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Abstract: Physics-based earthquake simulations are rapidly finding applications in structural engineering,
supplementing the available earthquake record databases, and creating unprecedented opportunities for site-
specific seismic analysis of structures. Due to advances in understanding of earthquake fault rupture
processes and high-performance computing, simulated earthquake records are becoming increasingly
indistinguishable from real records. However, the use of synthetic ground motions in performance-based
seismic design is in its infancy, and there is little guidance on how to select simulated records for nonlinear
time-history analysis of structures such that the expected seismic demands are appropriately represented.
Selecting earthquake records for evaluating the risks to near-fault structures is particularly challenging
because (1) earthquake-induced ground shaking in the near-fault region is highly sensitive to the fault rupture
characteristics, seismic wave propagation patterns, and site conditions, and (2) field recordings of such near-
fault shaking are relatively sparse. In this study, the use of broadband physics-based three-dimensional
earthquake simulations in performance assessment of near-fault building structures is investigated. We
explore the use of a large database of simulated ground motions in representing the characteristics of near-
fault ground shaking and the demands on low-rise and high-rise buildings, and evaluate their performance
against real earthquake recordings and the predictions of empirical ground motion models. The study
demonstrates the advantages of using simulated near-fault ground motions to supplement the limited database
of recordings for large earthquakes and short distances, and highlights potential deficiencies in earthquake
simulations and empirical ground motion models for near-fault hazard and structural risk assessment. The
findings of the study provide guidance on using physics-based earthquake simulations in performance-based
design of buildings in urban areas near active faults.

1. Introduction

Selecting earthquake records for nonlinear time-history analysis of civil structures is a critical link between
hazard and risk analysis in performance-based earthquake engineering. Substantial efforts have been made
over the past two decades to improve the procedures of sampling earthquake records that represent the
expected hazard at a given site from the available database of observational records (NEHRP Consultants
Joint Venture 2011, Shahi and Baker 2011, Bradley 2012, Hayden et al. 2014, Tarbali et al. 2019, Zengin and
Abrahamson 2021). The selection of ground motion records for the analysis of structures that are proximate
to active faults is challenging for several reasons: (1) near-fault ground motion intensity is widely variable and
sensitive to the patterns of seismic wave propagation, fault rupture, and site amplification, (2) near-fault ground
motion may include unique damaging characteristics that are not typically seen in far-field records, such as
strong velocity pulses induced by rupture directivity effects, and (3) recordings of ground shaking for large
earthquakes at short distances from the fault are relatively sparse in the available database of records, and
may be underrepresented in empirical ground motion prediction models (GMPEs). Researchers have
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proposed several methods to improve the representation of near-fault ground shaking intensity in engineering
analysis, which may be categorized as follows:

e Using sophisticated ground motion intensity measures (IMs) other than the frequently used spectral
acceleration at the first-mode period of the structure (e.g., Luco and Cornell 2007), especially those which
are correlated with the nonlinear behavior of structures

e Incorporating modifications to empirical ground motion models to account for the spectral shapes of near-
fault records (e.g., Somerville et al. 1997)

¢ Improving the selection of ground motion records for the analysis of near-fault structures by explicitly
selecting ground motion records with strong directivity pulses (e.g., Shahi and Baker 2011). This approach
relies on empirical models that classify near-fault records in a binary fashion as pulse or non-pulse, based
on the presence of one dominating pulse in the ground velocity trace (Shahi and Baker 2014a), and
estimating the likelihood of encountering a pulse-type ground motion at a given location.

The latter approach has been broadly incorporated in the ASCE 7 seismic design standard in the U.S. through
guidance on explicitly considering near-fault pulses in the selection of ground motion records for the time-
history analysis of near-fault buildings (ASCE 2016). This approach has also recently been criticized because
of its representation of a continuous phenomenon (the increasing intensity of near-fault ground shaking due to
the effects of rupture directivity) using a binary classification criterion (pulse or non-pulse) (Tarbali et al. 2019).
A recent study by the authors also argued that this binary classification may not be appropriate for representing
the characteristics of near-fault ground motions recorded on soft soils because such records can be dominated
by multiple large pulses due to the effects of both rupture directivity and site amplification (Kenawy et al. 2023).
Although more holistic approaches for representing the characteristics of near-fault ground motion have been
proposed (for example, using the Generalized Conditional Intensity Measure (GCIM) approach (Tarbali et al.
2019)), identifying and representing the intensity characteristics of near-fault ground shaking is an area of
ongoing research.

