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Probabilistic assessment of seismic structural reliability relies on the simulation of structural behavior using
nonlinear dynamic analysis of numerical models. This typically involves analyzing samples of ground motions
Bi'as ) that are assumed to represent specific populations of signals recorded at the site of interest. While the literature
Dispersion — extensively discusses uncertainties arising from material properties, modeling randomness, and ground motion
Zerz:;;e;l‘;?;;b;ﬁ variability record-to-record (RTR) variability, there are two factors that are often overlooked: (1) variability in ground
motion sets and (2) the interaction between ground motion RTR variability and other sources of uncertainty.
Ideally, the ground motion records selected for probabilistic analyses should reflect the seismic hazard
characteristics at the site of interest. However, in practice, researchers and practitioners often rely on pre-
collected generic ground motion sets (a.k.a. standardized sets of ground motions). This study aims to address
this gap by quantifying the variability and bias in dispersion and median values within different generic ground
motion sets. To achieve this, the incremental dynamic analysis is performed on a series of nonlinear single-
degree-of-freedom systems. The results are summarized in terms of inter- and intra-set variability, and are
contrasted with other techniques based on resampling plans belonging to the bootstrap family. The findings
will contribute to the development of improved framework for selecting and incorporating ground motion
records in probabilistic seismic assessments, enabling more reliable predictions of structural performance.

1. Introduction Through nonlinear dynamic simulations, samples of structural response

are generated by considering ground motions that are carefully selected
to align with the seismic hazard characteristics of the site of interest [4,
5]. The structural fragility is often described using a probability model,
with the lognormal distribution [6]:

In(im) — In(x) >
B

where @(.) is the standard normal cumulative distribution function, g
the logarithmic standard deviation (also called dispersion), and 7 is the
median (In# is mean) of the fragility function.

According to Eq. (2), the fragility function and subsequently, the
collapse rate (Eq. (1)) are function of {5, #}. Estimating these parame-

Performance-based earthquake engineering (PBEE) [1] relies on
the assumption that earthquakes occurrence follow a homogeneous
Poisson process. In the context of PBEE, if the accumulation of seismic
damage is not taken into account, the process of earthquakes leading to
structural collapse (or failure) can also be modeled as a homogeneous
Poisson process [2]. This characteristic is advantageous as the homo-
geneous Poisson process is a one-parameter model, meaning that the
collapse probability within any given time interval is solely determined
by the collapse rate, A, and is typically computed as:

PP [C|IM = im] =<z>< (©))

Je =/ P [C|IM = im] x |d4,,| €h)

where PP [C|IM = im| represents the conditional probability of collapse,
C, based on a specific ground motion intensity measure (IM), which
quantifies the fragility of the structure. d4,, presents the derivative of
the seismic hazard curve and is typically provided by seismologists.
The structural fragility can be evaluated using several numerical
procedures, including the nonlinear static and dynamic analyses [3].
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ters is a necessary step as they are typically unknown. The estimation
process relies on analyzing a sample (or a set) of ground motions to
infer their values accurately. Due to the ground motion record-to-record
(RTR) variability, the estimated values for median and dispersion,
{4, B}, are anticipated to vary when different samples/sets are utilized,
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or alternative ground motion selection procedures are employed, when
all other aspects of the analysis remain constant.

1.1. Problem statement

Considerable research efforts have been devoted to developing
ground motion selection methods tailored to specific structures within
the realm of PBEE [4,7-9]. Current practice typically involves selecting
ground motions that exceed a certain intensity level with a specified
probability at the site of interest, while also ensuring compatibility
with other relevant properties (often determined through probabilistic
seismic hazard and deaggregation analyses). Previous investigations in
this area have primarily focused on scenarios where the target structure
and its location are known, allowing for the selection and modification
of ground motions based on specific structural characteristics and
seismic hazard information [10].

However, there are numerous situations where developing a cus-
tomized ground motion set is either impractical or undesirable. This
may be due to the time-consuming and costly nature of the procedure,
as well as the requirement of comprehensive seismicity information
for the region. Additionally, there are cases where imposing restric-
tions on the type and location of the structural system (especially
when comparing alternative systems) may not be desirable. As a re-
sult, ground motion selection techniques that rely on knowledge of
structural periods are not always the most practical choice.

An alternative approach in ground motion selection is the utilization
of pre-collected ground motion sets, commonly referred to as generic or
standardized sets. These sets offer a more straightforward application
in the context of PBEE and fragility analysis. However, they introduce
an additional source of uncertainty, distinct from RTR variability.
Addressing this uncertainty can be approached through two broad
methods.

The first method involves treating the fragility function (indeed
the estimated parameters, denoted as {#,f}) as random variables
(RVs). The distribution of these RVs captures the uncertainty asso-
ciated with fragility functions and subsequent risk estimation. De-
pending on whether the distribution of these estimates is known or
unknown, various techniques can be employed to quantify the inherent
uncertainty [11].

The second method entails collecting multiple generic (standard-
ized) ground motion sets and evaluating the dispersion as well as the
bias in median response when applied to different nonlinear structural
systems. This approach provides a realistic understanding of the vari-
ations among different ground motion sets. However, its findings may
be somewhat limited to the specific sets utilized.

The potential variation among different generic ground motion sets
is referred to as set-to-set (STS) variability. This type of variability
is distinct from the randomness associated with RTR variability and
the group-to-group (GTG) variability [12-14]. The GTG variability
accounts for the uncertainty that arises from using a finite number of
ground motion records for nonlinear simulations.

The utilization of generic ground motion sets can introduce bias
in estimating the median structural response and the probability of
collapse. A study conducted by Zacharenaki et al. [15] compared the
results obtained from incremental dynamic analysis (IDA) using 30
ground motions with that of cloud analysis involving approximately
1500 real and synthetic records. The bias was quantified as the ratio

of the IDA-based response (R, 1py) to the cloud analysis-based re-
4), expressed as bias = iy’i’:d = Sj‘g‘;fl Cllzfd,
R, denotes the strength reduction factor, and S,(7},¢) represents the
first-mode spectral acceleration. The study found that for short-period
systems, the IDA approach consistently underestimated the capacities
by an average of 20%-25% compared to cloud analysis. Other stud-
ies, such as Déavalos and Miranda [16] and Tsalouchidis and Adam

[17], have also reported bias in the scaling of specific ground motion

where

sponse (R, oy
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sets. However, there is currently a lack of research examining the
generalization of bias for different generic ground motion sets.

