per Figures 6.10 and 6.11, the synthetic accelerograms with longer
duration led to higher values of Pp,. Only negligible differences are seen for the
displacement-based operational performance level for the sites with 7T, equal to
1.3 s and 2.5 s. The higher differences in fragility A Py, Were observed for the site

T, = 4.0 s (which exceeded 40%).

6.4.3 Translating Seismic Hazard into Risk

The fragility functions Ppg, developed in Subsection 6.4.2 allow estimating the
probability of exceeding specific damage states given that PG A takes a value equal
to a. By integrating the product of such functions and the derivative of the function
characterizing the annual rate of exceedance of a given value a of PGA, i.e., \,, one
can estimate the annual probability of exceedance of such damage states, Pp.

Based on Eq. (6.6), Eq. (1.1) can be rewritten as follows:

d\

P = | Pn, |—2d 6.8

F / Fla | ja a (6.8)
Equivalently, Pr can be estimated as follows:
dPp,

P.= [\ |—|d 6.9

e = [ gt da (6.9

Note that the right part of the integral given in Eq. (6.9) stands for the capacity
distribution of the structure of interest. Commonly, the estimates of Py are so small
that they could be seen as annual rates of collapse exceedance, \p.

The definition of A\, requires a GMPE for PGA (in this case for sites located
in GZII or GZIII, where the equivalent SDOF system is assumed to be located).
Nevertheless, as reported in Section 5.1, there is a lack of GMPEs for sites other
than the main UNAM campus. Therefore, to carry out SRAs, a GMPE for the
natural logarithm of PGA was developed for sites located in GZII or GZIII. For this
purpose, a regression analysis was performed based on the LME model given in Eq.
(3.1), considering M,,, R,,,, and T, for the definition of X, and grouping the data
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by earthquake event. For convenience, the functional form given in Eq. (3.8) was
taken. Expressly, the selected functional form is the following:

1n(PGA>,Lk = + (071 1n<Ts>Zk + (a2 + a’?’sz) 1I1(Rhypo>ik + boi + €k (610)
where In(PGA);;, In(T,);;,, and In(R,,,,);; are the natural logarithms of PGA, T,
and Ry, of the kth accelerogram recorded during the ith earthquake event,
respectively, and Mwi is the moment magnitude of the ith earthquake event. Recall
that the terms b, and e; have the prior distributions b, ~N (0, o?) and
e;.~N(0,02), respectively.

For the development of the GMPE for PGA, 92 accelerograms were
incorporated to the strong-motion database, in addition to the 1374 accelerograms
used for the development of the GMPEs for Dy, (for sites located in GZII or GZIII).
The incorporated accelerograms were recorded at some of the stations given in
Appendix D (even from the stations situated in GZII or GZIIIb reported in Table
D.2, which were discarded for the generation of the GMPEs for Dg, ). All
accelerograms have PGA > 3 cm/s2.

The estimates of o, ay, ag, ag, o7, and o2 obtained from the regression
analysis are summarized in Table 6.4. It should be mentioned that all model
coefficients and variance components reported in Table 6.4 were statistically
significant. That is, their corresponding p-values were smaller than 0.05 and their
95% confidence intervals contain no zeros. Also, the LME model assumptions were
verified from residual analyses. No outliers were discarded during the regression
analysis carried out to develop the GMPE given in Eq. (6.10).

Table 6.4 Estimates of the elements of «, 0,, and o, for the GMPE for PG A developed
for sites located in GZII or GZIII

2% ay &%) o%:] Op Ow

16.7297 0.2187 -3.9733 0.221 0.4179 0.3156

Using Eq. (6.10) and the information given in Chapter 4 for the probabilistic
characterization of M,, and R;,,,, Eq. (4.3) was applied to estimate )\, for sites
with T, equal to 1.3 s, 2.5 s, and 4.0 s. The corresponding hazard curves of PGA are
shown in Figure 6.12.



128 Chapter 6

0.1]

0.01 |
0.001 |

0.0001 |

0.00001 | . . . | | ! . . .
0 50 100 150 200 250 300 350 400 450 500

PGA [cm/s?]
Figure 6.12 Hazard curves of PG A for sites with 7T, equal to 1.3 s, 2.5 s, and 4.0 s

Subsequently, using the hazard curves of PGA, as well as the fragility
functions developed in Subsection 6.4.2, Eq. (6.9) was evaluated numerically
converting the integrals into discrete summations to estimate the annual
probabilities of failure Py for the damage states related to the collapse performance
level (as defined in Subsection 6.4.2) of the equivalent SDOF system, which is assumed
to be located in sites with T, of 1.3 s, 2.5 s, and 4.0 s. Note that, as per Figures 6.10
and 6.11, the higher values of A Py, Ar€seen for the collapse performance level. That
is the reason why the author focused the attention on conducting SRAs for said
performance level. The results are reported in Table 6.5.

Despite the small amounts, considerable differences are observed between the
estimated values of P, associated with synthetic accelerograms with a duration
equal to dy and those with a duration equal to dg5. For instance, depending on the
site, the values of Py correspondent to a duration equal to dgys can be at least 20%
and up to nearly 60% greater than those from synthetic accelerograms with a
duration equal to d;. The greatest differences are seen for the sites with 7T, equal to
1.3 s and 4.0 s. These results might owe to the fact that the response spectra of
these sites have higher amplitudes near 7, = 1.2 s, which is the natural period of
the equivalent SDOF system (contrary to the site with 7, = 2.5 s, whose response
spectra have peaks far enough from 7, = 1.2 s).
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Table 6.5 Annual probabilities of exceeding displacement- and energy-based damage
states related to the collapse performance level of the equivalent SDOF system, which
is assumed to be located at sites with 7, of 1.3 s, 2.5 s, and 4.0 s

Displacement-based collapse Energy-based collapse

& g performance level performance level
1.3s ds = 57s 2.0134e-05 7.1164e-06
dgs = 116 s 2.9304e-05 1.1171e-05
2.5s ds = 81s 5.9471e-05 4.4090e-05
dgs = 164 s 7.0883e-05 5.4166e-05
4.0 s ds = 103 s 1.7394e-04 1.2434e-04
dgs = 210 s 2.6076e-04 1.8469e-04

6.5 Discussion

This chapter presented three examinations that allow evaluating the influence of
site-specific strong-motion duration on structural performance. In particular, an
equivalent SDOF system, with 7, = 1.2 s, was analyzed. It was supposed to be
situated in four different sites in Mexico City. The sites are where stations CUP5,
UC44, BO39, and AU11 are located. Following the NTC-2020,27 they had values of
T, equal to 0.5 s, 1.3 s, 2.5 s, and 4.0 s.

The first examination (given in Section 6.3) consisted in evaluating the
response of the equivalent SDOF system when subjected to accelerograms recorded
at each site during four major interplate earthquakes that occurred in the Mexican
subduction zone. The results revealed that having longer ground motions does not
necessarily translate into a higher structural response. This will depend on the
dynamic characteristics of the structure. For instance, the effects of resonance were
exposed in the results given in Figure 6.5. As noticed, the higher values of u,,,,
were produced by the accelerograms recorded at UC44.

The second examination (given in Section 6.4) consisted in developing
displacement- and energy-based fragility functions for which IDAs were carried out.
Instead of using real accelerograms to perform the IDAs, synthetic site-specific
accelerograms were generated. Specifically, the time windows denoting the part in
which ground motions may be considered as strong were simulated (following the
criteria proposed in Chapter 3 to compute Dyg,.). Precisely, two sets of accelerograms
were computed per site, one having a duration equal to d o5 and another equal to
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dy o5 (see Table 6.1). The IDAs results indicated that, at each site, the medians of
Upq, and E, increase as PGA increases. Similar, at each site, the medians of

both wu,,,

unlikely for smaller values of PG A. Based upon the conclusions of various researchers

, and E, increase as Dg, increases for PGA >0.2g, however, this is
max

(as those cited in Appendix A), the latter tendency was anticipated for E, ., but
not for u,,,,. Under post-result reasoning, it was concluded that, for PGA > 0.2g,

the positive correlation between Dg, and u owes to the fact that once the

equivalent SDOF system starts to show inelastic behavior, the more it continues
deforming, the more likely for residual displacement to show greater values. On the
other hand, for smaller values of PGA (e.g., of 0.1¢g), negligible differences were

observed between the medians of either w or Ey computed using the

max
accelerograms (bounded by a, = 2 cm/s?) and those computed using the portion
representing the strong-motion duration. The latter is attributed to the fact that at
such levels of PGA the equivalent SDOF system still maintains a linear-elastic

behavior.