Physics-based earthquake simulations are a promising resource for studying the properties of near-fault
ground motion, because they are capable of representing the rupture properties, fault geometry, site conditions
and physics of wave propagation in three-dimensional media. Three-dimensional physics-based fault rupture
simulations have evolved rapidly in recent years, and were used to study the response of structures to some
earthquake scenarios (Marafi et al. 2019, Kenawy et al. 2021), but they remain relatively underutilized in
earthquake engineering applications. Such simulations have the potential to produce synthetic earthquake
records that supplement the available database of observational records, especially for relatively large events
and short distances. In addition, as earthquake simulations evolve in tandem with scientific understanding of
fault rupture processes and high-performance computing tools, they may be used to improve the
representation of the target seismic hazard at near-fault locations which may be underrepresented in empirical
ground motion models. In this article, we assess the utility of a large database of simulated earthquake ground
motions in both aforementioned circumstances. We explore the use of the simulated ground motions in
representing the characteristics of near-fault ground shaking for the analysis of modern building structures,
and examine their performance against real earthquake recordings and the predictions of empirical GMPEs.

2. Study design

Suites of ground motion records are selected for the analysis of two near-fault building structures in an
earthquake scenario-based context. We use a scenario representative of a magnitude 7.0 shallow crustal
event, and Joyner Boore (JB) distance parameters of 1 km and 5 km. The averaged shear wave velocity in
the top 30 meters (Vy3,) is arbitrarily selected as 380 m/s (which corresponds to the smallest V5, in the
simulated earthquake scenario). The GCIM framework (Bradley 2012) is used to conduct the ground motion
selection experiments, and a detailed description of our selection criteria is presented in the following sections.
Each selection experiment is defined by the following: (1) the target distance metric (either 1 or 5 km), (2) the
source of the target hazard spectra (either based on the empirical GMPESs, or based on the simulated
earthquake scenario for the specified distance and soil properties), (3) the horizontal ground motion
component represented by the target hazard spectra (either a strike-normal (SN) or strike-parallel (SP)
component), and (4) the database from which the records are selected for the analysis (either simulated or
real ground motion records). The full study matrix is described in Table 1, where every row corresponds to two
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different record selection experiments, for a total of 16 experiments. The selection experiments were
conducted on the basis of individual ground motion components because we are interested in comparing the
response of structures associated with either the SN or SP components. We use the selection experiments to
assess the performance of the earthquake simulations in the following ways:

e We compare the acceleration response spectra associated with the target scenario predicted by the
earthquake simulations against the spectra indicated by the GMPE for the same causal parameters. We
examine the median, 16™ percentile and 84" percentile spectra corresponding to RotD50, in addition to
two perpendicular horizontal components (SN and SP). In addition, we compare the structural demands
imposed on representative building structures by suites of simulated ground motions selected to represent
the parameters of each target hazard.

e We holistically evaluate the characteristics of the near-fault simulated ground motions against those of real
near-fault ground motions by comparing the structural demands imposed by suites of simulated and real
ground motion records selected to represent the same target hazard parameters.

Table 1. Parameters associated with the ground motion selection experiments

Index Distance (km) Component Hazard Target Selected Records
1,2 1.0 SN, SP GMPE Real

3,4 1.0 SN, SP GMPE Simulated

5,6 1.0 SN, SP Simulated Real

7,8 1.0 SN, SP Simulated Simulated

9,10 5.0 SN, SP GMPE Real

11, 12 5.0 SN, SP GMPE Simulated

13, 14 5.0 SN, SP Simulated Real

15, 16 5.0 SN, SP Simulated Simulated

1.1. GMPE target hazard spectra

The target GMPE hazard for a given set of causal parameters (magnitude, distance and V;,) is based on
weighting the following empirical models: ASK14 (Abrahamson et al. 2014), BSSA14 (Boore et al. 2014), CB14
(Campbell and Bozorgnia 2014) and CY14 (Chiou and Youngs 2014), each receiving a normalized weight of
0.25 in the calculation of the RotD50 acceleration response spectra (Boore 2010). The empirical model
proposed by Shahi and Baker (2014b) was used to obtain the median SN and SP target acceleration response
spectra from the median RotD50 spectrum.