Expanding upon the specific scope of this paper, which centers
on the variability of ground motion sets utilized for fragility analy-
sis, the realm of fragility curve development encompasses a diverse
range of studies. Beyond the confines of the particular application at
hand, several research efforts explored the theoretical underpinnings of
fragility curves, as evidenced by the following selection of papers (this
compilation is not exhaustive). The foundational aspects of fragility
curves have been thoroughly explored in prior works such as [18-20].
Comprehensive reviews of the current state-of-the-art across various
structural types are available in papers like [21-23]. Investigations into
single-degree of freedom (SDOF)-based fragility functions have been
undertaken by [24-27]. A distinct group of papers has focused on
encapsulating the outcomes of probabilistic analyses through the lens
of analytical fragility functions, including contributions from [6,28—
30]. Moreover, efforts to quantify uncertainty in fragility functions have
been detailed in works such as [31-33].

1.2. Objectives and contributions

The objective of this study is to explore the aforementioned ap-
proaches within a diverse range of nonlinear SDOF systems, considering
variations in periods, damping coefficients, backbone curves, and de-
terioration models. Additionally, a secondary aim is to examine the
potential interaction between modeling uncertainties and the selection
of ground motion sets. Furthermore, the study combines the ground
motion RTR variability with the uncertainty arising from ground mo-
tion set selection to provide a comprehensive assessment of the overall
uncertainty in fragility function’s dispersion.

Through the investigation and refinement of these techniques, the
study aims to improve the practicality and effectiveness of utilizing
generic ground motion sets in a wider array of scenarios. The ultimate
goal is to enhance the efficiency and cost-effectiveness of seismic assess-
ments and design procedures. By better understanding the uncertainties
associated with ground motion set selection and their interaction with
modeling uncertainties, this paper seeks to contribute to the devel-
opment of robust methodologies and decision-making processes in
earthquake engineering.

2. Generic (standardized) ground motion sets

To assess the uncertainty associated with the utilization of generic
ground motion sets, a comprehensive selection of nine sets has been
compiled for analysis. These sets consist of six sets comprising real
ground motions and three sets generated stochastically. The six real
ground motion sets are widely recognized and extensively employed
by researchers and practitioners within the field. In the subsequent sec-
tions, a brief overview of these sets is presented. Fig. A.14 (Appendix A)
illustrates the response spectra for all the individual ground motion
records in nine generic set, as well as their median and median + one
standard deviation.

Broad-band (BB) ground motions developed by Baker et al. [34]:
These standardized sets of ground motions were primarily developed
to be used by the PEER transportation research program.

+ Set BBla: It consists of 40 unscaled three-component ground
motions selected so that their horizontal response spectra match
the median and logarithmic standard deviations predicted for the
following scenario: magnitude M = 7, distance R = 10 km, soil
site (shear wave velocity at the upper 30 m of the soil layer
V3o = 250 m/s), and earthquake mechanism = strike slip. The
target period range to match the records is [0, 5] s. In this paper,
only fault-normal components are used. The fault-normal com-
ponent of ground motion often tends to have greater amplitudes
compared to the fault-parallel component, and this is indeed due
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to the near-fault directivity effects. Near-fault directivity effects
occur when seismic waves are radiated more coherently in the
direction perpendicular to the fault rupture. M — R — Vg3, dis-
tribution for BBla ground motion set is shown in Fig. A.13(a)
(Appendix A).

Set BB1b: It consists of 40 unscaled three-component ground
motions selected with similar approach to set #1a. However, the
following scenario is used: M = 6, R = 25 km, soil site (Vg3, =
250 m/s), and earthquake mechanism = strike slip. M — R — V3,
distribution for BBla ground motion set is shown in Fig. A.13(b)
(Appendix A).

Set BB2: This set is also selected with a similar approach to set
BBla. However, the following scenario is used: M =7, R = 10
km, rock site (Vg3y = 760 m/s), and earthquake mechanism =
strike slip. M — R — V3, distribution for BBla ground motion set
is shown in Fig. A.13(c) (Appendix A).

Set SAC: This set of ground motions were selected by Somerville
[35] to be used for SAC project and comprises ten two-component
ground motions specifically chosen to align with the national earth-
quake hazards reduction program (NEHRP) design response spectra.
These ground motions were selected to match the response spectra for
firm soil sites in Los Angeles, Seattle, and Boston at various hazard
levels. The hazard levels encompassed a 2% and 10% probability of
exceedance in 50 years for all three sites, along with a 50% probability
of exceedance in 50 years specifically for Los Angeles. To ensure
consistency with the hazard calculations for the respective sites, the
recorded ground motions were carefully chosen to align with the ap-
proximate deaggregation results in terms of magnitudes and distances.
Consequently, this ground motion set encompasses a total of 60 signals.
Majority of these records have magnitude ranging from 6 to 7.5, and
distance less than 25 km. M — R — V3 distribution for BBla ground
motion set is shown in Fig. A.13(d) (Appendix A).

Set FEMA: For the federal emergency management agency
(FEMA) P695 project, Kircher et al. [36] assembled a collection of 22
two-component far-field ground motion sets that were designed to be
independent of both the structural characteristics and site conditions.
These ground motions were recorded at distances exceeding 10 km. In
the selection process, only those ground motions with a peak ground
acceleration (PGA) greater than 0.2 g were chosen. Subsequently, the
sets were ‘“normalized” to control the variability in ground motion
intensities. The normalized set of ground motions exhibits a median
spectrum that closely aligns with that of a magnitude 7 earthquake at
a distance of 15 km. These ground motions were specifically chosen for
the purpose of evaluating the collapse capacity of buildings using the
FEMA P695 assessment procedure. Consequently, this ground motion
set encompasses a total of 44 signals. M — R— V3 distribution for BBla
ground motion set is shown in Fig. A.13(e) (Appendix A).