Figure 6.8 showed that some observations at large values of PGA had lesser
values of £,  with reference to others at lower values of PGA. This is attributed
to how the amplitudes are distributed along the accelerograms. That is, if the record
displays the occurrence of large amplitudes of acceleration at an early time step, it
is more likely for the equivalent SDOF system to reach its ultimate displacement at
this step, leaving it with no opportunity of dissipating energy via damage, i.e.,
hysteresis. To illustrate the latter, Figure 6.13 depicts the seismic response of the
equivalent SDOF system when subjected to a sample of three synthetic
accelerograms with PGA = 0.4g and duration equal to 183 s, i.e., the value of Lp, .+
op,, computed for the site with T, = 4.0 s (see Table 6.1). Thus, a crucial factor in
the proper generation of synthetic accelerograms is how the amplitudes are
distributed along the signal. As mentioned before, the distribution of amplitudes
from real site-specific accelerograms was used as a reference for the generation of
the synthetic accelerograms used to perform the IDAs in Sections 6.4 and 6.5.

From the site-specific displacement- and energy-based fragility curves for the
equivalent SDOF system presented in Figures 6.10 and 6.11, respectively, one can
tell that longer ground motions cause an increase in the probability of exceeding
damage states associated with life safety and collapse performance levels. Similar,
but on a smaller scale, for the damage state related to the operational performance
level. For instance, values of A Pra of approximately 20% were observed when

considering either u,,,, or DIy for life safety or collapse performance levels.
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Figure 6.13 Results of three NDAs when subjecting the equivalent SDOF system to
three synthetic accelerograms with PGA = 0.4g and duration equal 183 s. The duration
is equal to up _+op . and was computed for the site with 7, = 4.0 s (see Table 6.1).
At the top are the synthetic accelerograms. In the middle are the displacement histories
u,(t) of the equivalent SDOF system when subjected to such accelerograms. At the
bottom are the hysteresis loops resulting from each NDA

The third and last examination consisted in performing SRAs. They were
focused on evaluating the collapse performance level of the equivalent SDOF system.
The results given in Table 6.5 indicate that ground motions with longer values of
D, translate to higher values of P for displacement- and energy-based damage
states. Specifically, the highest values of P, occur at sites whose acceleration-
response spectrum leads the equivalent SDOF system to fall more notoriously into
the inelastic state.

Both real and synthetic accelerograms used to perform the examinations
carried out in Sections 6.3 and 6.4 showed that even ground motions caused by
earthquakes from the same tectonic environment and, moreover, by the same
earthquake could be classified as short- or long-lasting. For instance, the value of
Dy, caused by E2 increased from 41 s to 213 s (i.e., more than 5 times) from a site
with T, = 0.5 s to a site with T, = 4.0 s, which are located within an 8 km radius.
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This variation allows saying that those ground motions recorded in GZI are short-
lasting and that those recorded in GZIII are long-lasting. Furthermore, in the
context of synthetic accelerograms, those whose duration equals dy could be referred
to as short-lasting and those whose duration equals dy; as long-lasting. That was
the point the author wanted to highlight in Section 2.6, when mentioning that it is
extremely subjective to categorically classify the accelerograms as short and long
depending on if they are associated with subduction or shallow crustal earthquakes,
respectively.

To conclude this chapter, it should be mentioned that Sections 6.4 and 6.5
share, but also complement, some of the results given in a manuscript under review
by Lopez-Castaneda et al.202 The fragility functions presented in that study were
also developed for the equivalent SDOF system defined in Section 6.2 but
considering two earthquake scenarios to establish the durations of the sets of
synthetic accelerograms to be used in the IDAs. The durations of the shortest
accelerograms somehow are comparable to the ones of this study. Then, it is to be
expected that the fragility functions would be quite similar. This occurred indeed,
except for those related to the collapse performance level. The differences are because
Lopez-Castafieda et al.292 use an extreme value distribution to compute the
probability of exceeding each damage state at high values of PGA (say greater than
0.35g). As stated in point one of page 123, in this study such probabilities were
determined using the lognormal distribution, which gave the best results when
performing one-sample KS tests. Thus, the author considers that to conduct any
SRA of a real structure it is recommendable to perform the IDAs in sufficient
intervals of PGA and carry out goodness-of-fit tests to determine which distribution
fits the data better.
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Conclusions

7.1 Synthesis of Results

This dissertation presented a detailed investigation of the strong-motion duration
associated with interplate earthquakes that occurred in the Mexican subduction zone
and had a moment magnitude (denoted through the text as M,) greater than or
equal to 6. Mexico City was the geographical area of interest. The motivation of the
investigation relies on evaluating the inclusion of the strong-motion duration as a
main design parameter in earthquake engineering.

To fulfill the amendment of this dissertation it was necessary to: (1) compile
a strong-motion database, (2) define the strong-motion duration, (3) develop
GMPEs that allow its estimation, (4) generate site-specific hazard curves of said
ground-motion parameter, and (5) evaluate its effects on structural performance.
The hightails about these points will be made below.

7.1.1 Strong-motion Database Compilation

A robust strong-motion database was collected at the very beginning of this
dissertation. The overall strong-motion database consisted of thousands of ground-
motion recordings obtained from the accelerograph network catalogs provided by
the CIRES and II-UNAM. A large fraction of the ground-motion recordings from
the overall database was considered in this study (see Appendices C and D). In
general, the selected recordings came from free-field stations and include two
orthogonal horizontal accelerograms and one vertical. All the horizontal
accelerograms have peak ground acceleration (denoted as PG A) greater than or
equal to 3 cm/s? and were filtered following the recommendations given by Carrefio
et al.142 and Boore.!43

Depending on where the ground motions were recorded, they were classified
into three groups, each encompassing sites located in Mexico City with similar
geotechnical characteristics. The groups were defined following the NTC-202027 and
are named the hill, transition, and lake zones (abbreviated through the text as GZI,
GZII, and GZIII, respectively).

133
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In addition to the strong-motion database, a catalog of interplate earthquakes
that occurred along the Middle American Trench (abbreviated MAT) from 1900 to
2021 was compiled (see Appendix B). The earthquake catalog is complete for M >
7.0 since 1900, M,, > 6.5 since 1950, and M, > 6.0 since 1976. The source data was
obtained from the Global CMT Project,105106 ISC,107 and USGS-NEIC198 catalogs.
The works of Singh et al.19 and Zufiga et al.}19 were also consulted.

7.1.2 Defining Strong-motion Duration

Among many definitions, the relative significant duration (denoted as Dg,) was
selected to measure the strong-motion duration. As stated in Section 2.2, Dy, is the
time required to accumulate between 5% and 95% of the total energy of an
accelerogram. The energy was represented as a measure of the normalized Arias
intensity (denoted as I4). The formula for Dg, was given in Eq. (2.8).

A parameter that intervenes in Eq. (2.8) is the total duration of an
accelerogram (denoted as ¢ f). Undoubtedly, the value of ¢, of an “ideal” accelerogram
would be equal to the time elapsed between the arrival of the first seismic wave
generating the ground motion to the departure of the last one. Nevertheless, the
accelerograms provided by the CIRES and II-UNAM were recorded using devices
with different acceleration trigger thresholds and pre- and post-event memory
availabilities, causing inconsistency in the measurement of ¢,. To avoid this problem,
the total durations t; were set equal to the portion of the accelerograms that
encompasses the first and last excursion of a specified acceleration threshold
(denoted as a,) equal to 2 cm/s?. Comparable values of t;, and therefore of Dg,,
were obtained by applying the above standardization.

7.1.3 Development of Strong-motion Duration Predictive Equations

Once the strong-motion duration was defined and using the horizontal accelerograms
of the ground-motion recordings, ground-motion predictive equations (abbreviated
as GMPEs) were developed. They allow estimating the expected value of Dg,. given
specified values of a set of seismological parameters. Specifically, four GMPEs were
proposed: (i) two for sites located in GZI and (ii) another two for sites located in
GZII or GZIII. The set of seismological parameters considered in the GMPEs for
sites located in GZI was: (1) M, and (2) the source-to-site distance, which was
defined as either the hypocentral distance or closest distance to the rupture area
(denoted as Ry, and R,,,, respectively). In addition to these seismological
parameters, the GMPEs for sites located in GZII or GZIII consider the dominant
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period of the soil (denoted as T,). The functional forms of the GMPEs were given
in Egs. (3.7) and (3.8).

