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Abstract

Performance-based earthquake engineering (PBEE) quantifies the seismic hazard, predicts

the structural response, and estimates the damage to building elements, in order to assess

the resulting losses in terms of dollars, downtime, and deaths. This dissertation focuses

on the ground motion selection that connects seismic hazard and structural response, the

first two elements of PBEE, to ensure that the ground motion selection method to obtain

structural response results is consistent with probabilistic seismic hazard analysis (PSHA).

Structure- and site-specific ground motion selection typically requires information re-

garding the system characteristics of the structure (often through a structural model) and

the seismic hazard of the site (often through characterization of seismic sources, their oc-

currence frequencies, and their proximity to the site). As the ground motion intensity level

changes, the target distribution of important ground motion parameters (e.g., magnitude and

distance) also changes. With the quantification of contributing ground motion parameters

at a specific spectral acceleration (Sa) level, a target response spectrum can be computed

using a single or multiple ground motion prediction models (GMPMs, previously known

as attenuation relations). Ground motions are selected from a ground motion database, and

their response spectra are scaled to match the target response spectrum. These ground mo-

tions are then used as seismic inputs to structural models for nonlinear dynamic analysis,

to obtain structural response under such seismic excitations. This procedure to estimate

structural response results at a specific intensity level is termed an intensity-based assess-

ment. When this procedure is repeated at different intensity levels to cover the frequent

to rare levels of ground motion (expressed in terms of Sa), a risk-based assessment can be

performed by integrating the structural response results at each intensity level with their

corresponding seismic hazard occurrence (through the seismic hazard curve).
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This dissertation proposes that a more rigorous ground motion selection methodology

will carefully examine the aleatory uncertainties from ground motion parameters, incorpo-

rate the epistemic uncertainties from multiple GMPMs, make adaptive changes to ground

motions at various intensity levels, and use the Conditional Spectrum (CS) as the new target

spectrum. The CS estimates the distribution (with mean and standard deviation) of the re-

sponse spectrum, conditioned on the occurrence of a target Sa value at the period of interest.

By utilizing the correlation of Sa values across periods, the CS removes the conservatism

from the Uniform Hazard Spectrum (which assumes equal probabilities of exceedance of

Sa at all periods) when used as a target for ground motion selection, and more realistically

captures the Sa distributions away from the conditioning period. The variability of the CS

can be important in structural response estimation and collapse prediction. To account for

the spectral variability, aleatory and epistemic uncertainties can be incorporated to compute

a CS that is fully consistent with the PSHA calculations upon which it is based. Further-

more, the CS is computed based on a specified conditioning period, whereas structures

under consideration may be sensitive to multiple periods of excitation. Questions remain

regarding the appropriate choice of conditioning period when utilizing the CS as the target

spectrum.

To advance the computation and the use of the CS in ground motion selection, contri-

butions have been made in the following areas:

• The computation of the CS has been refined by incorporating multiple causal earth-

quakes and GMPMs.

• Probabilistic seismic hazard deaggregation of GMPMs provides the essential input

for such refined CS computation that maintains the rigor of PSHA.

• It is shown that when utilizing the CS as the target spectrum, risk-based assessments

are relatively insensitive to the choice of conditioning period when ground motions

are carefully selected to ensure hazard consistency.

• Depending on the conditioning period, the structural analysis objective, and the tar-

get response spectrum, conclusions regarding appropriate procedures for selecting

ground motions may differ.
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Chapter 1

Introduction

1.1 Background and motivation

The performance of structures under earthquake loading is critical to public safety and

societal functionality. To quantify the seismic performance of structures, Cornell (1968)

introduced the concept of probabilistic seismic hazard analysis (PSHA) (Kramer, 1996;

McGuire, 2004) and its subsequent risk assessment termed performance-based earthquake

engineering (PBEE) (Cornell and Krawinkler, 2000; Deierlein, 2004; Krawinkler and Mi-

randa, 2004; Moehle and Deierlein, 2004). This framework has helped the construction

of the United States national seismic hazard map (Petersen et al., 2008), enabled site-

and structure-specific hazard analysis that resulted in more optimized structural design

and analysis, and facilitated engineering communication with stakeholders and decision

makers.

Performance-based earthquake engineering quantifies the seismic hazard, predicts the

structural response, estimates the damage to building elements (structural, non-structural,

and content), in order to assess the resulting losses in terms of dollars, downtime, and deaths

(e.g., Cornell and Krawinkler, 2000; Krawinkler et al., 2003; Deierlein, 2004). One key

input to seismic design and analysis of structures is earthquake ground motion. Ground mo-

tion selection provides the necessary link between seismic hazard and structural response,

the first two components in PBEE. It determines ground motion input for a structure at a

specific site for nonlinear dynamic analysis (i.e., response history analysis). As nonlinear

1
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dynamic analysis becomes more common in research and practice, there is an increased

need for clear guidance on appropriate ground motion selection methods. Ground motion

selection has a significant impact on conclusions regarding structural safety, since ground

motion uncertainty contributes significantly to uncertainty in structural analysis output.

The source of ground motion inputs can come from (1) simulations, either physics-

based, stochastic, or hybrid; (2) spectral matching; (3) selection and scaling of recorded

ground motions from ground motion databases. Simulations of ground motions are often

used in regions where recorded ground motions are extremely limited (see Douglas and

Aochi, 2008, for an overview of simulation techniques). Physics-based simulations attempt

to depict the physical phenomenon of earthquake fault rupture and wave propagation us-

ing analytical models (e.g., Moczo et al., 2007; Aagaard et al., 2010; Graves et al., 2011)

while stochastic simulations rely heavily on empirical calibration with an attempt to gen-

erate ground motions using fewer random variables (e.g., Thrainsson and Kiremidjian,

2002; Rezaeian and Kiureghian, 2008; Rezaeian and Der Kiureghian, 2010; Yamamoto

and Baker, 2011; Vetter and Taflanidis, 2012). Hybrid simulations (e.g., Hartzell et al.,

1999; Mai and Beroza, 2003; Graves and Pitarka, 2010), on the other hand, combine the

two by utilizing physics-based simulations for low-frequency components and stochastic

simulations for high-frequency components. A semi-artificial ground motion modification

technique is spectral matching that changes the frequency content of the response spectra

to be compatible with the target (e.g., Silva and Lee, 1987; Hancock et al., 2006). Another

modification technique is selection and scaling of recorded ground motions (e.g., Stewart

et al., 2001; Haselton et al., 2009; Katsanos et al., 2010; NIST, 2011) that involves select-

ing recorded ground motions from ground motion databases (e.g., Chiou et al., 2008; Aoi

et al., 2011) and applying amplitude scaling to match the target.

To ensure the proper quantification of ground motion uncertainty, it is important to

link ground motion selection to probabilistic seismic hazard analysis. PSHA is commonly

used in structural dynamic analysis (e.g., Chopra, 2012) and geotechnical earthquake en-

gineering (e.g., Kramer, 1996) to identify the ground motion hazard for which structural

and geotechnical systems are analyzed and designed. PSHA accounts for the aleatory un-

certainties (which are inherently random) of causal earthquakes with different magnitudes

and distances with predictions of resulting ground motion intensity in order to compute
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seismic hazard at a site (McGuire, 2004). PSHA also incorporates epistemic uncertain-

ties (which are due to limited knowledge) in ground motion predictions, by considering

multiple ground motion prediction models (GMPMs, previously known as attenuation re-

lations, and also known as ground motion prediction equations, ground motion models,

and ground motion relations) (e.g., Boore and Atkinson, 2008; Campbell and Bozorgnia,

2008; Chiou and Youngs, 2008; Abrahamson et al., 2008) using a logic tree that also in-

cludes seismic source models (e.g., Scherbaum et al., 2005; Petersen et al., 2008; Bommer

and Scherbaum, 2008).

Ground motion selection is often associated with a target response spectrum (e.g.,

Shantz, 2006; Watson-Lamprey and Abrahamson, 2006; Beyer and Bommer, 2007; ASCE,

2010; ATC, 2011; Buratti et al., 2011). For instance, the target response spectrum in cur-

rent building codes (e.g., ICC, 2003; CEN, 2005; ASCE, 2010) is based on the Uniform

Hazard Spectrum (UHS), which assumes equal probabilities of exceedance of spectral ac-

celerations (Sa) at all periods. However, no single ground motion is likely to produce a

response spectrum as high as that of the UHS over a wide range of periods (Reiter, 1990;

Naeim and Lew, 1995; Bommer et al., 2000; Baker and Cornell, 2006a). The Conditional

Mean Spectrum (CMS), a target spectrum proposed for ground motion selection, utilizes

the correlation of Sa across periods (T ) (e.g., Baker and Jayaram, 2008) to more realisti-

cally compute the expected Sa values at all periods given a target Sa value at a period of

interest (Baker, 2005; Baker and Cornell, 2006a; Baker, 2011). One notable work is that

of Gulerce and Abrahamson (2011), who extend the CMS concept to vertical ground mo-

tions. A generalized conditional intensity measure approach is also developed by Bradley

(2010a) to include intensity measures other than Sa. With its explicit probabilistic hazard-

consistent characteristics and potential resulting cost savings (from considering for many

periods Sa values that are lower than those of the UHS), the CMS method has gained popu-

larity in engineering applications over the past few years (e.g., Somerville and Hamburger,

2009; Abrahamson and Al Atik, 2010; Abrahamson and Yunatci, 2010; Somerville and

Thio, 2011; Ebrahimian et al., 2012).

Due to the limited number of recorded ground motions, modifications to the ground

motions, often through amplitude scaling, are used to match the target response spec-

trum, especially for extreme intensity levels. One common state-of-the-art practice in
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performance-based earthquake engineering is Incremental Dynamic Analysis that scales

the same suite of ground motions up and down to cover a range of ground motion intensity

levels (Vamvatsikos and Cornell, 2002, 2004). The scaling of ground motions, however,

raise concerns that different ground motion characteristics (e.g., frequency content) are as-

sociated with different intensity levels (e.g., Han and Wen, 1994), and that distributions of

the scaled ground motions are different from those of the unscaled ground motions from

a random vibration perspective (Grigoriu, 2010). In some cases scaling introduces bias in

structural response (e.g., Luco and Bazzurro, 2005) whereas in other cases scaled ground

motions may produce similar structural response as unscaled ground motions (e.g., Shome

et al., 1998; Iervolino and Cornell, 2005). Recent work by Baker (2005) shows that poten-

tial problems in scaling are mainly due to the discrepancies in spectral shape between the

recorded ground motion and the target ground motion. When this spectral shape is charac-

terized by ε , the number of logarithmic standard deviation of Sa of recorded ground motion

from the predicted median ground motion, scaling can be used without introducing bias in

structural response (Baker, 2007). It follows that if a target response spectrum captures a

realistic spectral shape (and relevant ground motion properties) at various intensity levels,

then ground motions can be selected and scaled to such a spectrum for unbiased structural

response prediction (to the extent that elastic response spectra describe the relationship

between ground motions and structural responses).

1.2 Objectives and scope

The focus of this dissertation is on advancing hazard-consistent selection and scaling method-

ology of recorded ground motions for nonlinear dynamic analysis and design as well as

building codes and guidelines. PSHA-consistent ground motion selection needs to con-

sider the aleatory and epistemic uncertainties in ground motions. Moreover, the concept of

the CMS can be taken further with refined computation addressing spectral variability as

well as application in ground motion selection for nonlinear dynamic analysis.

The Conditional Spectrum (CS) quantifies the conditional distribution of Sa at all peri-

ods given Sa at a conditioning period (T ∗) of interest. The CS builds upon the CMS (which

focuses on the mean), and includes a measure of the variance in addition to the mean. The
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UHS, the CMS, and the CS are illustrated in Figure 1.1a, 1.1b, and 1.1c respectively. The

consideration of the variability in the CS is important to capture the full distribution of the

target Sa and its subsequent structural response analysis based on a target response spec-

trum, as briefly investigated in the “Impact of matching spectrum variance on structural

response” section in Jayaram et al. (2011) and more thoroughly examined in this disserta-

tion. While typical CMS calculations to date are produced for a single earthquake scenario

using a single GMPM, a refined computation of the CS can incorporate multiple causal

earthquakes from PSHA deaggregation and multiple GMPMs that are often considered in a

PSHA computation. This refined computation also requires the extension of deaggregation

from causal earthquakes to GMPMs so as to provide the intermediate inputs.

In addition to the refined computation of the CS, the recent availability of selection

algorithms and structural models have facilitated ground motion selection and scaling to

match the CS (with variability in addition to mean) for nonlinear dynamic analysis. One

such algorithm has been developed by Jayaram et al. (2011) to enable computationally

efficient selection of ground motions to match a target spectrum mean and variance. Alter-

native selection algorithms include those by e.g., Kottke and Rathje (2008), Wang (2011),

and Bradley (2012a). Two-dimensional structural models have also been developed in

OpenSEES (2011) for the recent FEMA P695 (ATC-63) project (Haselton and Deierlein,

2007; ATC, 2009), with strength deterioration (both cyclic and in-cycle) and stiffness dete-

rioration (Ibarra et al., 2005). While the Jayaram et al. (2011) selection algorithm and the

Haselton and Deierlein (2007) structural models are employed to illustrate the CS-based

ground motion selection in this dissertation, these can be substituted by other algorithms

and models.

Unlike the UHS, the CS has a varied spectral shape at different conditioning periods.

Unlike the CMS, the CS additionally considers the spectral uncertainty about the mean.

Several issues arise, however, when utilizing the CS as the target spectrum to select ground

motions for structural performance assessments, and these issues are investigated in the

following list:

• First, the computation of the CS requires the specification of a conditioning period.

However, structures typically have responses that are sensitive to excitation over a
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range of periods, including both higher-mode periods and “lengthened periods” as-

sociated with nonlinear behavior (e.g., Taghavi and Miranda, 2003; Haselton and

Baker, 2006; Bradley et al., 2010a; Shome and Luco, 2010). Furthermore, when a

structural design is not yet finalized, it is difficult to identify a single conditioning

period. A question that follows may be: “What is the impact of conditioning period

on structural response estimates?”

• Second, before running the structural analysis or even selecting ground motions, it

is important to ask the question: “What is the objective of the structural analysis?”

Nonlinear dynamic analysis can be an intensity-based assessment, which estimates

structural response given ground motions with a specified intensity level (e.g., ATC,

2011). It can also be a risk-based assessment, which estimates the mean annual rate

of exceeding a specified structural response amplitude. A risk-based assessment is

also known as the first step of the “PEER Integral” in Cornell and Krawinkler (2000),

a “drift hazard” calculation in Krawinkler and Miranda (2004), and “time-based as-

sessment” in ATC (2011). The structural responses of interest may include Peak

Story Drift Ratio (PSDR), Peak Floor Acceleration (PFA), member forces, or any

other EDP of interest. Additionally, for intensity-based assessments, the objective

could be prediction of mean response or also variability in response. It is perhaps not

surprising that changing the structural analysis objective changes the appropriateness

of different procedures for selecting ground motions.

• Third, to consider the use of the CS in practice, one may ask: “What difference does

it make, if any, if other target response spectra are used instead?” Alternative target

spectra may include most commonly the UHS, and more recently the CMS (which

is the mean of the CS, without variability) that accounts for the correlations between

Sa values across periods. A comparison of structural response results, obtained using

ground motions selected and scaled to match different target spectra, will be useful

for determining the practical impact of changing the target spectrum.

To advance the understanding of ground motion selection based on the CS, this disser-

tation proposes a more rigorous ground motion selection methodology which will carefully
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examine the aleatory uncertainties from ground motion parameters, incorporate the epis-

temic uncertainties from multiple GMPMs, make adaptive changes to ground motions at

various intensity levels, and typically use the CS as the new target spectrum. Depending

on the conditioning period (which may range from high-mode periods to “lengthened peri-

ods”), the structural analysis objective (e.g., intensity-based and risk-based assessments of

PSDR and PFA), and the target response spectrum (e.g., the UHS, the CMS, and the CS),

conclusions regarding structural performance may differ. It is important to investigate such

impacts, as well as the consistency with seismic hazard, to provide ground motion selection

insights for future nonlinear dynamic analysis.

1.3 Contributions and chapter organization

This dissertation addresses various challenges of hazard-consistent ground motion selec-

tion. All chapters are designed to be autonomous, each being a self-contained paper that

has either appeared in a publication or is in review for a future journal publication.

Chapter 2 presents the methodology of probabilistic seismic hazard deaggregation of

GMPMs, which quantifies the probability that the exceedance of a given Sa level is pre-

dicted by a specific GMPM. A hypothetical site is used to illustrate the methodology and its

underlying mathematics. Chapter 3 refines the CS calculation by incorporating the aleatory

uncertainties from causal earthquakes and the epistemic uncertainties from GMPMs. The

deaggregation of GMPMs from Chapter 2 provides the essential input information for this

refined calculation. The methodology for the refined calculations with varying levels of

complexity and accuracy are presented and illustrated through example sites from the west-

ern U.S.

Chapter 4 performs nonlinear dynamic analysis and risk-based assessments on a 20-

story reinforced concrete frame structure using ground motions selected based on the CS.

This CS-based ground motion selection utilizes the computation of the CS and the selection

algorithm to match the target spectrum mean and variance. The conditioning period for the

CS is varied to investigate its effect on structural response risk-based assessments. The

CS, regardless of its conditioning period, essentially provides a robust link between the

implied distribution of the selected ground motions and the site ground motion hazard, in
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order to maintain hazard consistency. Chapter 5 then applies the CS-based ground motion

selection methodology to structural analysis with an alternative objective of intensity-based

assessments and evaluates the impact of such alternative target spectra as the UHS and the

CMS. The findings from these analyses have potentially important implications for seismic

assessments in both future building codes and performance-based earthquake engineering.
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(a) (b)

(c)

Figure 1.1: Response spectra of ground motions selected and scaled with (a) UHS, (b)
CMS and (c) CS as target spectra for Sa(2.6s) associated with 2% in 50 years probability
of exceedance for an illustrative 20-story perimeter frame located in Palo Alto, CA.



Chapter 2

Probabilistic seismic hazard
deaggregation of ground motion
prediction models

Adapted from Lin, T. and J. W. Baker (2011). Probabilistic seismic hazard deaggrega-

tion of ground motion prediction models. In 5th International Conference on Earthquake

Geotechnical Engineering, Santiago, Chile.

2.1 Abstract

Probabilistic seismic hazard analysis (PSHA) combines the probabilities of all earthquake

scenarios with different magnitudes and distances with predictions of resulting ground mo-

tion intensity, in order to compute seismic hazard at a site. PSHA also incorporates uncer-

tainties in ground motion predictions, by considering multiple ground motion prediction

models (GMPMs). Current ground motion selection utilizes probabilistic seismic hazard

deaggregation to identify the distribution of earthquake scenarios that contribute to ex-

ceedance of a given spectral acceleration (Sa) level. That calculation quantifies effects of

the aleatory uncertainties in earthquake events, but does not describe the epistemic un-

certainties from multiple GMPMs. This chapter describes ways to calculate contributions

of multiple GMPMs to Sa exceedance using deaggregation calculations. Deaggregation

10
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of GMPMs plays an important role in the proposed target response spectrum computa-

tion for ground motion selection, in a similar way as logic tree weights of GMPMs do

in PSHA computation. Just as the deaggregation of magnitude and distance identifies the

relative contribution of each earthquake scenario to Sa exceedance, the deaggregation of

GMPMs tells us the probability that the exceedance of that Sa level is predicted by a spe-

cific GMPM. We can further extend deaggregation to other ground motion parameters, such

as earthquake fault mechanism, to more fully quantify the parameters that contribute to Sa

values of interest. The proposed methodology for deaggregation of prediction models can

be immediately applicable to other procedures which require multiple prediction models in

an earlier stage of total prediction and a later stage of new target computation.

2.2 Introduction

Probabilistic seismic hazard analysis (PSHA) is commonly used in geotechnical earthquake

engineering (e.g., Kramer, 1996) and structural dynamic analysis (e.g., Chopra, 2012) to

identify the ground motion hazard for which geotechnical and structural systems are an-

alyzed and designed. PSHA combines the probabilities of all earthquake scenarios with

different magnitudes and distances with predictions of resulting ground motion intensity in

order to compute seismic hazard at a site (e.g., McGuire, 2004). PSHA also incorporates

uncertainties in ground motion predictions, by considering multiple ground motion predic-

tion models (GMPMs) (e.g., Boore and Atkinson, 2008). In PSHA, aleatory uncertainties,

which are inherently random, are accounted for by considering earthquake events with all

possible magnitudes and distances; epistemic uncertainties, which are due to the lack of

knowledge, can come from the uncertainty in identifying correct models such as GMPMs.

GMPMs have inputs such as magnitude and distance, and outputs in terms of logarithmic

mean and standard deviation of spectral acceleration (Sa) for various periods of vibration.

When multiple GMPMs are considered in PSHA to represent our epistemic uncertainty,

we use a logic tree to assign weights (equal or unequal) to each GMPM (Petersen et al.,

2008; Scherbaum et al., 2005). PSHA then estimates seismic hazard at a site incorporating

uncertainties in both earthquake scenarios and GMPMs.

As a key step in defining the seismic load input to nonlinear dynamic analysis, ground
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motion selection often involves specification of a target spectrum such as the Conditional

Mean Spectrum (CMS), which consists of the expected Sa values at all periods conditional

on the Sa value at the period of interest, or its associated Conditional Spectrum (CS) that

additionally includes variability (e.g., Baker and Cornell, 2006a; Abrahamson and Al Atik,

2010; Baker, 2011; Lin et al., 2012). The computation of the CMS or the CS requires speci-

fication of a GMPM. Current implementation of this ground motion selection approach uses

the information from earthquake scenarios without considering multiple GMPMs. While

PSHA computes the total seismic hazard using total probability theorem, PSHA deaggre-

gation (McGuire, 1995; Bazzurro and Cornell, 1999; Harmsen, 2001) computes the relative

contribution of earthquake parameters to the total hazard using Bayes’ rule (Benjamin and

Cornell, 1970). Current ground motion selection utilizes deaggregation results of magni-

tude and distance to identify causal events for a given Sa value associated with an annual

rate of exceedance. In this chapter we consider ways to incorporate multiple GMPMs into

ground motion selection techniques using refinements to PSHA deaggregation.

2.3 Methodology

PSHA deaggregation links the computation of a target spectrum to the total hazard pre-

diction. Computation of a target CMS or CS requires deaggregation to identify the causal

parameters, along with the choice of a GMPM. Multiple GMPMs are typically used for

PSHA computation. For instance, the United States Geological Survey (USGS) speci-

fies three models (Boore and Atkinson, 2008; Campbell and Bozorgnia, 2008; Chiou and

Youngs, 2008) with equal weights for Coastal California (Petersen et al., 2008) in the logic

tree, as highlighted in Figure 2.1. These models can be adjusted up or down to reflect

additional epistemic uncertainties, as illustrated in the right-most branch in Figure 2.1.

When multiple GMPMs are used in the total hazard prediction, PSHA deaggregation can

be extended to include the relative contribution of GMPMs to the computation of a target

spectrum for ground motion selection. This section will discuss the issues associated with

obtaining this deaggregation.
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2.3.1 Probabilistic seismic hazard analysis

PSHA integrates over all j potential earthquake sources with their associated annual rates

of occurrence, ν j, and aleatory uncertainties such as magnitudes (M), distances (R), and

epsilons (ε) in order to compute the annual rate of exceedance of a Sa level of interest,

ν(Sa > y) (Kramer, 1996). Equation 2.1 depicts the conventional PSHA computation:

ν(Sa > y) = ∑
j

ν j

∫∫∫
fM,R,E(m,r,ε)P(Sa > y|m,r,ε)dmdrdε (2.1)

where fM,R,E(m,r,ε) is the joint probability density function for magnitude m, distance r,

and epsilon ε , and P(Sa > y|m,r,ε) is the probability of Sa exceeding a value y given m, r,

ε with the underlying assumption of using a single GMPM.

PSHA is usually performed, however, with multiple GMPMs, an epistemic source

of uncertainties. For instance, Figure 2.1 depicts the uncertainties in PSHA calculation

through a logic tree with various weights assigned to magnitude range and GMPMs. We

explicitly consider the epistemic uncertainty in PSHA by incorporating k GMPMs with

their associated weights, P(GMPMk), into Equation 2.2, to compute the total hazard rate

using the total probability theorem:

ν(Sa > y) = ∑
k

∑
j

ν j

∫∫∫
fM,R,E(m,r,ε)P(Sa > y|m,r,ε,GMPMk)dmdrdεP(GMPMk)

(2.2)

where P(Sa > y|m,r,ε,GMPMk) is the probability of Sa exceeding a value y given m, r,

ε , and GMPMk. The incorporation of GMPMs is directly related to the computation of a

target spectrum, e.g. the CMS or the CS, as such computation requires the predictions from

GMPMs.

2.3.2 Parameters for ground motion prediction

Equation 2.2 is the standard simplified equation for describing a PSHA calculation. As

multiple GMPMs are used, variations in the parameters used must be considered. For

instance, the models may differ in their distance definitions, as well as how they group

and classify fault mechanisms; Table 2.1 illustrates these differences for the three models
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used to predict ground motions from Coastal California crustal earthquakes in the USGS

hazard maps. This variation presents challenges for the deaggregation process. When

different definitions or groupings are used for similar ground motion properties, we need to

convert one definition to another (e.g., using the distance conversion approaches proposed

in Scherbaum et al., 2004) or re-group the inputs (e.g., sorting fault mechanisms according

to dip and rake angles), in order to facilitate consistent deaggregation across GMPMs.

2.3.3 Deaggregation of magnitude, distance, and epsilon

Now we have computed the total hazard rate in Equation 2.2, we can find the distribution of

magnitudes, distances, and epsilons that cause Sa > y through deaggregation using Bayes’

rule. For instance, the conditional distribution of magnitude given Sa > y, fM|Sa>y(m,y),

can be computed as follows:

fM|Sa>y(m,y) =
1

ν(Sa > y)∑
k

∑
j

ν j∫∫
fM,R,E(m,r,ε)P(Sa > y|m,r,ε,GMPMk)drdεP(GMPMk)

(2.3)

Since these parameters of interest are usually discretized in practice, the corresponding

conditional distribution is expressed in terms of a percentage contribution to Sa > y, e.g.,

P(M =m j|Sa> y), instead of fM|Sa>y(m,y). The associated deaggregated mean magnitude,

M̄, can also be calculated as follows:

M̄ = E(M|Sa > y) = ∑
j

m jP(M = m j|Sa > y) (2.4)

The deaggregation of distance is similar in theory to the deaggregation of magnitude, except

for the complication of sometimes differing definitions of distance in different GMPMs as

discussed in 2.3.2. The deaggregated distribution of distance, fR|Sa>y(r,y), can be found as
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follows, similar to Equation 2.3:

fR|Sa>y(r,y) =
1

ν(Sa > y)∑
k

∑
j

ν j∫∫
fM,R,E(m,r,ε)P(Sa > y|m,r,ε,GMPMk)dmdεP(GMPMk)

(2.5)

The deaggregation of epsilon, ε , is an important step for the CMS or the CS computation,

since the CMS or the CS utilizes the correlation between ε values across periods. Although

it is similar in concept to the deaggregation of magnitude and distance, we should pay

additional attention to the difference between the approach of McGuire (1995) and that of

Bazzurro and Cornell (1999). McGuire’s deaggregation is conditioned on Sa = y, so there

is a single value of epsilon, ε∗, that corresponds to each Sa level (for a given magnitude

and distance). On the other hand, Bazzurro and Cornell’s deaggregation is conditioned on

Sa > y, so the epsilon value, ε∗, that corresponds to Sa = y is the lower bound value that

marks the beginning of exceedance (Figure 2.2). For each event (M = m j,R = r j), to get

an equivalent mean value of epsilon that corresponds to Sa > y, we can find a centroidal

value of epsilon, ε̄ , integrated from the lower bound value, ε∗ to infinity with respect to

epsilon (Equations 2.6 and 2.7). Note that the tail of the ε distribution does not contribute

significantly to this mean, so we can sometimes truncate the distribution at ε = 4 to 6,

instead of infinity, without causing a significant difference in the numerical results (Strasser

et al., 2008).

ε̄|(Sa > y,M = m j,R = r j) =
∫

∞

−∞

ε fE(ε|Sa > y,M = m j,R = r j)dε (2.6)

where fE(ε|Sa > y,M = m j,R = r j) is the conditional distribution of ε given Sa > y and

M = m j, R = r j, as shown in Figure 2.2 and defined by the following equation:

fE(ε|Sa > y,M = m j,R = r j) =

{
φ(ε)

1−Φ(ε∗) ε ≥ ε∗

0 ε < ε∗

∣∣∣∣∣(Sa > y,M = m j,R = r j) (2.7)
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The deaggregated distribution of epsilon, fE|Sa>y(ε,y), can be found as follows, similar to

Equations 2.3 and 2.5:

fE|Sa>y(ε,y) =
1

ν(Sa > y)∑
k

∑
j

ν j∫∫
fM,R,E(m,r,ε)P(Sa > y|m,r,ε,GMPMk)dmdrP(GMPMk)

(2.8)

Conditional distributions and mean values of magnitudes, distances, and epsilons given

Sa, e.g., fM|Sa>y(m,y), are standard outputs of nearly all PSHA software, and are easily

obtainable from the USGS interactive deaggregation web tool (USGS, 2012).

2.3.4 Deaggregation of other parameters

Magnitude, distance, and epsilon are currently the ground motion parameters that are of

most interest, and deaggregation results for these parameters can be easily obtained from

standard PSHA software. In certain regions or special applications, other uncertain pa-

rameters may also be of interest. The total hazard, ν(Sa > y), can be computed if other

uncertain parameters, expressed as θ , are considered:

ν(Sa > y) = ∑
k

∑
j

ν j∫∫∫∫
fM,R,E,Θ(m,r,ε,θ)P(Sa > y|m,r,ε,θ ,GMPMk)dmdrdεdθP(GMPMk)

(2.9)

Deaggregation can be extended to other parameters in a similar fashion:

fΘ|Sa>y(θ ,y) =
1

ν(Sa > y)∑
k

∑
j

ν j∫∫∫
fM,R,E,Θ(m,r,ε,θ)P(Sa > y|m,r,ε,θ ,GMPMk)dmdrdεP(GMPMk)

(2.10)

For instance, θ could represent fault mechanism. Fault mechanism can be treated as dis-

crete random variables, sometimes with several types lumped into one group. In practice,
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this distribution is often inferred instead of explicitly calculated, by computing contribu-

tions of each earthquake source to exceedance of a given Sa value, and identifying typical

mechanisms associated with that source.