Set LMSR: Krawinkler et al. [7] compiled a set of Large-Magnitude
Small-Distance (LMSR) ground motions consisting of 20 two-component
ground motions. These ground motions were specifically chosen to have
magnitudes ranging from 6.5 to 7 and distances ranging from 13 to
30 km. The selection process did not involve further considerations
based on the response spectra of the ground motions. As a result, this
ground motion set comprises a total of 40 signals. 40% of records in
this set are reverse-oblique, 40% are reverse-slip, and 20% are strike-
slip. M — R — Vg distribution for BBla ground motion set is shown in
Fig. A.13(f) (Appendix A).

Stochastically generated ground motion records: While all the pre-
vious sets are based on real ground motion records, it is informative
also to investigate the behavior of the stochastic ground motion sets.
There are different techniques to generate such ground motions (which
might be beyond the scope of this paper); however, only one method
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is used in this paper, Yamamoto and Baker [37] method.? They em-
ployed the wavelet packet transform to quantify the time and frequency
domain characteristics of ground motion signals. The basis functions
are orthogonal, which enables the easy reconstruction of time-series.
The model requires thirteen parameters to fully quantify all the ground
motion characteristics which include temporal centroid, temporal vari-
ance, spectral centroid, spectral variance, correlation between time
and frequency coefficients, mean of squared amplitudes the wavelet
packet coefficients, randomness of amplitude of wavelet packets, and
cumulative squared acceleration. Finally, these thirteen parameters are
connected to specific ground motion scenario parameters using the two-
stage regression analysis and maximum likelihood estimation based on
the following functional form:

Y=a+pM+pInM+pyexpM + By (Rpyy, — R,,p)

+BsIny/R2 +h*+fsInVgsy+n+o 3

where Y is the natural logarithm of a model parameter, ¢ and 7 are
intra- and inter-event errors, respectively. The parameter h is assigned
to avoid predicting extremely large values of Y for small values of R,,,,
(hypocenteral distance), and the parameters a and p; are regression
coefficients that can be found in Yamamoto and Baker [37]. We assume
hypocenteral distance is equal to rupture distance; therefore, the main
input parameters are M, R,,,, and Vs, for this model.

Three sets of ground motions have been generated with same hazard
scenario of the Bakers’ broad-band set (as discussed above):

» Set Schla: Generated with same hazard scenario as of set BBla.
» Set Sch1b: Generated with same hazard scenario as of set BB1b.
» Set Sch2: Generated with same hazard scenario as of set BB2.

3. Systems and constitutive model

For the purpose of this benchmark problem, a series of SDOF
systems, both nonlinear deteriorating and non-deteriorating, were em-
ployed. The models are characterized based on their periods, T, damp-
ing coefficient, £, and the P-Delta effect can be considered during the
transient simulations. Among different models, the modified Ibarra-
Medina-Krawinkler (IMK) [42] is used in this paper. This model has
been applied to RC [43] and steel [44] structures, and is one of the
standard models in lumped plasticity modeling technique [45].

The IMK model incorporates three main components: (i) a back-
bone curve representing the reference monotonic behavior, (ii) rules
governing the hysteretic behavior between the positive and negative
branches of the backbone curve, and (iii) rules defining up to six modes
of deterioration affecting the hysteretic behavior. Fig. 1 illustrates
the parameters that define the backbone curve, which encompasses
three strength parameters (effective yield strength, capping strength,
and residual strength) and four deformation parameters (yield defor-
mation, pre-capping plastic deformation for monotonic loading, post-
capping plastic deformation, and ultimate deformation capacity). The
IMK model accounts for six modes of cyclic strength and stiffness
deterioration, including basic strength, post-yield hardening ratio, post-
capping strength, unloading stiffness, reloading stiffness, and pinching
behavior. In this paper, four variants of the IMK model are considered:
(1) a bilinear hysteretic response model with strength deterioration,
(2) a peak-oriented model with both strength and stiffness deterio-
ration, (3) a pinching model with combined strength and stiffness

2 The primary rationale behind the selection of this particular ground
motion generation technique lies in the fact that the principal investigator
for this project was responsible for curating the broad-band ground motion
sets utilized in the PEER transportation research program [34]. This choice
affords us the opportunity to intricately examine the investigations conducted
by a specific researcher encompassing both real ground motion records and
their synthetic counterparts. Further studies related to application of simulated
earthquake ground motions on engineering structures can be found in [38-41].
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Fig. 1. Modified IMK deterioration model including the backbone curve, deterioration
features, and four main variants of IMK used in this paper.

deterioration, and (4) a flag-shaped model. The IMK-bilinear deterio-
rating asymmetric model, which allows for optional smooth transition
between loading branches, is chosen as the “reference” model. Addi-
tionally, the three other variants of the IMK model are utilized as part
of the parametric study.

4. Results

As discussed before, different generic ground motion sets have
been used to perform IDA [46] on different types of nonlinear SDOF
systems. The results are summarized in terms of median and dispersion
of S,(T)) as a function of displacement. This section presents differ-
ent post-processing of the IDA results and quantifies the associated
uncertainties.

It is important to emphasize that the crude IDA method has been
shown to have limitations due to its reliance on a single suite of
ground motions for all seismic intensity levels. Consequently, it fails
to capture the variations in ground motion hazards across different
sites/locations and intensities. In some cases, such a crude scaling may
cause bias in structural responses [47]. To address this issue, several
modifications have been proposed in the literature. These include
adjustments to the spectral shape factor [36], the introduction of adap-
tive IDA techniques [48], the development of multi-level conditional
spectrum procedures for ground motion selection [49], site-specific ad-
justment framework for IDA [50] and alternative probabilistic analysis
approaches such as multiple stripe analysis [51].

While we acknowledge the limitations of the crude IDA method,
we have chosen to utilize it in this paper due to its convenience and
widespread use as a probabilistic analysis technique among practition-
ers and researchers. Despite its shortcomings, the IDA method remains
a valuable tool for providing insights into the seismic performance of
structures and is widely adopted in the field.

4.1. Reference model with varying vibration period

Fig. 2(a) compares the median of IDA curves using nine different
generic ground motion sets. Each curve is a summary of 2000 to
4000 simulations. Six SDOF systems are selected in which their periods
vary from 0.1 s to 4.0 s. All models are based on a “reference” IMK
model with the same properties. This reference model is based on &
= 2.5% of damping coefficient with no consideration of P-Delta effect.
The normalized pre-capping plastic displacement (with respect to yield
displacement), ,/4,, the normalized post-capping plastic displacement,
8,./8,, and the normalized ultimate displacement, §,/5,, are set to 3,
10, and 20, respectively. The normalized yield force (with respect to
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weight), V,/W, is 0.2, while the capping (maximum) force to yield
force ratio, V,/V,, and residual force to yield force ratio, V,,,/V,, are
1.1 and 0.2, respectively. Moreover, the deterioration parameters ¢ and
A are set to 1.0 and 50, respectively.