Linear mixed-effects (abbreviated as LME) models were used to describe
relationships between Dg, and M,, R, .., R,.,,, and T, in strong-motion data
grouped per earthquake event. The importance of using LME models is that they
provide an estimate of the variability resulting from strong-motion data from the
same earthquake event, as well as an estimate of the variability resulting from
differences in strong-motion data from different earthquake events. Note that the
estimates of the components of the vector of fixed effects (denoted as «), which
defines the functional form of the proposed GMPEs, will be practically the same as
those obtained using a fixed-effects model (which assumes that observations are
independent and identically distributed) if and only if the between-events variability
is close to zero (which was not the case of the results obtained in this study). Thus,
it is very important to consider correlations between strong-motion data from the
same earthquake event. Neglecting this relation can lead to biased results.

The proposed strong-motion duration GMPEs satisfactorily fit the empirical
observations. Although they were developed using a confinable and robust strong-
motion database, the author encourages their refinement over the years. If that were
the case, it is advisable to follow the criteria established in Sections 3.2 and 3.3 to
define the selected seismological parameters and strong-motion duration,
respectively. The latter includes, e.g., considering horizontal accelerograms with
PGA > 3 cm/s%

The strong-motion duration GMPEs enable an enriched characterization of the
ground motion expected at a site of interest (located in Mexico City) for a given
earthquake scenario. For engineering purposes, the estimated values of the strong-
motion duration can be directly implemented in the generation of synthetic
accelerograms. In this way, only the part of the ground motion that has sufficient
strength to affect civil structures is contemplated. The latter leads to the advantage
of reducing the computational cost to complete, e.g., nonlinear dynamic analyses
(abbreviated as NDAs).

Bear in mind that the direct characterization of the strong-motion duration at
a site through GMPEs (considering a specific or various scenario earthquakes)
translates into a deterministic seismic hazard analysis (abbreviated as DSHA). To
some extent, a DSHA provides a transparent method for defining seismic loading at
the site. An example of this implementation was carried out in Section 6.3.
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7.1.4 Generation of Strong-motion Duration Hazard Curves

The identification of all interplate earthquake sources capable of generating ground
motions that can damage civil structures located in Mexico City, as well as the
probabilistic characterization of the time, size, and spatial distribution of
earthquakes occurring in the identified earthquake sources are mandatory to
generate strong-motion duration hazard curves through a process named
probabilistic seismic hazard analysis (abbreviated as PSHA). The more relevant
aspects considered for their definition are listed below.

- The identification of the interplate earthquake sources consisted of defining their
geometries. In this case, the Mexican subduction zone was divided into four
areal sources (see Figure 4.1).

- The probabilistic characterization of the source zones was defined under the
assumption that each one described a domain within which earthquakes: (i)
were equally likely in space, (ii) conformed to a single magnitude distribution,
(ili) had the same maximum magnitude (denoted as m,), and (iv) were
independent of each other.

- The “shifted and truncated” form of the exponential Gutenberg-Richter law —
see Eq. (4.14)— was used to define the probability distribution of M, at each
source zone. The parameters that compose Eq. (4.14) are: (a) a lower-bound
magnitude (denoted as m;), (b) m,, (c) the ratio between the number of small
and large earthquakes occurring at each source zone (denoted as (), and (d) the
mean annual rate of exceedance of m, (denoted as A, ). The first parameter
was set equal to 6. The second was defined as the magnitude of the MPE known
from each source zone plus 0.2. The values of the reaming two parameters were
determined using estimators that maximize their marginal likelihoods as
proposed by Kijko and Smit.!69

- The source-to-site distance distribution of earthquakes occurring at each source
zone was determined using statistical inference. Based on one-sample
Kolmogorov-Smirnov (abbreviated as KS) tests, it was determined that the
generalized extreme value (abbreviated as GEV) distribution properly fitted
each set of source-to-site distances, which were measured as R, ,,.

Following these considerations, strong-motion duration hazard curves were
developed (see Figures 4.6 to 4.9). They showed that, for a site located in GZI, a
value of Dg,. equal to 125 s has a 2% probability of exceedance in a 5-year exposure
period (denoted as T'). Said value of Dy, increases to, e.g., 132 s, 186 s, and 238 s
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for sites with 7T, equal to 1.3 s, 2.5 s, and 4.0 s, respectively. Comparing the
mentioned values of Dg, with the duration values proposed in the NTC-202027 for
the selection of accelerograms to be used in nonlinear dynamic analyses (abbreviated
as NDAs), it can be said that the duration values proposed in such standard are
underestimated. In turn, such underestimation may cause an unfavorable rough
calculation of the response of structures whose natural period (defined as 7,) is near
the crests of the acceleration response spectra characterizing the sites where they
are or will be located. The latter was demonstrated in Section 6.4.

Continuing with the PSHAs, bivariate hazard curves that consider the
contribution of Dg, and either PGA or acceleration-response spectral ordinates —
denoted as S, (7.)— for sites located in GZI were developed in an unprecedented
way. The results suggest that, to consider the joint effects of such ground-motion
parameters in structural design, the values of the vertex of the isolines associated
with the value of T of interest (see Figure 5.8) must be selected.

7.1.5 Evaluating the Effects of Strong-motion Duration on Structural

Performance

Examinations were carried out in this dissertation to evaluate the effects of the
strong-motion duration on structural performance. They included assessing the
response of an equivalent single degree of freedom (abbreviated as SDOF) system
via NDAs, the generation of displacement- and energy-based fragility functions for
such structure, and seismic risk analyses (abbreviated as SRAs) associated with
structural collapse.

The equivalent SDOF system follows a four-story one-bay steel moment frame
presented in the book published by Goel and Chao.1% The selected constitutive
model of the equivalent SDOF system considers an elastic-plastic behavior with
hardening. The equivalent SDOF system had 7T, = 1.2 s and a ductility ratio
(denoted as p,) of 3.3. From the capacity curve of the equivalent SDOF system (see
Figure 6.2) it was determined that its yielding begins when the deformation (denoted
as u,) reaches 17.7 cm and its maximum deformation (denoted as u,) takes place
at 58.6 cm.

When evaluating the response of the equivalent SDOF system employing real
accelerograms, it was demonstrated that the response of the equivalent SDOF
)— is the
same either if complete accelerograms (bounded by a, = 2cm/s?) or the time window

system —measured as the maximum roof displacement (denoted as u,,,,

of them that encompasses the phase of the motion defined by Dg, are used in the
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NDAs. Moreover, the input energy (denoted as E,) is held without relevant losses.
Therefore, the possibility of using such time windows instead of the whole
accelerograms reduces the computational cost.

The fragility curves for the equivalent SDOF system showed the probability
of exceeding displacement- and energy-based damage states related to the
operational, life safety, and collapse performance levels (see Figures 6.10 and 6.11).
They were developed using site-specific synthetic accelerograms whose durations
were obtained from one of the GMPEs proposed in this dissertation. The results
reveal that the strong-motion duration has a meaningful effect on the response of
the equivalent SDOF system if it is located at a site whose dominant frequency
matches its natural frequency. Such influence is also reflected in sites whose
dominant period does not coincide with that of the equivalent SDOF system, only
if the structure incurred in the plastic behavior —which commonly occurs at high
values of PGA (say greater than 0.3g, for the analyzed case)—. The fragility curves
indicate that the strong-motion duration has a negligible influence on the probability
of exceeding the damage state related to the operational performance level. On the
other hand, the differences in the probability of failure (denoted as A PF\Q) increase
when evaluating damage states related to the life safety and collapse performance
levels of the equivalent SDOF system. The greater values of A Py, Were found for

the collapse of the structure.

To go further, the impact of the strong-motion duration in the collapse risk
assessment was evaluated. The results indicated that long-lasting ground motions
could significantly increase the probability of failure (denoted as Pj) of a structure
considering displacement- or energy-based damage measures. In particular, higher
values of P are expected if the natural frequency of the structure approaches the
dominant frequency of the site where it is located.

Overall, from the examinations performed in this study, it can be concluded
that the strong-motion duration does not influence the response of ductile structures
when they remain elastic or when they immediately collapse under the action of
very-large amplitude seismic loadings. However, the strong-motion duration does
have a notorious influence on the response of ductile structures when they engage
in inelastic behavior. In other words, the strong-motion duration becomes noticeable
when design earthquakes are taken into account. Therefore, the author recommends
that said parameter (which, it is worth recalling, is one of the main parameters
characterizing ground motions) should be properly included in the new versions of
earthquake engineering regulations (specifically, in the NTC-202027), following the
design criteria already established in them.
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7.2 The Challenges Ahead

The rapid increase in the number of large-scale civil structures in Mexico City, such
as high-rise buildings and skyscrapers, which have values of T, of 1 s to 10 s (or
even longer), led the author to attend to the characterization of ground motions
caused by interplate earthquakes. As mentioned in Subsection 3.2.1, these
earthquakes have larger energy content at lower frequencies, which can generate
resonance conditions and, consequently, severe structural damage. Nevertheless,
moderate-to-large intraslab earthquakes are also of interest as they can produce
ground motions that can prompt structural damage to low-rise buildings, medium-
span bridges, and other structures with 7, < 1 s. Like many worldwide urbanized
areas, Mexico City has a higher density of these structures. For instance, the worst
example of destruction caused by ground motions that occurred in Mexico City (in
the last decades and after the great earthquake of September 19, 1985) is related to
the earthquake that occurred on September 19, 2017, in Morelos. Thus, analogously
to the characterization of the strong-motion duration associated with interplate
earthquakes, it is imperative to develop GMPEs and site-specific hazard curves of
this ground-motion parameter associated with intraslab earthquakes. The latter
must be done by maintaining the criteria established in Chapter 3 to measure the
strong-motion duration and selected seismological parameters.