2.3.5 Deaggregation of ground motion prediction models

The deaggregation of GMPMs is similar in concept to the deaggregation of magnitude,

distance, and epsilon. It tells us the probability that the exceedance of a given Sa level is

predicted by a specific GMPM, P(GMPMk|Sa > y), and can be found as follows, similar

to Equation 2.3:

P(GMPMk|Sa > y)

=
1

ν(Sa > y)∑
j

ν j

∫∫∫
fM,R,E(m,r,ε)P(Sa > y|m,r,ε,GMPMk)dmdrdεP(GMPMk)

(2.11)

This conditional probability is not necessarily equal to the weight assigned to the GMPM

at the beginning of analysis. The initially assigned weight to the kth GMPM, P(GMPMk),

is analogous to a prior probability, while the deaggregated weight, P(GMPMk|Sa > y), is

analogous to a posterior probability in decision analysis (Benjamin and Cornell, 1970).

Note that all of the terms required in Equation 2.11 are already computed as part of the

standard PSHA calculation of Equation 2.2, so obtaining this probability is merely a matter

of outputting additional information and does not require complex calculations.

2.3.6 Deaggregation of GMPM-specific parameters

To match the contribution of each GMPM to its associated ground motion parameters, we

also need to obtain the joint conditional distribution of magnitudes (and of distances and of

epsilons) and the specified GMPM that causes Sa > y, as follows:

fM,GMPM|Sa>y(m,GMPMk,y)

=
1

ν(Sa > y)∑
j

ν j

∫∫
fM,R,E(m,r,ε)P(Sa > y|m,r,ε,GMPMk)drdεP(GMPMk)

(2.12)
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Similarly to above, when the continuous variables are discretized, the corresponding con-

ditional distribution is expressed as P(M = m j,GMPMk|Sa > y) instead. It follows that the

relative contribution of magnitude to Sa > y given a GMPM is:

P(M = m j|GMPMk,Sa > y) =
P(M = m j,GMPMk|Sa > y)

P(GMPMk|Sa > y)
(2.13)

The resulting expected magnitude can be calculated as follows:

M̄k = E(M|GMPMk,Sa > y) = ∑
j

m jP(M = m j|GMPMk,Sa > y) (2.14)

where M̄k is used to denote the deaggregated (posterior) mean magnitude associated with

GMPMk. Deaggregation of GMPMs with their associated ground motion parameters en-

ables the improved computation of the CS with probabilistic consistency as discussed in

the next chapter.

2.4 Example application

To illustrate the use of the above equations, we now perform PSHA and deaggregation for

an example site. First, we estimate the ground motion hazard at the example site using

PSHA that incorporates multiple GMPMs. Next, we identify the relative contributions

of the events (with associated properties) and GMPMs to the hazard prediction using the

refined PSHA deaggregation.

2.4.1 Description of site and events

The example hypothetical site considered has two parallel faults, as shown in Figure 2.3.

Fault A, produces earthquakes with magnitude, M = 6 and distance, R = 10 km from the

site, and has an annual occurrence rate of ν = 0.01; we denote this earthquake Event A.

Fault B produces earthquakes with magnitude, M = 8 and distance, R = 25 km from the

site, and has an annual occurrence rate of ν = 0.002; we denote this earthquake Event B.

Both events have strike slip mechanism. The site has mean shear wave velocity in the upper
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30 m of VS30 = 760 m/s, corresponding to NEHRP Site Class B/C. Assuming a rupture that

extends to the ground surface (a reasonable assumption for shallow crustal earthquakes in

Coastal California), rupture distance, RRUP, is the same as RJB. The earthquake events are

assumed to rupture the whole length of faults A and B, so the closest distance to the site

for a given earthquake will be a known constant. We study the site for a structure with a

period of vibration of interest, T ∗, of 1 s.

2.4.2 PSHA computation

We use the three GMPMs discussed above with equal prior weights to evaluate the an-

nual rates of exceeding a target Sa level for both events. The probability of exceeding

a target Sa level given an event with its associated magnitude (m j) and distance (r j),

P(Sa > y|m j,r j,GMPMk), is computed using logarithmic Sa mean (µlnSa(T ∗)) and stan-

dard deviation (σlnSa(T ∗)) predictions from each GMPM. The annual rate of Sa exceedance,

ν(Sa > y), is computed using Equation 2.2 for multiple values of y, and the resulting haz-

ard curve is shown in Figure 2.4, along with individual hazard curves for Events A and B.

We can find the target Sa values of interest from the hazard curve.

2.4.3 Deaggregation of events

In this simplified site, each event (Event j) corresponds to a single magnitude (m j) and dis-

tance (r j). The conditional probability that each event causes Sa> y is given by expressions

such as Equation 2.3, and can be simplified for this site as follows:

P(Event j|Sa > y) =
ν(Sa > y,Event j)

ν(Sa > y)
(2.15)

where

ν(Sa > y,Event j) = ∑
k

P(Sa > y|Event j,GMPMk)ν(Event j)P(GMPMk) (2.16)

The probabilities obtained from Equation 17 are plotted in Figure 2.5. From Figure 2.5,

we can see that the smaller but more frequent Event A is most likely to cause exceedance
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of small Sa levels, whereas the larger and rarer Event B is most likely to cause exceedance

of large Sa levels. This is because the annual hazard rate involves two competing factors:

annual rate of occurrence for an earthquake, and probability of exceeding a Sa level given

that earthquake. The results in Figure 2.5 are typical of PSHA analyses for more realistic

sites.

2.4.4 Deaggregation of GMPMs

Following Equation 2.11, the deaggregation of GMPMs is performed, and the results of this

deaggregation calculation are shown in Figure 2.6. The deaggregated GMPM contributions

vary from 0.09 to 0.55, instead of having an equal weight of 0.33, as target Sa values vary.

This is because the GMPMs are not equally likely to predict the exceedance of a given Sa

level.

2.4.5 Deaggregation of ground motion parameters

The deaggregated mean magnitude associated with a specific GMPM can be found using

Equation 2.14. The results are shown in Figure 2.7. In this figure, the thin lines indicate

the mean magnitude, given Sa > y and given that the associated GMPM is the model that

predicts Sa > y. The heavy line provides a weighted average (composite) over all GMPMs,

as computed using Equation 2.4.

The deaggregated mean distance and epsilon values can be obtained using similar pro-

cedures and are plotted in Figure 2.8 and Figure 2.9. The distance deaggregation results

resemble the magnitude deaggregation results due to the one-to-one correspondence be-

tween magnitudes and distances in this simple example.

2.5 Availability of GMPM deaggregation

The USGS has recently begun providing GMPM deaggregation outputs in the 2008 Inter-

active Deaggregation website (USGS, 2012), as seen in the illustration of the tool shown in

Figure 2.10. The deaggregation outputs now optionally include deaggregation of M/R/ε

combinations for each GMPM as well as individual GMPM contribution to the overall
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hazard in real sites. This will enable the assessment of the CMS or the CS computation

incorporating aleatory and epistemic uncertainties, and benefit ground motion selection for

real sites.

2.6 Conclusions

Probabilistic seismic hazard analysis (PSHA) deaggregation of ground motion prediction

models (GMPMs) links the computation of a target spectrum to the total hazard prediction.

PSHA is commonly used to compute the ground motion hazard for which geotechnical and

structural systems are analyzed and designed. As a key step in defining the seismic load

input to nonlinear dynamic analysis, ground motion selection often involves specification of

a target spectrum, e.g., the Conditional Mean Spectrum (CMS) or the Conditional Spectrum

(CS). Computation of such a target spectrum requires deaggregation to identify the causal

ground motion parameters, along with the predictions from multiple GMPMs. Current

ground motion selection incorporates the aleatory uncertainties from earthquake scenarios

without considering the epistemic uncertainties from multiple GMPMs. Here we account

for both aleatory and epistemic uncertainties in ground motion selection through PSHA

deaggregation of GMPMs.

This GMPM deaggregation is consistent with the probabilistic treatment of the mag-

nitude and distance random variables in traditional PSHA. The deaggregation of GMPMs

provides additional insights into which GMPM contributes most to prediction of Sa val-

ues of interest. To match the contribution of each GMPM to its associated ground motion

parameters, separate deaggregation of M/R/ε parameters for each GMPM is also per-

formed. These calculations are illustrated through applications on an example site. First,

we estimate the hazard using PSHA that incorporates multiple GMPMs. Next, we identify

the relative contributions of events and GMPMs to the hazard prediction using the refined

deaggregation procedures.

This GMPM deaggregation is now available at the USGS Interactive Deaggregation

website. This tool facilitates assessments of real sites incorporating aleatory and epistemic

uncertainties, and aids ground motion selection efforts through refined computation of a
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PSHA-consistent target spectrum. The proposed methodology for deaggregation of predic-

tion models can also be immediately applicable to other procedures that require multiple

prediction models in an earlier stage of total prediction and a later stage of new target

computation (Lin, 2012).
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Figure 2.1: Uncertainties in USGS PSHA logic tree for Coastal California. (from Petersen
et al., 2008)

Table 2.1: Parameters used for the Ground Motion Prediction Models considered in Coastal
California
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Figure 2.2: Probability density function of epsilons demonstrating the deaggregation dif-
ference between ε∗ conditioned on Sa = y in McGuire (1995) and ε̄ conditioned on Sa > y
in Bazzurro and Cornell (1999).

Figure 2.3: Layout of an example site dominated by two earthquake events A and B.
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Figure 2.4: Hazard curves for the example site.

Figure 2.5: Deaggregation of events given Sa(1s)> y for the example site.
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Figure 2.6: Deaggregation of GMPMs given Sa(1s)> y for the example site.

Figure 2.7: Deaggregation of magnitudes given Sa(1s)> y for the example site.
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Figure 2.8: Deaggregation of distances given Sa(1s)> y for the example site.

Figure 2.9: Deaggregation of epsilons given Sa(1s)> y for the example site.
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Figure 2.10: USGS implementation of GMPM deaggregation. (from USGS, 2012)



Chapter 3

Conditional Spectrum computation
incorporating multiple causal
earthquakes and ground motion
prediction models

Lin, T., S. C. Harmsen, J. W. Baker, and N. Luco (2012). Conditional Spectrum com-

putation incorporating multiple causal earthquakes and ground motion prediction models.

Bulletin of the Seismological Society of America (in press).

3.1 Abstract

The Conditional Spectrum (CS) is a target spectrum (with conditional mean and conditional

standard deviation) that links seismic hazard information with ground motion selection for

nonlinear dynamic analysis. Probabilistic seismic hazard analysis (PSHA) estimates the

ground motion hazard by incorporating the aleatory uncertainties in all earthquake scenar-

ios and resulting ground motions as well as the epistemic uncertainties in ground motion

prediction models (GMPMs) and seismic source models. Typical CS calculations to date

are produced for a single earthquake scenario using a single GMPM, but more precise use

requires consideration of at least multiple causal earthquakes and multiple GMPMs that

29
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are often considered in a PSHA computation. This chapter presents the mathematics un-

derlying these more precise CS calculations. Despite requiring more effort to compute than

approximate calculations using a single causal earthquake and GMPM, the proposed ap-

proach produces an exact output that has a theoretical basis. To demonstrate the results of

this approach and compare the exact and approximate calculations, several example cal-

culations are performed for real sites in the western U.S. (WUS). The results also provide

some insights regarding the circumstances under which approximate results are likely to

closely match more exact results. To facilitate these more precise calculations for real ap-

plications, the exact CS calculations can now be performed for real sites in the U.S. using

new deaggregation features in the U.S. Geological Survey hazard mapping tools. Details

regarding this implementation are discussed in this chapter.

3.2 Introduction

Ground motion selection for structural and geotechnical system analysis is often associated

with a target response spectrum that is derived from probabilistic seismic hazard analysis

(PSHA) results. The Conditional Spectrum (CS) is one such target spectrum that estimates

the distribution (with mean and standard deviation) of the response spectrum, conditioned

on the occurrence of a target spectral acceleration value at the period of interest. As this

CS concept is considered for practical use, several common approximations need to be

further explored. Typical CS calculations to date are produced for a single earthquake

ground motion scenario (i.e., magnitude, distance, and ground motion intensity of inter-

est), and computed using a single ground motion prediction model (GMPM). The scenario

is generally determined from PSHA deaggregation, but PSHA deaggregation calculations

for real sites often show that multiple earthquake scenarios contribute to occurrence of a

given ground motion intensity. Additionally, modern PSHA calculations are performed

with multiple GMPMs using a logic tree that also includes seismic source models. Incor-

porating those features is thus necessary to compute a CS that is fully consistent with the

PSHA calculations upon which it is based.

This chapter presents the methodology for performing refined CS computations that
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precisely incorporate the aleatory uncertainties (which are inherently random) in earth-

quake events with all possible magnitudes and distances, as well as the epistemic uncer-

tainties (which are due to limited knowledge) from multiple GMPMs and seismic source

models. Three approximate calculation approaches and the exact calculation approach are

presented, with increasing levels of complexity and accuracy. To demonstrate, several ex-

ample calculations are performed for representative sites with different surrounding seismic

sources: Stanford in northern California, Bissell in southern California, and Seattle in the

Pacific Northwest. The results evaluate the exact and approximate calculations, and analyze

factors that contribute to the differences in accuracy. Note that while the exact approach

is more cumbersome, it does not need to be computed by the user, since these exact CS

calculations have been implemented in the U.S. Geological Survey (USGS) seismic hazard

mapping tools, and could be incorporated into other PSHA software as well. Details re-

garding this new tool, and issues related to implementation of these concepts, are provided

below.

3.2.1 Basic Conditional Spectrum computation

A wide variety of techniques have been developed in the past to select ground motion

inputs for nonlinear dynamic analysis (e.g., Haselton et al., 2009; Katsanos et al., 2010).

One common approach involves selecting ground motions whose response spectra match

the target spectrum (e.g., Watson-Lamprey and Abrahamson, 2006; Beyer and Bommer,

2007; ASCE, 2010; ATC, 2011). The Conditional Mean Spectrum (CMS) is one such

spectrum that incorporates correlation across periods (Baker and Cornell, 2006a; Baker and

Jayaram, 2008; Somerville and Hamburger, 2009; Abrahamson and Al Atik, 2010; Gulerce

and Abrahamson, 2011; Somerville and Thio, 2011) to estimate the expected Sa values at

all periods Ti (Sa(Ti)) given the target Sa value at the period of interest T ∗ (Sa(T ∗)).

The basic CMS computation procedure is as follows. First, obtain the target spectral

acceleration at period T ∗, Sa(T ∗), from PSHA, and its associated mean causal earthquake

magnitude (M), distance (R), and other parameters (θ ), from deaggregation. Next, use a

GMPM to obtain the logarithmic mean and standard deviation of Sa at all periods Ti, de-

noted as µlnSa(M,R,θ ,Ti) and σlnSa(M,θ ,Ti). For any Sa(Ti) value, compute the ε(Ti), the
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number of standard deviations by which lnSa(Ti) differs from the mean spectral ordinate

predicted by a given GMPM, µlnSa(M,R,θ ,Ti), at Ti

ε(Ti) =
lnSa(Ti)−µlnSa(M,R,θ ,Ti)

σlnSa(M,θ ,Ti)
(3.1)

The target ε(T ∗) (for the target Sa(T ∗) value) can also be computed using Equation 3.1. We

can then compute the conditional mean spectral acceleration at other periods Ti, µlnSa(Ti)|lnSa(T ∗),

using the correlation coefficient between pairs of ε values at two periods, ρ(ε(Ti),ε(T ∗))

(hereinafter referred to as ρ(Ti,T ∗)) (from e.g., Baker and Jayaram, 2008)

µlnSa(Ti)|lnSa(T ∗) = µlnSa(M,R,θ ,Ti)+ρ(Ti,T ∗)σlnSa(M,θ ,Ti)ε(T ∗) (3.2)

The spectrum defined by µlnSa(Ti)|lnSa(T ∗) in Equation 3.2 has been termed the “CMS”,

as it specifies the mean values of lnSa(Ti), the exponentials of which are equivalent to

the median values of Sa(Ti) if it is lognormally distributed, conditional on the value of

lnSa(T ∗) (e.g., Baker, 2011).

Similarly, we can compute σlnSa(Ti)|lnSa(T ∗), the conditional standard deviation of spec-

tral acceleration at period Ti, conditioned on the value of Sa at T ∗

σlnSa(Ti)|lnSa(T ∗) = σlnSa(M,θ ,Ti)
√

1−ρ2(Ti,T ∗) (3.3)

The conditional standard deviation σlnSa(Ti)|lnSa(T ∗) from Equation 3.3, when combined

with the conditional mean value µlnSa(Ti)|lnSa(T ∗) from Equation 3.2, specifies a complete

distribution of logarithmic spectral acceleration values at all periods (where the distribution

at a given period is Gaussian, as justified by Jayaram and Baker (2008)). We term the

resulting spectrum distribution as a “CS”, to be distinguished from the “CMS” that does not

consider the variability specified by Equation 3.3. It is noteworthy that as an extension of

the CMS approach, Bradley (2010a) proposed a generalized conditional intensity measure

(GCIM) approach that considers the complete distribution of conditional intensity measures

other than Sa.

The input earthquake parameters required for the CS calculations above are those re-

quired by the GMPM, and can include magnitude (M), distance (R), and other parameters
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such as rupture mechanism and site conditions (θ ). In this chapter, we will sometimes use

M/R in the text as an abbreviation for M/R/θ (although θ will be included in equations

where appropriate). To implement the CS in practice, we need to determine which M/R

and GMPM to use. Common approximations to compute the CS include using the mean

magnitude and distance from deaggregation, along with a single GMPM (Baker, 2011).

As explained more in the next section, these approximations need to be evaluated for the

practical implementation of CS as a target spectrum for selecting ground motions.

3.2.2 Deaggregation

Computing CS at real sites requires us to consider the following two factors: First, deaggre-

gation will produce multiple causal earthquake magnitude and distance values for a given

Sa(T ∗) amplitude, as illustrated in the USGS deaggregation plots in Figure 3.1, where

the height of each column represents the percentage contribution from each M/R combi-

nation. Second, PSHA calculations use multiple GMPMs and seismic source models to

compute seismic hazard at a site through a logic tree (e.g., Kramer, 1996; McGuire, 2004;

Scherbaum et al., 2005; Bommer and Scherbaum, 2008; Petersen et al., 2008). A refined

CS computation, therefore, needs to consider multiple causal earthquakes and GMPMs, if

not multiple seismic source models.

PSHA (e.g., Kramer, 1996; McGuire, 2004) accounts for the aleatory uncertainties in

earthquake events, by combining the frequencies of occurrence of all earthquake scenar-

ios with different magnitudes and distances with predictions of resulting ground motion

intensity, in order to compute seismic hazard at a site. PSHA also incorporates the epis-

temic uncertainties in the seismic source models and ground motion predictions, by con-

sidering multiple models in a logic tree. For instance, the USGS utilizes three GMPMs

(Boore and Atkinson, 2008; Campbell and Bozorgnia, 2008; Chiou and Youngs, 2008) for

crustal seismic sources in the WUS (Petersen et al., 2008). Traditional PSHA deaggrega-

tion (McGuire, 1995; Bazzurro and Cornell, 1999; Harmsen, 2001), however, only reports

distributions of causal M/R/ε values given an Sa amplitude. The McGuire (1995) deag-

gregation is conditional on Sa that equals a target value, termed “Sa occurrence”, while

the Bazzurro and Cornell (1999) deaggregation is conditional on Sa that exceeds a target
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value, termed “Sa exceedance”. Depending on the Sa values of interest, either deaggrega-

tion approach can be used. Such deaggregation can be extended to include distributions of

the logic tree branches, such as GMPMs, that contribute to predictions of Sa occurrence (or

exceedance).

Just as the deaggregation of magnitude and distance identifies the relative contribu-

tion of each earthquake scenario to Sa occurrence (or exceedance), the deaggregation of

GMPMs tells us the probability that the occurrence (or exceedance) of that Sa level is

predicted by a specific GMPM. Note that the GMPM deaggregation weights differ from

the logic-tree weights; in decision analysis (e.g., Benjamin and Cornell, 1970), the logic-

tree weights are equivalent to prior weights, whereas the deaggregation weights may be

interpreted as posterior weights given the occurrence (or exceedance) of the ground mo-

tion amplitude of interest. Additional details on GMPM deaggregation are provided in Lin

and Baker (2011). For the purpose of response spectrum predictions, the key elements are

the GMPMs and their input earthquake parameters (e.g., M, R, ε). Hence, the focus of

deaggregation here will be on these two. The other portions of the logic tree (e.g., recur-

rence type, rates, maximum magnitude) do not influence spectrum predictions and so can

be grouped for the purpose of these calculations. The USGS has recently begun provid-

ing GMPM deaggregation outputs. These outputs facilitate the exact calculations of CS

described below.

3.3 Conditional Spectrum calculation approaches

We now consider several options for computing CS that incorporate consideration of mul-

tiple causal earthquake scenarios and multiple GMPMs, as well as multiple seismic source

models and their logic-tree branches. We introduce several approximate calculation ap-

proaches with increasing complexity but also with increasing accuracy, followed by the ex-

act calculation. Differences between the approaches are highlighted, and these approaches

are evaluated later to determine the accuracy of the approximate approaches.
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3.3.1 Method 1: Approximate CS using mean M/R and a single GMPM

The most basic method for computing an approximate CS is to utilize a single earthquake

scenario and single GMPM, so that Equations 3.2 and 3.3 can be used directly. In current

practice, this is done by taking the mean value of the causal magnitudes and distances from

deaggregation, denoted here as M̄ and R̄ (Baker, 2011). Similarly, the mean value of other

causal parameters (θ̄ ) can be obtained or inferred from deaggregation. These mean values

can then be used with a single GMPM (even though the underlying hazard analysis utilized

several GMPMs). The resulting CS calculations are given below, utilizing subscript k’s to

denote that the calculations are based on a single GMPM indexed by k. The equations are

also denoted as being approximately equal to the true CS values, given the simplifications

made here.

µlnSa,k(Ti)|lnSa(T ∗) ≈ µlnSa,k(M̄, R̄, θ̄ ,Ti)+ρ(Ti,T ∗)σlnSa,k(M̄, θ̄ ,Ti)ε̄(T ∗) (3.4)

σlnSa,k(Ti)|lnSa(T ∗) ≈ σlnSa,k(M̄, θ̄ ,Ti)
√

1−ρ2(Ti,T ∗) (3.5)

where the mean and standard deviation predicted by GMPM k are denoted µlnSa,k and

σlnSa,k, and the CS computed for GMPM k is denoted µlnSa,k(Ti)|lnSa(T ∗) and σlnSa,k(Ti)|lnSa(T ∗).

Note that the correlation coefficient, ρ , is assumed to be constant for each GMPM – this

could be revised if desired.

3.3.2 Method 2: Approximate CS using mean M/R and GMPMs with
logic-tree weights

We can refine Method 1 above by considering all GMPMs used in the PSHA computation.

The PSHA logic tree weights each model (these weights can be equal or unequal), and

here we denote the weight for model k as pl
k where the superscript l refers to logic-tree.

To obtain an approximate CS using all of these GMPMs, we repeat the single-GMPM

calculation (Equations 3.4 and 3.5) to obtain µlnSa,k(Ti)|lnSa(T ∗) and σlnSa,k(Ti)|lnSa(T ∗) for

each GMPM. We then sum up the resulting mean spectra (µlnSa(Ti)|lnSa(T ∗)), weighted by
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the logic-tree weights, to get a mean spectrum

µlnSa(Ti)|lnSa(T ∗) ≈∑
k

pl
kµlnSa,k(Ti)|lnSa(T ∗) (3.6)

The computation of conditional standard deviations is slightly more complicated, as

it not only accounts for the mean of the standard deviations from the GMPMs, but also

includes the additional uncertainty introduced by the variation in mean predictions among

the GMPMs. Formal probabilistic modeling (e.g., Ditlevsen, 1981) can be used to show

that the resulting conditional standard deviation is

σlnSa(Ti)|lnSa(T ∗) ≈
√

∑
k

pl
k(σ

2
lnSa,k(Ti)|lnSa(T ∗)+(µlnSa,k(Ti)|lnSa(T ∗)−µlnSa(Ti)|lnSa(T ∗))

2)

(3.7)

In Equations 3.6 and 3.7, we no longer have a subscript k on the resulting µlnSa(Ti)|lnSa(T ∗)

and σlnSa(Ti)|lnSa(T ∗), since the results are no longer specific to a single GMPM but incorpo-

rate multiple GMPMs.

While the use of logic-tree weights is not rigorously correct, we introduce it here as

a convenient approximation because these equations do not require GMPM deaggregation

outputs, which are not currently available from many PSHA software tools.

3.3.3 Method 3: Approximate CS using GMPM-specific mean M/R

and GMPMs with deaggregation weights

In this section, we further refine the CS calculations by taking advantage of GMPM deag-

gregation if it is available (e.g., as it is from the new USGS tools). First, GMPM deaggre-

gation will provide separate M/R deaggregation for each prediction model. Here we will

use the mean M and R values for each model, denoted as M̄k and R̄k for GMPM k. Using

these values, means and standard deviations of the CS can be computed for GMPM k as

follows

µlnSa,k(Ti)|lnSa(T ∗) ≈ µlnSa,k(M̄k, R̄k, θ̄k,Ti)+ρ(Ti,T ∗)σlnSa,k(M̄k, θ̄k,Ti)ε̄k(T ∗) (3.8)
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σlnSa,k(Ti)|lnSa(T ∗) ≈ σlnSa,k(M̄k, θ̄k,Ti)
√

1−ρ2(Ti,T ∗) (3.9)

Note that the GMPM-specific M̄k and R̄k (in Equations 3.8 and 3.9) are different from the

M̄ and R̄ with respect to all GMPMs (in Equations 3.4 and 3.5). As an intermediate step

(between e.g., R̄ and R̄k), the concept of conditional deaggregation given GMPM can also

be extended to compute M̄k, R̄k|M̄k, and ε̄k|M̄k, R̄k in a cascading or Rosenblatt-distribution

manner.

The second GMPM deaggregation output used in this method is the probability that

GMPM k predicted occurrence (or exceedance) of the Sa. These deaggregation proba-

bilities are denoted as pd
k where the superscript d refers to deaggregation, and they are

generally not equal to the PSHA logic-tree weights that have been denoted as pl
k. Utilizing

these weights, along with the GMPM-specific µlnSa,k(Ti)|lnSa(T ∗) and σlnSa,k(Ti)|lnSa(T ∗) from

Equations 3.8 and 3.9, a composite CS can be computed

µlnSa(Ti)|lnSa(T ∗) ≈∑
k

pd
k µlnSa,k(Ti)|lnSa(T ∗) (3.10)

σlnSa(Ti)|lnSa(T ∗) ≈
√

∑
k

pd
k (σ

2
lnSa,k(Ti)|lnSa(T ∗)+(µlnSa,k(Ti)|lnSa(T ∗)−µlnSa(Ti)|lnSa(T ∗))

2)

(3.11)

As with Method 2, the mean spectrum is the mean (over GMPMs) of the GMPM-specific

means, except that here we have utilized the more appropriate deaggregation weights pd
k .

The standard deviation of the spectrum again contains contributions from the individual

GMPM conditional standard deviations, plus the uncertainty from the variations in mean

spectra across GMPMs. While this method incorporates more exact information than Meth-

ods 1 or 2, it is still approximate in that it utilizes only the mean earthquake scenario for a

given GMPM. Method 4 will resolve that final approximation.

3.3.4 Method 4: “Exact” CS using multiple causal earthquake M/R

and GMPMs with deaggregation weights

With this final method we now account exactly for, when we compute the CS, the con-

tribution that each earthquake magnitude/distance and each GMPM makes to the seismic
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hazard. For each causal earthquake combination M j/R j and GMPM k, we can obtain

a corresponding mean and standard deviation of the CS (denoted µlnSa, j,k(Ti)|lnSa(T ∗) and

σlnSa, j,k(Ti)|lnSa(T ∗)) as follows

µlnSa, j,k(Ti)|lnSa(T ∗) = µlnSa,k(M j,R j,θ j,Ti)+ρ(T ∗,Ti)ε j(T ∗)σlnSa,k(M j,θ j,Ti) (3.12)

σlnSa, j,k(Ti)|lnSa(T ∗) = σlnSa,k(M j,θ j,Ti)
√

1−ρ2(Ti,T ∗) (3.13)

A PSHA deaggregation that includes GMPM deaggregation will provide the weights,

pd
j,k, that indicate the contribution of each M j/R j and GMPMk to occurrence (or exceedance)

of the Sa of interest. Note that here we are considering the contributions of individual

M j/R j rather than approximating all contributing earthquake scenarios by simply a mean

M and R, as we did in Equations 3.8 and 3.9. The exact CS incorporating multiple M/R

and GMPMs can then be evaluated by combining these individual µlnSa, j,k(Ti)|lnSa(T ∗) and

σlnSa, j,k(Ti)|lnSa(T ∗) with their corresponding weights, pd
j,k

µlnSa(Ti)|lnSa(T ∗) = ∑
k

∑
j

pd
j,kµlnSa, j,k(Ti)|lnSa(T ∗) (3.14)

σlnSa(Ti)|lnSa(T ∗)=
√

∑
k

∑
j

pd
j,k(σ

2
lnSa, j,k(Ti)|lnSa(T ∗)+(µlnSa, j,k(Ti)|lnSa(T ∗)−µlnSa(Ti)|lnSa(T ∗))

2)

(3.15)

The above equations are similar to those in Method 3, except that there is now a sec-

ond set of summations in the equations to account for the effect of multiple M j/R j values

instead of the single mean values M̄k and R̄k from Method 3. These equations provide

an exact answer to the question, what is the mean and standard deviation of the response

spectra associated with ground motions having a target Sa(T ∗), when that Sa(T ∗) could

potentially result from multiple earthquake scenarios, and the Sa predictions come from a

logic tree with multiple GMPMs? It requires more effort to compute than the approximate

approaches commonly used today, and requires detailed deaggregation information includ-

ing hazard contributions of GMPMs and other parameters, θ , that may not be available.