Significant variability is observed in the median curves of the ana-
lyzed systems. For short-period structures, the collapse capacity ranges
from 0.4 g to 0.7 g, representing a substantial 75% change. Similar
percentage variations are observed in all other structures, with different
ground motion sets resulting in collapse capacities varying between
70% and 80%. No clear trend is identified indicating which ground
motion set consistently yields the highest or lowest collapse capacity.
However, for short and medium-period structures, the Sch2 and Sch1b
sets tend to lead to higher collapse capacities. On the other hand,
for longer period structures, the Schla and SAC sets generate larger
collapse capacities. When comparing the three broadband record sets,
it is observed that BBla generally produces lower collapse capacities
for all systems, except for the 7 = 4.0 s model. In the case of the
three stochastic ground motion sets, Schla causes lower capacities for
all systems, except for the T = 2.0 s and 4.0 s models. Finally, the
remaining sets, namely SAC, FEMA, and LMSR, exhibit similar trends
in terms of collapse capacity. In conclusion, the collapse capacity of the
reference SDOF system can be reasonably estimated to be random with
regards to the period of vibration.

Fig. 2(b) illustrates the logarithmic standard deviation from each
ground motion set, providing a comparison of their dispersive char-
acteristics. Notably, significant variations are observed among the dif-
ferent sets. These dispersion curves exhibit a more fluctuating nature
compared to the median curves. Furthermore, the dispersion is found to
be proportional to the period of vibration, with longer period structures
exhibiting larger dispersions. For the shortest system, the dispersion
ranges from 0.3 g to 0.45 g, while for the tallest system, the range
of stable variation extends from 0.4 g to 0.7 g. Each individual curve
represents the RTR variability of a specific set, also referred to as intra-
variability. This intra-variability can be directly computed from the
IDA curves or approximated using appropriate techniques, assuming
a lognormal probability density function for the distribution of data
(i.e., a parametric probability model) [52]:

1
Pranra ® 5 (In Sa** (T, &) — In Sa,°% (T, &)) 4

where k refers to a particular ground motion set.

Now, the question is how to unify and interpret these results.
Variation in median response is referred to as “bias”, here, while the
ground motion RTR variability in each of ground motion sets is refereed
to “variance”. These two variability types can be interpreted in another
way too [53]:

« Intra-set (within-set) variability: this is a typical RTR randomness
in IDA method. Intra-set term can be thought of as the primary
variance of the assessment results.

+ Inter-set (between-set) variability: this variability stems from the
variability between different generic ground motion sets. Inter-set
term is essentially a measure of the distribution of bias.

The subsequent sub-sections cover various methods, including re-
porting the standard deviation of the median and dispersion, as well
as combining different sources of variability through variance-variance
and variance-bias assumptions.

4.1.1. Ground motion set-to-set variability

A straightforward approach to quantify and report the variability in
ground motion sets is by using statistical measures. Fig. 3 illustrates the
standard deviation of median and dispersion curves resulting from the
ground motion set-to-set (STS) variability in the IDA method. The stan-
dard deviation of the dispersion curves generally ranges between 0.05
and 0.1. No significant trend is observed among systems with different
periods. These curves exhibit a rapid increase from 0 to 0.05 and then
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Fig. 2. Median and logarithmic standard deviation of IDA curves obtained from different generic ground motion sets and structural periods, T. Horizontal axis, u;, presents the
displacement ductility. The vertical axes, n and f, correspond to the median and logarithmic standard deviation, respectively.
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Fig. 3. Statistics of the dispersion and median values from STS variability in IDA
method. Horizontal axis, yu;, presents the displacement ductility. The vertical axes, #
and p, correspond to the median and logarithmic standard deviation, respectively.

maintain a relatively stable trend. Conversely, the standard deviation of
the median curves steadily grows until the collapse point. The values of
the standard deviation at any given stage of the simulation are directly
related to the vibration period of the system.

4.1.2. Variance-variance combination

In the context of PBEE, it is common to treat both intra-set and
inter-set variability sources as variance, following the first-order as-
sumption [54]. This allows for a practical formulation to combine the
total variability, which can be expressed as follows:

ﬂmml = ﬂlmra ﬂmter
— Nset
ﬂmtra - Nget Z ﬂk intra ()
1 2
ﬁtnter = Set (ln n- In ”k)

Noer—1

where 7, is the median of IM given EDP for ground motion set k; and
7 is the mean of all #; values.

Fig. 4 illustrates a comparison of three types of dispersion values
obtained from the IDA method, as formulated in Eq. (5). Several
observations can be made from this figure. Firstly, it is evident that the
intra-set dispersion, denoted as f,,,,, dominates the inter-set disper-
sion, denoted as f,,,, variability. Consequently, the total dispersion,

represented by f,,,, is primarily influenced by fg,,,,. At the collapse
point, the range of g;,,, is between 0.4 and 0.6 g, while g,,,, varies
from 0.1 to 0.2 g. There is a clear distinction and direct relationship
between the g,,,, curves with respect to the vibration period. On the
other hand, the g,,,, variability does not exhibit any discernible trend.
This implies that as the period of the structure increases, the impact
of B, on the total variability, g,,,, diminishes. It emphasizes the
importance of considering g,,., variability, particularly for short-period
structures.

It is also evident from Fig. 4 the shorter period systems have more
smoother response. This characteristic can be attributed to the inherent
variation of # and 5 values, as depicted in Fig. 2. The behavior of the
summary curves, i.e., # and 7 is directly interconnected with the multi-
record IDA curves. The individual IDA curves for rigid systems exhibit
greater smoothness, often displaying a softening behavior. An increase
in period introduces wavy individual IDA curves, characterized by an
augmented occurrence of severe hardening instances and, in certain
cases, resurrection. Aggregating all individual IDA curves into medians
and standard deviations results in smoother curves for structures with
shorter periods and increased fluctuation for those with longer periods.