The effects of the strong-motion duration on the seismic response of structures
with different mechanical properties should be evaluated. As per Chapter 6, this
dissertation offered a series of examples that, to some extent, allow some decisions
about incorporating the strong-motion duration as a design parameter in earthquake
engineering. These include the proper estimation of the expected value of Dy, at
sites whose dominant period could coincide with that of a structure of interest.

As Lopez-Castanieda et al.292 commented in a recent work, it is crucial to gain
knowledge of the performance of structures. The knowledge must be linked to
realistic ground motions affecting the site(s) of interest. Preferably, said ground
motions should be directly related (via PSHASs) to specific values of T,.. For design
purposes, no UHSs are reported in the literature for sites located in Mexico City
other than those given in the NTC-2020.27 Said UHSs are associated with 7, = 250
years. The absence of UHSs for different values of 7). —moreover, of UHSs associated
with reference values of exceedance probabilities of ground-motion levels y (see
Appendix E)— prevents the correct assessment of structural performance. For
instance, UHSs associated with small values of 7, (e.g., 72 years) enable the
practitioner to design a structure of interest with a guarantee that it will remain
operable during serviceability earthquakes.®203 Then, the hazard curves given in
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Section 4.3 allow the practitioner to select accelerograms (or, in its lack, generate
synthetic accelerograms) with durations associated with specific values of T,.
Further credence to the structural response obtained by NDAs will be gained using
these tools (together with the design spectra given in the NTC-202027).

With the above, it will be possible to elucidate the similarities and differences
of the strong-motion duration (as recorded in Mexico City) caused by distinct
tectonic environments and its effects on the seismic response of structures.

Once the mentioned challenges are achieved, more suitable seismic loadings
to be used for structural design can be defined in the upgrades of the NTC-2020,%7
specifically.

7.3 Peer Reviewed Publications

To conclude, the author wants to mention that she achieved publishing two peer-
reviewed articles and one manuscript under review, each in a different journal. All
journals are related to the earthquake engineering discipline and are ranked as

Quartile 1 (Q1) and Quartile 2 (Q2) by Journal Citation Indicator (JCI) and Journal
Impact Factor (JIF), respectively.204

The two published articles were co-authored by the author and her adviser,
Dr. Eduardo Reinoso Angulo. The manuscript under review was co-authored by the
named authors and Ph.D. candidate J. Osvaldo Martin del Campo Preciado. Their
references (listed in chronological order) are:

1. Lopez-Castafieda AS, Reinoso E. Strong-motion duration predictive models
from subduction interface earthquakes recorded in the hill zone of the Valley of
Mexico. Soil Dyn Earthq Eng. 2021;144. doi:10.1016/j.s0ildyn.2021.106676.

2. Lopez-Castaneda AS, Reinoso E. Significant duration predictive models
developed from strong-motion data of thrust-faulting earthquakes recorded in
Mexico City. Farthq Eng Struct Dyn. 2022:51(1):129-152. doi:10.1002/eqe.3559.

3. Lopez-Castaneda AS, Reinoso E., Martin del Campo, JO. Influence of site-
specific strong-motion duration on structural performance. Bull Farthq Eng.
doi:Under review

As declared in Subsection 1.3.3, this dissertation included data and results
from the cited articles.
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In light of Section 7.2, there are still problems to be solved related to the
strong-motion duration as recorded in Mexico City. Thus, it is expected that the
author continues with the investigation and prepares a couple of more manuscripts
that will be submitted for possible peer review.
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APPENDIX A

Studies on the Influence of Strong-motion

Duration in Structural Response

Table A.1 summarizes the structural systems analyzed and the number of

accelerograms used in 16 studies that evaluated the influence of the strong-motion
duration on the structural response using NDAs. The studies were published in the
literature between 2006 to 2021.

Table A.1 List of 16 studies carried out from 2006 to 2021 on the influence of the
strong-motion duration in the structural response using NDAs

Author(s)

Structural system analyzed and number of accelerograms

1. Barbosa et al.88

2. Belejo et al.®

Structural system(s): three-, nine-, and 20-story steel moment
resisting frame buildings. Strong-motion data: 22 “long-duration”
accelerograms from five worldwide subduction earthquakes with M,
ranging from 7.6 to 9.0. Also, 22 “short-duration” accelerograms from
20 shallow-crustal earthquakes with M, ranging from 5.1 to 7.4. All
“short-duration” accelerograms had Dg,. < 25 s. Here, Dg, was
computed considering a; = 0.05 and ay = 0.75, respectively. No
information about local site conditions was provided. The

accelerograms were obtained from worldwide databases, including
the PEER NGA-West2 database.?

Structural system(s): three-story plan asymmetric reinforced
concrete building. Strong-motion data: 32 “long-duration” ground-
motion recordings (each with two horizontal accelerograms) from
eight earthquakes with M, varying from 6.3 to 9.0. At least one
accelerogram of each “long-duration” ground-motion recording had
Dg, > 25 s. Here, Dg, was computed considering a; = 0.05 and a, =
0.75. Also, 32 “short-duration” ground-motion recordings (each with
two horizontal accelerograms) from earthquakes with M, ranging
from 6.0 to 7.2. The accelerograms from each “short-duration”
ground-motion recording were scaled to have similar acceleration
response spectra as the accelerograms in a “long-duration” ground-
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Table A.1 List of 16 studies carried out from 2006 to 2021 on the influence of the
strong-motion duration in the structural response using NDAs

Structural system analyzed and number of accelerograms

Author(s)
2. Belejo et al.?
(cont.)

3. Bommer et al.207

4. Bravo-Haro and
Elghazouli?®

5. Bravo-Haro et
al.87

6. Chandramohan
et al.83

motion recording. The “short-duration” accelerograms had Dyg, <
25 s. No information about local site conditions was provided. The
accelerograms were obtained from the PEER NGA-West2 database®
and from the databases provided by the Strong-Motion Virtual Data
Center (VDC) operated by the Center for Engineering Strong Motion
Data (CESMD)?% and the Kyoshim network (K-NET) and Kiban
Kyoshin network (KiK-net) operated by the National Research
Institute for Earth Science and Disaster Resilience (NIED) from
Japan.206

Structural system(s): seven SDOF systems representing low-to-
medium-rise masonry buildings encountered in FEurope. Strong-
motion data: no information was provided.

Structural system(s): various steel moment frames modeled as
degrading and non-degrading SDOF systems that accounted for
gravity loads and P-A effects. Also, four steel moment frames
modeled as two-dimensional MDOF systems. Strong-motion data: 17
“long-duration” accelerograms from six earthquakes with M, varying
from 7.2 to 9.0 and that occurred in different parts of the world.
Such accelerograms had Dg, > 25 s. Here, Dg, was computed
considering a; = 0.05 and a, = 0.75. The longest accelerogram had
Dg, = 86 s. Also, 77 “short-duration” accelerograms from shallow-
crustal earthquakes with M, between 4.11 and 7.62 were used. Such
accelerograms had Dg,. < 25 s. Each “short-duration” accelerogram
was spectrally equivalent to one “long-duration” accelerogram. No
information about local site conditions was provided. The

accelerograms were obtained from worldwide databases, including
the PEER NGA-West2 database.5

Structural system(s): various non-deteriorating and deteriorating
SDOF systems controlled by gravity loads and P-A effects. Strong-
motion data: same as Bravo-Haro and Elghazouli.”®

Structural system(s): five-story steel moment resisting frame and a
reinforced concrete bridge pier. Strong-motion data: 73 “long-
duration” ground-motion recordings (each with two horizontal




Appendix A

145

Table A.1 List of 16 studies carried out from 2006 to 2021 on the influence of the
strong-motion duration in the structural response using NDAs

Author(s)

Structural system analyzed and number of accelerograms

6. Chandramohan
et al.® (cont.)

7. Chandramohan
et al.208

8. Hancock and
Bommer209

9. Tervolino et al.210

accelerograms) from 10 earthquakes with M, from 7.2 to 9.0. All
ground motions were recorded on rock or firm soils and had a
geometric mean of PG A greater than or equal to 0.1g (or geometric
mean of PGV greater than or equal to 10 cm/s). Also, 106 “short-
duration” accelerograms were used. The accelerograms were obtained
from worldwide databases, including the PEER NGA-West2
database.?®

Structural system(s): a reinforced concrete bridge pier. Strong-
motion data: 79 “long-duration” ground-motion recordings (each with
two horizontal accelerograms) from six worldwide earthquakes. At
least one accelerogram of each ground-motion record had Dg, >
45 s. All accelerograms had a geometric mean of PGA greater or
equal to 0.1g (or a geometric mean of PGV greater or equal to 10
cm/s). Also, “short-duration” ground-motion records were used. Each
“short-duration” ground-motion record was spectrally equivalent to
one “long-duration” record and had Dg, < 45 s. The accelerograms
were obtained from worldwide databases, including the PEER NGA-
West2 database.?