—— Recorded - 5, 50 & 95th Percentile — Recorded - 5, 50 & 95th Percentile
— Simulated - 5, 50 & 95th Percentile E — Simulated - 5, 50 & 95th Percentile
0.5 1 5 0.5 1 5
Period T(s) Period T(s)

Figure 1. Median, 5th percentile and 95th percentile spectra of simulated and recorded (real) earthquake ground
motions at distances less than or equal 15 km for the SN horizontal component (left) and SP horizontal component

(right).
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1.2. Simulation-based target hazard spectra

The statistical distribution of the spectral accelerations representing the simulation-based target hazard
scenario were estimated directly from the simulated ground motions for the specified magnitude, distance and
V30 Values. The target distribution should ideally incorporate the anticipated variability due to source, path and
site effects. Our database represents some of the variability associated with the hypocenter location and
rupture slip distribution, but is not comprehensive of all possible conditions. The RotD50 component of the
simulated target hazard spectra was calculated based on the RotD50 definition in Boore (2010).

3. Database of recorded ground motions

The dataset of real near-fault ground motions is obtained from the PEER NGA-West2 database (Ancheta et
al. 2014). It consists of 94 records, which were obtained by filtering the database for the following parameters:
earthquake magnitudes between 6.7 and 7.4; JB distance between 0 and 15 km, and V3, between 200 and
700 m/s. The range of magnitudes was selected such that the resulting records have a mean magnitude of
6.95, as close to the M7.0 simulated scenario as reasonably possible. The NGA-West2 records used in this
study are listed in Appendix 1 in Kenawy et al. (2023). The as-recorded horizontal component accelerations
were rotated to their SN and SP orientations based on the fault orientations extracted from the database.

4. Database of simulated ground motions

We use nine fully deterministic broadband (0-5 Hz) physics-based three-dimensional fault rupture realizations
representing a M7.0 strike-slip earthquake scenario, which were generated using the finite difference code
SW4 developed at Lawrence Livermore National Laboratory (LLNL) (Sjogreen and Petersson 2012). Six of
these realizations were generated under the U.S. Department of Energy Exascale Computing Project
(McCallen et al. 2021a) and three realizations were generated at LLNL using the Quartz computer. The
kinematic earthquake rupture modeling technique of Graves and Pitarka was used to simulate the fault rupture
processes (Graves and Pitarka 2016), which has been validated in simulations of recorded earthquakes
(Pitarka et al. 2020, Pitarka et al. 2022). The rupture realizations represent common shallow crustal
earthquakes with a predominantly strike-slip mechanism, and have different combinations of the hypocenter
location, slip distribution characteristics, depth to the top of the rupture, and soil conditions, to capture some
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Figure 2. Target hazard spectra at a distance of 1 km based on simulated ground motions and GMPEs: RotD50
component (left), SN component (center), and SP component (right).
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Figure 3. Target hazard spectra at a distance of 5 km based on simulated ground motions and GMPEs: RotD50
component (left), SN component (center), and SP component (right).
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of the randomness associated with those parameters for a M7.0 scenario. An idealized velocity structure is
used in the simulations to broadly represent relatively stiff and soft soils with a minimum shear wave velocity
of 320 m/s. Further details about the rupture models, the computational domain and the velocity structure are
provided in Kenawy et al. (2023) and Kenawy (2023).