4.1.3. Variance-bias combination

In this context, it is important to treat bias and variance separately.
To address bias, a bias correction factor needs to be calculated, which
relies on information about the baseline set (which can be a challenging
decision in itself). The bias term for each ground motion set can be
determined using Eq. (6). Afterwards, the average absolute bias can be
computed to evaluate bias across multiple ground motion sets and the
entire response range, as follows:

bias, = i
Mbaseline (6)
bias = — Z Nset |bias;|

where i refers to ground motion set.

In an ideal scenario, the baseline model would be derived from
site-specific seismic hazard analysis using a conditional ground motion
selection approach [55,56] (this will be studied later in Section 4.3).
However, this method is not employed in this section to avoid making
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Fig. 4. Mixed dispersion from IDA method considering different generic ground motion sets. Left: intra-set variability; middle: inter-set variability; right: total variability. Horizontal
axis, p;, presents the displacement ductility. The vertical axis, §, corresponds to the logarithmic standard deviation.
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Fig. 5. Bias in median of IDA method considering different generic ground motion
sets. Solid lines are individual bias factors, and the dashed black curve is the overall
bias as Eq. (6). Horizontal axis, u;, presents the displacement ductility. The vertical
axis, 5, corresponds to the median.

the results specific to a particular site of interest. In the absence of
such a study, the baseline model can be selected using one of two
alternatives: either choose one of the ground motion sets based on
engineering judgment or consider the mean of all sets. In this paper,
the mean of all ground motion sets is chosen as the baseline model.
Consequently, Fig. 5 illustrates the bias for each set and each vibration
period individually (first part of Eq. (6)), as well as the overall bias
(second part of Eq. (6)). Based on this figure, the bias factors for
individual ground motion sets varies from —0.3 to 0.3 (at some drift
values, this may locally exceed). Moreover, the bias factor has a fairly
stable trend, is increased quickly from zero to a value and maintains it
up to collapse. Distinctive differentiation among various ground motion
sets is not discernible, implying that the influence of a given ground
motion set may result in either a positive or negative bias, contingent
upon the vibration period. Consequently, a complex and uncharted
relationship for bias value is established among the ground motion
set, system period, and ductility level. Systems with shorter periods
exhibit smoother bias curves. Irrespective of the period and ductility,
the overall bias consistently presents a positive value.

4.1.4. Uncertainty quantification in fragility curves

This section quantifies the uncertainties in collapse fragility curves
resulting from different sets of generic ground motions, see Fig. 6(a).
Collapse is considered as the ultimate limit state in which dynamic
instability of the structural system is attained [57]. The parameters
(A, B} in Eq. (2) are estimated as:
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where N, is the number of ground motions in each particular set.

The collapse corresponds to the flatline observed in the IDA curves
of SDOF systems, where the demand parameter moves towards infin-
ity [46]. To determine this limit state, the hunt and fill algorithm
is employed, utilizing a fixed spectral acceleration with tolerance of
0.01 g. This approach ensures that collapse is reliably traced and
defined within the methodology. A considerable variability among nine
fragility curves for each of six systems can be better quantified by
processing the median and logarithmic standard deviation in each case.
Fig. 6(b) presents a scatter plot of median and logarithmic standard
deviation including their linear regression. As seen, there is a very
loose, if any, correlation between them (according to coefficient of
variation). Therefore, it is assumed that the median and logarithmic
standard deviation are uncorrelated. This is consistent with previous
observations/assumptions [11]. Therefore, these two parameters can be
sampled independent from each other.

Fig. 7 depicts the relationship between the median and logarithmic
standard deviation obtained from various generic ground motion sets as
a function of the system’s period (the plot includes the bootstrap results
too which will be discussed latter). The data is fitted with a power-
form function, and 95% bounds are shown. Both fitted curves exhibit
an increasing trend, although the slope of the curve associated with
logarithmic standard deviation is relatively smaller. The median curve
for logarithmic standard deviation can be expressed as ﬂga = 0.57%1,
with bounds of 0.497%7 and 0.527%!2. These curves can serve as an
initial guide for developing further probabilistic models.

()

4.1.5. Uncertainty estimation in fragility curves

In Section 4.1.4, we have quantified the uncertainties in fragility
curves by performing multiple IDA simulations using all nine ground
motion sets. However, this approach requires a significant computa-
tional effort. An alternative approach is to “estimate” the uncertainties
instead of quantifying them directly. In this approach, only one IDA
simulation is performed using a single ground motion set, and then
the uncertainties are propagated to obtain the median and dispersion
values.

Ideally, any of the nine ground motion sets could be chosen as the
base or reference curve. However, this can introduce additional com-
plexities in terms of variability in fragility curves. To address this, we
empirically select a ground motion set that exhibits a normalized mean
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Fig. 6. Collapse fragility data from different generic ground motion sets and structural periods; R2 refers to the coefficient of determination.
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Fig. 7. Power-form relation between the median and standard deviation of collapse
capacity and the period of the system including the 95% bounds resulted from direct
STS variability, and bootstrap estimation.

and median close to unity and a smaller standard deviation. Through
comparisons, it has been determined that the BB2 set satisfies these
conditions and is thus assumed to be the reference set. It should be
noted that the true reference set is unknown and may vary depending
on the type of structure under consideration.

By utilizing Eq. (7) to estimate the lognormal fragility function,
we can also determine the distribution of the estimators for # and f.
The estimator for # follows a Normal distribution with a logarithmic
mean and variance of {z, f* /Ngum}. Additionally, the estimator for the
variance, 2, follows a chi-squared distribution with (N, am = 1) degrees
of freedom, where N, represents the number of ground motion sets,
and the scale parameter is (Ngw — l)ﬁ—z [58].

The bootstrap method is used in this paper to propagate the es-
timated uncertainties in fragility curves. The bootstrap method is a
statistical inference technique that involves resampling the original
data set to generate bootstrap samples. This method was not originally
developed to account for the STS variability. However, in this paper, it
has been employed to assess the feasibility of utilizing this alternative
approach and to examine its strengths and limitations. This process can
be used on fragility curves through two approaches: non-parametric
and parametric bootstrap.