Structural system(s): an eight-story reinforced concrete wall-frame
building. Strong-motion data: 30 accelerograms (recorded at different
soil profile sites) from earthquakes with M,, ranging from 5.7 to 7.9.
No restrictions about the seismological characteristics of the
earthquakes were considered. The accelerograms were scaled to the
same target response spectrum, which was obtained from a GMPE
for ground motions caused by strike-slip-fault earthquakes and
recorded at soft sites considering a scenario earthquake with M, =
7 and R,, = 5 km. The accelerograms were obtained from

rup

worldwide databases, including the PEER NGA database.?

Structural system(s): various SDOF systems considering four
oscillation periods, three hysteretic behaviors, and two target
ductility levels. Strong-motion data: 60 accelerograms from
earthquakes with M, ranging from 6.4 to 6.7. The accelerograms
were grouped according to their strong-motion duration. The groups

bANAA

were named “small duration”, “moderate duration”, and “large
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Table A.1 List of 16 studies carried out from 2006 to 2021 on the influence of the
strong-motion duration in the structural response using NDAs

Author(s)

Structural system analyzed and number of accelerograms

9. Iervolino et al210

(cont.)

10. Liapopoulou
et al.2t!

11. Molazadeh and
Saffari2!2

12. Raghunandan
and Liel?!3

13. Ruiz-Garciad4

duration”. The “large duration” group exhibited a median of I,
equal to 22.

Structural system(s): various SDOF systems (with a trilinear
backbone) with different structural properties. Strong-motion data:
101 “long-duration” accelerograms from seven earthquakes that
occurred in different parts of the world. These accelerograms had
Dg, > 25 s. Here, Dg, was computed considering a; = 0.05 and a, =
0.75. Also, 101 “short-duration” accelerograms from worldwide
earthquakes with Dg,. < 25 s. Each “short-duration” accelerogram
was spectrally equivalent to one “long-duration” accelerogram.

Structural system(s): various SDOF systems. Strong-motion data: 47
accelerograms from earthquakes with M, > 6.5. They had Dy,
varying from 4.2 s to 82.45 s. Here, Dy, was computed considering
a; = 0.05 and a, = 0.95. The accelerograms were classified as “short-
duration” or “long-duration” accelerograms whether Dg, was greater
or smaller than 30 s, respectively. The accelerograms were scaled to
the same target response spectrum, which was obtained from a
GMPE given in the ASCE?® for a site located in California and
classified as Class D. The accelerograms were obtained from the
PEER NGA database.?

Structural system(s): 17 reinforced concrete frame buildings and
various SDOF systems with different structural properties. Strong-
motion data: 11 accelerograms from four subduction earthquakes and
57 accelerograms from nineteen shallow-crustal earthquakes. Here,
M, varies from 4.8 to 7.9. The accelerograms were recorded at sites
with different soil profiles. Also, eight synthetic accelerograms were
used. They were developed considering a subduction earthquake with
M,, = 9.2 and occurred at R, equal to either 446.8 km or 481.3
km). The accelerograms were obtained from the PEER NGA-West2
database®® and CESMD VDC database.?06

Structural system(s): Various SDOF and three MDOF systems. The
MDOF systems consisted of a one-bay, two-bay generic frame model
with three stories and two similar frame models having 18 stories.
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Table A.1 List of 16 studies carried out from 2006 to 2021 on the influence of the
strong-motion duration in the structural response using NDAs

Structural system analyzed and number of accelerograms

Author(s)

13. Ruiz-Garcia®
(cont.)

14. Vega and
Montejo?!

15. Wang et al.?!?

16. Xu et al.216

Strong-motion data: 40 accelerograms (recorded at rock and stiff soil
sites) associated with earthquakes with M, varying from 6.5 to 8.0.
The longest accelerogram had Dg,. = 51.7 s. Here, Dg, was computed
considering a; = 0.05 and a, = 0.95.

Structural system(s): a reinforced concrete bridge column and a
reinforced concrete squat wall. Strong-motion data: 119 “long-
duration” accelerograms from earthquakes occurred in different parts
of the world. Each accelerogram had Dg, > 20 s. Here, Dg, was
computed considering a; = 0.05 and a, = 0.75. The longest
accelerogram had Dyg,. equal to approximately 80 s. All accelerograms
had a geometric mean of PGA greater than or equal to 0.1g (or a
geometric mean of PGV greater than or equal to 10 cm/s). In
addition, 10 “short-duration” sets of accelerograms were used. The
accelerograms of each set were spectrally equivalent to one “long-
duration” accelerogram.

Structural system(s): A high concrete-faced rockfill dam. Strong-
motion data: 35 ground-motion recordings (each with two horizontal
accelerograms) from 18 worldwide earthquakes with M, > 6.2. The
accelerograms were scaled and matched to a target response
spectrum. The accelerograms had values of Dg, ranging from 5.81 s
to 36.32 s. Such values of Dy, were computed considering a; = 0.05
and a, = 0.95. No specific information about local site conditions

was provided. The accelerograms were obtained from the PEER
NGA database.>

Structural system(s): a high concrete-faced rockfill dam. Strong-
motion data: 40 ground-motion recordings (each with two horizontal
accelerograms) from 19 worldwide earthquakes with M, ranging
from 6.22 to 7.62. The accelerograms had values of Dy, ranging from
5.81 s to 39.51 s. Such values of Dg, were computed considering a; =
0.05 and a, = 0.95. The accelerograms were obtained from the PEER
NGA database.?
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APPENDIX B

Earthquake Catalog

A list of interplate earthquakes that have occurred along the MAT from 1900 to
2021 is given in Table B.1. The catalog is complete for M, > 7.0 since 1900, M, >
6.5 since 1950, and M, > 6.0 since 1976. The earthquakes are grouped in accordance
with the source zonation given in Section 4.2. Their hypocenters were taken from
the catalogs provided by the Global CMT Project,195:106 ISC,107 and USGS-NEIC.108
The works of Singh et al.l09 and Zuifiga et al.ll0 were also consulted. Recall that
most of the consulted catalogs provide values of M, instead of M, for earthquakes
that occurred before 1976. But, as estimates of M, and M, do not depart
significantly from each other for moderate to large earthquakes,'10 values of M, were
taken as the values of M, for such historical earthquakes.

Table B.1 List of interplate earthquakes with M, > 6 that occurred in the Mexican
subduction zone from 1900 to 2021

Source Zone Date Latitude [°N] Longitude [*W] H, [km] M,
S71 20-Jan-1900 20.00 105.00 0.0 7.3
03-Jun-1932 19.62 103.92 35.0 8.1
18-Jun-1932 19.42 103.91 15.0 7.8
22-Jun-1932 19.37 104.22 25.0 7.7
09-Oct-1995 18.86 104.58 16.0 8.0
10-Oct-1995 18.81 104.07 20.0 6.0
29-Apr-2001 18.71 104.74 15.0 6.1
20-May-2001 18.62 104.57 15.0 6.3
22-Jan-2003 18.77 104.10 24.0 7.5

S72 26-Mar-1908 16.70 99.20 33.0 7.6
27-Mar-1908 17.00 101.00 0.0 7.0
30-Jul-1909 16.47 99.43 20.0 7.5
07-Jun-1911 18.52 102.44 30.0 7.6
16-Dec-1911 17.16 99.99 30.0 7.3
15-Apr-1941 18.69 102.99 30.0 7.6
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Table B.1 List of interplate earthquakes with M, > 6 that occurred in the Mexican
subduction zone from 1900 to 2021