Alternatively, an exact CS can be computed directly from the earthquake parameters

and GMPMs that were used in PSHA computation to aggregate the hazard, as described
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in the next section. Although treatments of aleatory and epistemic uncertainties are often

separated in PSHA, a single seismic hazard curve is typically derived with the consideration

of aleatory uncertainties from multiple causal earthquakes and epistemic uncertainties from

multiple GMPMs and seismic source models (e.g., Petersen et al., 2008). Here we take

a similar approach to compute a single CS that combines these aleatory and epistemic

uncertainties.

3.3.5 Aggregation approach to Method 4 (exact CS)

While the GMPM deaggregations used in Methods 3 and 4 are now available from the

USGS, it would be impractical to provide deaggregations with respect to all of the other

branches of the PSHA logic tree (e.g., for alternative moment-area equations in California

and for body wave to moment magnitude equations in the central and eastern U.S. (CEUS)).

Likewise it would be cumbersome to provide deaggregations with respect to all of the other

GMPM input parameters besides M and R (e.g., rupture mechanism and hanging/foot-wall

indicators), which are denoted above as θ . To account for these other branches and parame-

ters in Method 4 without additional deaggregation results, during the PSHA computation a

CS can be calculated (using Equations 3.12 and 3.13) for each and every earthquake source

and logic-tree branch. These numerous CS results can then be combined using Equations

3.14 and 3.15, but now with j representing all the earthquake sources and k representing

all the logic-tree branches. In this case, the deaggregation weights in the equations are

simply taken from the PSHA contribution (mean annual exceedance frequency) for each

earthquake source and logic-tree branch, normalized by the total aggregated hazard.

An advantage of this aggregation approach to Method 4 is that the other GMPM in-

put parameters θ no longer need to be inferred in calculating a CS. This is because, as

explained above, we can first calculate a CS for each and every earthquake source (not to

mention logic tree branch) using the same corresponding GMPM input parameters used in

the PSHA computation. Based on the examples for three sites presented below, any nu-

merical differences between the aggregation approach and Method 4 are not expected to

be significant for the CMS (or mean CS) at a site. Also based on the examples, however,

the standard deviation of a CS (via Equation 3.15) using the results for every earthquake
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source and logic-tree branch would be expected to yield differences although the practical

significance of the differences is not known. The standard deviation from the aggregation

approach would capture all of the uncertainties considered in the PSHA computation.

An implementation of this aggregation approach to calculating an exact CS is now pro-

vided as part of USGS online hazard tools. Details and limitations of this implementation

are discussed in the final section on “Conditional Spectrum calculation tools from USGS”.

3.4 Example calculations for three sites

To demonstrate the numerical results that are now available using the above equations and

USGS online hazard tools, this section provides a set of example calculations to determine

whether using the “exact” Method 4 provides results that have practical differences from

those obtained using the simpler approximate Methods 1 to 3.

To evaluate the accuracy of the approximate methods, CS for three locations are com-

puted using the methods described above. Target spectral accelerations are obtained for

Sa(0.2s) with 10% probability of exceedance in 50 years (i.e., a return period of 475 years),

and for Sa(1s) with 2% probability of exceedance in 50 years (i.e., a return period of 2475

years).

3.4.1 Description of example sites and GMPMs

We consider three locations in the WUS with relatively high hazard but differing surround-

ing seismic sources: Stanford, Bissell, and Seattle. Deaggregation results for these three

sites are shown in Figure 3.1. Ground motion hazard at Stanford, located in northern Cal-

ifornia, is dominated by a single shallow crustal earthquake source, the San Andreas fault

zone. Ground motion hazard at Bissell, located in southern California, has contributions

from multiple earthquake sources but they are all shallow crustal sources. Ground motion

hazard at Seattle has contributions from multiple earthquake sources of different types –

shallow crustal, and subduction zone interface and intraplate (each of which has its own set

of GMPMs). All three sites are assumed to have a time-averaged shear-wave velocity in

the top 30 meters of the soil (VS30) of 760 m/s.
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The hazard calculations and deaggregation results all come from the USGS models and

hazard mapping tools. The USGS model (Petersen et al., 2008) assigns equal logic-tree

weights to GMPMs near Stanford and Bissell, but unequal logic-tree weights to GMPMs

near Seattle. The USGS model uses three GMPMs for the crustal sources near Stanford,

Bissell, and Seattle (Boore and Atkinson, 2008; Campbell and Bozorgnia, 2008; Chiou and

Youngs, 2008), three GMPMs for the subduction zone interface sources (Youngs et al.,

1997; Atkinson and Boore, 2003; Zhao et al., 2006), and three GMPMs for the intraplate

sources near Seattle (Youngs et al., 1997; Atkinson and Boore, 2003, which provides mod-

els that can be used in both Global and Cascadia regions). The Youngs et al. (1997), Atkin-

son and Boore (2003), and Zhao et al. (2006) models are developed for both subduction

zone interface and intraplate sources. The GMPMs vary in their required input variables.

The mean lnSa predictions depend on M, R, and other source and site characteristics (θ )

such as depth to top of rupture, faulting mechanism, and hanging wall effect. Some of

the GMPMs predict standard deviations of lnSa that depend only on the period of interest

(e.g., Boore and Atkinson, 2008), while others are magnitude-dependent (e.g., Chiou and

Youngs, 2008).

3.4.2 Deaggregation information

The target Sa(0.2s) with 10% probability of exceedance in 50 years and Sa(1s) with 2%

probability of exceedance in 50 years are obtained from PSHA for the three example sites

considered. The associated causal earthquake magnitudes and distances are obtained from

USGS deaggregation and their deaggregation plots are shown in Figure 3.1. Other pa-

rameters, θ , that are associated with each causal earthquake M/R combination can be ob-

tained directly from the parameters that were used for PSHA computation (i.e., via the

aggregation approach to Method 4), from deaggregation outputs if available, or inferred

from the characteristics of contributing earthquake sources. With the target Sa(T ∗) and

µlnSa(M,R,θ ,T ∗) and σlnSa(M,θ ,T ∗) predictions for each causal M/R/θ , we can then

back-calculate ε(T ∗) using Equation 3.1. The logic-tree weights for each GMPM (pl
k)

are obtained from the USGS documentation (Petersen et al., 2008), and the deaggregation

weights (pd
k and pd

j,k) are obtained from the USGS deaggregation tools.
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3.4.3 Conditional Spectra results

CS can be computed for each example case using the approximate or exact methods de-

scribed above. Depending on the level of approximation, the CS for a GMPM k can be

computed using Method 1 (Equations 3.4 and 3.5) for approximate CS with mean M/R

(M̄ and R̄), Method 3 (Equations 3.8 and 3.9) for approximate CS with GMPM-specific

mean M/R (M̄k and R̄k), or Method 4 (Equations 3.12 and 3.13) for all contributing CS

with GMPM-specific causal earthquake M/R (M j and R j). The composite CS can then

be computed with the corresponding weights, using Method 2 (Equations 3.6 and 3.7) for

approximate CS with GMPM logic-tree weights (pl
k), Method 3 (Equations 3.10 and 3.11)

for approximate CS with GMPM deaggregation weights (pd
k ), or Method 4 (Equations 3.14

and 3.15) for exact CS with deaggregation weights associated with each causal earthquake

and GMPM (pd
j,k). The resulting CS obtained from these four Methods are plotted in Fig-

ure 3.2. Also plotted in the figure are the CMS (but not conditional standard deviations)

resulting from the aggregation approach to Method 4, which are nearly identical to the

Method 4 results despite the inclusion of additional logic-tree branches and earthquake

sources. These CMS are obtained from the USGS calculation tools described below in the

final section.

We can make several observations from the results of Figure 3.2. For the Stanford

and Bissell sites, CS computed using Method 1 are very similar to results from Methods 2

and 3, but they differ more for Seattle. This is because the GMPMs used in Seattle, some

of which are for subduction zone events, result in more varied predictions; using a mean

M̄/R̄ that represents a variety of earthquake sources with a GMPM appropriate for a single

source type could be anticipated to produce these varied predictions. For Seattle, Methods

2 and 3, which more carefully address the contributions of multiple GMPMs, do a better

job of approximating the exact results from Method 4.

For all three sites, the approximate Methods 2 and 3 work better for conditional mean

estimation than for conditional standard deviation estimation compared to the exact Method

4, as Method 4 produces higher conditional standard deviations in every case. A closer

examination of Equation 3.15 reveals two components of contribution to the exact condi-

tional standard deviations: first, a contribution from σlnSa, that is, variance in lnSa for a
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given M j/R j & GMPMk; second, a contribution from µlnSa, due to variation in M j/R j &

GMPMk. In other words, the total variance comes from the expectation of the variance,

which is the first term, and the variance of the expectation, which is the second term (e.g.,

Ditlevsen, 1981). The individual contributions from these two terms are plotted in Figure

3.3a-c. Methods 2 and 3 very closely approximate the contribution from σlnSa for the Stan-

ford and Bissell sites, although the match is not as good for Seattle. Method 4 also includes

the contribution from µlnSa, which is, however, not well captured by Methods 2 and 3.

Figure 3.3d-f show the µlnSa predicted for each M j/R j & GMPMk, and it is the weighted

variance of these spectra that creates the contribution to the overall standard deviation from

µlnSa. We thus see that this “variance of expectations” contribution may not be negligible,

and the approximate methods do not capture this well because they consider only mean

M/R values and thus cannot identify the contribution to uncertainty from multiple M/R

contributions to ground motion hazard. Similarly, we anticipate that the deaggregation ap-

proach to the exact Method 4 underestimates the conditional standard deviation, relative to

the aggregation approach that accounts for every logic tree branch and earthquake source

used in the PSHA computation. We do not yet know whether this underestimation is prac-

tically significant.

Figure 3.4 shows the target CS computed using Methods 2 and 4 for all three sites and

both target Sa values: Sa(0.2s) with 10% probability of exceedance in 50 years and Sa(1s)

with 2% probability of exceedance in 50 years. Method 2 is chosen as the reference ap-

proximate method here because it has an appealing combination of incorporating multiple

GMPMs but not requiring any GMPM deaggregation information. For all three sites, the

approximate and exact methods’ mean estimates are in close agreement, while the approx-

imate standard deviations underestimate the exact result – this effect is most pronounced at

periods far from the conditioning period (i.e., 0.2s or 1s).

The Method 2 approximation appears to work best for sites with a single earthquake

source (e.g., Stanford), followed by sites with multiple earthquakes sources of the same

type (e.g., Bissell) and sites with multiple differing earthquake source types (e.g., Seattle).

This is because there are several contributing factors to the accuracy of the approxima-

tion: (1) the input causal earthquake parameters; (2) the GMPMs used; (3) the GMPM

deaggregation weights.
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First, the importance of considering multiple causal M/R values depends upon how

many M/R values contribute significantly to the hazard. In cases where all contributions to

hazard come from a narrow range of magnitudes and distances (e.g., Stanford), the mean

M/R is representative of the most important individual contributing M/R, so computations

based only on the mean M/R are very precise. However, in cases where hazard contri-

butions come from a broader range of magnitudes and distances (especially in the case of

Seattle), the mean M/R deviates from any individual contributing M/R, so computations

based on the mean M/R only may result in a slight shift in conditional mean estimates in

addition to reduced conditional standard deviations. Similarly, for the common situation of

low- or moderate-seismicity sites in the CEUS, e.g., those that are located several hundred

kilometers from the New Madrid seismic region where the low-frequency deaggregation

can be strongly bimodal, computations based on the mean M/R only may not be precise.

Furthermore, variation in other parameters besides M and R, such as depth to the top of

rupture for different source types, can also affect the accuracy of the approximation since

they contribute to the Sa prediction.

Second, the similarity of the GMPMs affects approximations in their treatment. For

cases where the ground motion predictions for a given M/R vary significantly between

models (e.g., Seattle, where the subduction zone and crustal prediction models vary sig-

nificantly), approximate treatment of GMPMs is less effective and so a CS using a single

GMPM (or using approximate weights on multiple models) may produce inaccurate results.

Similar inaccuracies can be expected in the CEUS. On the other hand, the three GMPMs

used at Stanford and Bissell all tend to produce similar predictions, so for those cases the

choice of the GMPM used to compute CS may not be as critical.

Third, as the GMPM deaggregation weights differ more from the GMPM logic-tree

weights, approximate treatment of those weights works less effectively. For instance, in

the (not too uncommon) case where one GMPM strongly dominates the deaggregation, the

approximation that assumes GMPM logic-tree weights is expected to deviate more sub-

stantially from the computation that utilizes GMPM deaggregation weights. The GMPM

deaggregation weights vary with the period of interest (T ∗), the target Sa(T ∗) amplitude of

interest, and the location, so it is difficult to develop simple rules for when the approxima-

tions work well. But if the GMPM predictions are similar to each other for the M/R values



CHAPTER 3. CS REFINEMENTS 45

contributing significantly to hazard, then the deaggregation weights are often similar to the

logic-tree weights and the predictions are also in good agreement (as noted in the previous

paragraph), so the approximations are generally good in those cases.

3.5 Impact of approximations on ground motion selection

The importance of approximations in the CS computations will depend upon how the re-

sults affect any engineering decisions that may be made. The most common use for a CS is

as a target response spectrum for ground motion selection and scaling (Baker, 2011; Baker

and Cornell, 2006a). Approximations to the CS might have an influence on ground motions

selected from a database (because the selected ground motions match the target response

spectrum), and that could affect nonlinear dynamic analysis results. On the other hand,

the finite size of recorded ground motion databases means that minor changes in the spec-

trum target may not result in substantially different ground motions being selected, and in

that case the approximations would not have an appreciable impact on structural analysis

results.

To illustrate, the target CS mean and variance are computed using both the exact (Method

4) and approximate (Method 2) approaches, at the Bissell site for the Sa(0.2s) amplitude

with 10% probability of exceedance in 50 years. Ground motions can be selected to match

these target spectrum mean and variance using the procedure of Jayaram et al. (2011),

which assumes a Gaussian distribution. In general the conditional logarithmic Sa dis-

tribution is not Gaussian when multiple causal earthquakes and/or multiple GMPMs are

considered, and hence the mean and variance alone may not describe the entire distribu-

tion; they still provide useful insights, however. Alternatively, Bradley (2010a) considers

multiple causal earthquake sources and the complete distribution of the conditional ground

motion intensity measure. The target response spectra and corresponding ground motions

selected via Jayaram et al. (2011) are shown in Figures 3.4b and 3.5. The means of the

CS using both methods are in close agreement, but the standard deviation of the CS using

Method 4 is higher than that using Method 2, especially at periods further away from the

conditioning period of 0.2s. Consequently, the spectra of the ground motions selected using

Method 4 are expected to show a similar mean but a higher standard deviation than those
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using Method 2. The larger exact CS standard deviation results in selecting a few more

ground motions with high spectra at periods other than 0.2s, and this can result in a slightly

increased probability of observing large structural responses or collapses (as seen in, e.g.,

Jayaram et al., 2011). Note that the spectra of the selected ground motion sets, however, do

not differ substantially in Figure 3.5, relative to variations between ground motion spectra

within a set. Structural analyses to date suggest that in cases such as this, the exact method

results in similar median but increased dispersion in structural response estimates.

The difference in structural response can be larger, however, if Methods 2 and 4 result in

substantial differences in both the mean and the variance of the CS, such as those illustrated

in Figure 3.4c and f for the Seattle site. In such cases, in addition to a slight increase in

structural response dispersion, the median of the structural response may shift as well. To

reflect contributions from different earthquake sources, individual CS can be constructed

for each earthquake source, and separate sets of ground motions selected to match both the

target spectra as well as other characteristics of each source (Goda and Atkinson, 2011).

These CS for different earthquake sources are available as intermediate steps to compute

the exact CS described above, and are provided by the USGS as part of the CMS feature

that is described in the next section. As the difference between approximate and exact spec-

tra increases, more refined target spectra will have increasing benefits for ground motion

selection and structural response assessment.

3.6 Conditional Spectrum calculation tools from USGS

The USGS National Seismic Hazard Mapping Project website (http://earthquake.

usgs.gov/hazards) now provides an option for CMS, as part of the 2008 Interactive

Deaggregations web tool (http://geohazards.usgs.gov/deaggint/2008). The spec-

tra are consistent with the 2008 National Seismic Hazard Maps for the continental United

States, and are computed via the section “Aggregation approach to Method 4 (exact CS)”

described above. Described below are the inputs to and outputs from the tool, issues with

the current implementation, and future features. One such future feature is providing the

standard deviations of CS in addition to the means.

http://earthquake.usgs.gov/hazards
http://earthquake.usgs.gov/hazards
http://geohazards.usgs.gov/deaggint/2008
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3.6.1 Description of calculation tool

As shown in Figure 3.6, the USGS 2008 Interactive Deaggregation web tool provides CMS

for a user-specified

• location (address or latitude and longitude) anywhere in the continental United States;

• mean exceedance probabilities of 1%, 2%, 5%, 10%, 20%, or 50% in 30, 50, 75, 100

or 200 years;

• spectral acceleration period of 0s (corresponding to peak ground acceleration), 0.1s,

0.2s, 0.3s, 0.5s, 1s, or 2s, or additionally 3s, 4s, or 5s for locations in the WUS (west

of -115 degrees longitude);

• VS30 of soil between 180 to 1300 m/s for locations in the WUS, of 760 or 2000 m/s

in the CEUS (east of -100 degrees longitude), or of 760 m/s for locations in between.

As output, the tool currently provides graphs, tables, and text files for four different

types of CMS, all calculated according to the section “Aggregation approach to Method 4

(exact CS)” described above. The four different types are:

• an overall CMS that accounts for all of the earthquake sources and logic tree branches

considered in the USGS PSHA computation (with a few exceptions described in the

next section below);

• a CMS for each GMPM that accounts for all of the earthquake sources and logic tree

branches related to the particular GMPM;

• a CMS for each of several (currently seven) M/R/ε bins that contribute most to the

total aggregated hazard, accounting for all of the earthquake sources and logic tree

branches within that bin;

• a CMS for each M/R/ε bin and GMPM (currently only in text output), accounting

for all of the earthquake sources and logic tree branches within the bin that are related

to the particular GMPM.
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The CMS for each GMPM demonstrates the effect of using only a single GMPM. As

mentioned above, this effect can be particularly significant in cases when more than one

earthquake source type (e.g., subduction zone, shallow crustal) contributes significantly to

the total aggregated hazard. In such cases, the CMS for two or more M/R/ε bins and/or

GMPMs, each corresponding to a different source type, may be more useful than a single

overall CMS.

3.6.2 Current implementation issues

While the web tool implementation described above accounts for practically all of the earth-

quake sources and logic-tree branches considered in computing the USGS 2008 National

Seismic Hazard Maps, there are some exceptions. The least significant of these is that CMS

calculations are not carried out for earthquake sources that do not contribute appreciably to

the total aggregated hazard (i.e., those with mean annual exceedance frequency less than

10−6). Also for the sake of limiting computation time, CMS are not calculated for the

two USGS logic-tree branches that quantify additional epistemic uncertainty amongst the

GMPMs for shallow crustal earthquakes in the WUS (see Petersen et al. (2008) for details).

The logic tree branches corresponding to the GMPMs themselves are fully accounted for,

however. In the CEUS, the USGS logic tree branch for temporal clustering of New Madrid

Seismic Zone earthquakes is not yet incorporated into the 2008 Interactive Deaggregations

web tool, and hence is not accounted for in the CMS calculations. The numerical impacts

of these exceptions on the calculated CMS have not yet been quantified, but they are antic-

ipated to be relatively insignificant.

In being consistent with the 2008 National Seismic Hazard Maps, the USGS web tool

utilizes several different GMPMs for shallow crustal, subduction zone, and stable continen-

tal earthquake sources. However, for the correlation coefficients needed to calculate CS,

the tool currently only uses the Baker and Jayaram (2008) model, which was developed

with ground motion data exclusively from shallow crustal earthquakes. A recent study of

subduction zone ground motions from Japan suggests that this correlation model is also a

reasonable representation for subduction zone earthquake sources (Jayaram et al., 2011).

For stable continental earthquake sources, there is little data to either confirm or contradict
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this model. In general, studies of correlation models have shown them to be relatively in-

sensitive to the particular GMPM, earthquake magnitude, distance, and rupture mechanism

(e.g., Baker, 2005; Jayaram et al., 2011). Thus, the numerical impact of using the single

correlation model is anticipated to be relatively insignificant. Additional and/or updated

correlation models corresponding to different earthquake sources and/or GMPMs could be

incorporated into the web tool as they become available.

3.6.3 Future features

As mentioned above, in the future the USGS web tool will provide CS, not just CMS. The

conditional standard deviations will likewise be calculated according to the aggregation ap-

proach to computing an exact CS. Whereas the current implementation for the conditional

means has been seen to match results from the deaggregation approach of Method 4, the

standard deviations of a CS calculated by the web tool are anticipated to be higher and

more inclusive of all the uncertainties accounted for in the USGS National Seismic Hazard

Maps.

Lastly, the current web tool calculates CMS with weights that are for exceedance of

the Sa value specified by a user (via a selected mean exceedance probability). A future

tool will provide weights for occurrence of an Sa value. In order to do so, the tool will

optionally allow a user to specify an Sa value of interest, e.g., a Risk-Targeted Maximum

Considered Earthquake (MCER) ground motion value from ASCE (2010).

3.7 Conclusions

Approximate and exact computations of CS were proposed and used for example calcula-

tions for Stanford, Bissell and Seattle. Exact CS mean and standard deviation calculations

can incorporate multiple GMPMs and causal earthquake M/R/θ combinations, as well as

multiple seismic source models and their logic-tree branches. Varying levels of approxima-

tions were also considered, that replaced multiple M/R combinations with simply the mean

M/R from deaggregation, and either considered only a single GMPM or performed an ap-

proximate weighting of several GMPMs. These approximations are potentially appealing
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because of their ease of computation and because they do not require deaggregation of

GMPM weights – a result that is not yet widely available in conventional PSHA software.

The approximate CS calculations appear to be more accurate for conditional mean esti-

mation than for conditional standard deviation estimation. The exact conditional standard

deviation is always higher than approximate results because of the additional contribution

from the variance in mean logarithmic spectral accelerations due to variation in causal

earthquakes and GMPMs. The input causal earthquake parameters and the GMPMs used

along with the corresponding weights affect the accuracy of the approximation in CS com-

putation. Exact calculation methods may be needed for locations with hazard contributions

from multiple earthquake sources, where errors from approximations are higher as a result

of multiple contributing earthquake magnitudes and distances, and variation in predictions

from the input GMPMs.

The exact CS calculations require extension of traditional PSHA deaggregation, which

considers only magnitude, distance and ε , to deaggregation of GMPMs. This additional

deaggregation output is now available as part of the hazard results provided by the USGS.

Further, the USGS now provides CMS results using the exact calculation aggregation ap-

proach described here. These new calculation tools should be useful in facilitating hazard-

consistent ground motion selection for nonlinear dynamic analysis, and will allow for exact

spectra to be computed without requiring cumbersome calculations by users.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.1: Deaggregation for Sa(0.2s) with 10% probability of exceedance in 50 years at
Stanford, Bissell, and Seattle (a, b, and c respectively) and for Sa(1s) with 2% probability
of exceedance in 50 years at Stanford, Bissell, and Seattle (d, e, and f respectively) (adapted
from USGS, 2012).
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.2: CMS at Stanford, Bissell and Seattle (a, b, and c respectively) and conditional
standard deviation spectra at Stanford, Bissell, and Seattle (d, e, and f respectively) using
Methods 1 to 4, for Sa(0.2s) with 10% probability of exceedance in 50 years.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.3: Conditional standard deviation spectra with contribution from σlnSa (variance
in lnSa for a given M j/R j & GMPMk) and µlnSa (due to variation in M j/R j & GMPMk)
at Stanford, Bissell, and Seattle (a, b, and c respectively) and CMS for each considered
M j/R j & GMPMk at Stanford, Bissell, and Seattle (d, e, and f respectively) using Methods
2 to 4, for Sa(0.2s) with 10% probability of exceedance in 50 years.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.4: CS computed using Methods 2 and 4, for Sa(0.2s) with 10% probability of
exceedance in 50 years at Stanford, Bissell, and Seattle (a, b, and c respectively) and Sa(1s)
with 2% probability of exceedance in 50 years at Stanford, Bissell, and Seattle (d, e, and f
respectively).
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(a) (b)

Figure 3.5: Response spectra of ground motions selected match CS obtained using (a)
Method 4 and (b) Method 2 at Bissell site for Sa(0.2s) with 10% probability of exceedance
in 50 years.

Figure 3.6: Interface for USGS online interactive deaggregations, including options to re-
quest GMPM deaggregation and CMS computation (from USGS, 2012).



Chapter 4

Conditional-Spectrum-based ground
motion selection: Hazard consistency for
risk-based assessments

Lin, T., C. B. Haselton, and J. W. Baker (2012a). Conditional-Spectrum-based ground

motion selection. Part I: Hazard consistency for risk-based assessments. Earthquake

Engineering & Structural Dynamics (in review).

4.1 Abstract

The Conditional Spectrum (CS, with mean and variability) is a target response spectrum

that links nonlinear dynamic analysis back to probabilistic seismic hazard analysis for

ground motion selection. The CS is computed based on a specified conditioning period,

whereas structures under consideration may be sensitive to response spectral amplitudes

at multiple periods of excitation. Questions remain regarding the appropriate choice of

conditioning period when utilizing the CS as the target spectrum. This paper focuses on

risk-based assessments, which estimate the annual rate of exceeding a specified structural

response amplitude. Seismic hazard analysis, ground motion selection, and nonlinear dy-

namic analysis are performed, using the Conditional Spectra with varying conditioning

periods, to assess the performance of a 20-story reinforced concrete frame structure. It

56
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is shown here that risk-based assessments are relatively insensitive to the choice of condi-

tioning period when the ground motions are carefully selected to ensure hazard consistency.

This observed insensitivity to the conditioning period comes from the fact that, when CS-

based ground motion selection is used, the distributions of response spectra of the selected

ground motions are consistent with the site ground motion hazard curves at all relevant

periods; this consistency with the site hazard curves is independent of the conditioning pe-

riod. The importance of an exact CS (which incorporates multiple causal earthquakes and

ground motion prediction models) to achieve the appropriate spectral variability at peri-

ods away from the conditioning period is also highlighted. The findings of this paper are

expected theoretically but have not been empirically demonstrated previously.

4.2 Introduction

Ground motion selection provides the necessary link between seismic hazard and structural

response. It determines ground motion input for a structure at a specific site for nonlinear

dynamic analysis. As nonlinear dynamic analysis becomes more common in research and

practice, there is an increased need for clear guidance on appropriate ground motion selec-

tion methods. Ground motion selection has a significant impact on conclusions regarding

structural safety, since ground motion uncertainty contributes significantly to uncertainty

in structural analysis output. In order to select representative ground motions to effectively

assess the future reliability of a structure at a given location, it is important to ensure haz-

ard consistency of ground motion inputs and evaluate structural response using a risk-based

approach.

Risk-based assessment of structural response estimates the mean annual rate of ex-

ceeding a specified structural response amplitude, or engineering demand parameter, EDP.

This calculation is also often referred to as the first step of the “PEER Integral” (Cornell

and Krawinkler, 2000), a “drift hazard” calculation (Krawinkler and Miranda, 2004), or a

“time-based assessment” (ATC, 2011). It differs from intensity-based assessment, which

only considers structural response amplitude at a given ground motion intensity level. It

is obtained using full distributions of structural response for ground motions at each given

intensity, and considers multiple intensity levels, along with their occurrence rates.



CHAPTER 4. HAZARD CONSISTENCY FOR RISK-BASED ASSESSMENTS 58

Ground motion selection is often associated with a target response spectrum. Recent

work has illustrated that scaling up arbitrarily selected ground motions to a specified spec-

tral acceleration (Sa) level at vibration period (or “period”, for brevity in lieu of “vibration

period”) T can produce overly conservative structural responses, because a single extreme

Sa(T ) level of interest for engineering analysis does not imply occurrence of equally ex-

treme Sa levels at all periods (Baker and Cornell, 2006a). The “Conditional Mean Spec-

trum” (CMS) and “Conditional Spectrum” (CS) have been developed to describe the ex-

pected response spectrum associated with a ground motion having a specified Sa(T ) level

(e.g., Baker and Cornell, 2006a; Baker, 2011; Lin et al., 2012). The CMS for a rare (i.e.,

large positive ε) Sa(T ) level has a relative peak at T and tapers back towards the median

spectrum for the considered causal scenario event at other periods. The CS differs from

the CMS only in that it also considers the variability in response spectra at periods other

than the conditioning period (which by definition has no variability). The CS (with mean

and variance) is a target spectrum that links ground motion hazard to structural response.

A computationally efficient algorithm has been developed for selecting ground motions

to match this target spectrum mean and variance (Jayaram et al., 2011). Alternatively, a

generalized conditional intensity measure approach that considers intensity measures other

than Sa can be used if non-spectral ground motion parameters are also deemed important

for predicting the EDP of interest (Bradley, 2010a, 2012a,b).

The CS is computed based on a specified conditioning period (denoted here as T ∗),

whereas structures under consideration generally have responses that are sensitive to exci-

tation at a range of periods, including both higher-mode periods and “lengthened periods”

associated with nonlinear behavior (Haselton and Baker, 2006). A structure’s first-mode

period (T1) is often chosen as T ∗ to calculate Peak Story Drift Ratio (PSDR, i.e., maxi-

mum story drift ratio observed over all stories, over the duration of shaking) – this is done

because Sa(T1) is often a “good” predictor of that EDP for low- or mid-rise buildings, so

scaling ground motions based on Sa(T1) can lead to reduced scatter in resulting response

predictions and thus minimizes the required number of nonlinear dynamic analyses (Shome

et al., 1998). There are, however, circumstances under which the EDP of interest is not

dominated by the first-mode period, e.g., Peak Floor Acceleration (PFA, i.e., maximum

acceleration observed over all floors including the ground, over the duration of shaking).
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Furthermore, when the structural design is not yet finalized, it is difficult to identify a sin-

gle conditioning period. Questions remain regarding the appropriate choice of conditioning

period when utilizing the CS as the target spectrum. This chapter investigates the effect of

conditioning period on risk-based structural response assessments and the significance of

hazard consistency in ground motion inputs. The methodology to perform ground motion

selection and structural analysis is presented, and an illustrative example is used where

appropriate.