In the non-parametric approach, the original set of collapsed IM
realizations from the IDA is taken as the base sample,

imlC,imZC, e,

im€

Nen }, and a specified number N, of bootstrap samples are gener-
i xC 2 xC i xC

ated by resampling with replacement, {lm T ISy s Im }, where
am

k = {1,2,....N,}. Each bootstrap sample has the same size as the
original sample. Subsequently, a Monte Carlo simulation is performed,
where for each bootstrap sample, a non-parametric fragility curve is
constructed.

In the parametric approach, bootstrap samples are directly extracted
from the assumed fragility model instead of resampling the original
dataset. Initially, the N,, values of collapsed IM obtained from the
IDA are used to estimate the parameters of the reference lognormal
fragility distribution, see Eq. (7). The seismic fragility curve is first
discretized into multiple pairs of seismic intensity measure levels versus

collapse probability, e.g., (imlc,]P’lC),(imzc,]P’ZC),...,(imggm,]?ggm) In

the context of engineering structures, it is often assumed that the
occurrence of failure under a specific ground motion intensity level
follows a Bernoulli distribution. This assumption implies that for the
probability of collapse, P, the probability that the structure does not
fail at that particular seismic intensity level is 1 — P. Then, a specified
number N, of new bootstrap samples, each of size N,,, are drawn
from the reference distribution.
(im€, POWD, (im§, PSHD, ..., (im§, m,Jngm)W
(im€, P, (im§, PSP, .., (1m,cvgm , ngm @ ®
(im€ PO Nos), (im$, B Nos), ., (imggm , ngm )WNbs)
Finally, for each kth bootstrap sample, a new fragility function is
evaluated using Eq. (2).

Both non-parametric and parametric bootstrap methods provide a
means to assess uncertainties in fragility curves by considering the
variability introduced through resampling or model-based sampling,
respectively. The parametric bootstrap method is employed in this
study to assess uncertainties in fragility curves. Fig. 8 illustrates the
results of the parametric bootstrap analysis. A total of 1000 bootstrap
samples are generated, and lognormal fragility curves are constructed
based on these samples (shown in the first column of the figure). The
second and third columns display the distributions of the median and
logarithmic standard deviations, respectively. In all cases, the thick
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Fig. 8. Fragility curves from parametric bootstrap sampling of the lognormal reference fragility curve including the histograms for the estimate median and logarithmic standard

deviation. The thick black curve represents the reference model.

black curve represents the reference model, which is assumed to be
BB2. By comparing the range of estimated 4 and § values in Fig. 8
with those in Fig. 6(b), a good agreement between the two methods is
observed. However, it should be noted that there is a slight discrepancy
for structures with long periods.

Fig. 7 also includes a comparison between the #¢ — T and ¢ —
T relationships obtained directly from the STS variability and those
estimated through bootstrap sampling using the BB2 set as the refer-
ence. Overall, there is good agreement between the actual variability
and the estimated values, particularly for . The functional form
of the logarithmic standard deviation is found to be ﬂga = 0.57998,

which slightly differs from the one derived based on the STS data.
However, some discrepancies are observed for larger period systems
when considering the median collapse capacity.

4.2. Modeling variability

In the previous section, a comparison was made among several
different SDOF systems using a reference nonlinear model. Recall that
the reference model was a modified IMK-based SDOF with the following
properties: ¢ = 2.5%, no P-Delta effect, 6,/6, = 3, §,./6, = 10, §,/6, =
20, V,/W =02, V,/V, = 1.1, V,,,/V,, = 02, ¢ = 1 and 4 = 50. In this
section, the influence of various modeling parameters on the variability
of IDA and fragility curves is investigated. Due to the potential increase
in the number of simulations, the focus is specifically on the system
with a relatively short period of T = 0.5 s. Several experimental designs
are defined to systematically study the impact of modeling variability
on the structural responses. Fig. 9 compares the median and logarithmic

standard deviation of IDAs for 12 different modeling combinations and
9 generic ground motion sets for the T = 0.5 s system.

Different combinations of modeling variability and generic ground
motion sets change the order of median and logarithmic standard devi-
ations. However, these changes are not significant enough to alter the
overall conclusions. For instance, in 11 out of 12 cases, the Sch2 ground
motion set consistently produces the highest median curve. Similarly,
the BB1a set consistently results in the lowest median curve in 9 cases.
Additionally, the BB2 set consistently falls within the middle range of
median curves. Similar conclusions can be drawn for the comparison of
dispersion curves. For example, the LMSR set consistently yields a low
dispersion value in almost all 12 cases.

There are secondary conclusions that can be drawn regarding the
specific impact of modeling variability on the statistics of the IDA.
These conclusions provide further insights into how different modeling
parameters affect the results.

+ Increasing damping from 2.5% to 5% has a slight effect on
decreasing the median IDA for certain ground motion sets, while
decreasing damping to 1% increases all median curves. Addition-
ally, increasing damping leads to higher STS dispersion, and vice
versa.

Including the P-delta effects results in a significant decrease in
the median IDA curves, approximately 2-3 times lower compared
to the reference model. Additionally, both the RTR and STS
dispersion are reduced when P-delta effects are considered.

The median IDA shows a direct relationship with the ratio of
V,/W , while the RTR and STS dispersion are independent of this
ratio.
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Fig. 9. Median and logarithmic standard deviation of IDA curves from different generic ground motion sets and different modeling assumptions for the system with 7 = 0.5 s.

+ Increasing the deterioration parameter A generally decreases the
median IDA for most ground motions and influences the order of
the ground motion sets. Decreasing 4 slightly increases the RTR
dispersion but has no effect on the STS dispersion.

Increasing the deterioration parameter ¢ does not significantly
impact the median IDA. However, it slightly decreases both the
RTR and STS dispersion.

The use of pinching and flag-type constitutive models, as alterna-
tives to the modified IMK model, increases and decreases the RTR
variability, respectively. The flag-type constitutive model further
reduces the STS variability. The peak-oriented model exhibits
similar behavior to the reference model in terms of median and
RTR/STS dispersion.