Source Zone Date Latitude [°N] Longitude [*W] H, [km] M,
SZ2 (cont.) 22-Feb-1943 17.46 101.45 20.0 7.4
28-Dec-1951 16.72 98.88 30.7 6.5
28-Jul-1957 17.06 99.09 37.8 7.6
19-May-1962 16.87 99.73 25.0 6.8
11-May-1962 16.96 99.74 25.0 7.0
30-Jan-1973 18.42 103.04 47.0 7.6
07-Jun-1976 17.22 100.91 29.0 6.4
19-Mar-1978 17.00 99.76 19.9 6.6
16-Jan-1979 17.23 100.21 33.3 6.6
14-Mar-1979 17.46 101.46 15.0 7.4
25-Oct-1981 17.74 102.24 15.0 7.3
19-Sep-1985 18.18 102.57 17.0 8.0
21-Sep-1985 17.60 101.82 20.0 7.4
30-Apr-1986 18.25 102.92 20.7 6.9
25-Apr-1989 16.83 99.12 15.0 6.9
15-Jul-1996 17.50 101.12 22.4 6.6
09-Aug-2000 18.13 102.39 33.0 6.5
18-Apr-2002 16.79 101.22 15.0 6.7
01-Jan-2004 17.45 101.40 15.0 6.0
13-Apr-2007 17.26 100.23 32.2 6.0
11-Apr-2012 18.10 102.97 20.5 6.7
22-Apr-2013 18.05 102.19 26.6 6.1
21-Aug-2013 17.00 99.54 23.3 6.2
18-Apr-2014 17.40 100.96 24.0 7.3
08-May-2014 17.36 100.74 21.3 6.5
10-May-2014 17.31 100.82 20.7 6.1
07-Sep-2021 16.98 99.77 20.0 7.0
SZ3 15-Apr-1907 16.51 97.30 30.0 7.8
22-Mar-1928 16.14 96.11 15.0 7.6
17-Jun-1928 16.18 96.59 20.0 7.9
04-Aug-1928 16.00 98.21 20.0 7.2

09-Oct-1928 16.19 97.50 25.0 7.5
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Table B.1 List of interplate earthquakes with M, > 6 that occurred in the Mexican
subduction zone from 1900 to 2021

Source Zone Date Latitude [°N] Longitude [*W] H, [km] M,
SZ3 (cont.) 15-Jan-1931 16.04 96.58 35.0 7.6
23-Dec-1937 16.75 98.36 25.0 7.4
06-Jan-1948 16.74 98.48 35.0 7.0
14-Dec-1950 16.74 98.48 35.0 7.1
23-Aug-1965 16.08 95.87 25.0 7.4
02-Aug-1968 16.52 97.74 25.0 7.3
13-Nov-1972 15.61 95.04 15.0 6.6
29-Nov-1978 16.22 96.56 16.1 7.7
07-Jun-1982 16.39 98.29 28.0 6.9
07-Jun-1982 16.36 98.52 25.9 6.9
02-Jul-1984 16.76 98.45 32.5 6.1
15-May-1993 16.67 98.42 19.7 6.0
15-May-1993 16.70 98.40 20.8 6.1
24-Oct-1993 16.77 98.61 21.8 6.6
14-Sep-1995 16.48 98.76 15.9 7.3
25-Feb-1996 15.88 97.98 15.0 7.1
19-Jul-1997 15.86 98.26 15.0 6.7
03-Feb-1998 15.92 96.22 24.0 6.3
30-Jun-2010 16.67 97.77 17.8 6.3
20-Mar-2012 16.50 98.22 20.0 7.4
16-Feb-2018 16.45 97.85 25.0 7.2
17-Feb-2018 16.17 97.80 16.7 6.0
23-Jun-2020 15.93 95.94 20.0 7.4
S74 14-Jan-1903 15.00 93.00 33.0 7.7
14-Dec-1935 14.71 92.38 35.0 7.3
28-Jun-1944 14.32 92.89 25.0 7.0
17-Nov-1953 13.49 92.23 25.0 6.8
28-Aug-1955 13.67 90.78 44.8 6.7
28-Apr-1959 14.55 92.31 25.0 6.5
29-Apr-1970 14.43 92.85 35.0 6.6
29-Apr-1970 14.52 92.65 35.0 7.3

30-Apr-1970 14.55 93.25 35.0 6.6
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Table B.1 List of interplate earthquakes with M, > 6 that occurred in the Mexican
subduction zone from 1900 to 2021

Source Zone Date Latitude [°N] Longitude [*W] H, [km] M,
SZ4 (cont.) 30-Oct-1978 13.54 91.69 25.0 6.3
17-Oct-1979 13.66 91.01 27.6 6.8
27-Oct-1979 13.77 91.07 29.8 6.8
06-Apr-1982 13.79 91.95 42.6 6.7
02-Dec-1983 13.86 92.20 31.0 7.0
12-Mar-1987 15.61 94.39 17.0 6.1
30-May-1992 14.32 93.13 28.9 6.3
03-Sep-1993 14.40 93.14 274 6.7
10-Sep-1993 13.91 92.54 16.0 6.0
10-Sep-1993 14.41 92.99 29.1 7.2
19-Sep-1993 14.39 93.47 16.0 6.4
30-Sep-1993 15.08 94.83 15.0 6.5
10-May-1998 13.59 91.35 25.0 6.3
08-May-1999 14.19 92.38 32.1 6.0
12-Mar-2000 14.84 93.02 66.7 6.3
04-Dec-2000 14.75 94.05 30.0 6.0
21-Jan-2003 13.53 91.31 41.0 6.4
20-Nov-2004 13.13 90.61 34.4 6.3
13-Jun-2007 13.43 91.22 31.6 6.7
16-Oct-2008 14.28 92.90 29.9 6.6
01-May-2012 14.38 93.35 13.1 6.0
07-Nov-2012 14.11 92.43 21.3 7.4
11-Nov-2012 13.94 92.68 12.0 6.4
02-Mar-2014 14.35 93.25 15.5 6.0
07-Dec-2014 13.65 91.84 25.8 6.1
25-Apr-2016 14.45 93.38 17.0 6.0
27-Apr-2016 14.55 93.39 22.2 6.0
22-Jun-2017 13.57 91.38 38.1 6.8
20-Nov-2019 14.01 93.43 22.7 6.3

12-May-2021 13.16 90.60 34.5 6.3




APPENDIX C

Earthquake Source Parameters

Table C.1 summarizes the interplate earthquakes that were selected for the
development of the strong-motion duration GMPEs. Their corresponding source
parameters are presented as well. In particular, the source parameters for
earthquakes with M, > 7.2 were taken from the Global CMT Project catalog!0%:106
and for earthquakes that occurred on October 9, 1995, March 20, 2012, August 21,
2013, February 16, 2018, and June 23, 2020 from the USGS-NEIC catalog.10% The
works of Mendoza and Hartzell,217 Mendoza,?!8 and Courboulex?!® were consulted
for the earthquakes that occurred on September 19 and 21, 1985 and January 22,
2003, respectively.

Table C.1 List of interplate earthquakes and corresponding finite-source rupture model
parameters used for the development of the GMPEs

Date M, 0[] o[l ¢[] Lfkm] Wlkm] Hy, [km] ¢ [km] o, [km]
19-Sep-85 8.0 300 14 61 180 139 6 125 42
21-Sep-85 7.4 300 14 100 90 90 12 95 34
25-Apr-89 6.9 276 10 66
24-Oct-93 6.6 276 17 67
14-Sep-95 7.3 289 11 75 75 95 11 37 27
09-Oct-95 8.0 309 14 92 300 30 ) 113 25
25-Feb-96 7.1 280 16 74
15-Jul-96 6.6 297 21 93
22-Jan-03 7.5 304 16 111 105 164 1 53 82
01-Jan-04 6.0 299 13 92
30-Jun-10 6.3 286 12 72
20-Mar-12 74 296 13 95 85 84 7 43 27
11-Apr-12 6.7 282 25 77
21-Aug-13 6.2 281 22 71
18-Apr-14 7.3 303 18 98 114 75 9 o7 48
08-May-14 6.5 289 22 80
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Table C.1 List of interplate earthquakes and corresponding finite-source rupture model
parameters used for the development of the GMPEs

Date M, 0[] ¢[] [ Lkm] W [km] H,, km| ¢ [km|] 7y [km]
10-May-14 6.1 285 22 77

16-Feb-18 7.2 297 12 91 63 51 20 32
23-Jun-20 7.4 272 23 58 48 48 11 23

26
23




APPENDIX D

Accelerograph Network Catalog

Table D.1 lists the geographical coordinates of the free-field ground-motion
recording stations considered to develop the strong-motion duration GMPEs. The
disregarded stations are listed in Table D.2.