Section 4.3 “Conditional-Spectrum-based ground motion selection” outlines the pro-

cedures for seismic hazard analysis and deaggregation, target spectrum computation, and

ground motion selection to match target spectrum. Next, Section 4.4 “Hazard consistency

of ground motion response spectra” compares distributions of selected ground motion re-

sponse spectra with the target seismic hazard curves and shows how to make adjustments

to the target spectra to ensure hazard consistency, when necessary. Last, structural analyses

are carried out in Section 4.5 to perform a risk-based assessment for PSDR. Such nonlinear

dynamic analyses are repeated using ground motions matching the CS at various condition-

ing periods, in order to examine the impact of conditioning period; ground motions are also

reselected to examine the significance of hazard consistency. Analyses for additional EDPs

are then conducted in Section 4.6 to illustrate and confirm the generality of the procedures

and findings.

The primary illustrative structure considered is a 20-story reinforced concrete special

moment frame located at Palo Alto, California, with the perimeter frame designed to resist

lateral forces. This building was designed for the recent FEMA P695 project (ATC, 2009;

Haselton and Deierlein, 2007), and is denoted Building 1020 in that study. It is a 2-D

model in OpenSEES (2011), with strength deterioration (both cyclic and in-cycle) and

stiffness deterioration. The first three elastic modal periods are 2.6s, 0.85s, and 0.45s. The

building was designed per the IBC 2003 (ICC, 2003), for a site with a slightly lower design

ground motion level than the site being utilized in this study (by approximately 20%).

This structure is analyzed using ground motions selected to match the CS conditioned on

various periods of interest. These conditioning periods include the first-mode period, T1,

the higher-mode (second- and third-mode) periods, T2 and T3, and a lengthened period

due to nonlinearity, 2T1, which are used to illustrate the range of conditioning periods that
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may be of interest (the specific conditioning period used can be any period), and show the

sensitivity of structural response results (e.g., PSDR and PFA) with respect to this range of

conditioning periods.

4.3 Conditional-Spectrum-based ground motion selection

Procedures for ground motion selection based on a target spectrum are presented as fol-

lows: first, seismic hazard analysis is performed for the site and period of interest, and

deaggregation is performed to identify the ground motion characteristics (such as magni-

tude, distance and ε) that contributed to occurrence of a specified ground motion intensity

level; next, a target spectrum is computed using the deaggregation information and relevant

ground motion prediction models (GMPMs); finally, ground motions are selected from a

ground motion database to match the specified target spectrum.

4.3.1 Seismic hazard analysis and deaggregation

Probabilistic seismic hazard analysis is used to estimate the seismic hazard rate at any site

for a period of interest. Given a site location and associated soil condition, the annual

rate of spectral acceleration (Sa) exceedance at a period of vibration (T ∗), Sa(T ∗), can be

obtained from PSHA computation software such as the United States Geological Survey

(USGS) web tool at https://geohazards.usgs.gov/deaggint/2008/. The period of

interest, T ∗, often corresponds to a structure’s first-mode period of vibration, T1, but can

also be another period such as a higher-mode period, a lengthened period, or any other

period. The annual rate of Sa exceedance can be expressed in terms of return period, and

the Sa amplitude is often referred to as an “intensity level”. For instance, an intensity level

with 2% in 50 years exceedance rate corresponds to a Sa value with a return period of 2475

years under a Poissonian assumption of ground motion occurrence.

For a specified intensity level, deaggregation is used to identify the characteristics as-

sociated with occurrence of given ground motion intensity levels, such as magnitude (M),

distance (R) and ε . This can be the full conditional distribution of M, R, and ε or their

https://geohazards.usgs.gov/deaggint/2008/
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mean values. Such deaggregation information can also be obtained from PSHA computa-

tion software such as the USGS web tool. In cases where results for the period of vibration

(T ∗) or exceedance rate of interest cannot be obtained directly from PSHA computation

software, interpolation can be used for intermediate values of interest.

To illustrate, a seismic hazard curve and deaggregation are obtained for a site located

in Palo Alto, California, with a shear wave velocity in the top 30 meters of the soil, VS30,

of 400 m/s. Assuming that a period of 2.6s (which corresponds to the first-mode period

of vibration, T1, for the example 20-story structure) is of interest, the seismic hazard curve

for Sa at this period, Sa(2.6s), is plotted in Figure 4.1a. As the ground motion intensity,

Sa(2.6s), increases, the annual rate of exceedance decreases. The Sa(2.6s) which is as-

sociated with 2% in 50 years probability of exceedance (an annual rate of 0.0004) can be

identified through the hazard curve as Sa(2.6s) = 0.45g. Deaggregation can also be ob-

tained to identify the causal M, R, ε values, as shown in Figure 4.1b, both as histograms

and mean values. The tallest column in such figures corresponds to the range of the M/R/ε

combination with the highest contribution to seismic hazard at the site.

4.3.2 Target spectrum computation

Based on the deaggregation information, a target spectrum can be computed using rele-

vant GMPMs (in this case, Boore and Atkinson, 2008; Campbell and Bozorgnia, 2008;

Chiou and Youngs, 2008). From the previous section, the target Sa at period T ∗, Sa(T ∗),

is obtained from PSHA, and its associated mean causal earthquake magnitude (M) and

distance (R) are obtained from deaggregation. Now, a GMPM can be used to obtain the

logarithmic mean and standard deviation of Sa at all periods Ti, denoted as µlnSa(M,R,Ti)

and σlnSa(M,Ti). For the target Sa(T ∗) value, compute the target ε(T ∗), the number of

standard deviations by which lnSa(T ∗) differs from the mean prediction µlnSa(M,R,T ∗),

at T ∗

ε(T ∗) =
lnSa(T ∗)−µlnSa(M,R,T ∗)

σlnSa(M,T ∗)
(4.1)

This ε(T ∗) value can also be obtained directly from deaggregation.

For a Uniform Hazard Spectrum (UHS) associated with an annual rate of exceedance
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(which is uniform across all periods), Sa values at various periods Ti can be obtained di-

rectly from PSHA hazard curves for periods Ti associated with the given annual rate of

exceedance.

The CMS utilizes correlation across periods to estimate the expected Sa values at all pe-

riods Ti (Sa(Ti)) given the target Sa value at the period of interest T ∗ (Sa(T ∗)) (e.g., Baker

and Cornell, 2006a; Abrahamson and Al Atik, 2010; Baker, 2011; Gulerce and Abraham-

son, 2011). For the CMS, ε(Ti) is not the same as ε(T ∗). Additional information regarding

the correlation coefficient between pairs of ε values at two periods, ρ(ε(Ti),ε(T ∗)) (here-

inafter referred to as ρ(Ti,T ∗)) (e.g., from Baker and Jayaram, 2008) is needed to compute

the conditional mean Sa at other periods Ti, µlnSa(Ti)|lnSa(T ∗):

µlnSa(Ti)|lnSa(T ∗) = µlnSa(M,R,Ti)+ρ(Ti,T ∗)ε(T ∗)σlnSa(M,Ti) (4.2)

Similarly, the conditional standard deviation of Sa at period Ti, σlnSa(Ti)|lnSa(T ∗), can be

computed as

σlnSa(Ti)|lnSa(T ∗) = σlnSa(M,Ti)
√

1−ρ2(Ti,T ∗) (4.3)

The conditional standard deviation σlnSa(Ti)|lnSa(T ∗) from Equation 4.3, when combined

with the conditional mean value µlnSa(Ti)|lnSa(T ∗) from Equation 4.2, specifies a distribution

of Sa values at all periods (where the distribution at a given period is Gaussian, as justified

by Jayaram and Baker (2008)). We term the resulting spectrum distribution as a “Condi-

tional Spectrum” (CS), to be distinguished from the “Conditional Mean Spectrum (CMS)”

that does not consider the variability specified by Equation 4.3.

Mean values of M, R, ε from deaggregation and a single GMPM can be used to com-

pute an approximate CS. Probabilistic Seismic Hazard Analysis, however, utilizes multiple

GMPMs to come up with the hazard estimates, while deaggregation shows that a range

of M, R, ε contributed to any given Sa(T ∗). An exact computation of the CS mean and

standard deviation that incorporates multiple causal earthquakes and multiple GMPMs is

documented in Lin et al. (2012). For practical use to select ground motions, the exact mean

and standard deviation can be combined with a lognormal distribution assumption. The

exact CMS can also be obtained from the USGS web tool. Alternatively, Bradley (2010a)

extends the concept of the CMS to develop the Generalized Conditional Intensity Measures
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and computes the exact distribution (Equation 8, Bradley, 2010a), which has implications

for ground motion selection as elaborated upon by Bradley (2012a), though that approach

does not yet allow for consideration of multiple GMPMs in hazard analysis. The exact CS

does not change the conditional mean significantly but increases the conditional standard

deviation, especially for periods away from the conditioning period (Lin et al., 2012), as

will be discussed further below.

In the illustrative example, the CS, which includes both mean and variability, is com-

puted for ten intensity levels at four periods of interest, using Equations 4.2 and 4.3. The

ten intensity levels of Sa(T ∗) were chosen to correspond to specified probabilities of ex-

ceedance ranging from 50% in 20 years to 1% in 200 years (the range that is provided by

USGS), and the periods of interest, T ∗, correspond to the first three modal periods (2.6s,

0.85s, and 0.45s) of the structure and a lengthened period (5s) that is associated with non-

linear behavior. To obtain an approximate CS, mean deaggregation values of magnitude,

M, and distance, R, given each Sa(T ∗) are obtained from the USGS deaggregation web

tool, and used as inputs to Equations 4.2 and 4.3. Other relevant parameters, such as the

depth to the top of rupture, are inferred for the rupture that dominates the hazard at the site

considered here. A single GMPM (in this case, Campbell and Bozorgnia, 2008) is used to

obtain the logarithmic mean and standard deviation, µlnSa(M,R,Ti) and σlnSa(M,Ti). The

target ε(T ∗) is back-calculated using Equation 4.1. The correlation coefficient between

pairs of ε values at two periods, ρ(Ti,T ∗), is obtained from Baker and Jayaram (2008).

These inputs, are then used to compute the CS with Equations 4.2 and 4.3.

The Conditional Mean Spectra (using Equation 4.2 alone) for these intensity levels

and periods of interest are shown in Figure 4.2a and b. As the intensity level increases,

the deaggregated mean ε value increases, and the spectral shape of the CMS becomes

more peaked at the conditioning period, as illustrated in Figure 4.2a. For a Sa amplitude

associated with 2% in 50 years Sa exceedance, the UHS, superimposed on the CMS at

various periods, is an envelope of all the CMS, as illustrated in Figure 4.2b. The Sa values

of the CMS at their respective conditioning periods equal those of the UHS.
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4.3.3 Ground motion selection to match target spectrum

With the target spectra identified and computed, ground motions can then be selected from

a ground motion database to match each target spectrum. Suites of ground motions can be

selected and scaled such that they collectively match the entire distribution of the CS, using

a computationally efficient algorithm (Jayaram et al., 2011). With this publicly available

software (http://www.stanford.edu/~bakerjw/gm_selection.html), the user pro-

vides a target spectrum or deaggregation information, along with any desired limitations

on such parameters as magnitude, distance, site condition, and scale factor, and the soft-

ware produces selected and scaled ground motions from the PEER NGA database (Chiou

et al., 2008).

To illustrate, Figure 4.3 shows the response spectra of 40 ground motions selected

and scaled to match the CS (mean and standard deviation) via Jayaram et al. (2011) with

Sa(2.6s) having 2% in 50 year probability of exceedance. Both linear and logarithmic scale

plots are presented to orient the reader familiar with either format. The same procedure was

repeated to select ground motions for all other intensity levels and periods described above.

4.4 Hazard consistency of ground motion response spec-

tra

Once ground motions are selected for all intensity levels and periods, distributions of se-

lected ground motion response spectra can be computed and compared with the target seis-

mic hazard curves to check hazard consistency. Hazard consistency implies that the distri-

butions of response spectra from the selected ground motions (through the CS as the target

spectrum) are consistent with the site ground motion hazard curves at all relevant periods.

In theory, use of the exact CS results in consistent rates of exceedance between selected

ground motion response spectra and the target seismic hazard curves. If an approximate

CS is used and the resulting ground motion response spectra do not match well with the

target seismic hazard curve, adjustments in the logarithmic standard deviation of the target

CS may need to be made and ground motions reselected prior to structural analysis.

http://www.stanford.edu/~bakerjw/gm_selection.html
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4.4.1 Linking ground motion response spectra to seismic hazard

The ground motion selection procedure, as illustrated in Figure 4.3, is used for ten inten-

sity levels (where the mean and standard deviation of the selected ground motions’ response

spectra are consistent with those of the target CS at each intensity level), and the response

spectra of the selected ground motions (with a total of four hundred ground motions) at

each conditioning period can be plotted. In Figure 4.4a and 4.4b, we see the response spec-

tra of the ground motions selected and scaled to match the specific values that the spectra

are conditioned upon, Sa(2.6s) and Sa(0.85s); we see the “pinched” shapes of the spectra at

2.6s and 0.85s in Figure 4.4a and 4.4b, respectively, since only ten Sa(T ∗) amplitudes were

used here. At other periods, the spectra are more varied, as the amplitudes at other periods

have variability even when Sa(T ∗) is known with certainty. But these ground motions were

selected to maintain proper conditional means and variances, ensuring that the distributions

of spectra at all periods are still consistent with all known hazard information for the site

being considered. It is difficult to evaluate this consistency by simply counting the number

of ground motions exceeding a given spectral amplitude, because there are 40 ground mo-

tions at each Sa amplitude, while the real site will have many more low-amplitude ground

motions than high-amplitude motions.

To make a quantitative evaluation of the “hazard consistency” of the selected ground

motions’ response spectra at an arbitrary period T , the rate of exceedance of Sa(T ) implied

by the ground motions selected conditional on Sa(T ∗) is computed using the following

equation:

λ (Sa(T )> y) =
∫

x
P(Sa(T )> y|Sa(T ∗) = x)|dλ (Sa(T ∗)> x| (4.4)

where P(Sa(T )> y|Sa(T ∗) = x) is the probability that a ground motion selected and scaled

to have Sa(T ∗) = x has an Sa at period T that is greater than y. Here this probability

is estimated as simply the fraction of the 40 ground motions with Sa(T ∗) = x that have

Sa(T )> y. The multiplication of these probabilities by the derivative of the hazard curve for

Sa(T ∗) reweights the results according to the predicted rate of observing ground motions

with Sa(T ∗) = x.

Figure 4.4c shows the computed rate of ground motions with Sa(2.6s) > y for each
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set of selected motions (the two in Figure 4.4a and 4.4b plus the sets selected based on

T ∗ = 0.45s and T ∗ = 5.0s). Also shown for reference is the “direct hazard curve” for

Sa(2.6s) obtained from seismic hazard analysis. Ideally the selected ground motions would

be consistent with this direct hazard curve. The ground motions selected using T ∗ = 2.6s

have a stepped plot in Figure 4.4c, due to the ten discrete Sa(2.6s) amplitudes that were

considered when selecting motions and the fact that P(Sa(T )> y|Sa(T ∗) = x), when T =

T ∗, is equal to either 0 when y < x or 1 when y > x. The ground motions with other T ∗

values have smoother curves. All of the curves are in good general agreement, indicating

that even though the other sets of ground motions did not scale ground motions to match

Sa(2.6s), they have the proper distribution of Sa(2.6s) as specified by the hazard curve at

that period. A similar plot is shown in Figure 4.4d for the rate of exceeding Sa(5s); in this

case the ground motions with T ∗ = 5s have the stepped curve, and the other T ∗ cases are

smooth. Again the curves are in relatively good agreement with the true ground motion

hazard curve, except for the case of T ∗ = 0.45s at high amplitudes.

As seen from Figures 4.4c and 4.4d, ground motions selected using the conditioning

period, T ∗ = 0.85s, seem to be rather consistent with the direct hazard curves at 2.6s and

5s. It is important to ensure that response spectra of the selected ground motions match well

with the target seismic hazard at the periods that are important to the structural response of

interest. If the goal of the analysis is to assess PSDR or collapse, then ground motion hazard

consistency at the longer periods (2.6s and 5s) may suffice if higher-mode responses do not

contribute significantly to that response parameter. If the goal of the analysis involves

structural responses that are sensitive to shorter periods (e.g., PFA), however, then ground

motion hazard consistency needs to be enforced at the shorter periods as well. Let us revisit

the T ∗ = 0.85s case in the shorter period range in addition to the known good match in the

longer period range. Spectra of ground motions selected using T ∗= 0.85s from Figure 4.4b

are plotted with reference to four periods (0.45s, 0.85s, 2.6s, and 5s). The corresponding

ground motion spectra distributions at these periods are plotted in Figure 4.4e. The dotted

lines show the direct hazard curves, while the solid lines show the implied hazard curves

from the selected ground motions. Note the stepped curve for the ground motions at 0.85s,

due to the ten discrete Sa(0.85s) amplitudes that were considered when selecting these

motions. Figure 4.4e shows that ground motions selected using T ∗ = 0.85s resulted in
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response spectra that are relatively consistent with known seismic hazard information at

all four periods of consideration (0.45s, 0.85s, 2.6s, and 5s). This set of ground motions

using T ∗ = 0.85s can thus perhaps be used to evaluate any structural responses, regardless

of their corresponding periods of importance.

4.4.2 Comparison of approximate and exact Conditional Spectra

The quality of the match in response spectra between the selected ground motions and the

target seismic hazard curve is good in some cases (e.g., T ∗ = 0.85s) but not others (e.g.,

T ∗ = 0.45s). The match quality would depend on (1) the accuracy of the computed target

spectrum and (2) the consistency in the distribution between the selected ground motions

and the target spectrum. Since the distribution of the selected ground motions matches well

with the target spectrum, the major factor would then be the accuracy of the computed tar-

get spectrum, where multiple causal earthquakes and GMPMs would be important. When

multiple magnitudes and distances (instead of a single earthquake scenario) associated with

a given deaggregation are taken into consideration, the variability of the spectrum at peri-

ods other than T ∗ is increased relative to the approximate case using only a single mean

magnitude and distance. A similar increase in variability also results from making pre-

dictions using multiple GMPMs (consistent with the use of multiple models in the hazard

calculations) rather than just a single model (Lin et al., 2012).

The increased variability from these factors can be captured formally in the conditional

standard deviation computation. The mean CS is in principle be affected by this approx-

imation, but this does not appear to be as significant of a practical issue in many cases.

Figure 4.5 shows approximate and exact CS results for the example site considered here,

at a short and long conditioning period (Lin et al., 2012). Those results indicate that, for

this particular site, the approximations that we are using here are very accurate for the 1s

conditioning period, but that conditional standard deviations are underestimated by the ap-

proximation for the 0.2s conditioning period case. The accurate approximation for the 1s

conditioning period (Figure 4.5b) explains why the response spectra of the selected ground

motions using T ∗ = 0.85s match the seismic hazard well at various periods (Figure 4.4e).

As the underestimation of conditional standard deviation is most prominent at periods far
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from the conditioning period (as seen prominently in Figure 4.5a and more generally in Lin

et al. (2012)), it is perhaps not surprising that the conditional standard deviations at Sa(5s)

for the T ∗ = 0.45s case is underestimated, resulting in a lack of high-amplitude Sa(5s) val-

ues in those ground motions (Figure 4.5d). It is illustrated here that approximate CS may

work well for some cases but not others. Ideally we would use the exact CS calculations for

all results presented in this chapter, but those calculations are currently rather cumbersome

for practical applications (although automated tools for such calculations are envisioned in

the near future, and an alternative approach is developed by Bradley (2010b)).

4.4.3 Response spectra refinement

Given our current limitations with regard to computing exact CS, we approximately cor-

rect for the difference between the approximate and exact standard deviations (seen, for

example, in Figure 4.5a) by inflating the approximate standard deviations by some con-

stant. The value of that constant is determined by comparing the Sa distributions from the

resulting selected ground motions to the numerical hazard curves at a range of periods.

With an appropriate conditional standard deviation, the ground motions should match the

corresponding target hazard curves as described above. No adjustment is made to the ap-

proximate mean spectra, as experience shows them to be similar to exact mean spectra in

most cases Lin et al. (2012).

In the results above, the ground motions selected using T ∗ = 0.85s, 2.6s and 5s already

showed good agreement with corresponding ground motion hazard curves at 2.6s and 5s

(Figures 4.4c and 4.4d), so no adjustments were made in those cases. For the case of

T ∗ = 0.45s, the conditional standard deviations were inflated by 10% and ground motions

were reselected to match this new target. The spectra of the selected ground motions with

T ∗ = 0.45s are plotted at four periods versus the corresponding ground motion hazard

curves in Figure 4.6. The spectra from the original ground motions are shown in Figure

4.6a, and the new motions with a 10% larger standard deviation are shown in Figure 4.6b.

Note again the stepped curve for the ground motions at 0.45s, due to the ten discrete

Sa(0.45s) amplitudes that were considered when selecting these motions. The curves in

Figure 4.6a are in relatively good agreement with the true ground motion hazard curve,
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except for the case of Sa(5s) at high amplitudes, and Sa(2.6s) to a lesser extent. With a

conditional standard deviation inflated by 10% for the Figure 4.6b motions, the curves at

5s and 2.6s are in better agreements, demonstrating improved consistency with the known

hazard information.

4.5 Structural analysis

For each of the sets of ground motions selected at various intensity levels and condition-

ing periods, nonlinear dynamic analysis was performed to obtain structural response. The

structural model used for the 20-story reinforced concrete perimeter frame accounts for

strength deterioration (both cyclic and in-cycle) and stiffness deterioration. The objective

of nonlinear dynamic analysis here is risk-based assessment which considers full distri-

bution of structural response at multiple intensity levels along with their occurrence rates.

To illustrate, we perform such a computation for Peak Story Drift Ratio (PSDR, i.e. maxi-

mum story drift ratio observed over all stories, over the duration of shaking). The structural

analysis procedure will be presented for a single conditioning period followed by additional

conditioning periods, and first for ground motion selected to match the approximate CS and

next for ground motions with response spectra refinement to ensure hazard consistency.

4.5.1 Risk-based assessment procedure

The risk-based assessment procedure estimates the mean annual rate of structural response

amplitude > y. It is obtained by integrating the probability of observing a structural re-

sponse amplitude given a ground motion intensity level = x with the rate of observing

those ground motion intensities. The mean annual rate of EDP exceeding y, λ (EDP > y)

can be calculated as follows (Krawinkler and Miranda, 2004):

λ (EDP > y) =
∫

x
P(EDP > y|Sa(T ∗) = x)|dλ (Sa(T ∗)> x| (4.5)

where dλ (Sa(T ∗) > x) is the derivative of the hazard curve for Sa(T ∗) multiplied by an

increment of dSa(T ∗), and P(EDP > y|Sa(T ∗) = x) is the probability of EDP exceed-

ing y given a ground motion with Sa(T ∗) = x. For instance, if the EDP of interest is
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PSDR, P(EDP > y|Sa(T ∗) = x), which is an input to Equation 4.5, would be P(PSDR >

y|Sa(T ∗) = x), and the resulting risk-based assessment of PSDR, λ (PSDR > y), can be

termed “drift hazard”. The probability of PSDR exceeding y given a ground motion with

Sa(T ∗) = x) can be computed below (Shome and Cornell, 1999):

P(PSDR > y|Sa(T ∗) = x) = P(C)+(1−P(C))(1−Φ(
lny−µlnPSDR

σlnPSDR
)) (4.6)

where P(C) is the probability of collapse given Sa(T ∗) = x estimated from the collapse

fragility function and µlnPSDR and σlnPSDR are the mean and standard deviation, respec-

tively, of lnPSDR values given Sa(T ∗) = x and no collapse. One assumption here is that all

collapse cases cause PSDR > y.

To illustrate, consider nonlinear dynamic analysis results of PSDR given Sa(2.6s) for

ten intensity levels. As illustrated in Figure 4.7a, each “stripe” of nonlinear dynamic anal-

ysis results corresponds to PSDR at one intensity level with its associated Sa(2.6s) value.

As the occurrence rate decreases (or return period increases), the associated Sa(2.6s) value

increases, resulting generally in higher structural response (except when a change in defor-

mation mechanism of the system leads to a reduction in a particular response parameter,

e.g., structural resurrection as presented in Vamvatsikos and Cornell (2002)). Structural

response at each given ground motion intensity level is assumed to be lognormally dis-

tributed (e.g., Shome and Cornell, 1999; Song and Ellingwood, 1999; Shinozuka et al.,

2000; Sasani and Kiureghian, 2001; Aslani and Miranda, 2005; Stoica et al., 2007). Since

40 ground motions are used for each intensity level, the uncertainty in the point-estimated

distribution parameters (i.e., logarithmic mean and standard deviation) of structural re-

sponse given intensity level are relatively small and therefore not explicitly considered. If a

structural response threshold is specified (e.g., a PSDR of 0.01), probabilities of structural

response greater than the threshold value can be obtained as shaded in Figure 4.7a. The

observed fractions of collapse can also be plotted for each intensity level, as shown in Fig-

ure 4.7b. A fragility function utilizing maximum likelihood (e.g., Shinozuka et al., 2000;

Baker, 2005; Straub and Kiureghian, 2008) is used to fit the empirical collapse data. The

PSDR distribution and collapse fragility from Figures 4.7a and 4.7b can be combined with

the corresponding seismic hazard curve from Figure 4.1a, to estimate the mean annual rate
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of PSDR > y in Figure 4.7c) for T ∗ = 2.6s using Equation 4.5 (through Equation 4.6).

4.5.2 Varying conditioning periods

To evaluate the impact of conditioning period on risk-based assessment, structural analyses

using ground motions selected to match the CS can be performed at various conditioning

periods. Calculations similar to those for T ∗ = 2.6s were repeated for the other three pe-

riods: T ∗ = 0.45s, T ∗ = 0.85s, and T ∗ = 5s. Collapse fragility functions obtained from

the four sets of structural analyses are shown in Figure 4.7b and risk-based assessments

of PSDR in Figure 4.7c using the approximate CS. Risk-based assessments of PSDR show

fairly good agreements using the approximate CS at four conditioning periods except for

0.45s, which will be covered in the next section using the refined CS.

4.5.3 Significance of hazard consistency

Let us now look at what difference hazard-consistent refinement of target spectra would

make on structural response. Recall that conditional standard deviation was inflated for

0.45s to approximately correct for the difference between the approximate and exact CS,

so that the Sa distribution from the selected response spectra matches better with the target

ground motion hazard curve.

The resulting collapse fragility functions are shown in Figure 4.8a. The inflated condi-

tional standard deviation resolves the deficiency in high-amplitude Sa values especially for

long periods (Figures 4.6b vs. 4.6a) which are important for collapse, and therefore results

in a higher probability of collapse for a given Sa(0.45s) amplitude.

Another potential reason that the 0.45s case did not work well compared to the other

three conditioning periods (Figure 4.7c) is that the collapse fragility curve was not well

constrained because of a lower fraction of observed collapses (only 40% even for the high-

est Sa amplitudes, as illustrated in Figure 4.7b). To test the sensitivity of the collapse results

to the absence of higher-amplitude Sa levels, we performed additional ground motion se-

lection and structural analyses for the 0.45s case at higher Sa amplitudes but found that the

collapse fragility curves did not change much with more constraints from collapse obser-

vations at additional higher-amplitude Sa levels documented in Appendix A.3. There are
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cases, however, when a poorly constrained collapse fragility curve may distort the result

significantly, e.g., with the highest observed probability of collapse of less than 10%, as

seen in some of the structures and period combinations in calculations of this type docu-

mented in Appendix A.

The risk-based assessment of PSDR was recomputed using these new motions with ad-

justed conditional standard deviation, and is compared to the original result for T ∗ = 0.45s

in Figure 4.8b. The horizontal portion of the PSDR risk-based assessment curve is domi-

nated by collapse for higher PSDR, so the higher probability of collapse with the inflated

conditional standard deviation would result in a higher annual rate of exceeding PSDR as

well. The new risk-based assessment result is also compared to the previous risk-based

assessment results using other conditional periods in Figure 4.9, and the agreement among

these four curves is very good. This suggests that if we carefully select ground motions with

appropriate conditional standard deviations to match the true hazard curves, risk-based as-

sessments would be in good agreements regardless of the choice of conditioning periods.

Despite this refinement, we have still only considered spectral values here and not other

ground motion properties that in some cases may be relevant to structural response (e.g.

velocity pulses and duration). If non-spectral ground motion parameters are also deemed

important for predicting the EDP of interest, the approach above can be generalized to

account for those parameters and quantify the correlations between additional parameters

of interest, as recently developed by Bradley (2012a).

4.6 Additional engineering demand parameters

Risk-based assessment of PSDR has been presented in the earlier sections. Story drift is

often used in structural analysis as it is highly correlated with structural damage (e.g., ATC,

1982). However, depending on the focus of the structural analysis, the structural response

parameter of interest may vary. To help illustrate the generality of the above results, we

now consider Peak Floor Acceleration (PFA, i.e., maximum acceleration observed over all

floors including the ground, over the duration of shaking) as well as Story Drift Ratio (SDR,

i.e., maximum story drift ratio observed at a single story, over the duration of shaking) and

Floor Acceleration (FA, i.e., maximum acceleration observed at a single floor, over the
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duration of shaking). PFAs are often observed at upper stories of the example building and

are sensitive to excitation of higher modes of the building, so they are not highly correlated

with PSDRs (which are more closely related to first-mode response). Hazard consistency

of ground motions should again be ensured at the periods of interest, i.e., at shorter periods

(high-mode periods) for PFAs.