Fig. 10 provides a comprehensive comparison of three types of
dispersion values obtained from the IDA, shedding light on the inter-
and intra-set variabilities. Consistent with previous observations, it is
evident that the intra-set variability (f,,,,) dominates over the inter-
set variability (8;,,,) for all modeling assumptions considered. In terms
of intra-set variability, 10 out of 12 systems exhibit similar levels of
variability. This suggests that the modeling assumptions have minimal
impact on altering this variability, as it primarily originates from the
RTR inherent randomness. Notably, the P-delta and pinching models
are the exceptions, inducing very low and high p,,,, values, respec-
tively. On the other hand, the inter-set variability shows a wide range
of values, ranging from 0.09 g to 0.23 g at the collapse point. This vari-
ability arises from the randomness among the different generic ground
motion sets, meaning that modeling assumptions directly influence the
STS variability. It is important to note that the overall total dispersion
is primarily influenced by ;.-

4.3. Conditional selection scenarios

While the primary objective of this paper is to quantify the variabil-
ity of generic ground motion sets, it is crucial to compare the resulting

median and logarithmic standard deviation with those obtained from
hazard- and structure-dependent ground motion selection methods. In
this study, we utilize the conditional ground motion selection method
proposed by Baker and Lee [59]. This algorithm offers an efficient
approach for selecting ground motions from a database, with the goal
of achieving a desired mean, variance, and correlation of response
spectral values across different periods. It builds upon the earlier work
by Jayaram et al. [60]. The approach involves statistically simulating
response spectra to match a predefined distribution, and subsequently
selecting ground motions that closely align with these spectra.

A total of 10 scenarios were established, with each scenario involv-
ing the selection of 60 ground motions. These scenarios are primarily
influenced by four key parameters: earthquake magnitude (M), closest
distance to the surface projection of the fault rupture (R), average shear
wave velocity in the top 30 m of the soil (Vs3,), and epsilon value (¢)
for conditional selection. The ground motion selection is limited to a
single component, and a maximum scaling factor of 5 is imposed. It is
important to note that this algorithm also necessitates the specification
of the range of variation for each of these parameters. The ranges
for different scenarios were carefully defined to ensure that they are
non-overlapping. These 10 scenarios were created by combining two
magnitudes (6 and 7), two distances (10 km and 30 km, with one being
three times the other), two shear wave velocities (250 and 760 m/s,
with one being three times the other), and three levels of epsilon (1.0,
1.5, and 2.0).

To maintain consistency with Section 4.2 and to avoid an excessive
number of results, the ground motions were conditionally selected
only for the system with a period of T = 0.5 s. Fig. 11 displays
the resulting median and logarithmic standard deviation for the 10
different scenarios, along with the collapse fragility curves. The natural
variation observed in the results reveals dependencies in the fragility
parameters, even when the records are selected based on the system’s
period. The key findings from these plots can be summarized as follows:

+ Across almost all scenarios, selecting ground motions with higher
shear wave velocity leads to higher median IDA curves. However,
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Fig. 12. Correction coefficients for median and logarithmic standard deviation of collapse fragility curve in generic ground motion sets compared to conditional ground motion
sets for the system with 7 =0.5 s.

there is no clear trend when comparing the logarithmic standard
deviations.

In all cases, choosing ground motions with a magnitude of 6
(in the range 5.5-6.5) results in significantly higher median IDA
compared to scenarios with a magnitude of 7 (in the range 6.5-8).
In most cases, the M = 6 scenario also exhibits larger dispersion.
The impact of the distance parameter on median IDA varies.
Within the M = 7 scenario, increasing the distance may either
decrease (for higher shear wave velocity) or increase (for lower
shear wave velocity) the median IDA. For the M = 6 scenario,
the distance parameter does not have a significant effect on the
median IDA. No clear trend can be observed when comparing the
logarithmic standard deviations.

Lastly, increasing the epsilon value from 1 to 1.5 and then to 2
leads to an increase in the median IDA curve. However, the values
of the logarithmic standard deviations remain close.

10

Finally, the results obtained from the generic ground motion sets
are compared to those obtained from conditional spectrum matching
in terms of the median and logarithmic standard deviation of the
collapse fragility curves. The purpose of this comparison is to assess
the consistency between the nine generic sets and the 10 different
hazard scenarios defined for a system with a period of T 0.5 s.
Such a comparison allows us to examine potential biases in the fragility
parameters. Fig. 12 presents the ratio of # and g values between the 10
ground motion sets selected by conditional spectrum matching and the
nine generic ground motion sets. Ratios greater than one indicate that
the generic sets underestimate the actual scenarios.

Starting by Fig. 12(a), it makes more sense to compare the BBla and
Schla with M; — Ry — V)59 — €, 5 Scenario, which yields to # ratio of
1.2 and 1.1, respectively. Similarly, comparing the BB1b and Sch1b sets
with the M¢—R3;—V,50—¢, 5 scenario yields # ratios of 1.3 in both cases.
Furthermore, comparing BB2 and Sch2 with the M; — Ry — Vogp — €1 5
scenario (¢, and ¢,) results in » ratios of 1.2 (1.1 and 1.3) and 0.9
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(0.8 and 1.0), respectively. The FEMA set can be compared with the
M = 7 scenarios, where the 7 ratio ranges from 0.9 to 1.2. Similarly,
the LMSR set can be compared to the scenario with M = 7 and R =
30, resulting in # ratios of 1.2 to 1.3. In all of these comparisons, the
n ratio is greater than one, indicating that the median of the collapse
fragility curve obtained from the generic ground motion sets should be
multiplied by these correction factors for the system with 7= 0.5 s.

Again, it is important to note that in this paper, we are comparing
the IDA method using generic ground motion sets with the IDA method
employing a site- and structure-specific conditional ground motion
selection approach. The objective of this study is not to compare the
results with unscaled records using cloud analysis or narrow scaling
methods like multiple stripe analysis. A discussion is provided in Ap-
pendix B regarding the connection between the scale factors used for
in IDA method and the collapse capacity of the system with 7 =0.5 s.

In terms of logarithmic standard deviation, as shown in Fig. 12(b),
the consistency between the generic and conditionally selected ground
motion sets is higher. Comparing the BBla and Schla sets with the
M;—R)—V,50—¢ 5 scenario yields a f ratio of 0.9 and 1.3, respectively.
Similarly, comparing BB1b and Sch1lb with the My — Ryy — V50 — € 5
scenario results in a f ratio of 0.8 and 1.2, respectively. Additionally,
comparing BB2 and Sch2 with the M; — R;j — V74, — €, 5 scenario (g,
and ¢,) yields g ratios of 1.0 (1.0 and 1.0) and 0.8 (0.8 and 0.8),
respectively. The FEMA set can be compared with the M = 7 scenarios,
and the g ratio ranges from 0.9 to 1.1. Similarly, the LMSR set can be
compared to the scenario with M = 7 and R = 30, resulting in g ratios
of 0.9 to 1.0. These correction factors can subsequently be applied to
the generic ground motion sets for the system with 7= 0.5 s.