At the end of this appendix, Table D.3 summarizes the number of ground-
motion recordings used to develop the strong-motion duration GMPEs. All the
ground-motion recordings came from the stations cited in Table D.1 and had two
horizontal accelerograms (with PGA > 3 cm/s?), except those from stations MT50
and PA34 obtained during the October 09, 1995 earthquake, from station CUP5
obtained during the August 21, 2013 earthquake, and from stations CUP5 and TP13
obtained during the May 10, 2014 earthquake. They only had one accelerogram.

Table D.1 List of free-field ground-motion recording stations considered for the
development of the strong-motion duration GMPEs

Geotechnical Station

Jone code Station name Lat. [’'N] Long. W] H, [m]
GZI CENA  Cenapred 19.31 99.18 2270
CHAS  Chapultepec Superficie 19.42 99.20 2245
CS78 Colinas del Sur 19.37 99.23 2430
Ccuo1 II-UNAM Laboratorio de 19.33 99.18 2240
Instrumentacion Sismica
CUP1 II-UNAM Patio 1 19.33 99.18 2240
CUP2 II-UNAM Patio 2 19.33 99.18 2240
CUP4 II-UNAM Patio 4 19.33 99.18 2240
CUP5 II-UNAM Patio 5 19.33 99.18 2240
FJ74 Fundacién Javier Barros 19.30 99.21 2240
Sierra
M40 Instituto Mexicano del 19.34 99.20 2240
Petroleo
MT50 Mariscal Tito 19.43 99.19 2234
PA34 San Pedro Atocpan 19.20 99.05 2240
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Table D.1 List of free-field ground-motion recording stations considered for the
development of the strong-motion duration GMPEs

Geotechnical Station

ome code Station name Lat. [’'N] Long. ['W] H, [m]
GZI (cont.) TACY Tacubaya 19.40 99.20 2240
TEO7 Tecamachalco 19.43 99.22 2290
TP13 Tlalpan 19.29 99.17 2265
UI21 Universidad Iberoamericana ~ 19.37 99.26 2540
GZII AO24  Alberca Olimpica 19.36 99.15 2235
AU46 Angel Urraza 19.38 99.17 2233
CcOo47 Coyoacén 19.37 99.17 2247
COYS  Coyoacan Superficie 19.35 99.17 2250
DR16 Deportivo Reynosa 19.50 99.18 2233
DX37 Xotepingo 19.33 99.14 2240
EO30 Esparza Oteo 19.39 99.18 2236
ES57 Escandon 19.40 99.18 2242
GR27  Granjas 19.47 99.18 2238
IMPS Instituto Mexicano del 19.49 99.15 2230
Petroleo Superficie
ME52  Mariano Escobedo 19.44 99.18 2238
RIDA  UAM Azcapotzalco 19.52 99.19 2240
GZIla  CH84  Culhuacan 19.33 99.13 2234
DFRO Roma Sur 19.41 99.17 2240
GC38 Garcia Campillo 19.32 99.11 2933
1B22 Esc. Sec. Técnica No. 95 19.35 99.13 2934
JCH4 Parque Jardines de 19.31 99.13 2237
Coyoacan
Lvi17 Lindavista 19.49 99.13 2233
MI15 Miramontes 19.28 99.13 2237
SI53 San Simoén 19.38 99.15 2235
UC44  Unidad Colonia IMSS 19.43 99.17 2234
GZIIb  ALO1  Alameda 19.44 99.15 2232
BL45 Balderas 19.43 99.15 2233
CI05 Cibeles 19.42 99.17 2233

CJo3 Centro Urbano Juéarez 19.41 99.16 2233
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Table D.1 List of free-field ground-motion recording stations considered for the

development of the strong-motion duration GMPEs

Geotechnical Station

Station name

Lat. [°N]

Long. ["W]

H [m]

zone code
GZIIIb (cont.) CJO4  Multifamiliar Judrez II 19.41 99.16 2233
CO56 Esc. Sec. Técnica No. 18 19.42 99.16 2233
CTCL  Catedral Campo Libre 19.43 99.13 2240
GA62  Esc. Sec. Técnica No. 2 19.44 99.14 2232
JPSK Jardin Pushkin 19.42 99.15 2240
LI58 Esc. Sec. Diurna No. 23 19.43 99.16 2233
PE10 Esc. Prim. Plutarco Elias 19.38 99.13 2232
Calles
RIDI ~ UAM Iztapalapa 19.36 99.06 2235
RM48  Esc. Prim. Rodolfo 19.44 99.13 2232
Menéndez
RMAS Estacion No. 10 19.42 99.15 2235
RMBS  Estaciéon No. 11 19.42 99.15 2235
RMCS Estaciéon No. 12 19.42 99.15 2235
SCT2 SCT B-2 19.39 99.15 2240
SP51 Sector Popular 19.37 99.12 2234
TLO8 Deportivo Antonio Caso 19.45 99.13 2232
TL55 Tlatelolco 19.45 99.14 2232
VG099  Valle Gomez 19.45 99.12 2233
G7ZIIIc AP68 Apatlaco 19.38 99.11 2232
BA49 Buenos Aires 19.41 99.15 2233
BO39 Bondojito 19.47 99.10 2232
CA59 Candelaria 19.43 99.12 2233
CDAO Central de Abastos Oficinas 19.37 99.10 2240
CU80 Esc. Prim. Aurora Lopez 19.29 99.10 2232
Velarde
DM12  Deportivo Moctezuma 19.43 99.10 2232
HJ72 Hospital Juarez 19.43 99.13 2232
JA43 Jamaica 19.41 99.13 2234
MY19  Meyehualco 19.35 99.04 2237
RI76 Repiblica de Italia 19.45 99.10 2232
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Table D.1 List of free-field ground-motion recording stations considered for the
development of the strong-motion duration GMPEs

Geotechnical Station

Jome code Station name Lat. [’'N] Long. ['W] H, [m]
GZITIc (cont.) UNKS  Estacién No. 9, U. Kennedy  19.42 99.11 2235
VM29  Villa del Mar 19.38 99.13 2234

X036 Xochimilco 19.27 99.10 2232

XP06 Xochipilli 19.42 99.14 2232

G7ZIIId AE02 Aeropuerto 19.43 99.06 2232
AR14 Aragon 19.48 99.08 2232

AU11 Autédromo 19.39 99.09 2234

CE23 Cetis 19.46 99.06 2233

CE32 Cetis No. 57 19.39 99.05 2233

HA41 Hangares 19.42 99.08 2233

NZ20 Nezahualcoyotl A 19.40 99.00 2232

NZ31 Nezahualcoyotl B 19.42 99.02 2234

PD42 Palacio de los Deportes 19.41 99.10 2234

TLAS Estacion No. 7, Tacotal 19.40 99.10 29235

ZARS Estacion No. 8, Zaragoza 19.492 99.09 29235

Table D.2 List of free-field ground-motion recording stations disregarded for the
development of the strong-motion duration GMPEs

Geotechnical Station

Jome code Station name Lat. ['N]  Long. ['W] H, [m]

GZI CE18 Escuela Ramon Espinoza 19.34 99.08 2240
Villanueva

CP28 Cerro del Pefion 19.44 99.08 2240
CT64 Cerro del Tepeyac 19.49 99.11 2240
ESTS Estanzuela superficie 19.49 99.11 2245
GZII SXVI Sismex Viveros 19.36 99.17 2240
GZIIIb SCT1 SCT B-1 19.39 99.15 2240
TLHD  Tlahuac Deportivo 19.29 99.04 2240
GZIIId TH35 Tlahuac 19.28 99.00 2238

TLHB  Tlahuac Bombas 19.28 99.01 2240
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Table D.3 Number of ground-motion recordings per earthquake and per geotechnical
zone used for the development of the strong-motion duration GMPEs

Geotechnical zone

Date M,
Gzl  GzZII  GZIla GZIIIb GZIllc GZIIld

19-Sep-85 8.0 2 - - - - ,
21-Sep-85 7.4 1 - - - - -
25-Apr-89 6.9 7 12 9 )
24-Oct-93 6.6 4 9 11 7
14-Sep-95 7.3 10 10 4 12 8 6
09-Oct-95 8.0 2 8 2 10 10 4
25-Feb-96 7.1 - - 3 11 2
15-Jul-96 6.6 5 8 5 11 2
22-Jan-03 7.5 3 5 6 13 12 7
01-Jan-04 6.0 - 4 8 13 10 8
30-Jun-10 6.3 2 5 7 14 10 6
20-Mar-12 7.4 8 9 8 13 11 6
11-Apr-12 6.7 - 5 7 13 12 4
21-Aug-13 6.2 4 7 7 12 12 8
18-Apr-14 7.3 5 9 8 14 12 8
08-May-14 6.5 6 9 8 15 11 8
10-May-14 6.1 4 8 8 12 9 6
16-Feb-18 7.2 7 9 5 16 12 7
23-Jun-20 7.4 6 3 4 7 4 3

Total 73 112 101 207 170 97
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APPENDIX E
Exceedance Probabilities and Return Periods

for Probabilistic Seismic Hazard Analyses

Table E.1 summarizes reference values of exceedance probabilities of ground-motion
levels y and associated values of T,.