Some adjustments of conditional standard deviations were again needed in order to en-

sure hazard consistency of the short-period Sa when the conditioning period was first-mode

or longer (because these short-period spectra are important for PFA). Figure 4.10 compares

the Sa distributions from the ground motions selected with T ∗= 2.6s (Figure 4.10a and Fig-

ure 4.10b) and T ∗= 5s (Figure 4.10c and Figure 4.10d), to the numerical hazard curves at a

range of periods (0.45s, 0.85s, 2.6s, 5s), without (Figure 4.10a and Figure 4.10c) and with

(Figure 4.10b and Figure 4.10d) conditional standard deviation adjustments. Approximate

CS (with a single causal earthquake M/R/ε and a single GMPM) were used in Figures

4.10a and 4.10c for T ∗ = 2.6s and T ∗ = 5s respectively. Note again the stepped curve for

the ground motions at 2.6s (Figure 4.10a) and 5s (Figure 4.10c), due to the ten discrete

Sa(T ∗) amplitudes that were considered when selecting these motions. The curves in Fig-

ures 4.10a and 4.10c using the selected ground motions match well with the true ground

motion hazard curve at longer periods (2.6s and 5s), but not as well at shorter periods (es-

pecially 0.45s) which are important for PFA. By comparing the Sa distributions from the

resulting selected ground motions (using approximate conditional standard deviation) to

the true hazard curves, we approximately correct for the difference between the approx-

imate and exact standard deviations by inflating the approximate standard deviations by

some constant. For the case of T ∗ = 2.6s and T ∗ = 5s, the conditional standard deviations

were inflated by 30% and ground motions were reselected to match this new target. With

a conditional standard deviation inflated by 30% for the Figures 4.10b and 4.10d motions,

the curves at 0.45s are in better agreements, demonstrating improved consistency with the

known hazard information.

The risk-based assessment procedure is similar to those for PSDR hazard calculations

except the following: for PFA, collapse PFA is assumed to be the Peak Ground Accel-

eration (PGA) for the corresponding ground motion since PFA are close to PGA when

the building experiences strong nonlinear behavior (except for collapse mechanisms that
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cause partial collapse in the upper floors) (Aslani and Miranda, 2005). Hence, the loga-

rithmic mean and standard deviation of PFA, µlnPFA and σlnPFA, can be evaluated directly

including both collapse and non-collapse cases, slightly different from the PSDR eval-

uations. The probability of PFA exceeding y given a ground motion with Sa(T ∗) = x,

P(PFA > y|Sa(T ∗) = x), can then be easily computed as

P(PFA > y|Sa(T ∗) = x) = 1−Φ

(
lny−µlnPFA

σlnPFA

)
(4.7)

With the computed P(PFA > y|Sa(T ∗) = x), the mean annual rate of PFAs exceeding y,

λ (PFA > y) can be calculated according to Equation 4.5 where the EDP of interest is PFA.

Figure 4.11a shows the PFA risk-based assessment curves obtained with four choices

of T ∗ using an approximate conditional standard deviation, whereas Figure 4.11b shows

these curves using an inflated conditional standard deviation for the cases of Sa(2.6s) and

Sa(5s). Once appropriate conditional standard deviations were determined for each condi-

tioning period, the risk-based assessment results are more consistent, as illustrated through

the improvements from Figure 4.11a to Figure 4.11b. This again shows the importance

of hazard consistency on risk-based assessment results, and that once such hazard consis-

tency is ensured, risk-based assessment results are relatively insensitive to the choice of

conditioning period.

The results of Figures 4.9 and 4.11b are also presented in Table 4.1, to illustrate (1) the

differences in the values of exceedance rate for a given EDP value using different condi-

tional periods (in the top portion of the table), and (2) the differences in EDP for a given

exceedance rate using different conditional periods (in the bottom portion of the table).

Annual rates of PSDR > 2%, annual rates of PFA > 0.5g, and annual rates of collapse as

well as median PSDR and median PFA corresponding to 10% in 50 year exceedance rates

are shown for all four conditioning periods (T ∗ = 0.45s, 0.85s, 2.6s, 5s) considered here.

While excluding the ground motions selected with an inflation in the logarithmic standard

deviation of the CS, the differences in the values (1) range from 12% (for annual rates

of PFA > 0.5g with example values between 7.96× 10−4 and 9.42× 10−4) to 20% (for

annual rates of collapse with example values between 4.18× 10−4 and 5.02× 10−4) and

(2) are between 4% (for median PFA corresponding to 10% in 50 years exceedance rates
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with example values between 0.509 and 0.529) and 9% (for median PSDR corresponding

to 10% in 50 years exceedance rates with example values between 0.011 and 0.012). These

differences are considered small for the range of conditioning periods investigated.

Similar results are shown in Figure 4.12 for story drift ratio and floor accelerations

observed on the 15th story of the structure (rather than the maximum response across all

stories). These parameters are used to illustrate prediction of single-story response param-

eters that are often of interest in loss assessment calculations. Figure 4.12 illustrates that

these predictions are also consistent when differing conditioning periods are considered.

The results in this section again demonstrate the consistency of risk-based assessments

across conditioning periods. They also indicate the importance of ensuring hazard con-

sistency of the response spectra at periods related to the structural response parameter of

interest (or more generally, hazard consistency of any ground motion intensity measure

of interest). If an approximate CS is used as the target response spectrum, EDP-specific

adjustments in conditional standard deviation may be needed to achieve better hazard con-

sistency; this is because different EDPs are correlated with spectral amplitudes at different

periods, and capturing the variability of spectra at periods (especially those associated with

the EDPs of interest) away from the conditioning period is important. Although hazard

consistency was improved for periods and Sa amplitudes of most interest given an EDP,

uniformly inflating the conditional standard deviation of the target spectra (as was done in

the approximate refinement cases) may result in over- or under-estimations at other periods

or Sa amplitudes, since conditional standard deviations do not scale uniformly. Alter-

natively, if the exact CS is used as the target response spectrum, the same input ground

motions can be used for structural analysis to obtain all EDPs of interest – this would be

the most robust method for performance-based earthquake engineering that is interested in

performance quantities which require characterization of the uncertainty in EDP estimates

given ground motion intensity levels, e.g., loss estimation (as a result of damage to drift-

and acceleration-sensitive components). The exact CS does not require EDPs to be known

prior to ground motion selection; in other words, the EDP-specific spectra refinement to

ensure hazard consistency is not needed for the exact CS.
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4.7 Conclusions

This chapter has presented a study on the sensitivity of risk-based assessment (in the context

of EDP hazard) results to the choice of conditioning period when using the CS as the target

for ground motion selection and scaling. The study focused on risk-based assessments, with

a specific emphasis on the rates of exceeding various levels of Peak Story Drift Ratio (i.e.,

drift hazard calculations) in the structure. Some additional EDPs were also considered,

such as the Peak Floor Acceleration over the full building heights, a single-story Story

Drift Ratio, and a single-story Floor Acceleration. The structure considered was a 20-story

reinforced concrete frame structure assumed to be located in Palo Alto, California, using

a structural model with strength and stiffness deterioration that is believed to reasonably

capture the responses up to the point of collapse due to dynamic instability.

The risk-based assessments were performed based on ground motions selected and

scaled to match the CS, where four conditioning periods, 0.45s, 0.85s, 2.6s, and 5s were

used (i.e., the building’s third-mode structural period up to approximately twice the first-

mode period). These conditioning periods were chosen to illustrate how the assessment

results varied across a wider range of periods, rather than because there is something spe-

cial about these specific periods. For each case, the risk-based assessment results were

found to be similar. The similarity of the results stems from the fact that the careful record

selection ensures that the distributions of response spectra at all periods are nominally com-

parable, so the distribution of resulting structural responses should also be comparable (to

the extent that response spectra describe the relationship between the ground motions and

structural responses).

From these results, it is observed that if the analysis goal is to perform a risk-based

assessment, then one should be able to obtain an accurate result using any conditioning

period, provided that the ground motions are selected carefully to ensure proper represen-

tation of spectral values and other ground motion parameters of interest. Here “proper

representation” refers to consistency with the site ground motion hazard curves at all rel-

evant periods, and this is achieved by using the CS approach to determine target response

spectra for the selected ground motions. The reproducibility of the risk-based assessment

results, for varying conditioning periods, then results from the fact that the ground motion
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intensity measure used to link the ground motion hazard and the structural response is not

an inherent physical part of the seismic reliability problem considered; it is only a useful

link to decouple the hazard and structural analysis. If this link is maintained carefully then

one should obtain a consistent prediction (the correct answer) of the risk-based assessment

in every case. The consistency in risk-based assessment that is demonstrated here is in

contrast to some previous speculation on this topic, because this study utilizes the recently

developed CS for ground motion selection, and uses the first available algorithm for select-

ing ground motions to match this CS target (which includes both mean and variability in

the target spectra).

One practical challenge associated with these findings is that selecting ground motions

that are truly consistent with ground motion hazard at all periods requires the use of an exact

target CS (i.e., one that accounts for multiple causal magnitudes and distances associated

with a given Sa amplitude, and for multiple GMPMs); practical computation of this CS

target, however, typically considers only a single GMPM and only the mean magnitude and

distance from deaggregation. The computation of the exact CS target is more difficult in

practice. Here the approximate CS is used, and its conditional standard deviation is adjusted

to achieve consistency of the selected ground motion spectra with corresponding ground

motion hazard, at the periods important to the problem being studied. This adjustment

is not needed in most cases, but in some cases it is necessary and greatly improves the

robustness of the risk-based assessment results. In the future, exact CS targets can be more

readily developed, and this adjustment will not be necessary.

This chapter has shown that the results of a risk-based assessment do not depend on

conditioning period, T ∗, provided that ground motions have been carefully selected using

the Conditional-Spectrum-based selection process. The natural question is: Is the choice

of conditioning period still important at all? Yes; the choice of a “good” conditioning pe-

riod does still serve several useful purposes. Selecting a “good” conditioning period helps

because the Sa at the conditioning period will be a good predictor of structural response;

this leads to any inaccuracies in representing spectral values at other periods having a less

severe impact on the resulting risk-based assessment predictions. Additionally, use of a

good conditioning period reduces the variability in structural responses (effects of intensity
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measure selection on structural response prediction and loss estimation are also investi-

gated by Bradley et al. (2010a) and Bradley et al. (2010b)) and thus reduces the number of

nonlinear dynamic analyses that are required to accurately estimate distributions of EDP.

Luco and Cornell (2007) referred to these two properties as “sufficiency” and “efficiency”,

respectively. Those concepts are taken further in this study, acknowledging that there is

no intensity measure with perfect efficiency and sufficiency, and so careful ground motion

selection is performed to compensate for shortcomings that are inherent in any intensity

measure. Bradley (2012b) provides consistent and complementary results to those pre-

sented in this manuscript based on the use of the generalized conditional intensity measure.
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(a) (b)

Figure 4.1: (a) Seismic hazard curve for Sa(2.6s) and (b) deaggregation for Sa(2.6s) am-
plitude with 2% in 50 years probability of exceedance.

(a) (b)

Figure 4.2: Target response spectra of (a) CMS at T ∗ = 2.6s at multiple intensity levels
(from 50% in 20 years to 1% in 200 years) and (b) CMS at multiple conditioning periods
(0.45s, 0.85s, 2.6s, and 5s with UHS superimposed) at the 2% in 50 years intensity level.
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(a) (b)

Figure 4.3: Response spectra of selected ground motions with CS as target spectra for
Sa(2.6s) associated with 2% in 50 years probability of exceedance (a) in log scale and (b)
in linear scale.

Table 4.1: Summary of selected structural response results from risk-based assessments
using ground motions selected to match the CS.
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(a) (b)

(c) (d)

(e)

Figure 4.4: (a) Ground motion response spectra for ground motions selected at T ∗ = 2.6s,
to match the CS µ and σ (at all intensity levels). (b) Ground motion response spectra for
ground motions selected at T ∗ = 0.85s, to match the CS µ and σ (at all intensity levels).
(c) Sa distribution at Sa(2.6s) for ground motions selected at four conditioning periods, CS
µ and σ . (d) Sa distribution at Sa(5s) for ground motions selected at four conditioning
periods, CS µ and σ . (e) Sa distribution at four periods for ground motions selected at
T ∗ = 0.85s, CS µ and σ .
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(a) (b)

Figure 4.5: Exact and approximate CS, given Sa(T ∗) with 2% probability of exceedance
in 50 years. Exact results are denoted “4: Exact” and approximate results are denoted “2:
Mean M/R, logic tree weights” in the legend. (a) CS using T ∗= 0.2s. (b) CS using T ∗= 1s.
Results from Lin et al. (2012).

(a) (b)

Figure 4.6: Comparison of selected ground motion spectra at 4 periods (in solid lines)
versus corresponding ground motion hazard curves (in dashed lines) (a) Ground motions
selected with T ∗ = 0.45s and using basic approximate CS. (b) Ground motions selected
with T ∗ = 0.45s and using approximate CS with conditional standard deviations inflated
by 10% (“1.1 σ”).
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(a)

(b) (c)

Figure 4.7: (a) PSDR distribution for Sa(2.6s). (b) Collapse fragility for Sa at four condi-
tioning periods. (c) Risk-based assessments of PSDR for Sa at four conditioning periods
using approximate CS.
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(a) (b)

Figure 4.8: (a) Collapse fragility function and (b) risk-based assessments of PSDR obtained
from ground motions with an approximate conditional standard deviation and inflated con-
ditional standard deviations for the case of Sa(0.45s).

(a)

Figure 4.9: Risk-based assessments of PSDR obtained with four choices of T ∗ using an
inflated conditional standard deviation for the case of Sa(0.45s).
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(a) (b)

(c) (d)

Figure 4.10: Sa distribution at four periods for ground motions selected at (a) T ∗ = 2.6s,
CS µ and σ , (b) T ∗ = 2.6s, CS µ and 1.3σ , (c) T ∗ = 5s, CS µ and σ , and (d) T ∗ = 5s, CS
µ and 1.3σ .
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(a) (b)

Figure 4.11: Risk-based assessments of PFA obtained with four choices of T ∗ using (a) an
approximate conditional standard deviation and (b) an inflated conditional standard devia-
tion for the cases of Sa(2.6s) and Sa(5s).

(a) (b)

Figure 4.12: Rates of exceedance of drift ratios and floor accelerations on the 15th story of
the building.



Chapter 5

Conditional-Spectrum-based ground
motion selection: Intensity-based
assessments and evaluation of
alternative target spectra

Lin, T., C. B. Haselton, and J. W. Baker (2012b). Conditional-Spectrum-based ground

motion selection. Part II: Intensity-based assessments and evaluation of alternative target

spectra. Earthquake Engineering & Structural Dynamics (in review).

5.1 Abstract

In the previous chapter, an overview and problem definition was presented for ground mo-

tion selection based on the Conditional Spectrum (CS), to perform risk-based assessments

(which estimate the annual rate of exceeding a specified structural response amplitude)

for a 20-story reinforced concrete frame structure. Here the methodology is repeated for

intensity-based assessments (which estimate structural response for ground motions with

a specified intensity level) to determine the effect of conditioning period. Additionally,

intensity-based and risk-based assessments are evaluated for two other possible target spec-

tra, specifically the Uniform Hazard Spectrum (UHS) and the Conditional Mean Spectrum

87
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(CMS, without variability). It is demonstrated for the structure considered that the choice

of conditioning period in the CS can substantially impact structural response estimates in an

intensity-based assessment. When used for intensity-based assessments, the UHS typically

results in equal or higher median estimates of structural response than the CS; the CMS re-

sults in similar median estimates of structural response compared with the CS, but exhibits

lower dispersion because of the omission of variability. The choice of target spectrum is

then evaluated for risk-based assessments, showing that the UHS results in overestimation

of structural response hazard, while the CMS results in underestimation. Additional anal-

yses are completed for other structures to confirm the generality of the conclusions here.

These findings have potentially important implications both for the intensity-based seismic

assessments using the CS in future building codes and the risk-based seismic assessments

typically used in Performance-Based Earthquake Engineering applications.

5.2 Introduction

Ground motion selection provides important seismic input to nonlinear dynamic analysis

that is used to predict structural performance typically based on structural response param-

eters that are of most interest. The uncertainty in ground motion input typically accounts

for a significant portion of the uncertainty in structural response output. To determine

what ground motions would be appropriate for nonlinear dynamic analysis, we need to

be clear about the structural analysis objective as well as the target response spectrum for

which ground motions are selected and scaled to match. Nonlinear dynamic analysis can

be carried out with the objectives of intensity-based (which estimates structural response

given ground motions with a specified intensity level) (ATC, 2011) and risk-based (which

estimates the mean annual rate of exceeding a specified structural response amplitude)

assessments on the structural response of interest (which may include Peak Story Drift Ra-

tio (PSDR), Peak Floor Acceleration (PFA), single-story engineering demand parameter

(EDP), member forces, or any other EDP of interest). Target response spectra may include

most commonly the Uniform Hazard Spectrum (UHS) that corresponds to spectral accel-

erations (Sa) with equal probabilities of exceedance at all periods, and more recently the

Conditional Mean Spectrum (CMS) or the Conditional Spectrum (CS) that accounts for the



CHAPTER 5. INTENSITY-BASED ASSESSMENTS & ALT. SPECTRA 89

correlations between Sa values across periods. Depending on the structural analysis objec-

tive and the target response spectrum, conclusions regarding structural performance may

differ, and it is important to investigate such impacts to provide ground motion selection

insights for future nonlinear dynamic analysis.

The previous chapter outlines the ground motion selection procedures for risk-based

assessments using the CS with a range of conditioning periods, and highlights the impor-

tance of hazard consistency in the selected ground motions. While risk-based assessments

of structural response directly account for the uncertainty in ground motion hazard by con-

sidering different intensity levels and their corresponding occurrence rates, intensity-based

assessments are used in practice as a simpler option to fulfill building code requirements

(e.g., ICC, 2003; ASCE, 2010) which are mainly concerned with structural response at

a specified intensity level, e.g., Sa associated with 2% in 50 years or 10% in 50 years

probabilities of exceedance. In this chapter, we focus on the structural analysis objec-

tive of intensity-based assessments, with ground motions selected using the CS at various

conditioning periods, to examine the impact of conditioning period on intensity-based as-

sessments.

The CS was used as the target response spectrum for which ground motions were se-

lected and scaled to match in the previous chapter. The CS accounts for both the mean

and the variability of the ground motion spectra, and is proposed as an appropriate target

for risk-based assessments (Baker, 2011; NIST, 2011). In practice, the UHS is more com-

monly used, especially through building codes (e.g., ICC, 2003; CEN, 2005; ASCE, 2010).

However, shortcomings of the UHS include a lack of hazard consistency as it assumes the

occurrence of high spectral values at all periods (e.g., Reiter, 1990; McGuire, 1995; Naeim

and Lew, 1995; Bommer et al., 2000; Baker and Cornell, 2006a). Alternatively, the CMS is

used to better capture the hazard information (e.g., Baker and Cornell, 2006a; Somerville

and Hamburger, 2009; Abrahamson and Al Atik, 2010; Gulerce and Abrahamson, 2011;

Somerville and Thio, 2011). However, the CMS does not account for the variability of

the ground motion spectra. In this chapter, the UHS and CMS are used as target spectra

to select ground motions, and their corresponding structural analysis results are compared

to those using the CS, to examine the impact of target spectrum on structural response

estimates.
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The same 20-story reinforced concrete perimeter frame structure (ATC, 2009; Haselton

and Deierlein, 2007) located in Palo Alto, California as used in the previous chapter is used

for illustration. In Section 5.3, structural analyses are carried out with the objectives of

intensity-based in addition to risk-based assessments on the structural response of interest

(which include PSDR and PFA). Such nonlinear dynamic analyses are repeated for the CS

at various conditioning periods to examine the impact of conditioning period, and addition-

ally for the UHS and the CMS to examine the impact of target spectrum in Section 5.5. To

verify the observations above more generally, one additional 4-story structure was analyzed

using the same procedure with ground motions selected to match CS in Section 5.6.

5.3 Analysis objectives

Ground motions represent an important source of uncertainty in nonlinear dynamic anal-

ysis. Before analyzing structural response results or even selecting ground motions, it is

important to ask the question: “What is the objective of the structural analysis?” Changing

the question we ask (intensity-based or risk-based assessments) would essentially change

the ground motion inputs we need and the structural response answers we get.

5.3.1 Risk-based assessments

Risk-based assessments using CS as a target spectrum with varying conditioning periods

were introduced in the previous chapter. Detailed procedures and results were presented

for risk-based assessments based on PSDR as an EDP, followed by brief illustrations with

alternative EDPs that include PFA, single-story Story Drift Ratio, and single-story Floor

Acceleration. If an exact CS (which incorporates multiple earthquake sources and multiple

ground motion prediction models) is used, the choice of conditioning period does not matter

for the purpose of risk-based assessments, and the same set of ground motions can be used

to assess any structural response of interest. In practice, however, if we use an approximate

CS we may need to adjust the target spectrum to account for spectral variability further

away from the conditioning period to ensure the correct distribution for the period most

important to each EDP. This is because an exact CS already correctly accounts for the
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spectral variability at all periods of interest and thereby covers EDPs of interest without

any further adjustments.

When the structural analysis objective is changed to an intensity-based assessment,

which is only concerned with structural response at a given ground motion intensity level

without consideration of ground motion occurrence rates, the choice of conditioning period

in the CS may matter as we essentially change the question being asked. Here, the focus

is on the intensity-based assessment and its difference from the risk-based assessment is

highlighted, together with how it is impacted by the choice of conditioning period through

ground motions selected and scaled using the CS at various conditioning periods.

5.3.2 Intensity-based assessments

An intensity-based assessment differs from a risk-based assessment in its analysis goal, and

its procedures are in fact covered by the risk-based assessment. An intensity-based assess-

ment is basically the first part of a risk-based assessment that looks at structural response

at a given intensity level, without integration with seismic hazard curves. From structural

analysis at a given intensity level, structural response parameters of interest (e.g., PSDR or

PFA) are obtained, and their logarithmic mean, µlnEDP, and logarithmic standard deviation

(also referred to as dispersion), σlnEDP, are estimated, along with probability of collapse,

P(C). A lognormal distribution can be used to fit the structural response parameters at each

intensity level (e.g., Shome and Cornell, 1999; Song and Ellingwood, 1999; Shinozuka

et al., 2000; Sasani and Kiureghian, 2001; Aslani and Miranda, 2005; Stoica et al., 2007).

The empirical probability of collapse at each intensity level can be computed by counting

the number of collapses and dividing by the total number of analyses.

Here is another way to look at the difference based on the output. A risk-based as-

sessment yields one number regarding the “risk” for each EDP level, i.e., the rate of ex-

ceedance, λ (EDP > y) (by considering various intensity levels and EDP distribution at

each intensity level). The results from risk-based assessments are found to be insensitive to

the choice of conditioning period. Conversely, an intensity-based assessment yields infor-

mation about EDP estimates (e.g., median and dispersion of EDP) at each intensity level

(without considerations of multiple intensity levels and their occurrence rates). The results
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from intensity-based assessments will be presented below in Section 5.4.

The target spectrum in building codes (e.g., ICC, 2003; CEN, 2005; ASCE, 2010) is

often based on the UHS at one intensity level over a range of periods, e.g., 0.2− 1.5T1,

that covers the first-mode period of the structure as well as higher modes and lengthened

periods due to nonlinear behavior. The UHS assumes equal probability of exceedance of

Sa at all periods. This differs from the CS that accounts for correlations between Sa pairs

at different periods, and essentially represents the distribution of Sa at all periods given

Sa at one period, i.e., the conditioning period. If the CS is used instead of the UHS, it

is not obvious which period to choose as the conditioning period if structural response

is examined at only one intensity level. To examine the effect of conditioning period on

intensity-based assessments, a range of conditioning periods are used at multiple intensity

levels.

5.4 Impact of conditioning period on intensity-based as-

sessments using the Conditional Spectrum

To illustrate, sets of forty ground motions are selected for the 20-story perimeter frame at

ten intensity levels, using the CS at four conditioning periods. The conditioning periods,

T ∗, cover the structure’s first three modal periods (T1 = 2.6s, T2 = 0.85s, and T3 = 0.45s)

and up to approximately twice the first-mode period (2T1 = 5s). Each set of 40 ground

motions correspond to one intensity level and one conditioning period. In the previous

chapter, Figures 4.7a and 4.7b show the distribution of PSDR and probability of collapse

respectively at ten intensity levels for the conditioning period T ∗ = 2.6s. Based on fitting

a lognormal distribution to the empirical PSDR results, the logarithmic mean and standard

deviation of PSDR are shown as a function of Sa(T ∗) in Figure 4.7a. Alternatively, the

logarithmic mean and standard deviation of EDPs can be plotted as a function of ground

motion intensity level for various conditioning periods, in order to investigate the effect

of different conditioning periods on intensity-based assessments. Figure 4.7b shows the

observed fractions of collapse at each Sa(T ∗) level, and a lognormal collapse fragility

obtained based on the maximum-likelihood method (e.g., Shinozuka et al., 2000; Baker,
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2005; Straub and Kiureghian, 2008). Similarly, probability of collapse can be plotted as a

function of intensity level when multiple conditioning periods are considered.

Intensity-based calculations for PSDR, PFA, and probability of collapse given ten spec-

tral amplitudes (corresponding to ten specified exceedance rates) for ground motions se-

lected to match the CS at various conditioning periods are shown in Figure 5.1 and Table

5.1. As Sa associated with each exceedance rate vary among conditioning periods, all

structural response results are plotted against return period, which is fixed for each inten-

sity level regardless of its corresponding Sa. Figures 5.1a and 5.1b show the median PSDR

and logarithmic standard deviation of non-collapse PSDR until the exceedance rate corre-

sponding to an Sa(T ∗) level resulting in 50% collapse. Here, the solid line (T ∗ = 2.6s)

in Figure 5.1a is equivalent to connecting the median values of PSDR at various intensity

levels in Figure 4.7a in the previous chapter, except that the x-axis is return period in years

instead of Sa(T ∗) in g. Also shown in Figure 5.1a are median PSDR results from analyses

using CS with three other conditioning periods for comparison. Similarly, the solid line

(T ∗ = 2.6s) in Figure 5.1b is equivalent to connecting the logarithmic standard deviation

values of non-collapse PSDR at various intensity levels (up to 50% collapse) in Figure 4.7a

in the previous chapter, superimposed with results from three other conditioning periods.

At the Sa(T ∗) levels corresponding to greater than 50% probability of collapse, the median

PSDR is governed by the collapse PSDR, and therefore is not illustrated here. Similarly, the

logarithmic standard deviation of non-collapse PSDR is not informative at high probability

of collapse, and therefore is cut off when 50% or more of the analyses cause collapse. Fig-

ures 5.1c and 5.1d show the median and logarithmic standard deviation of PFA. In the case

of collapse (except for collapse mechanisms that cause partial collapse in the upper floors),

PFA is substituted by the Peak Ground Acceleration (PGA) of individual ground motion

(corresponding to the ground floor acceleration) (Aslani and Miranda, 2005). Figure 5.1e

shows the probabilities of collapse obtained from these analyses.

As is evident from Figure 5.1 and Table 5.1, the structural responses at each inten-

sity level are generally different among various conditioning periods, with differences of

a factor of four or more being observed between results from varying conditioning peri-

ods. For instance, at shorter return periods (lower spectral amplitudes), the median PSDR

does not differ much among the conditioning periods (e.g., about 50% difference between
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0.008 and 0.012 for Sa(T ∗) associated with 10% in 50 years probability of exceedance);

at longer return periods (higher spectral amplitudes), the discrepancy becomes larger, with

results corresponding to T ∗ = T1 and 2T1 showing higher median PSDR than T2 and T3

(e.g., about 400% difference between 0.048 and 0.012 for Sa(T ∗) associated with 2% in

50 years probability of exceedance, see Figure 5.1a). At shorter return periods, the me-

dian PFA shows a slight discrepancy among all the conditioning periods; at longer return

periods, the discrepancy becomes larger, with 2T1 and T1 showing lower median PFA than

T2 and T3 (e.g., 0.404 vs. 0.731 for Sa(T ∗) associated with 2% in 50 years probability of

exceedance, see Figure 5.1c). The probability of collapse also differs more at longer return

periods, with 2T1 and T1 showing much higher probability of collapse than T2 and T3 (e.g.,

0.4 vs. 0.15 for Sa(T ∗) associated with 2% in 50 years probability of exceedance, see Fig-

ure 5.1e). Similar collapse probability results as a function of return period are shown in

Figure 5 of Bradley et al. (2010b). As illustrated in Figure 4.2a in the previous chapter, the

spectral shape of the CMS becomes more peaked at higher intensity levels (longer return

periods). In addition, as illustrated in Figure 4.2b in the previous chapter, the spectral shape

of the CMS peaks at the respective conditioning period for a given intensity level. Since an

ε value of 0 will result in the same spectral shape for the CMS at all conditioning periods

but ε values increase as intensity levels increase, it is expected that the spectral shapes of

the CMS for various conditioning periods differ more at higher intensity levels, driving a

larger discrepancy among structural response obtained using the CS at various conditioning

periods.

Over the range of return periods, T1 gives the highest median PSDR (see Figure 5.1a)

and the lowest logarithmic standard deviation of PSDR (see Figure 5.1b), while T3 seems

to give the highest median PFA (see Figure 5.1c) and the lowest logarithmic standard de-

viation of PFA (see Figure 5.1d). If we compare the PSDR response (Figure 5.1a) with the

target CS at the 2% in 50 years intensity level (or a return period of 2475 years) from Figure

4.2b in the previous chapter, it is apparent that the analysis using the CS with T ∗ = 2.6s

produces the largest responses, followed by those using the CS with T ∗ = 5s, T ∗ = 0.85s,

and T ∗ = 0.45s, which is comparable to the order of the spectral values with the CS near

2.6s (highest spectral values for 2.6s followed by 5s, 0.85s, and 0.45s). Similarly, if we

compare the PFA response with the target CS at the 2% in 50 years intensity level (Figure
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4.2b in the previous chapter), the highest responses are produced by the T ∗ = 0.45s spec-

trum followed by the spectra with T ∗ of 0.85s, 2.6s, and 5s, which is comparable to the

order of the spectral values with the CS near 0.45s. The logarithmic standard deviations

for PFA (Figure 5.1d) follow the reverse order (compared to median PFA responses) of 5s,

2.6s, 0.85s, and 0.45s. For this structure, Sa(0.45s) seems to be most highly correlated with

PFA responses and thus a relatively good predictor of PFA. Taghavi and Miranda (2003)

show that PFA is strongly dominated by higher modes and that in many cases PGA was

strongly correlated with PFA. On the contrary, PSDR responses seem to be most correlated

with Sa at periods near 2.6s (between 2.6s and 5s). The order of structural response values

with respect to various conditioning periods is reversed for PSDR and PFA, illustrating dif-

ferent important periods for different EDPs. For probability of collapse predictions (Figure

5.1e), results conditioned on T ∗ = 5s show the lowest dispersion in the collapse fragility

curve, followed by 2.6s, 0.85s, and 0.45s, demonstrating that Sa(5s) is most correlated with

collapse prediction. This is consistent with previous observations (e.g., Taghavi and Mi-

randa, 2003; Haselton and Baker, 2006; Bradley et al., 2010a) that collapse is most closely

related to a lengthened period for long return-period ground motions that induce nonlinear

behavior in the structure, whereas PSDR is often correlated with first-mode response even

when the response is nonlinear.