5. Conclusions

In this study, we have examined the use of generic ground mo-
tion sets within the Incremental Dynamic Analysis (IDA) method for
assessing structural seismic performance. Our objective was to assess
the consistency and potential biases introduced by these ground mo-
tion sets compared to a site- and structure-specific conditional ground
motion selection approach.

Our analysis revealed several key findings. Firstly, significant varia-
tions were observed in the median and logarithmic standard deviation
of IDA results, as well as collapse fragility functions, when employing
the conditional ground motion selection method across ten different
hazard scenarios. This highlights the importance of considering specific
hazard scenarios to reduce uncertainties. Similarly, a comparable level
of variability was observed when using nine generic (i.e., standardized)
ground motion sets. To address this, we developed correction matrices
to compare the results obtained from the conditional ground motion
selection method with those from the generic sets. The majority of
correction factors were found to be greater than one, indicating that the
IDA method with generic ground motion sets tended to underestimate
structural capacities, aligning with previous studies. However, the dif-
ferences fell within a range of approximately +20% when basic seismic
hazard information was considered in the selection of the generic
ground motion set.

It is worth noting that our study focused specifically on the IDA
method, which is widely utilized in probabilistic seismic analysis within
the field of earthquake engineering. While alternative methods such
as multiple stripe analysis and cloud analysis have been proposed
to address limitations of the IDA method, our primary aim was to
evaluate the performance of generic ground motion sets within the IDA
framework.

In cases where no information regarding the seismic hazard is avail-
able, any of the generic ground motion sets can be considered for use in
IDA. However, it is important to account for set-to-set (STS) variability,
in addition to the traditional record-to-record (RTR) variability, as
part of the overall uncertainty. In this paper, we addressed this by
utilizing two assumptions: variance-variance and variance-bias. The
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former enabled us to quantify intra-, inter-, and total variability, while
the latter provided an estimate of bias.

Through a series of parametric simulations, it was observed that
modeling variability interacts with both RTR and STS variability. In-
creasing the damping value was found to increase STS variability, while
the P-Delta effect reduced it. Certain deterioration parameters in the
IMK constitutive model, such as parameter c, affected STS variability,
while parameter A had no significant effect. Transitioning to a flag-
type mode in the bilinear IMK model reduced STS variability, while
the peak-oriented model had minimal impact.

Furthermore, we identified one of the generic ground motion sets,
i.e., BB2, as a reference set. We employed a parametric bootstrap sam-
pling method to estimate uncertainties in the median and logarithmic
standard deviation, and compared these estimated values with the
direct STS variability. Encouragingly, there was a strong agreement
between the two approaches. For instance, the standard deviation in
collapse capacity was found to be described by ﬂga =0.5T°! for generic
ground motion sets and 0.57°% for the bootstrap sampling method.

In conclusion, our findings emphasize the significance of employing
site- and structure-specific conditional ground motion selection meth-
ods to enhance the accuracy and reliability of seismic performance
assessments. While generic ground motion sets offer convenience for
practitioners and researchers, their usage should be approached with
caution, and appropriate adjustments and corrections should be applied
to mitigate potential biases. Future research in this field should focus
on refining and expanding uncertainty quantification in ground motion
sets for multi-degree of freedom systems. Additionally, further studies
investigating biases and variability across different generic ground
motion sets would contribute to a more comprehensive understanding
of their limitations and potential improvements.

As part of future work, it is important to underscore that the paper
does not purport to offer a universally applicable solution. Instead, it
introduces a foundational concept and applies it to a subset of SDOF
systems. Further research is imperative to extrapolate these findings
and formulate an implementation that caters to the needs of practition-
ers. Moreover, extending this framework to multi-degree of freedom
(MDOF) systems (e.g., RC buildings, steel frames, unreinforced masonry
buildings, etc.) warrants exploration to ensure its applicability across
a broader range of structural configurations. Investigating the impact
of near-fault scenarios with velocity pulses through the utilization of
“generic” ground motion sets, akin to our approach, holds potential as
an intriguing direction for future research.
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Fig. A.14. Response spectra of un-scaled ground motion records for nine generic sets including the median value and median + one standard deviation range.

Appendix A. Ground motion processing

Figs. A.13 and A.14 present different aspects of ground motion sets
in terms of M — R — Vg3 distribution and the acceleration response
spectra.

Appendix B. Scale factor vs. Collapse capacity

Fig. B.15 provides an illustration of the relationship between the
scale factor applied to each ground motion record and the correspond-
ing collapse capacity, SC. The figure includes plots for both the generic
ground motion sets (Fig. B.15(a)) and the conditionally selected ground
motion sets (Fig. B.15(b)).

In the case of the generic ground motion sets, most of the lines
exhibit a similar slope, indicating that an increase in the scale factor
has a proportional effect on increasing the collapse capacity. However,
there are a few exceptions such as BB2, Schla, and Sch1b, which have

12

a lower slope, suggesting that an increase in the scale factor has a
relatively smaller impact on increasing the collapse capacity for these
sets. On the other hand, BB1b and Sch2 require larger scale factors
to satisfy all the collapse requirements. SAC and FEMA sets, on the
other hand, require smaller scale factors, and the range of variation
in scale factors is generally narrower for these sets. In the case of
the conditionally selected ground motion sets, the scenarios with M6-
R(10/30)-V760-E1.5 exhibit higher scale factors. Overall, the range of
variation in scale factors across different ground motion sets is similar
for the conditionally selected sets.

The pioneering works of [61,62] suggest that the scaling factor typ-
ically falls within the range of 0.5 to 2.0 and 0.25 to 4.0, respectively.
Additionally, Shome et al. [63] demonstrated that small-to-moderate
scaling factors do not introduce significant bias in response estimation.
Among the various generic and conditionally selected ground motion
sets examined, only the FEMA set satisfies this condition.
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