Table E.1 Relationships among typical values of exceedance probabilities of ground-
motion levels y and T,

Probability of exceedance [%] T [years] T, [years]
1 ) 497
2 5! 247

10 5! 47
1 10 995
2 10 495
) 10 195

10 10 95
1 50 4,975
P 50 2,475
) 50 975

10 50 475

20 50 224

50 50 72
1 100 9,950
P 100 4,950
5 100 1,950

10 100 949

20 100 448

50 100 144
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APPENDIX F
Acceleration Response Spectra Determined
from Accelerograms Recorded in the Hill Zone

of Mexico City

Figure F.1 depicts 141 acceleration response spectra determined from accelerograms
recorded in GZI considering SDOF systems with (, = 5% and values of T, varying
from 0.1 s to 5 s, in steps of 0.1 s. They are defined by the absolute acceleration and
grouped by earthquake event.

150 , , , , 50 ,
C\z 19-Sep-85 21-Sep-85
E 100 | —CUO1-EW || —TACY-EW
g —CUO01-NS —TACY-NS
~ 50 TACY-EW
& LA |—TACY-NS ||
S
“ 0
0 1 2 3 4 5 0 1 2 3 4 5
80 T T T T 30 T T T T
% 5 25-Apr-89 24-Oct-93
E —— FJT4-EW [1 20| —CS78-EW ||
S0l ﬁ A —FJ74-NS || —CS78-NS
—~ VX - —MT50-EW[| |, CUP4-EW
5,20;/} - . |—MT50-NS |] B ——CUP4-NS |
o 0 i \ ——— 0
0 1 2 3 4 5 0 1 2 3 4 5

T 15 T T T T
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N\ |—CHAS-NS —PA34-NS
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I e 0 .

5 0 1 2 3 4 5

Figure F.1 Acceleration response spectra determined from accelerograms recorded in
GZI. They are grouped by earthquake event. The legends show the code of stations
where the accelerograms were recorded. To avoid saturation, only four acceleration
response spectra are referenced
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Figure F.1 Acceleration response spectra determined from accelerograms recorded in

GZI. They are grouped by earthquake event. The legends show the code of stations
where the accelerograms were recorded. To avoid saturation, only four acceleration

response spectra are referenced



APPENDIX G
Predictive Equation for Peak Ground Acceleration

and Acceleration Response-spectral Ordinates

A GMPE that allows estimating PGA and S,(7.) for sites located in GZI was
developed in Subsection 5.3.1. As already given in Eq. (5.9), its functional form is:

In(PGA);, or n[S,(T,)]; = ag + (ay + agM,, ) In(Ry,, )i, + 0o, + e, (5.9)
where In(PGA),;, In[S,(T,)];;,, and In(Ry,,,);, are the natural logarithms of PG A,
S,(T,), and Ry, of the kth accelerogram recorded during the ith earthquake event,
and Mwi is the moment magnitude of the ith earthquake event. Recall that the
terms by and e;, have the prior distributions b0i~N(0,a§) and e; ~N(0,02),
respectively.

The estimates of o, oy, ay, 07, and o2 obtained from the regression analysis
are summarized in Table G.1.

Table G.1 Estimates of the elements of «, 0, and o, of the GMPE for PGA and
S, (T.) reported in Subsection 5.3.1

Ground-motion parameter ag a; a, o T

PGA 11.1784 -2.7190 0.1636 0.3983 0.2225
S, (T, =0.15) 12.0694 -2.8657 0.1646 0.3705 0.2142
S (T, =0.25s) 16.3153 -3.5784 0.1689 0.3491 0.2185
S, (T, =0.35) 16.9648 -3.5952 0.1620 0.3501 0.2877
S, (T.=04s) 17.5134 -3.6909 0.1660 0.3169 0.3290
S, (T.=0.5s) 11.4550 -2.3710 0.1289 0.4125 0.3288
S, (T.=0.6s) 13.8804 -2.9741 0.1566 0.3902 0.3604
S, (T, =0.7s) 12.0422 -2.5846 0.1460 0.4160 0.3056
S.(T, =08 s) 84720  -1.9411  0.1407  0.4643  0.2617
S, (T, =0.9s) 11.8876 -2.7773 0.1759 0.4170 0.2637
S, (T,=1.05) 12.9563 -3.0719 0.1903 0.3881 0.2517
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Table G.1 Estimates of the elements of «, 0,, and o, of the GMPE for PGA and
S, (T,) reported in Subsection 5.3.1

Ground-motion parameter ag o 05 T, T
S, (T,=1.15) 13.5710 -3.3034  0.2064  0.3888  0.2566
S,(T,=1.25) 14.9960 -3.6523  0.2206  0.4043  0.2673
S,(T,=1.35s) 15.0527 -3.7336  0.2294  0.4196  0.2362
S, (T, =1.45) 15.9941 -4.0490  0.2499  0.4148  0.2389
S, (T, =1.55) 17.2803 -4.4181  0.2696  0.4111  0.2439
S, (T, =1.65s) 14.9927 -3.9729  0.2615  0.4020  0.2549
S, (T, =1.7s) 13.9001 -3.7686  0.2585  0.4205  0.2769
S, (T, =1.85s) 12.7371 -3.5179  0.2495  0.4646  0.2926
S, (T,=1.9s5s) 11.8332 -3.3481  0.2454  0.5107  0.2945
S, (T, =2.0s) 11.8537 -3.3729  0.2469  0.5421  0.2980
S (T, =215s) 12.6494 -3.6581  0.2675  0.5500  0.3024
S (T, =225) 12.6212 -3.6923  0.2723  0.5505  0.3103
S (T, =2.35) 11.9956 -3.5734  0.2699  0.5588  0.3185
S (T, =245) 11.0456 -3.3695  0.2635  0.5687  0.3219
S (T, =2.55) 10.0621 -3.1194  0.2514  0.5980  0.3312
S, (T, =2.65s) 10.2802 -3.1670  0.2524  0.6048  0.3313
S (T, =2.75s) 9.9621 -3.0992  0.2497  0.6025  0.3304
S, (T, =2.85s) 9.5990 -3.0314  0.2478  0.5951  0.3298
S (T, =295s) 10.0257 -3.1694  0.2563  0.5774  0.3309
S, (T, =3.05s) 10.3911 -3.2989  0.2650  0.5688  0.3252
S (T, =3.15) 10.2718 -3.3136  0.2689  0.5539  0.3094
S, (T, =3.25s) 9.6177 -3.2107  0.2690  0.5362  0.2936
S, (T, =3.35s) 9.1631 -3.1717 0.2730  0.5332  0.2837
S, (T, =3.45s) 8.9333 -3.1635  0.2755  0.5355  0.2752
S,(T, =3.55s) 9.2966 -3.2785  0.2808  0.5578  0.2688
S,(T, =3.65s) 9.4325 -3.3240  0.2818  0.5804  0.2677
S, (T, =3.7s) 10.0764 -3.5052  0.2901  0.5782  0.2667
S (T, =3.85s) 10.7817 -3.7103  0.3004  0.5761  0.2660
S, (T, =3.9s) 10.9926 -3.8058  0.3075  0.5626  0.2643
S, (T, =4.05s) 10.9076 -3.8391  0.3132  0.5452  0.2544
S, (T, =4.15s) 10.6347 -3.8256  0.3167  0.5278  0.2523
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Table G.1 Estimates of the elements of «, 0,, and o, of the GMPE for PGA and
S, (T,) reported in Subsection 5.3.1

Ground-motion parameter ag a; ay a, T
S (T, =4.25) 10.0758 -3.7385 0.3166 0.5184 0.2533
S,(T,=4.35s) 9.8982 -3.7310 0.3184 0.5155 0.2455
S,(T,=4.45) 9.7057 -3.7171 0.3197 0.5118 0.2352
S, (T, =4.55s) 9.5593 -3.7081 0.3206 0.5015 0.2324
S, (T, =4.65s) 8.9181 -3.5793 0.3165 0.4964 0.2368
S, (T, =4.7s) 8.1169 -3.4316 0.3137 0.5020 0.2448
S, (T, =4.8s) 7.1390 -3.2317 0.3079 0.5173 0.2470
S, (T, =49s) 6.1717 -3.0528 0.3050 0.5203 0.2461
S, (T, =5.0s) 5.2765 -2.8833 0.3019 0.5282 0.2414
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