As seen from the results of the median and logarithmic standard deviation of PSDR

and PFA and the probability of collapse, intensity-based assessments depend on the choice

of the conditioning period for a given return period. Longer periods can be important for

PSDR and collapse, while higher-mode periods can be important for PFA.

5.5 Alternative target spectra

To determine what ground motions would be appropriate for structural analysis, we first

need to specify the target response spectrum in the context of this work. In this section, in

addition to the previously considered CS, we consider the UHS that is defined as having

Sa with an equal probability of exceedance at all periods, and the CMS. Depending on

the choice of target spectrum, ground motions would be selected and scaled differently,

therefore impacting conclusions regarding structural performance.
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5.5.1 Uniform Hazard Spectrum and Conditional Mean Spectrum

The UHS can be obtained directly from seismic hazard curves at various periods, whereas

the computation of the CMS involves computing the mean of the CS (without the variance)

as presented in Equation 4.2 of the previous chapter. With the target spectrum identified

and computed, ground motions can then be selected from a ground motion database and

scaled to match the target spectrum. Individual ground motions are selected via Jayaram

et al. (2011) such that the sum of squared errors between their response spectra and the

target spectrum mean and variance (while setting the variance of the target spectrum to be

zero) is minimized.

To illustrate, let us revisit the 2% in 50 year intensity level associated with Sa(2.6s).

Sets of forty ground motions are selected to match the UHS, the CMS and the CS in Figures

5.2a, 5.2b, and 5.2c respectively. The ground motions selected to match the UHS generally

result in higher spectral values on average as the UHS is an envelope of CMS at multiple

conditioning periods. The ground motions in Figures 5.2a and 5.2b show a lower standard

deviation than those in Figure 5.2c where the distribution of the target spectrum (both

mean and variance) is matched. The same procedure is repeated to select ground motions

for other intensity levels and periods.

5.5.2 Impact of target spectra on intensity-based assessments

To evaluate the impact of target spectra on intensity-based and risk-based assessments,

additional structural analyses can be performed using ground motions selected to match

the UHS and CMS. Intensity-based calculations for PSDR, PFA, and probability of col-

lapse performed using the CS in the previous section are now repeated here for the other

two target spectra, and results are shown in Figure 5.3. Figures 5.3a and 5.3b show the

median PSDR and logarithmic standard deviation of non-collapse PSDR for cases with

less than 50% collapse respectively; Figures 5.3c and 5.3d show the median and logarith-

mic standard deviation of PFA respectively; Figure 5.3e shows the probability of collapse.

Several observations can be made from Figure 5.3 and Table 5.2. First, as expected, the

UHS-matched ground motions almost always produce larger median responses than the

CS- and CMS-matched ground motions with an equivalent return period. The differences
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are sometimes not large relative to the CMS ground motions at a specific conditioning pe-

riod. Second, however, the CMS conditioning period associated with the largest median

response is not constant over all cases considered. For the PSDR results in Figure 5.3a,

conditioning on Sa at the first-mode period produces the largest medians at a given return

period, consistent with intuition that PSDR would be dominated by first-mode elastic re-

sponse and thus a spectrum that has the largest Sa amplitude at the first-mode period would

produce the largest PSDR. For the PFA results in Figure 5.3c, the conditioning periods as-

sociated with large responses are much shorter. The third-mode elastic period produces the

highest median values, with the second-mode period producing nearly as large of values

and the longer periods producing much lower values; this is consistent with PFA being a

higher-mode driven response parameter.

As seen from these results, intensity-based assessments depend on the choice of the

conditioning period for the CS and the CMS. For all intensity levels at various conditioning

periods, the CMS produce median PSDR and PFA that are similar to the CS while the

UHS produces median PSDR and PFA that are higher than the CS; both the CMS and the

UHS result in lower logarithmic standard deviation of PSDR and PFA than the CS. This is

explained by the fact that the CMS and the CS share the same median (logarithmic mean)

Sa, and that ground motions selected to match the CS additionally account for the spectral

variability unlike those selected to match the UHS and CMS (see Figure 5.2).

5.5.3 Impact of target spectra on risk-based assessments

For comparison with the Conditional-Spectrum-based results presented in the previous

chapter, the risk-based assessment procedure is repeated using additional sets of ground

motions selected to match the CMS and the UHS (UHS) at each Sa(T ∗) level. For both of

these target spectra, ground motions were selected to match the target spectra at each am-

plitude, nonlinear dynamic analyses were performed, and the results were used to compute

P(PSDR > y|Sa(T ∗) = x) and repeat the risk-based calculation to obtain λ (PSDR > y) (via

Equations 4.6 and 4.5 in the previous chapter).

Risk-based assessment results from the UHS and CMS ground motions, using T ∗ =
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2.6s are shown in Figure 5.4a, in comparison with the CS results from the previous chap-

ter. In this case, the rate of exceeding large PSDR levels is overestimated when ground

motions are selected to match UHS; this finding is consistent with previous observations

(e.g., Naeim and Lew, 1995; Bommer et al., 2000) that use of the UHS as a target spectrum

leads to conservative estimates of structural response. The CMS ground motions produce

comparable estimates to the CS motions in this case.

Figures 5.5a and 5.5c show the distributions of response spectra from these two sets

of ground motions. The CMS spectra at short periods (seen in Figure 5.5c) are deficient

at high amplitudes relative to the target hazard curves, since variability in the spectra are

omitted here. The UHS spectra in Figure 5.5a are relatively higher than the CMS results

at all periods, and especially at 5s, which explains the high predicted rates of collapse in

Figure 5.3e; they are still slightly low at short periods, because the ground motions have

little spectral variability and this somewhat offsets the high mean values of the UHS at

those periods.

For a second set of comparisons, Figure 5.4b shows CMS and UHS risk-based assess-

ment results, but this time using a conditioning period of T ∗ = 0.45s. The UHS results

are still high relative to CS results, and are comparable to the Figure 5.4a results, since the

UHS target is not affected by conditioning period and thus the selected ground motions are

similar regardless of conditioning period. The CMS results, however, are very low relative

to the other results. The reason for this is apparent in Figures 5.5b and 5.5d, which show

the distribution of response spectra from these two sets of ground motions. The ground

motions selected based on the CMS spectra are extremely deficient in high-amplitude Sa

at T = 2.6s and 5s, meaning that there are few ground motions in the selected set that are

capable of causing collapse of this structure.

To examine the combined effects of conditioning periods and target spectra, risk-based

assessments of PSDR for the CMS are repeated for the other two conditioning periods

(in addition to the two conditioning periods demonstrated above), and are shown together

with the results from the CS and the UHS in Figure 5.6a and Table 5.3. While the ground

motions selected based on the CS at all four conditioning periods show similar PSDR haz-

ard results (e.g., CS results in an annual rate of PSDR > 2% in the range of 6.46× 10−4
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to 9.42× 10−4), the ground motions selected based on the CMS at the four condition-

ing periods show differing PSDR hazard results, with the results based on T ∗ = 2.6s

showing the highest values (e.g., CMS based on T ∗ = 2.6s results in an annual rate of

PSDR > 2% = 8.55× 10−4, which is within 10% of CS results based on T ∗ = 2.6s) and

the results based on T ∗ = 5s showing the second highest values but the results based on

T ∗ = 0.85s and T ∗ = 0.45s showing values that are much lower than those from the CS

(e.g., CMS based on T ∗ = 0.45s results in an annual rate of PSDR > 2% = 2.35× 10−4,

which is 301% lower than that of CS results based on T ∗ = 2.6s). This illustrates the

difference between the CS results and the CMS results, and shows that the CMS results

will deviate most from the CS results while using a conditioning period that is not a good

predictor for the structural response of interest. The ground motions selected based on

the UHS, however, results in higher PSDR hazard (e.g., UHS results in an annual rate

of PSDR > 2% = 1.29× 10−3, which is 37% higher than that of CS results based on

T ∗ = 2.6s) than those from the CS and the CMS.

Similarly, risk-based assessments of PFA for the CS in the previous chapter are now

repeated for the CMS and the UHS, and are shown in Figure 5.6b and Table 5.3. Again,

while the ground motions selected based on the CS at all four conditioning periods show

similar PFA hazard results, the ground motions selected based on the CMS at the four

conditioning periods show differing PFA hazard results, with the results based on T ∗ =

0.45s showing the highest values (which are comparable to CS results) and the results based

on T ∗ = 0.85s showing the second highest values but the results based on T ∗ = 2.6s and

T ∗ = 5s showing values that are much lower than those from the CS. The ground motions

selected based on the UHS results in higher PFA hazard than those from the CS and the

CMS.

As seen from the PSDR hazard and PFA hazard calculations, risk-based assessments

are relatively insensitive to the choice of the conditioning period for the CS, but sensitive

to the choice of the conditioning period for the CMS. Compared to the CS, the CMS typ-

ically underestimate structural response hazard (although the unconservatism may not be

significant if Sa at the conditioning period is a good predictor of the EDP of interest) while

the UHS overestimates structural response hazard for both PSDR and PFA hazards. The

underestimation in the CMS results is a result of omission of spectral variability at periods
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away from the conditioning period. The overestimation in the UHS results is due to the

higher spectral values in the UHS at periods other than the conditioning period.

5.6 Additional structures

To verify the observations above more generally, eleven additional structures were analyzed

using the same procedure with ground motions selected to match CS. Perimeter frame and

space frame structures with heights from 1 to 20 stories, all originally designed as part of

the FEMA P695 project (ATC, 2009), were considered. PSDR and PFA predictions were

considered, for both risk-based and intensity-based assessments in all structures. Alter-

native target spectra were also considered for one of the additional structures, a 4-story

perimeter frame. All structures were located at the same Palo Alto site used above, and Sa

with the same exceedance probabilities were considered.

Conditioning periods for CS were T1, T2, T3 and 2T1 (except in the case of the very short

structures, where T2 and T3 were not considered in some cases). For each conditioning

period and spectral amplitude, forty recorded ground motions were selected and scaled

such that their spectra matched target CS. Additional sets of ground motions were selected

in some cases to match a CS with an inflated conditional standard deviation, as was done

with the T ∗ = 0.45s (higher modes) case for PSDR and with the T ∗ = 2.6s,5s (longer

periods) cases for PFA in the 20-story perimeter frame structure illustrated in the previous

chapter.

Let us look at another example structure, a 4-story perimeter frame, denoted Building

1008 in the recent FEMA P695 project (ATC, 2009). The first three elastic modal periods

are 0.91s, 0.29s and 0.17s. Results related to ground motions selected using CS are shown

in Figures 5.7 and 5.8 for this structure. Conditional standard deviation inflation signifi-

cantly improved the agreements for the PSDR hazard among all four conditioning periods

(Figures 5.7b versus 5.7a). This again demonstrates the relative insensitivity of risk-based

assessments to the choice of conditioning period when ground motions are carefully se-

lected to ensure hazard consistency. However, the choice of conditioning period, again,

can substantially impact structural response estimates, as illustrated in Figure 5.8. For the

4-story perimeter frame, PFA seems to be most dominated by the second-mode period, T2
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(compared to the third-mode period, T3 for the 20-story perimeter frame and other 8- and

12-story frames not presented here), as indicated in Figure 5.8c and 5.8d. The first-mode

period, T1 continues to be important for PSDR (see Figures 5.8a and 5.8b), and the length-

ened period, 2T1, continues to be important for collapse (see Figure 5.8e). The difference

in logarithmic standard deviation of PSDR is now quite significant between the shorter and

longer periods (see Figure 5.8b).

In all analysis cases, consistency of risk-based assessment results across conditioning

periods was again observed, while intensity-based assessment results varied as the condi-

tioning period varied, for a given structure. These results thus provide further empirical

confirmation of the findings described in detail above. The large set of results supporting

these statements is omitted from this chapter for brevity, but is documented in Appendix A.

5.7 Conclusions

This chapter has presented a study on the sensitivity of intensity-based assessment (which

estimates structural response given ground motions whose intensity measure amplitudes

have a specific exceedance probability) results to the choice of conditioning period when

the CS is used as a target for ground motion selection and scaling. This chapter has also

presented a study of the sensitivity of both risk-based and intensity-based assessments to

the choice of target spectrum, including evaluation of the UHS and the CMS. The primary

structure studied is a 20-story concrete frame structure assumed to be located in Palo Alto,

California, using a structural model with strength and stiffness deterioration that is believed

to reasonably capture the responses up to the point of collapse due to dynamic instability.

The study showed that the choice of conditioning period for the CS can substantially

impact structural response estimates for an intensity-based assessment, but that risk-based

assessments are relatively insensitive to the choice of conditioning period in the CS (given

that the ground motions are carefully selected to ensure hazard consistency). For intensity-

based assessments, use of the CMS, instead of the CS, does not significantly affect the

median response estimates but does decrease both the dispersion of the response and the

probability of collapse distribution. For risk-based assessments, use of the CMS, instead

of the CS, typically results in underestimation of structural response hazard due to the
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omission of spectral variability in the selected ground motions, while use of the UHS re-

sults in overestimation in the structural response hazard. These findings have potentially

important implications for seismic assessments using the CS in future building code and

Performance-Based Earthquake Engineering applications, as discussed in the next section.

An important issue regarding conditioning period arises when an intensity-based assess-

ment is being used and the purpose is to compute the mean or median response associated

with an Sa(T ∗) having a specified probability of exceedance (e.g., for a building-code-type

check). In this extremely common case, the response prediction will always change de-

pending upon the choice of conditioning period. This comes from the fact that the choice

of conditioning period is an inherent part of the problem statement, and so in this case

changing the conditioning period changes the question that is being asked. For example,

computing the median drift response for a building subjected to a 2% in 50 year exceedance

Sa(1s) is not the same as computing the median drift response for a building subjected to

a 2% in to 50 year exceedance Sa(2s); these are two different questions. Resolution of this

issue is not obvious, but likely lies in identifying a conditioning period and performance

check that, when passed, confirms satisfactory reliability of the structural system.

Additional evaluations were completed for eleven other structures. While not reported

in this chapter, they are available in Appendix A; these additional analyses confirm the

generality of the conclusions made in this chapter, and collectively provide a more complete

picture of the relationship between careful ground motion selection and robust structural

response results.
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(a) (b)

(c) (d)

(e)

Figure 5.1: Statistics of structural responses from intensity-based assessments of the 20-
story perimeter frame (Building No.1020) using the CS (a) median PSDR, (b) logarithmic
standard deviation of PSDR, (c) median PFA, (d) logarithmic standard deviation of PFA,
and (e) probability of collapse.
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(a) (b)

(c)

Figure 5.2: Response spectra of selected ground motions with (a) UHS, (b) CMS and (c)
CS as target spectra for Sa(2.6s) associated with 2% in 50 years probability of exceedance
for the 20-story perimeter frame (Building No.1020).
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(a) (b)

(c) (d)

(e)

Figure 5.3: Statistics of structural responses from intensity-based assessments of the 20-
story perimeter frame (Building No.1020) (a) median PSDR, (b) logarithmic standard de-
viation of PSDR, (c) median PFA, (d) logarithmic standard deviation of PFA, and (e) prob-
ability of collapse.
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(a) (b)

Figure 5.4: Risk-based assessments of PSDR of the 20-story perimeter frame (Building
No.1020) obtained from ground motions selected to match the CS (all four conditioning
periods) as well as the CMS and the UHS for (a) T ∗ = 2.6s and (b) T ∗ = 0.45s.
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(a) (b)

(c) (d)

Figure 5.5: Sa distribution at four periods for ground motions selected at (a) T ∗ = 2.6s,
UHS; (b) T ∗ = 0.45s, UHS; (c) T ∗ = 2.6s, CMS; and (d) T ∗ = 0.45s, CMS.
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(a) (b)

Figure 5.6: Risk-based assessments of (a) PSDR and (b) PFA of the 20-story perimeter
frame (Building No.1020) obtained from ground motions selected to match the CS, the
CMS, and the UHS.

(a) (b)

Figure 5.7: Risk-based assessments of PSDR of the 4-story perimeter frame (Building
No.1008) obtained from ground motions with (a) approximate CS with approximate condi-
tional standard deviations and (b) refined CS with inflated conditional standard deviations.
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(a) (b)

(c) (d)

(e)

Figure 5.8: Statistics of structural responses from intensity-based assessments of the 4-
story perimeter frame (Building No.1008) using the CS (a) median PSDR, (b) logarithmic
standard deviation of PSDR, (c) median PFA, (d) logarithmic standard deviation of PFA,
and (e) probability of collapse.
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Table 5.1: Summary of selected structural response results from intensity-based assess-
ments using ground motions selected to match the CS.
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Table 5.2: Summary of selected structural response results from intensity-based assess-
ments using ground motions selected to match the CS, the CMS, and the UHS.

Table 5.3: Summary of selected structural response results from risk-based assessments
using ground motions selected to match the CS, the CMS, and the UHS.



Chapter 6

Summary, implications, and future work

Constructed on the framework of performance-based earthquake engineering, this disserta-

tion focuses on advancement of a hazard-consistent ground motion selection methodology

that links structural response to seismic hazard. The Conditional Spectrum is proposed as

an appropriate target response spectrum that is consistent with Probabilistic Seismic Haz-

ard Analysis for ground motion selection. Contributions have been made to (1) the refined

computation of the Conditional Spectrum by incorporating the aleatory uncertainties from

multiple causal earthquakes and the epistemic uncertainties from ground motion predic-

tion models, as well as (2) the use of the Conditional Spectrum in ground motion selection

for various conditioning periods, spectral acceleration levels, and structural analysis objec-

tives, with comparisons to alternative target spectra. The following sections highlight the

important findings, limitations and future work related to this dissertation.

6.1 Summary and conclusions

Hazard-consistent ground motion selection requires careful consideration of aleatory and

epistemic uncertainties, refined computation of an appropriate target response spectrum,

and the use of this spectrum with a clear structural analysis objective. This study care-

fully accounts for ground motion uncertainty for structural response assessments, through

the Conditional Spectrum (CS) that builds upon the Conditional Mean Spectrum (CMS)

(e.g., Baker, 2011) and additionally includes variability. The CS explicitly accounts for the

112
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changes in spectral shape with intensity levels and conditioning periods. Its refined compu-

tation captures uncertainties from ground motion prediction models (GMPMs) in addition

to causal earthquakes. It is demonstrated that with such a rigorous target spectrum, the

resulting selected and scaled ground motions show spectral acceleration (Sa) distributions

that are consistent with the seismic hazard curves at all periods of interest, and therefore

can be used to assess structural response of drift- and acceleration-sensitive components.

6.1.1 Deaggregation of ground motion prediction models

Probabilistic seismic hazard analysis (PSHA) deaggregation of GMPMs links the com-

putation of a target spectrum to the total hazard prediction. PSHA is commonly used

to compute the ground motion hazard for which structural and geotechnical systems are

analyzed and designed. As a key step in defining the seismic input to nonlinear dynamic

analysis, ground motion selection often involves specification of a target spectrum, e.g., the

CMS or the CS. Computation of such a target spectrum requires deaggregation to identify

the causal ground motion parameters, along with the predictions from multiple GMPMs.

Current ground motion selection incorporates the aleatory uncertainties from earthquake

scenarios without considering the epistemic uncertainties from multiple GMPMs. Here we

account for both aleatory and epistemic uncertainties in ground motion selection through

PSHA deaggregation of GMPMs.

This GMPM deaggregation is consistent with the probabilistic treatment of the mag-

nitude and distance random variables in traditional PSHA. The deaggregation of GMPMs

provides additional insights into which GMPM contributes most to prediction of Sa val-

ues of interest. To match the contribution of each GMPM to its associated ground motion

parameters, separate deaggregation of M/R/ε parameters for each GMPM is also per-

formed. These calculations are illustrated through applications on an example site. First,

we estimate the hazard using PSHA that incorporates multiple GMPMs. Next, we identify

the relative contributions of events and GMPMs to the hazard prediction using the refined

deaggregation procedures.

The deaggregation of GMPMs is performed as an intermediate step to develop a refined

mean and, more importantly, a refined standard deviation of the CS. This can also be used
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to develop, in general, any new target response spectrum that is consistent with PSHA.

The side product of this computation is the posterior weights of GMPMs. The proposed

methodology for deaggregation of prediction models can also be immediately applicable

to other procedures which require multiple prediction models in an earlier stage of total

prediction and a later stage of new target computation.

6.1.2 Refined computation of Conditional Spectrum

Approximate and exact implementations of CS computations are proposed and used for ex-

ample calculations in Stanford, Bissell and Seattle. Exact CS mean and standard deviation

calculations can incorporate multiple GMPMs and causal earthquake M/R combinations.

Varying levels of approximations are also considered, that replace multiple M/R combi-

nations with the mean M/R from deaggregation, and either consider only a single GMPM

or perform an approximate weighting of several GMPMs. These approximations are po-

tentially appealing because of their ease of computation and because they do not require

deaggregation of GMPM weights—a result that is not yet widely available in conventional

PSHA software.

The approximate CS calculations appear to be more accurate for conditional mean esti-

mation than for conditional standard deviation estimation. The exact conditional standard

deviation is always higher than approximate results because of the additional contribution

from the variance in mean logarithmic spectral accelerations due to variation in causal

earthquakes and GMPMs.

The approximation appears to work best for sites with a single earthquake source (e.g.,

Stanford), followed by sites with multiple earthquakes sources of the same type (e.g., Bis-

sell) and sites with multiple differing earthquake source types (e.g., Seattle). This is be-

cause there are several contributing factors to the accuracy of the approximation: (1) the

input causal earthquake parameters; (2) the GMPMs used; (3) the GMPM deaggregation

weights. Hence, exact calculation methods may be needed for locations with hazard con-

tributions from multiple earthquake sources especially with multiple source types, and/or

for sites with larger variation in predictions from various GMPMs.
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6.1.3 Hazard consistency in risk-based assessments

The CS can be used as the target response spectrum for ground motion selection and scal-

ing. The sensitivity of risk-based assessment results to the choice of conditioning period is

investigated. The study focuses on risk-based assessments, with a specific emphasis on the

rates of exceeding various levels of Peak Story Drift Ratio (i.e., drift hazard calculations)

in the structure. Some additional engineering demand parameters (EDPs) are also con-

sidered, such as the Peak Floor Acceleration over the full building heights, a single-story

Story Drift Ratio, and a single-story Floor Acceleration. The primary structure considered

is a 20-story reinforced concrete frame structure assumed to be located in Palo Alto, Cali-

fornia, using a structural model with strength and stiffness deterioration that is believed to

reasonably capture the responses up to the point of collapse due to dynamic instability.

The risk-based assessments are performed several times, using ground motions selected

and scaled to match Conditional Spectra, where the conditioning period used for these

calculations is varied from 0.45s to 5.0s (i.e., the building’s third-mode structural period

up to approximately twice the first-mode period). For each case, the risk-based assessment

results are found to be similar. The similarity of the results stems from the fact that the

careful record selection ensures that the distributions of response spectra at all periods

are nominally comparable, so the distribution of resulting structural responses should also

be comparable (to the extent that response spectra describe the relationship between the

ground motions and structural responses).

From these results, it is observed that if the analysis goal is to perform a risk-based

assessment obtaining the mean annual frequency of exceeding an EDP, then one should be

able to obtain an accurate result using any conditioning period, provided that the ground

motions are selected carefully to ensure proper representation of spectral values and other

ground motion parameters of interest. Here “proper representation” refers to consistency

with the site ground motion hazard curves at all relevant periods, and this is achieved by

using the CS approach to determine target response spectra for the selected ground motions.

The reproducibility of the risk-based assessment results, for varying conditioning periods,

then results from the fact that the ground motion intensity measure used to link the ground

motion hazard and the structural response is not an inherent physical part of the seismic
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reliability problem considered; it is only a useful link to decouple the hazard and structural

analysis. If this link is maintained carefully then one should obtain a consistent prediction

(the correct answer) of the risk-based assessment in every case. The consistency in risk-

based assessment that is demonstrated here is in contrast to some previous speculation

on this topic, because this study utilizes the recently developed CS for ground motion

selection, and uses the first available algorithm for selecting ground motions to match this

CS target (which includes both mean and variability in the target spectra).

6.1.4 Intensity-based assessments and evaluation of alternative target
spectra

This work presents a study on the sensitivity of intensity-based assessment results to the

choice of conditioning period when the CS is used as a target for ground motion selection

and scaling. It also presents a study of the sensitivity of both risk-based and intensity-based

assessments to the choice of target spectrum, including evaluation of the Uniform Hazard

Spectrum (UHS) and the Conditional Mean Spectrum (CMS).

The study shows the different effects of conditioning periods on intensity-based and

risk-based assessments. In contrast to risk-based assessments, which are relatively insen-

sitive to the choice of conditioning period in the CS, the choice of conditioning period for

the CS can substantially impact structural response estimates for an intensity-based assess-

ment. It is therefore critical to specify the structural analysis objective clearly.

The study also demonstrates the importance of target spectrum. For intensity-based

assessments, use of the CMS, instead of the CS, does not significantly affect the median

response estimates but does decrease both the dispersion of the response and the proba-

bility of collapse, while use of the UHS typically results in higher median response. For

risk-based assessments, use of the CMS, instead of the CS, results in underestimation of

structural response hazard due to the omission of spectral variability, while use of the UHS

results in overestimation in the structural response hazard.

An important issue regarding conditioning period arises when an intensity-based assess-

ment is being used and the purpose is to compute the mean or median response associated

with an Sa(T ∗) having a specified probability of exceedance (e.g., for a building-code-type
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check). In this extremely common case, the response prediction will always change de-

pending upon the choice of conditioning period. This comes from the fact that the choice

of conditioning period is an inherent part of the problem statement, and so in this case

changing the conditioning period changes the question that is being asked. For example,

computing the median drift response for a building subjected to a 2% in 50 year exceedance

Sa(1s) is not the same as computing the median drift response for a building subjected to

a 2% in to 50 year exceedance Sa(2s); these are two different questions. Resolution of this

issue is not obvious, but likely lies in identifying a conditioning period and performance

check that, when passed, confirms satisfactory reliability of the structural system.

6.2 Implications for buildings codes and performance-based

earthquake engineering

The proposed GMPM deaggregation and exact CMS computation are now available as

optional outputs in the U.S. Geological Survey hazard mapping tools, and could also be in-

corporated into other PSHA software. These additional features provide insights regarding

individual GMPM contribution to the overall hazard in real sites, and generate automated

output of a site-specific hazard-consistent target response spectrum, the CMS (or the CS

that additionally includes variability). Such implementations, coupled with the availability

of a computationally efficient algorithm to match the target spectrum mean and variability,

facilitate the practical use of the CS as a potential target spectrum for ground motion se-

lection. Implications of the choice of conditioning period and target spectrum for building-

code-type check and performance-based earthquake engineering are discussed below.

6.2.1 Risk-based assessments

For risk-based assessments (typically used in performance-based earthquake engineering),

the CS (including variability) is a recommended target spectrum. Results are relatively in-

sensitive to the choice of conditioning period, T ∗, but the choice of an efficient T ∗ (closely

related to the structural response of interest) may reduce the number of required structural

analyses. If the CMS is used, the structural response hazard is typically underestimated,
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especially for conditioning periods that are further away from the period closely related to

the structural response of interest. In contrast, if the UHS is used, the structural response

hazard estimate is usually conservative.

6.2.2 Intensity-based assessments

For intensity-based building-code-type checks, the CMS and the CS are both defensible

target spectra. The choice of CS or CMS depends on the goal of the analyses. If the median

structural response is of interest, either spectrum can be used – the CMS can be an efficient

choice for this purpose. If the full distribution of structural response is of interest, the CS

should be used to capture the variability in structural response. Results will fully depend on

the conditioning period, T ∗, because different T ∗ implies a different question being asked.

If the conditioning period, T ∗, most closely relates to the structural response parameter

of interest is known, that T ∗ alone may be sufficient to evaluate the specified structural

response. Such conditioning period is often associated with the lowest dispersion estimate

and the highest median estimate of structural response.

6.2.3 Selection of target spectrum

In the absence of more complete guidance on “what the right question is”, a tentative rec-

ommendation for building-code-type checks is to use a conditioning period, T ∗, that results

in the highest response. Multiple T ∗ and Conditional Spectra or Conditional Mean spectra

may be needed if multiple responses are of interest. For instance, if the objective is to limit

first-mode sensitive response parameters (e.g., Peak Story Drift Ratio), a single spectrum

conditioned at T1 may be sufficient; if the goal is to additionally ensure that higher-mode-

sensitive response parameters (e.g., Peak Floor Acceleration or member forces) are limited,

a second higher-mode spectrum may be needed.

Unless conservatism is intentional, use of the UHS is not recommended, because ground

motions associated with a UHS are typically not consistent with the ground motion haz-

ard for which they are selected. If future building codes allow use of Conditional Spectra

or Conditional Mean Spectra in place of a UHS, the average values of responses com-

puted in those checks may be reduced even if the target return period of the ground motion
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is unchanged due to the eliminated conservatism of the UHS target. The level of reduc-

tion depends upon the extent to which the response parameter of interest is associated

with spectral values at multiple periods; structures that behave like elastic single-degree-

of-freedom oscillators are sensitive only to Sa at a single period and thus the responses

from CS-matched or UHS-matched motions conditioned on that period will be identical.

Conversely, structural response parameters sensitive to multiple modes of excitation or to

significant nonlinearity (such as collapse, where the structure’s effective period lengthens)

may experience reduced responses from CS-matched motions relative to UHS-matched

motions with the same intensity at the conditioning period.

6.3 Limitations and future work

This work has investigated the computation and use of the CS as the target response spec-

trum for ground motion selection and scaling. Several limitations and future work are

presented below.

6.3.1 Automation of exact Conditional Spectrum computation

The exact computation of the Conditional Spectrum is presented with mathematical for-

mulations, and illustrated through three examples sites. This exact computation allows the

consideration of uncertainties from multiple causal earthquakes and GMPMs in both mean

and standard deviation estimations. It is demonstrated, both theoretically and empirically,

that the incorporation of these uncertainties is particularly important for the conditional

standard deviation estimation.

Progress has been made to implement the exact calculation of the CMS (i.e., the mean

of the CS) in the U.S. Geological Survey hazard mapping tools. This new feature automates

the complex computation of the exact CMS for any site in the continental U.S., and allows

practitioners to download the site-specific response spectrum directly. Current implemen-

tation, however, is limited to the exact CMS (rather than the CS). Future efforts can be

directed towards the automated computation of the exact CS, with the conditional standard

deviation implementation in addition to the recent conditional mean implementation. With
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this automation of exact CS computation, adjustments of CS computation, such as those

presented in Chapter 4, are no longer needed. This will facilitate use of the exact CS for

practical applications, without additional computational efforts from the user.

In addition, the refined CS computation in this study is based on the currently available

GMPMs and the Baker and Jayaram (2008) correlation model. As more GMPMs and

correlation models are developed and integrated, this computation can be updated with

different inputs using the same mathematical formulations. The CS computation remains

consistent with the PSHA upon which it is based.

6.3.2 Linking performance goals and design checks

Both risk-based and intensity-based assessments are investigated in this work. Risk-based

assessments are often used in performance-based earthquake engineering, while intensity-

based assessments often resemble those from the building-code type design checks. There

is a recent shift in building codes towards risk-based assessments (e.g., the collapse risk per-

formance goal in ASCE/SEI 7-10 (ASCE, 2010)) but the design checks are still intensity-

based (i.e., assessing structural response at a single intensity level). In the case of ASCE/SEI

7-10, the stated objective of the design requirements is to achieve building designs that have

less than a 1% probability of collapse in 50 years, and the intensity-based assessment (and

corresponding acceptance criteria) is implicitly intended to measure whether this objective

is being achieved.

The findings from this study imply a missing link between the implicit performance

goals and the explicit design checks that needs to be reconciled. A detailed study to de-

termine whether the current intensity-based design checks are optimal for and consistent

with the risk-based performance goals would be valuable. The implied intensity for de-

sign checks from the risk-based performance goal can be obtained through inverse FORM

that calculates environmental contours (e.g., Winterstein et al., 1993), and more recently

through ongoing research by Loth and Baker. Such a study is needed in order to better

determine the appropriate intensity-based question that ASCE 7 should be asking (to be

consistent with its fundamental goal of acceptable collapse risk).
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6.3.3 Refinements for bidirectional ground motion inputs

Only 2D structural models are used in this study, with a single ground motion compo-

nent as seismic inputs. In the future, 3D structural models with multiple ground motion

components can be investigated, to achieve a more realistic representation. An arbitrary

component is used as ground motion input in this study; future work may consider us-

ing other definitions of ground motion components, e.g., geometric mean and maximum

component. Only horizontal components are used in this study; future work may consider

vertical components and potentially use the CS with vertical components. In general, the

CS can be developed for all definitions of ground motion components as long as consis-

tency is carefully maintained with PSHA.

The findings in this study provide some reassurance that risk-based assessments can

be robustly performed for 3D structural models as long as hazard-consistent ground mo-

tions are used for the analysis. For the 3D case, hazard consistency requires that ground

motions have Sa distributions consistent with hazard curves at all periods and orientations

of interest. This should be the case regardless of the choice of response spectra definition

(i.e., arbitrary component, geometric mean or maximum component). This hypothesis fol-

lows from the results in this study showing consistent risk-based results if ground motions

have hazard consistent spectra at multiple periods, and extending it to spectra at multi-

ple orientations. This thinking is also consistent with earlier research on this topic (Baker

and Cornell, 2006b). Further work to empirically verify this hypothesis, and to develop

appropriate intensity-based assessment rules, would be valuable.

6.3.4 Engineering demand parameters, structures, and systems

This study examines several Engineering Demand Parameters, including Peak Story Drift

Ratio, Peak Floor Acceleration, single-story Story Drift Ratio, and single-story Floor Ac-

celeration. This is an expansion beyond previous related studies which typically have ex-

amined Peak Story Drift Ratio (e.g., Baker, 2005; Haselton et al., 2009; Jayaram et al.,

2011). However, more EDPs can be studied in the future. Of specific interest would be

the member forces that are often used in design, such as shear force demands in shear

walls. Another example EDP would be residual drift, which in excess, can cause structures
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beyond repair and lead to losses due to demolition.

The structural models used here are considered to be representative of actual designed

buildings in practice. They vary in heights (from one to twenty stories, with fundamen-

tal period of vibration ranging from 0.42s to 2.6s) and configurations, and include both

perimeter and space frames. The strength and stiffness deterioration in these structural

models is believed to reasonably capture the responses up to the point of collapse due to

dynamic instability. However, all structural models are reinforced concrete frames. In the

future, other structural materials and systems should be considered, e.g., steel frames and

concrete walls. Further study of reinforced concrete walls is of particular interest due to the

need for assessing shear force demands for design. The structures considered can also have

irregularities and incorporate more complex features that are representative of the range of

existing or new buildings. Structures that have fundamental periods of vibration outside

the current range of study (e.g., super-tall buildings with an extremely long period) can be

examined as well to further investigate the generality of the methodology presented in this

study.

Although the focus of this study is on the structural response of buildings to earthquake

ground motions, ground motion selection is not limited to buildings. Such study can be

extended to nonlinear dynamic analyses of other structural systems (e.g., bridges). Also of

interest may be facilities (e.g., nuclear power plants) where extremely rare ground motions

are of concern. The structural counterpart, geotechnical systems (e.g., dams), can also

be investigated using similar methods; these systems may be sensitive to ground motion

properties other than elastic spectra, so care is needed to match conditional distributions

of other properties (Bradley, 2010a, 2012a,b). More complex models can incorporate soil-

structure interactions. It would be valuable to test the robustness of the CS as a potential

candidate target spectrum for nonlinear dynamic analyses of other systems.

6.3.5 Sources of ground motion inputs

The ground motion inputs considered are from recorded ground motions, in particular, the

NGA database (Chiou et al., 2008). The candidate ground motions used in this study are
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limited to the availability of records in the particular ground motion database. To sup-

plement this database, other ground motion databases (e.g., Aoi et al., 2011) can also be

used with updated recordings from recent events. Other sources of seismic inputs that are

not presented here may include ground motions through simulations (either physics-based,

stochastic, or hybrid) and spectral matching. In the future, these alternative ground motion

inputs can be considered while using the CS as the target response spectrum.

Great potential exists in the collaborative research between earth science and engineer-

ing. One such recent effort is the coordination between the Ground Motion Selection and

Modification (GMSM) group from the Pacific Earthquake Engineering Research (PEER)

Center and the Ground Motion Simulation and Validation (GMSV) group from the South-

ern California Earthquake Center (SCEC). While earthquake engineers are investigating

structural response to seismic input from a stochastic perspective, earthquake scientists are

modeling earthquake phenomenon based on physical principles. The future of ground mo-

tion study may lie in the interface between the two, as physics-based PSHA (Graves et al.,

2011) advances.

6.3.6 Integration of ground motion hazard and structural modeling
uncertainties

Extensive efforts of this study are devoted towards characterization of ground motion un-

certainty through refined computation of the CS and explicit consideration of spectral shape

variations with intensity levels and conditioning periods in ground motion selection. How-

ever, the issue of structural modeling uncertainty is not included in this study, but is ex-

amined elsewhere (e.g., Esteva and Ruiz, 1989; Porter et al., 2002; Ibarra and Krawinkler,

2005; Aslani and Miranda, 2005; Krawinkler, 2005; Baker and Cornell, 2008; Dolsek,

2009; Liel et al., 2009). A more complete study would integrate structural modeling un-

certainty with the ground motion uncertainty presented here. This can be performed using

a single structural model with multiple ground motions, multiple structural models with

a single ground motion, and eventually multiple structural models with multiple ground
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motions, in a matrix-like fashion to cover the entire space of interest using sampling tech-

niques. With the additional consideration of structural modeling uncertainty, the total un-

certainty is directly accounted for and is expected to increase. The combined effect of

modeling uncertainty and ground motion uncertainty can be examined for different condi-

tioning periods, intensity levels, and structural analysis objectives.

6.3.7 Sites

The hypothetical site considered in the GMPM deaggregation computation is highly simpli-

fied to illustrate the underlying mathematics. The three real sites considered in the refined

CS computation include Stanford from Northern California, Bissell from Southern Cali-

fornia, and Seattle from Pacific Northwest. These sites are representative of active seismic

regions in the Western U.S. (WUS) with various contributing seismic sources. However,

only one site, Palo Alto, California, is considered in the study of the Conditional-Spectrum-

based ground motion selection. To extend investigations similar to those in this dissertation,

more sites can be explored. For instance, a more complex site such as Seattle can be used

in the study of the Conditional-Spectrum-based ground motion selection. Moreover, other

regions with low- to mid-seismicity can be studied, for both the computation and the use

of the CS—representative regions in the U.S. can be Central and Eastern U.S. (CEUS).

This study can also be conducted in other regions outside the U.S. (e.g., Japan, Chile, New

Zealand, Italy, Turkey, Iran, China, Mexico, and Haiti), and updated with field observations

and laboratory testing that complement computer simulations. Extension of this study to

international regions is potentially valuable for the development of the Global Earthquake

Model (GEM, 2012).

6.3.8 Other effects not captured in elastic response spectra

This study is based on elastic response spectra and ordinary ground motions. The under-

lying assumption of the use of elastic response spectra is that it sufficiently describes the

structural behavior of interest. This implies that the limitations of this study include ef-

fects not captured in elastic response spectra that may be important for structural response

predictions. In particular, this study does not cover near-fault rupture directivity, velocity
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pulses, and fling step that are of specific interest to near-fault sites. Nor does it consider

the effect of duration which is critical to structures with components that degrade under

cyclic loading. These considerations of near-fault effects and duration are active areas of

research by other researchers and would be important for assessments of EDPs such as

residual drift. Other effects that are not considered here include basin effects and basin-

edge effects that have limited recordings and are very site dependent. The considerations

of the effects omitted in this study can be potentially integrated back in future studies to

complement and supplement this dissertation. An example application of practical inter-

est would be to implement the probabilistic near-fault directivity hazard computation from

Shahi and Baker (2011) in ground motion selection, and to investigate its additional effect

on structural response assessments for near-fault sites.

6.4 Concluding remarks

This work contributes to the advancement of hazard-consistent ground motion selection

methodology through the refined computation and practical use of the Conditional Spec-

trum. The findings and conclusions drawn from this work should, however, be carefully

evaluated with considerations of the limitations of the study. The promising results pre-

sented here demonstrate the feasibility of the Conditional Spectrum as a target response

spectrum for ground motion selection, and warrant opportunities for future work to extend

this study to more complex structures and sites with a wider range of ground motion inputs

and considerations of modeling uncertainty and other effects that are important in practical

implementations.



Appendix A

Conditional-Spectrum-based ground
motion selection: Additional structures

To support the conclusions of Chapters 4 and 5, twelve structures (including the one in

the demonstration analysis) were analyzed using the same procedure with ground motions

selected to match Conditional Spectra conditioned on various periods of interest. These

conditioning periods including the first-mode period, T1, the higher-mode periods, T2 and

T3, and the lengthened period due to nonlinearity, 2T1. The structures considered here

include both perimeter frames and space frames, and have heights ranging from 1- to 20-

story. Two to four conditioning periods were used for each structure based on structural

heights, e.g., T1 and 2 T1 for 1-story frames, T2, T1, and 2 T1 for 2-story frames, T3, T2, T1,

and 2 T1 for 4-, 8-, 12-, and 20-story frames.

All structures being studied are assumed to be located at the same Palo Alto, California

site used in Chapters 4 and 5. For spectral accelerations at various conditioning periods of

interest, seismic hazard analysis was performed to obtain ground motion hazard curves and

deaggregation information associated with a given amplitude exceedance rate. Ten rates

of spectral amplitude exceedance were considered for each conditioning period, ranging

from 0.023 to 0.00005 per year (i.e., 50% in 30 years to 1% in 200 years probability of

exceedance).

For each conditioning period and spectral amplitude, forty recorded ground motions

126
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were selected and scaled such that their spectra matched the target mean and standard de-

viations computed using Equations 4.2 and 4.3. Note that the target Conditional Spectrum

(CS) here is an approximation using a single magnitude and distance with a single ground

motion prediction model. To account for the underestimation of the conditional standard

deviation using the approximate CS, sets of recorded ground motions were reselected such

that their spectra matched the approximate CS mean and an inflated standard deviation.

The amount of conditional standard deviation inflation to achieve hazard consistency is

indicated where appropriate.

Nonlinear dynamic analyses of the twelve structures were performed. The Engineer-

ing Demand Parameters (EDPs) considered here include Peak Story Drift Ratio (PSDR)

and Peak Floor Acceleration (PFA). Collapse fragility functions were developed. Both

Performance-Based Earthquake Engineering (PBEE) and building-code-based approaches

were evaluated.

Summary figures are shown in this appendix. The figures related to ground motions

selected using Conditional Spectra are organized by structure. The structures are presented

in two groups, A.1. Perimeter Frames and A.2. Space Frames, with structural heights

descending from 20- to 1-story. Figures are also presented for additional spectral ampli-

tudes to investigate their effect on collapse fragility in A.3. Ground motions selected using

other target spectra (e.g., Conditional Mean Spectra and Uniform Hazard Spectra) are also

illustrated in A.4.

A.1 Conditional Spectra for perimeter frames

Six perimeter frames with heights of 20-, 12-, 8-, 4-, 2-, and 1-story were analyzed. The

corresponding figures are shown in Figures A.1 to A.30.

A.1.1 20-story perimeter frame

The first structure considered is also the structure chosen for the demonstration analysis

in Chapters 4 and 5. It is a 20-story reinforced concrete special moment frame with the

perimeter frame designed to resist lateral forces, in short, a 20-story perimeter frame. This
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building was designed for the recent FEMA P695 project (ATC, 2009; Haselton and Deier-

lein, 2007), and is denoted Building 1020 in that study. It is modeled in OpenSEES (2011),

with strength deterioration (both cyclic and in-cycle) and stiffness deterioration. The first

three elastic modal periods are 2.6s, 0.85s and 0.45s. The building was designed per the

ICC (2003), for a site with a slightly lower design ground motion level than the site being

utilized in this study. Results related to ground motions selected using Conditional Spectra

are shown in Figures A.1 to A.5 for this structure.

The Spectral acceleration (Sa) distributions at four periods for “basic” ground motions

selected to match the approximate CS mean and standard deviation at T ∗ = 0.45s, 0.85s,

2.6s, and 5s are shown in Figures A.1a, A.1c, A.1d, A.1e respectively. The spectra of the

selected ground motions with each T ∗ (solid lines) are plotted at four periods versus the

corresponding ground motion hazard curves (dotted lines). The ground motions selected

using T ∗ = 0.85s, 2.6s, and 5s already showed good agreement with corresponding ground

motion hazard curves especially at longer period, so no adjustments were made in those

cases. For the case of T ∗ = 0.45s, to improve hazard consistency, the conditional standard

deviations were inflated by 10% and ground motions were re-selected to match this new

target. The reselected ground motions that match the approximate CS mean and inflated

standard deviation are denoted “improved” ground motions. The spectra from the “basic”

ground motions are shown in Figure A.1a, and the “improved” motions with a 10% larger

standard deviation are shown in Figure A.1b. The corresponding probability of collapse,

Peak Story Drift Ratio (PSDR) hazard, Peak Floor Acceleration (PFA) hazard for these

“basic” and “improved” ground motions are shown in Figure A.2.

The “improved” ground motions with an inflated conditional standard deviation at T ∗

=0.45s resulted in a better match at Sa(5s) between the spectra of the selected ground mo-

tions and the true hazard compared to the “basic” ground motions, especially at high spec-

tral amplitudes (Figure A.1a and b). The inflated conditional standard deviation resolved

the deficiency in high-amplitude Sa values, and therefore resulted in a higher probability of

collapse for a given Sa(0.45s) amplitude (see Figure A.2b versus Figure A.2a). Compared

to the “basic” ground motions, the “improved” ground motions showed a better agreement

among various conditioning periods in PSDR drift hazard (see Figure A.2d versus Figure
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A.2c). This suggests that if we carefully select ground motions with appropriate condi-

tional standard deviations to match the true hazard curves, the PSDR drift hazard would be

in good agreements regardless of the choice of conditioning periods.

The structural dynamic analysis results for PSDR related to the Performance-Based

Earthquake Engineering (PBEE) approach at various conditioning periods for the “im-

proved” ground motions are shown in Figure A.3. Individual results of PSDR (along with

the median and logarithmic standard deviation of PSDR) at T ∗ = 0.45s, 0.85s, 2.6s, and

5s for the non-collapse cases can be obtained from Figures A.3a, A.3b, A.3c, and A.3d

respectively. The probability of collapse is shown in Figure A.2b. Combining the ground

motion hazard curves (Figure A.1) with the median and logarithmic standard deviation of

PSDR for the non-collapse cases (Figure A.3) and the probability of collapse(Figure A.2b),

the PSDR hazard can be obtained using Equation 4.5 (through Equation 4.6), and is shown

in Figure A.2d. We demonstrate that the PSDR hazard is relatively insensitive to the choice

of the conditioning period (see Figure A.2d) given careful selection of hazard-consistent

ground motions (see Figure A.1b).

Similarly, the structural dynamic analysis results for PFA at various conditioning peri-

ods for the “improved” ground motions are shown in Figure A.4. These can be used for

computations of the type performed in Chapters 4 and 5.

Intensity-based calculations for PSDR, PFA, and probability of collapse given ten return

periods (corresponding to ten spectral amplitude exceedance rates) at various conditioning

periods for the “improved” ground motions are shown in Figure A.5. The median and

logarithmic standard deviation of PSDR for the non-collapse cases are plotted versus return

periods in Figures A.5a and A.5b. The median and logarithmic standard deviation of PFA

for the non-collapse cases are plotted versus return periods in Figures A.5c and A.5d. The

probability of collapse is plotted versus return periods in Figure A.5e. At shorter return

periods, the median PSDR does not differ much among all the conditioning periods; at

longer return periods, the discrepancy becomes larger, with 2T1 and T1 showing higher

median PSDR than T2 and T3 (see Figure A.5a). At shorter return periods, the median PFA

does not differ much among all the conditioning periods, but differs more than that for the

median PSDR; at longer return periods, the discrepancy becomes larger, with 2T1 and T1

showing lower median PFA than T2 and T3 (see Figure A.5c). The probability of collapse
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also differs more at longer return periods, with 2T1 and T1 showing much higher probability

of collapse than T2 and T3 (see Figure A.5e). Over the range of return periods, T1 seems

to give the highest median PSDR (see Figure A.5a) and the lowest logarithmic standard

deviation of PSDR (see Figure A.5b), while T3 seems to give the highest median PFA (see

Figure A.5c) and the lowest logarithmic standard deviation of PFA (see Figure A.5d) for

this structure. Sa(2.6s) appears to be a more efficient predictor of PSDR than Sa(0.45s),

but Sa(0.45s) appears to be a more efficient predictor of PFA than Sa(2.6s). The order of

structural response values with respect to various conditioning periods is reversed for PSDR

and PFA, illustrating different important periods for different EDPs. We demonstrate that

the median and logarithmic standard deviation of PSDR and PFA for the non-collapse cases

and the probability of collapse depend on the choice of the conditioning period for a given

return period.

The same figure formats for the 20-story perimeter frame are used for the rest of the

structures.

A.1.2 12-story perimeter frame

The second structure considered is a 12-story perimeter frame, denoted Building 1013 in

the recent FEMA P695 project (ATC, 2009; Haselton and Deierlein, 2007). The first three

elastic modal periods are 2.0s, 0.68s and 0.39s. Results related to ground motions selected

using Conditional Spectra are shown in Figures A.6 to A.10 for this structure.

The spectra of the “basic” selected ground motions compared well with the true hazard

curves at T ∗ = 0.68s, 2s, and 3.9s (see Figures A.6c, A.6d, A.6e). With an “improved”

conditional standard deviation inflation of 20% at T ∗ = 0.39s, the match to the true hazard

curve was better (see Figure A.6b versus Figure A.6a), resulting in a higher probability of

collapse at T ∗ = 0.39s (see Figure A.7b versus Figure A.7a) and bringing the PSDR hazard

curve at T ∗ = 0.39s closer to those at the other conditioning periods (see Figure A.7d

versus Figure A.7c). The improvement from the “basic” to “improved” ground motions in

this structure is consistent with observations from the 20-story perimeter frame.

For almost any given return period, median PSDR values decrease from T ∗ = 2T1, T1,

T2, to T3; logarithmic standard deviations of PSDR increase from T ∗ = 2T1, T1, T2, to T3;
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median PFA values increase from T ∗ = 2T1, T1, T2, to T3; logarithmic standard deviations

of PSDR decrease from T ∗ = 2T1, T1, T2, to T3; probabilities of collapse decrease from T ∗ =

2T1, T1, T2, to T3. This again suggests that longer periods can be better predictors of PSDR

and collapse, while higher-mode periods can be better predictors of PFA.

Again, the PSDR hazard is relatively insensitive to the choice of the conditioning period

(see Figure A.7d) given careful selection of hazard-consistent ground motions (see Figure

A.6b). On the other hand, the median and logarithmic standard deviation of PSDR and

PFA for the non-collapse cases and the probability of collapse depend on the choice of the

conditioning period for a given return period (Figure A.10).

The findings seem to be fairly consistent between the 12- and 20-story perimeter frames.

For the following structures, only brief observations will be noted.

A.1.3 8-story perimeter frame

The third structure considered is a 8-story perimeter frame, denoted Building 1011 in the

recent FEMA P695 project (ATC, 2009; Haselton and Deierlein, 2007). The first three

elastic modal periods are 1.7s, 0.58s and 0.33s. Results related to ground motions selected

using Conditional Spectra are shown in Figures A.11 to A.15 for this structure.

Conditional standard deviations were adjusted for both T ∗ = 0.58s and 0.33s (see Fig-

ures A.11b and A.11d), resulting in very good agreements for the PSDR hazard among all

four conditioning periods (see Figure A.12d). Again, T1 seems to be important for PSDR,

T3 seems to be important for PFA, and 2T1 seems to be important for collapse.

A.1.4 4-story perimeter frame

The fourth structure considered is a 4-story perimeter frame, denoted Building 1008 in

the recent FEMA P695 project (ATC, 2009; Haselton and Deierlein, 2007). The first three

elastic modal periods are 0.91s, 0.29s and 0.17s. Results related to ground motions selected

using Conditional Spectra are shown in Figures A.16 to A.20 for this structure.

Conditional standard deviation inflation again significantly improved the agreements

for the PSDR hazard among all four conditioning periods (Figures A.16 and A.17). For the

4-story perimeter frame, PFA seems to be most dominated by T2 (compared to T3 for the 8-,
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12-, and 20-story perimeter frames), as indicated in Figure A.20c and A.20d. T1 continues

to be important for PSDR (see Figures A.20a and A.20b), and 2T1 continues to be important

for collapse (see Figure A.20e). The difference in logarithmic standard deviation of PSDR

is now quite significant between the shorter and longer periods (see Figure A.20b).

A.1.5 2-story perimeter frame

The fifth structure considered is a 2-story perimeter frame, denoted Building 2064 in the

recent FEMA P695 project (ATC, 2009; Haselton and Deierlein, 2007). The first two elas-

tic modal periods are 0.63s and 0.18s. Results related to ground motions selected using

Conditional Spectra are shown in Figures A.21 to A.25 for this structure.

Only three periods are plotted here because there is no third-mode period for the 2-story

structure. Conditional standard deviation adjustments improved the agreements for the

PSDR hazard among all three conditioning periods (Figures A.21 and A.22). T1 seems to be

important for PSDR, T2 seems to be important for PFA, and 2T1 seems to be important for

collapse. There is a distinct difference in logarithmic standard deviation of PSDR between

T1 (or 2T1) and T2 (see Figure A.25b). There is, however, not much difference in logarithmic

standard deviation of PFA among the three periods of interest.

A.1.6 1-story perimeter frame

The sixth structure considered is a 1-story perimeter frame, denoted Building 2069 in the

recent FEMA P695 project (ATC, 2009; Haselton and Deierlein, 2007). The only first

elastic modal period is 0.68s. Results related to ground motions selected using Conditional

Spectra are shown in Figures A.26 to A.30 for this structure.

Only two periods are plotted here because there are no second- and third-mode periods

for the 1-story structure. The spectra of the “basic” ground motions showed good agree-

ment with the true hazard curves (Figure A.26a and A.26b), so no adjustments are needed

for the target conditional standard deviation in this case. The resulting PSDR hazard curves

are in reasonable agreements with each other (Figure A.27b). No much distinction exists

between the only two conditioning periods in terms of their importance for PSDR or PFA,

while 2T1 continues to be important for collapse (see Figure A.30e).



APPENDIX A. ADDITIONAL STRUCTURES 133

A.2 Conditional Spectra for space frames

Six perimeter frames with heights of 20-, 12-, 8-, 4-, 2-, and 1-story were analyzed. The

corresponding figures are shown in A.31 to A.55.

A.2.1 20-story space frame

The seventh structure considered is a 20-story space frame, denoted Building 1021 in the

recent FEMA P695 project (ATC, 2009; Haselton and Deierlein, 2007). The first three

elastic modal periods are 2.5s, 0.92s and 0.54s. Results related to ground motions selected

using Conditional Spectra are shown in Figures A.31 to A.35 for this structure. The obser-

vations are consistent with previous cases.

A.2.2 12-story space frame

The eighth structure considered is a 12-story space frame, denoted Building 1014 in the re-

cent FEMA P695 project (ATC, 2009; Haselton and Deierlein, 2007). The first three elastic

modal periods are 2.2s, 0.78s and 0.45s. Results related to ground motions selected using

Conditional Spectra are shown in Figures A.36 to A.40 for this structure. The observations

are consistent with previous cases.

A.2.3 8-story space frame

The ninth structure considered is an 8-story space frame, denoted Building 1012 in the re-

cent FEMA P695 project (ATC, 2009; Haselton and Deierlein, 2007). The first three elastic

modal periods are 1.8s, 0.64s and 0.36s. Results related to ground motions selected using

Conditional Spectra are shown in Figures A.41 to A.45 for this structure. The observations

are consistent with previous cases.

A.2.4 4-story space frame

The tenth structure considered is a 4-story space frame, denoted Building 1003 in the recent

FEMA P695 project (ATC, 2009; Haselton and Deierlein, 2007). The first three elastic
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modal periods are 1.1s, 0.33s and 0.17s. Results related to ground motions selected using

Conditional Spectra are shown in Figures A.46 to A.50 for this structure. The observations

are consistent with previous cases.

A.2.5 2-story space frame

The eleventh structure considered is a 2-story space frame, denoted Building 1001 in the

recent FEMA P695 project (ATC, 2009; Haselton and Deierlein, 2007). The first two elas-

tic modal periods are 0.60s and 0.17s. Results related to ground motions selected using

Conditional Spectra are shown in Figures A.51 to A.55 for this structure.

Only three periods are plotted here because there is no third-mode period for the 2-story

structure. The collapse fragility function in Figure A.52a for the T ∗=0.17s case was very

poorly constrained, as even the highest considered Sa(0.17s) amplitude produced only 1

collapse out of 40 analyses. In this extreme case, additional ground motions selected at

higher spectral amplitudes would help with the collapse fragility. Alternatively, the infla-

tion of the conditional standard deviation by 30% also made the collapse fragility fit more

meaningful, as illustrated in Figure A.52b.

A.2.6 1-story space frame

The twelfth structure considered is a 1-story space frame, denoted Building 2061 in the

recent FEMA P695 project (ATC, 2009; Haselton and Deierlein, 2007). The only first

elastic modal period is 0.42s. Results related to ground motions selected using Conditional

Spectra are shown in Figures A.56 to A.60 for this structure.

Only two periods are plotted here because there are no second- and third-mode periods

for the 1-story structure. Again, the spectra of the “basic” ground motions showed good

agreement with the true hazard curves (Figure A.56a and A.56b), resulting in no adjust-

ments for the target conditional standard deviation.
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A.3 Additional spectral amplitudes

For the 20-story perimeter frame, we first note that for the T ∗=0.45s case, the collapse

fragility function in Figure 4.7 was relatively poorly constrained, as even the highest con-

sidered Sa(0.45s) amplitude produced only 11 collapses out of 40 analyses. Further struc-

tural analyses at higher Sa(0.45s) amplitudes were performed for this case, and are shown

in Figure A.61. For the Conditional Spectrum with mean and one standard deviation, addi-

tional structural analyses with higher Intensity Measures (IMs), i.e., five higher Sa(0.45s)

amplitudes associated with up to 2% in 10000 years probability of exceedance, produced

up to 19 collapses out of 40 analyses, but only changed the collapse fragility function (see

Figure A.61a) and consequently PSDR drift hazard (see Figure A.61b) by a small amount

compared to those with the “basic” ten Sa(0.45s) amplitudes. For the Conditional Spec-

trum with mean and a standard deviation inflated by 10%, however, the change in the col-

lapse fragility function (see Figure A.61a) and consequently PSDR drift hazard (see Figure

A.61b) were more substantial.

This confirms that the relatively poorly constrained collapse fragility function noted

in Figure 4.7 was not the source of the discrepancy in drift hazard. While adding higher

Sa(0.45s) amplitudes corresponding to longer return periods would help with constraining

the collapse fragility function better (especially for cases such as Figure A.52a where even

fewer collapses were produced), the fundamental source of the problem was the lack of

high-amplitude Sa(0.45s) values associated with the given return periods in ground motions

selected to match the approximate Conditional Spectrum mean and standard deviation. This

problem was alleviated by inflating the approximate conditional standard deviation to better

match the known ground motion hazard information (see Figure A.1b versus Figure A.1a)

that resulted in a better agreement for the PSDR drift hazard among various conditioning

periods (see Figure A.2d versus Figure A.2c).

A.4 Other target spectra

For comparison with the Conditional-Spectrum-based results presented above, the drift

hazard calculation procedure is repeated using two additional sets of ground motions: one
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selected with ground motions having spectra to match the Conditional Mean Spectrum

only (not accounting for spectrum variability), and one selected to match Uniform Hazard

Spectrum at each Sa(T ∗) level. Results using all conditioning periods for these two target

spectra were obtained for the 20-story and 4-story perimeter frames, and are shown in

Figures A.62 to A.81.

As shown in Figure 5.4a, the rate of exceeding large PSDR levels is comparable be-

tween ground motions matched to the CMS at T ∗ = 2.6s and ground motions matched to

the CS at various T ∗’s; this result changes, however, when the conditioning period, T ∗ in

the CMS is varied. Since the CMS does not account for spectrum variability, conditioning

on one period changes the 4 distribution at other periods (see Figure A.62). For instance,

for ground motions selected to match the CMS at T ∗ = 0.45s, its Sa(2.6s) and Sa(5s) dis-

tributions deviated quite substantially from the corresponding true ground motion hazard

(see Figure A.62a). Similarly, for ground motions selected to match the CMS at T ∗ = 5s, its

Sa(0.45s) and Sa(0.85s) distributions deviated quite substantially from the corresponding

true ground motion hazard (see Figure A.62d). This in turn resulted in PSDR drift haz-

ards that did not show good agreements among different conditioning periods (see Figure

A.63b), implying the need for caution in choosing a conditioning period for the CMS to

estimate PSDR drift hazard.

As shown in Figure 5.4a, the rate of exceeding large PSDR levels is over-estimated

when ground motions are matched to the UHS; this finding is consistent with previous

observations that use of the UHS as a target spectrum leads to conservative estimates of

structural response. One exception is the UHS results using T ∗ = 5s (see Figure A.68b),

where the drift hazard results are comparable to the CS results; this may be because Sa(5s)

is an effective predictor of nonlinear response and collapse in this structure, and so the

inaccuracy of spectral values at other periods in this set of ground motions (see Figure

A.67d) does not have a strong impact on resulting structural responses given Sa(5s).

The conclusions drawn in Chapters 4 and 5 appear to hold for the additional eleven

structures and analyses considered here.
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(a) (b)

(c)

(d) (e)

Figure A.1: 20-story perimeter frame (Building No.1020) Sa distribution at four periods
for ground motions selected at (a) T ∗ = T3, CS µ and σ , (b) T ∗ = T3, CS µ and 1.1σ , (c)
T ∗ = T2, CS µ and σ , (d) T ∗ = T1, CS µ and σ , and (e) T ∗ = 2T1, CS µ and σ .
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(a) (b)

(c) (d)

(e) (f)

Figure A.2: 20-story perimeter frame (Building No.1020) (a-b) probability of collapse, (c-
d) PSDR hazard, and (e-f) PFA hazard for “basic” ground motions selected to match CS µ

and σ (T3,T2,T1,2T1) at (a, c, e) and “improved” ground motions selected to match CS µ

and σ (T2,T1,2T1) and CS µ and 1.1σ (T3) at (b, d, f).



APPENDIX A. ADDITIONAL STRUCTURES 139

(a) (b)

(c) (d)

Figure A.3: 20-story perimeter frame (Building No.1020) PSDR at (a) T ∗= T3, (b) T ∗= T2,
(c) T ∗ = T1, and (d) T ∗ = 2T1 for “improved” ground motions selected to match CS µ and
σ (T2,T1,2T1) and CS µ and 1.1σ (T3).
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(a) (b)

(c) (d)

Figure A.4: 20-story perimeter frame (Building No.1020) PFA at (a) T ∗ = T3, (b) T ∗ = T2,
(c) T ∗ = T1, and (d) T ∗ = 2T1 for “improved” ground motions selected to match CS µ and
σ (T2,T1,2T1) and CS µ and 1.1σ (T3).
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(a) (b)

(c) (d)

(e)

Figure A.5: 20-story perimeter frame (Building No.1020) (a) median PSDR, (b) logarith-
mic standard deviation of PSDR, (c) median PFA, (d) logarithmic standard deviation of
PFA, and (e) probability of collapse given return period for “improved” ground motions
selected to match CS µ and σ (T2,T1,2T1) and CS µ and 1.1σ (T3).
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(a) (b)

(c)

(d) (e)

Figure A.6: 12-story perimeter frame (Building No.1013) Sa distribution at four periods
for ground motions selected at (a) T ∗ = T3, CS µ and σ , (b) T ∗ = T3, CS µ and 1.2σ , (c)
T ∗ = T2, CS µ and σ , (d) T ∗ = T1, CS µ and σ , and (e) T ∗ = 2T1, CS µ and σ .
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(a) (b)

(c) (d)

(e) (f)

Figure A.7: 12-story perimeter frame (Building No.1013) (a-b) probability of collapse, (c-
d) PSDR hazard, and (e-f) PFA hazard for “basic” ground motions selected to match CS µ

and σ (T3,T2,T1,2T1) at (a, c, e) and “improved” ground motions selected to match CS µ

and σ (T2,T1,2T1) and CS µ and 1.2σ (T3) at (b, d, f).
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(a) (b)

(c) (d)

Figure A.8: 12-story perimeter frame (Building No.1013) PSDR at (a) T ∗= T3, (b) T ∗= T2,
(c) T ∗ = T1, and (d) T ∗ = 2T1 for “improved” ground motions selected to match CS µ and
σ (T2,T1,2T1) and CS µ and 1.2σ (T3).
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(a) (b)

(c) (d)

Figure A.9: 12-story perimeter frame (Building No.1013) PFA at (a) T ∗ = T3, (b) T ∗ = T2,
(c) T ∗ = T1, and (d) T ∗ = 2T1 for “improved” ground motions selected to match CS µ and
σ (T2,T1,2T1) and CS µ and 1.2σ (T3).
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(a) (b)

(c) (d)

(e)

Figure A.10: 12-story perimeter frame (Building No.1013) (a) median PSDR, (b) logarith-
mic standard deviation of PSDR, (c) median PFA, (d) logarithmic standard deviation of
PFA, and (e) probability of collapse given return period for “improved” ground motions
selected to match CS µ and σ (T2,T1,2T1) and CS µ and 1.2σ (T3).
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(a) (b)

(c) (d)

(e) (f)

Figure A.11: 8-story perimeter frame (Building No.1011) Sa distribution at four periods
for ground motions selected at (a) T ∗ = T3, CS µ and σ , (b) T ∗ = T3, CS µ and 1.2σ ,
(c) T ∗ = T2, CS µ and σ , (d) T ∗ = T2, CS µ and 1.1σ , (e) T ∗ = T1, CS µ and σ , and (f)
T ∗ = 2T1, CS µ and σ .
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(a) (b)

(c) (d)

(e) (f)

Figure A.12: 8-story perimeter frame (Building No.1011) (a-b) probability of collapse, (c-
d) PSDR hazard, and (e-f) PFA hazard for “basic” ground motions selected to match CS µ

and σ (T3,T2,T1,2T1) at (a, c, e) and “improved” ground motions selected to match CS µ

and σ (T1,2T1), CS µ and 1.1σ (T2), and CS µ and 1.2σ (T3) at (b, d, f).
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(a) (b)

(c) (d)

Figure A.13: 8-story perimeter frame (Building No.1011) PSDR at (a) T ∗= T3, (b) T ∗= T2,
(c) T ∗ = T1, and (d) T ∗ = 2T1 for “improved” ground motions selected to match CS µ and
σ (T1,2T1), CS µ and 1.1σ (T2), and CS µ and 1.2σ (T3).
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(a) (b)

(c) (d)

Figure A.14: 8-story perimeter frame (Building No.1011) PFA at (a) T ∗ = T3, (b) T ∗ = T2,
(c) T ∗ = T1, and (d) T ∗ = 2T1 for “improved” ground motions selected to match CS µ and
σ (T1,2T1), CS µ and 1.1σ (T2), and CS µ and 1.2σ (T3).
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(a) (b)

(c) (d)

(e)

Figure A.15: 8-story perimeter frame (Building No.1011) (a) median PSDR, (b) logarith-
mic standard deviation of PSDR, (c) median PFA, (d) logarithmic standard deviation of
PFA, and (e) probability of collapse given return period for “improved” ground motions
selected to match CS µ and σ (T1,2T1), CS µ and 1.1σ (T2), and CS µ and 1.2σ (T3).
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(a) (b)

(c) (d)

(e) (f)

Figure A.16: 4-story perimeter frame (Building No.1008) Sa distribution at four periods
for ground motions selected at (a) T ∗ = T3, CS µ and σ , (b) T ∗ = T3, CS µ and 1.3σ ,
(c) T ∗ = T2, CS µ and σ , (d) T ∗ = T2, CS µ and 1.2σ , (e) T ∗ = T1, CS µ and σ , and (f)
T ∗ = 2T1, CS µ and σ .
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(a) (b)

(c) (d)

(e) (f)

Figure A.17: 4-story perimeter frame (Building No.1008) (a-b) probability of collapse, (c-
d) PSDR hazard, and (e-f) PFA hazard for “basic” ground motions selected to match CS µ

and σ (T3,T2,T1,2T1) at (a, c, e) and “improved” ground motions selected to match CS µ

and σ (T1,2T1), CS µ and 1.2σ (T2), and CS µ and 1.3σ (T3) at (b, d, f).
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(a) (b)

(c) (d)

Figure A.18: 4-story perimeter frame (Building No.1008) PSDR at (a) T ∗= T3, (b) T ∗= T2,
(c) T ∗ = T1, and (d) T ∗ = 2T1 for “improved” ground motions selected to match CS µ and
σ (T1,2T1), CS µ and 1.2σ (T2), and CS µ and 1.3σ (T3).
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(a) (b)

(c) (d)

Figure A.19: 4-story perimeter frame (Building No.1008) PFA at (a) T ∗ = T3, (b) T ∗ = T2,
(c) T ∗ = T1, and (d) T ∗ = 2T1 for “improved” ground motions selected to match CS µ and
σ (T1,2T1), CS µ and 1.2σ (T2), and CS µ and 1.3σ (T3).



APPENDIX A. ADDITIONAL STRUCTURES 156

(a) (b)

(c) (d)

(e)

Figure A.20: 4-story perimeter frame (Building No.1008) (a) median PSDR, (b) logarith-
mic standard deviation of PSDR, (c) median PFA, (d logarithmic standard deviation of
PFA, and (e) probability of collapse given return period for “improved” ground motions
selected to match CS µ and σ (T1,2T1), CS µ and 1.2σ (T2), and CS µ and 1.3σ (T3).
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(a) (b)

(c) (d)

Figure A.21: 2-story perimeter frame (Building No.2064) Sa distribution at three periods
for ground motions selected at (a) T ∗ = T2, CS µ and σ , (b) T ∗ = T2, CS µ and 1.3σ , (c)
T ∗ = T1, CS µ and σ , and (d) T ∗ = 2T1, CS µ and σ .
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(a) (b)

(c) (d)

(e) (f)

Figure A.22: 2-story perimeter frame (Building No.2064) (a-b) probability of collapse, (c-
d) PSDR hazard, and (e-f) PFA hazard for “basic” ground motions selected to match CS µ

and σ (T2,T1,2T1) at (a, c, e) and “improved” ground motions selected to match CS µ and
σ (T1,2T1) and CS µ and 1.3σ (T2) at (b, d, f).
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(a) (b)

(c)

Figure A.23: 2-story perimeter frame (Building No.2064) PSDR at (a) T ∗= T2, (b) T ∗= T1,
and (d) T ∗ = 2T1 for “improved” ground motions selected to match CS µ and σ (T1,2T1)
and CS µ and 1.3σ (T2).
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(a) (b)

(c)

Figure A.24: 2-story perimeter frame (Building No.2064) PFA at (a) T ∗ = T2, (b) T ∗ = T1,
and (d) T ∗ = 2T1 for “improved” ground motions selected to match CS µ and σ (T1,2T1)
and CS µ and 1.3σ (T2).
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(a) (b)

(c) (d)

(e)

Figure A.25: 2-story perimeter frame (Building No.2064) (a) median PSDR, (b) logarith-
mic standard deviation of PSDR, (c) median PFA, (d) logarithmic standard deviation of
PFA, and (e) probability of collapse given return period for “improved” ground motions
selected to match CS µ and σ (T1,2T1) and CS µ and 1.3σ (T2).
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(a)

(b)

Figure A.26: 1-story perimeter frame (Building No.2069) Sa distribution at two periods for
ground motions selected at (a) T ∗ = T1, CS µ and σ and (b) T ∗ = 2T1, CS µ and σ .
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(a)

(b)

(c)

Figure A.27: 1-story perimeter frame (Building No.2069) (a) probability of collapse, (b)
PSDR hazard, and (c) PFA hazard for “basic” ground motions selected to match CS µ and
σ .
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(a) (b)

Figure A.28: 1-story perimeter frame (Building No.2069) PSDR at (a) T ∗ = T1 and (b)
T ∗ = 2T1 for “basic” ground motions selected to match CS µ and σ .

(a) (b)

Figure A.29: 1-story perimeter frame (Building No.2069) PFA at (a) T ∗ = T1 and (b)
T ∗ = 2T1 for “basic” ground motions selected to match CS µ and σ .
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(a) (b)

(c) (d)

(e)

Figure A.30: 1-story perimeter frame (Building No.2069) (a) median PSDR, (b) logarith-
mic standard deviation of PSDR, (c) median PFA, (d) logarithmic standard deviation of
PFA, and (e) probability of collapse given return period for “basic” ground motions se-
lected to match CS µ and σ .
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(a) (b)

(c)

(d) (e)

Figure A.31: 20-story space frame (Building No.1021) Sa distribution at four periods for
ground motions selected at (a) T ∗ = T3, CS µ and σ , (b) T ∗ = T3, CS µ and 1.1σ , (c)
T ∗ = T2, CS µ and σ , (d) T ∗ = T1, CS µ and σ , and (e) T ∗ = 2T1, CS µ and σ .
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(a) (b)

(c) (d)

(e) (f)

Figure A.32: 20-story space frame (Building No.1021) (a-b) probability of collapse, (c-d)
PSDR hazard, and (e-f) PFA hazard for “basic” ground motions selected to match CS µ

and σ (T3,T2,T1,2T1) at (a, c, e) and “improved’ ground motions selected to match CS µ

and σ (T2,T1,2T1) and CS µ and 1.1σ (T3) at (b, d, f).
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(a) (b)

(c) (d)

Figure A.33: 20-story space frame (Building No.1021) PSDR at (a) T ∗ = T3, (b) T ∗ = T2,
(c) T ∗ = T1, and (d) T ∗ = 2T1 for “improved” ground motions selected to match CS µ and
σ (T2,T1,2T1) and CS µ and 1.1σ (T3).
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(a) (b)

(c) (d)

Figure A.34: 20-story space frame (Building No.1021) PFA at (a) T ∗ = T3, (b) T ∗ = T2,
(c) T ∗ = T1, and (d) T ∗ = 2T1 for “improved” ground motions selected to match CS µ and
σ (T2,T1,2T1) and CS µ and 1.1σ (T3).
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(a) (b)

(c) (d)

(e)

Figure A.35: 20-story space frame (Building No.1021) (a) median PSDR, (b) logarithmic
standard deviation of PSDR, (c) median PFA, (d) logarithmic standard deviation of PFA,
and (e) probability of collapse given “improved” return period for ground motions selected
to match CS µ and σ (T2,T1,2T1) and CS µ and 1.1σ (T3).
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(a) (b)

(c)

(d) (e)

Figure A.36: 12-story space frame (Building No.1014) Sa distribution at four periods for
ground motions selected at (a) T ∗ = T3, CS µ and σ , (b) T ∗ = T3, CS µ and 1.1σ , (c)
T ∗ = T2, CS µ and σ , (d) T ∗ = T1, CS µ and σ , and (e) T ∗ = 2T1, CS µ and σ .
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(a) (b)

(c) (d)

(e) (f)

Figure A.37: 12-story space frame (Building No.1014) (a-b) probability of collapse, (c-d)
PSDR hazard, and (e-f) PFA hazard for “basic” ground motions selected to match CS µ

and σ (T3,T2,T1,2T1) at (a, c, e) and “improved” ground motions selected to match CS µ

and σ (T2,T1,2T1) and CS µ and 1.1σ (T3) at (b, d, f).
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(a) (b)

(c) (d)

Figure A.38: 12-story space frame (Building No.1014) PSDR at (a) T ∗ = T3, (b) T ∗ = T2,
(c) T ∗ = T1, and (d) T ∗ = 2T1 for “improved” ground motions selected to match CS µ and
σ (T2,T1,2T1) and CS µ and 1.1σ (T3).
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(a) (b)

(c) (d)

Figure A.39: 12-story space frame (Building No.1014) PFA at (a) T ∗ = T3, (b) T ∗ = T2,
(c) T ∗ = T1, and (d) T ∗ = 2T1 for “improved” ground motions selected to match CS µ and
σ (T2,T1,2T1) and CS µ and 1.1σ (T3).
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(a) (b)

(c) (d)

(e)

Figure A.40: 12-story space frame (Building No.1014) (a) median PSDR, (b) logarithmic
standard deviation of PSDR, (c) median PFA, (d) logarithmic standard deviation of PFA,
and (e) probability of collapse given return period for “improved” ground motions selected
to match CS µ and σ (T2,T1,2T1) and CS µ and 1.1σ (T3).
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(a) (b)

(c) (d)

(e) (f)

Figure A.41: 8-story space frame (Building No.1012) Sa distribution at four periods for
ground motions selected at (a) T ∗ = T3, CS µ and σ , (b) T ∗ = T3, CS µ and 1.2σ , (c)
T ∗ = T2, CS µ and σ , (d) T ∗ = T2, CS µ and 1.1σ , (e) T ∗ = T1, CS µ and σ , and (f)
T ∗ = 2T1, CS µ and σ .
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(a) (b)

(c) (d)

(e) (f)

Figure A.42: 8-story space frame (Building No.1012) (a-b) probability of collapse, (c-d)
PSDR hazard, and (e-f) PFA hazard for “basic” ground motions selected to match CS µ

and σ (T3,T2,T1,2T1) at (a, c, e) and “improved” ground motions selected to match CS µ

and σ (T1,2T1), CS µ and 1.1σ (T2), and CS µ and 1.2σ (T3) at (b, d, f).
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(a) (b)

(c) (d)

Figure A.43: 8-story space frame (Building No.1012) PSDR at (a) T ∗ = T3, (b) T ∗ = T2,
(c) T ∗ = T1, and (d) T ∗ = 2T1 for “improved” ground motions selected to match CS µ and
σ (T1,2T1), CS µ and 1.1σ (T2), and CS µ and 1.2σ (T3).
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(a) (b)

(c) (d)

Figure A.44: 8-story space frame (Building No.1012) PFA at (a) T ∗ = T3, (b) T ∗ = T2, (c)
T ∗ = T1, and (d) T ∗ = 2T1 for “improved” ground motions selected to match CS µ and σ

(T1,2T1), CS µ and 1.1σ (T2), and CS µ and 1.2σ (T3).
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(a) (b)

(c) (d)

(e)

Figure A.45: 8-story space frame (Building No.1012) (a) median PSDR, (b) logarithmic
standard deviation of PSDR, (c) median PFA, (d) logarithmic standard deviation of PFA,
and (e) probability of collapse given return period for “improved” ground motions selected
to match CS µ and σ (T1,2T1), CS µ and 1.1σ (T2), and CS µ and 1.2σ (T3).
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(a) (b)

(c) (d)

(e) (f)

Figure A.46: 4-story space frame (Building No.1003) Sa distribution at four periods for
ground motions selected at (a) T ∗ = T3, CS µ and σ , (b) T ∗ = T3, CS µ and 1.2σ , (c)
T ∗ = T2, CS µ and σ , (d) T ∗ = T2, CS µ and 1.2σ , (e) T ∗ = T1, CS µ and σ , and (f)
T ∗ = 2T1, CS µ and σ .
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(a) (b)

(c) (d)

(e) (f)

Figure A.47: 4-story space frame (Building No.1003) (a-b) probability of collapse, (c-d)
PSDR hazard, and (e-f) PFA hazard for “basic” ground motions selected to match CS µ

and σ (T3,T2,T1,2T1) at (a, c, e) and “improved” ground motions selected to match CS µ

and σ (T1,2T1) and CS µ and 1.2σ (T3,T2) at (b, d, f).
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(a) (b)

(c) (d)

Figure A.48: 4-story space frame (Building No.1003) PSDR at (a) T ∗ = T3, (b) T ∗ = T2,
(c) T ∗ = T1, and (d) T ∗ = 2T1 for “improved” ground motions selected to match CS µ and
σ (T1,2T1) and CS µ and 1.2σ (T3,T2).
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(a) (b)

(c) (d)

Figure A.49: 4-story space frame (Building No.1003) PFA at (a) T ∗ = T3, (b) T ∗ = T2, (c)
T ∗ = T1, and (d) T ∗ = 2T1 for “improved” ground motions selected to match CS µ and σ

(T1,2T1) and CS µ and 1.2σ (T3,T2).
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(a) (b)

(c) (d)

(e)

Figure A.50: 4-story space frame (Building No.1003) (a) median PSDR, (b) logarithmic
standard deviation of PSDR, (c) median PFA, (d) logarithmic standard deviation of PFA,
and (e) probability of collapse given return period for “improved” ground motions selected
to match CS µ and σ (T1,2T1) and CS µ and 1.2σ (T3,T2).
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(a) (b)

(c) (d)

Figure A.51: 2-story space frame (Building No.1001) Sa distribution at three periods for
ground motions selected at (a) T ∗ = T2, CS µ and σ , (b) T ∗ = T2, CS µ and 1.3σ , (c)
T ∗ = T1, CS µ and σ , and (d) T ∗ = 2T1, CS µ and σ .
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(a) (b)

(c) (d)

(e) (f)

Figure A.52: 2-story space frame (Building No.1001) (a-b) probability of collapse, (c-d)
PSDR hazard, and (e-f) PFA hazard for “basic” ground motions selected to match CS µ

and σ (T2,T1,2T1) at (a, c, e) and “improved” ground motions selected to match CS µ and
σ (T1,2T1) and CS µ and 1.3σ (T2) at (b, d, f).
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(a) (b)

(c)

Figure A.53: 2-story space frame (Building No.1001) PSDR at (a) T ∗ = T2, (b) T ∗ = T1,
and (d) T ∗ = 2T1 for “improved” ground motions selected to match CS µ and σ (T1,2T1)
and CS µ and 1.3σ (T2).
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(a) (b)

(c)

Figure A.54: 2-story space frame (Building No.1001) PFA at (a) T ∗ = T2, (b) T ∗ = T1, and
(d) T ∗ = 2T1 for “improved” ground motions selected to match CS µ and σ (T1,2T1) and
CS µ and 1.3σ (T2).
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(a) (b)

(c) (d)

(e)

Figure A.55: 2-story space frame (Building No.1001) (a) median PSDR, (b) logarithmic
standard deviation of PSDR, (c) median PFA, (d) logarithmic standard deviation of PFA,
and (e) probability of collapse given return period for “improved” ground motions selected
to match CS µ and σ (T1,2T1) and CS µ and 1.3σ (T2).
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(a)

(b)

Figure A.56: 1-story space frame (Building No.2061) Sa distribution at two periods for
ground motions selected at (a) T ∗ = T1, CS µ and σ and (b) T ∗ = 2T1, CS µ and σ .
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(a)

(b)

(c)

Figure A.57: 1-story space frame (Building No.2061) (a) probability of collapse, (b) PSDR
hazard, and (c) PFA hazard for “basic” ground motions selected to match CS µ and σ .
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(a) (b)

Figure A.58: 1-story space frame (Building No.2061) PSDR at (a) T ∗= T1 and (b) T ∗= 2T1
for “basic” ground motions selected to match CS µ and σ .

(a) (b)

Figure A.59: 1-story space frame (Building No.2061) PFA at (a) T ∗ = T1 and (b) T ∗ = 2T1
for “basic” ground motions selected to match CS µ and σ .
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(a) (b)

(c) (d)

(e)

Figure A.60: 1-story space frame (Building No.2061) (a) median PSDR, (b) logarithmic
standard deviation of PSDR, (c) median PFA, (d) logarithmic standard deviation of PFA,
and (e) probability of collapse given return period for “basic” ground motions selected to
match CS µ and σ .
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(a)

(b)

Figure A.61: 20-story perimeter frame (Building No.1020) (a) probability of collapse and
(b) PSDR hazard for “basic” ground motions selected to match CS µ and σ (T3,T2,T1,2T1),
additional ground motions selected to match CS µ and σ (T3,T2,T1,2T1) with higher In-
tensity Measures (IMs), i.e., higher spectral amplitudes, and “improved” ground motions
selected to match CS µ and σ (T2,T1,2T1) and CS µ and 1.1σ (T3).
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(a) (b)

(c) (d)

Figure A.62: 20-story perimeter frame (Building No.1020) Sa distribution at four periods
for (a) T ∗ = T3, (b) T ∗ = T2, (c) T ∗ = T1 and (d) T ∗ = 2T1 for ground motions selected to
match Conditional Mean Spectrum (CMS), i.e., CS µ (T3,T2,T1,2T1).
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(a)

(b)

(c)

Figure A.63: 20-story perimeter frame (Building No.1020) (a) probability of collapse, (b)
PSDR hazard, and (c) PFA hazard for ground motions selected to match CMS, i.e., CS µ

(T3,T2,T1,2T1).
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(a) (b)

(c) (d)

Figure A.64: 20-story perimeter frame (Building No.1020) PSDR at (a) T ∗ = T3, (b) T ∗ =
T2, (c) T ∗ = T1, and (d) T ∗ = 2T1 for ground motions selected to match CMS, i.e., CS µ

(T3,T2,T1,2T1).
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(a) (b)

(c) (d)

Figure A.65: 20-story perimeter frame (Building No.1020) PFA at (a) T ∗= T3, (b) T ∗= T2,
(c) T ∗ = T1, and (d) T ∗ = 2T1 for ground motions selected to match CMS, i.e., CS µ

(T3,T2,T1,2T1).
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(a) (b)

(c) (d)

(e)

Figure A.66: 20-story perimeter frame (Building No.1020) (a) median PSDR, (b) loga-
rithmic standard deviation of PSDR, (c) median PFA, (d) logarithmic standard deviation
of PFA, and (e) probability of collapse given return period for ground motions selected to
match CMS, i.e., CS µ (T3,T2,T1,2T1).
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(a) (b)

(c) (d)

Figure A.67: 20-story perimeter frame (Building No.1020) Sa distribution at four periods
for (a) T ∗ = T3, (b) T ∗ = T2, (c) T ∗ = T1 and (d) T ∗ = 2T1 for ground motions selected to
match Uniform Hazard Spectrum (UHS).
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(a)

(b)

(c)

Figure A.68: 20-story perimeter frame (Building No.1020) (a) probability of collapse, (b)
PSDR hazard, and (c) PFA hazard for ground motions selected to match UHS.
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(a) (b)

(c) (d)

Figure A.69: 20-story perimeter frame (Building No.1020) PSDR at (a) T ∗ = T3, (b) T ∗ =
T2, (c) T ∗ = T1, and (d) T ∗ = 2T1 for ground motions selected to match UHS.
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(a) (b)

(c) (d)

Figure A.70: 20-story perimeter frame (Building No.1020) PFA at (a) T ∗= T3, (b) T ∗= T2,
(c) T ∗ = T1, and (d) T ∗ = 2T1 for ground motions selected to match UHS.
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(a) (b)

(c) (d)

(e)

Figure A.71: 20-story perimeter frame (Building No.1020) (a) median PSDR, (b) loga-
rithmic standard deviation of PSDR, (c) median PFA, (d) logarithmic standard deviation
of PFA, and (e) probability of collapse given return period for ground motions selected to
match UHS.
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(a) (b)

(c) (d)

Figure A.72: 4-story perimeter frame (Building No.1008) Sa distribution at four periods
for (a) T ∗ = T3, (b) T ∗ = T2, (c) T ∗ = T1 and (d) T ∗ = 2T1 for ground motions selected to
match CMS, i.e., CS µ (T3,T2,T1,2T1).
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(a)

(b)

(c)

Figure A.73: 4-story perimeter frame (Building No.1008) (a) probability of collapse, (b)
PSDR hazard, and (c) PFA hazard for ground motions selected to match CMS, i.e., CS µ

(T3,T2,T1,2T1).
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(a) (b)

(c) (d)

Figure A.74: 4-story perimeter frame (Building No.1008) PSDR at (a) T ∗= T3, (b) T ∗= T2,
(c) T ∗ = T1, and (d) T ∗ = 2T1 for ground motions selected to match CMS, i.e., CS µ

(T3,T2,T1,2T1).
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(a) (b)

(c) (d)

Figure A.75: 4-story perimeter frame (Building No.1008) PFA at (a) T ∗ = T3, (b) T ∗ = T2,
(c) T ∗ = T1, and (d) T ∗ = 2T1 for ground motions selected to match CMS, i.e., CS µ

(T3,T2,T1,2T1).
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(a) (b)

(c) (d)

(e)

Figure A.76: 4-story perimeter frame (Building No.1008) (a) median PSDR, (b) logarith-
mic standard deviation of PSDR, (c) median PFA, (d) logarithmic standard deviation of
PFA, and (e) probability of collapse given return period for ground motions selected to
match CMS, i.e., CS µ (T3,T2,T1,2T1).
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(a) (b)

(c) (d)

Figure A.77: 4-story perimeter frame (Building No.1008) Sa distribution at four periods
for (a) T ∗ = T3, (b) T ∗ = T2, (c) T ∗ = T1 and (d) T ∗ = 2T1 for ground motions selected to
match UHS.
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(a)

(b)

(c)

Figure A.78: 4-story perimeter frame (Building No.1008) (a) probability of collapse, (b)
PSDR hazard, and (c) PFA hazard for ground motions selected to match UHS.
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(a) (b)

(c) (d)

Figure A.79: 4-story perimeter frame (Building No.1008) PSDR at (a) T ∗= T3, (b) T ∗= T2,
(c) T ∗ = T1, and (d) T ∗ = 2T1 for ground motions selected to match UHS.
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(a) (b)

(c) (d)

Figure A.80: 4-story perimeter frame (Building No.1008) PFA at (a) T ∗ = T3, (b) T ∗ = T2,
(c) T ∗ = T1, and (d) T ∗ = 2T1 for ground motions selected to match UHS.
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(a) (b)

(c) (d)

(e)

Figure A.81: 4-story perimeter frame (Building No.1008) (a) median PSDR, (b) logarith-
mic standard deviation of PSDR, (c) median PFA, (d) logarithmic standard deviation of
PFA, and (e) probability of collapse given return period for ground motions selected to
match UHS.
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