The database of simulated ground motions consists of 35,640 horizontal records (where each record includes
a SN and SP component) within a 20 km JB distance from the fault. The simulated ground motions are intended
to produce records that are generally representative of shallow crustal earthquakes, but do not represent a
specific historical event. The characteristics of a subset of this database were extensively studied and
compared against those of real near-fault ground motion observations in Kenawy et al. (2023), revealing that
the underlying idealized rupture model and velocity structure can represent the salient characteristics of near-
fault observations. Of relevance to this study is the consistency between the spectral characteristics of the
simulated and real ground motions, which is illustrated in Figure 1 for both the SN and SP components. The
figure shows the median, 5" percentile and 95t percentile spectra associated with a near-fault subset of the
simulated ground motions along with the NGA-West2 dataset of recordings. The NGA-West2 dataset includes
records from earthquakes around the world with varying rupture mechanisms. Therefore, those records have
a wider variability than the simulated ground motions, which is evidenced by the spread of the 5th and 95th
percentile spectra of Figure 1 around the median spectrum. The median spectrum of the SN component of the
simulated ground motions is consistently higher than that of the recorded ground motions, but the 95"
percentile spectra of the two datasets are in reasonable agreement. The notable difference between the 5th
percentile spectra of both datasets suggests that the ground motion simulations estimate somewhat higher
shaking intensities compared with the near-fault real records, especially in the SN component. In contrast, the
5th, 50th, and 95th percentile SP acceleration spectra of the simulated ground motions appear to be consistent
with those of the recorded ground motions across a broad range of periods. Above a period of 2 seconds, the
median and 5th percentile SP spectra of the simulations are notably higher than those of the field recordings.
However, for very short periods (between 0.2 and 0.3 s in this case), the spectral accelerations of the SP
simulated ground motions tend to be smaller than those of the recorded ground motions. Overall, the trends
reflect the consistency between the spectral characteristics of the simulated and recorded ground motions. In
addition to the spectral shapes, the distance scaling of spectral accelerations and ground velocity, significant
durations, velocity pulse features, and dominant pulse periods of the simulated ground motions were shown
to be reasonably consistent with those of the recorded ground motions (Kenawy et al. 2023).
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Figure 4. Selected ground motions representing SN simulated target spectra (left) and GMPE target spectra (right) for R
=1 km.

5. Structural analysis models

We use two reinforced concrete (RC) special moment frame buildings which were designed for seismic design
category E: a 3-story building, and a 20-story building, following the seismic provisions of ASCE 7-16 (2016)
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Figure 5. Empirical and fitted cumulative distributions of the MIDR (left) and MFA (right) demands imposed on the 3-
story building by ground motions selected to represent SN GMPE and simulated target spectra at R = 1 km.
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Figure 6. Empirical and fitted cumulative distributions of the MIDR (left) and MFA (right) demands imposed on the 20-
story building by ground motions selected to represent SN GMPE and simulated target spectra at R = 1 km.

and the RC provisions in ACI 318-14 (2014). The seismic design is based on the risk-targeted maps for a site
that is approximately two kilometers away from the Hayward fault in Berkeley, California with site class C. The
first-mode period of the 3-story and 20-story buildings are 0.75 s and 3.45 s, respectively. Two-dimensional
structural simulation models of representative building frames were created using the structural analysis
platform Opensees (McKenna et al. 2000) using the lumped plasticity modeling approach (Giberson 1967).
Further details about the structural design approach and simulation parameters are available in Kenawy et al.
(2021) and Kenawy and McCallen (2021). Each building is subjected to the records selected based on the
experiments described in Table 1, and the histories of the building interstory drifts and floor accelerations are
recorded. In the following, we focus on the distributions of the maximum interstory drifts (MIDR) and maximum
floor accelerations (MFA) as the structural demand parameters of interest.

6. Ground motion selection procedure

The ground motion selection experiments were conducted using the GCIM approach developed by Bradley
(2012), which allows for holistic selection of ground motion records using the best fit to a vector of ground
motion IMs. Details of the GCIM approach in a scenario-based context are described elsewhere (Tarbali and
Bradley 2015), but the specific components of our selection method are summarized as follows:

e Thetarget IMs consist of 20 spectral accelerations corresponding to the following periods: 0.01, 0.02, 0.03,
0.05, 0.075, 0.1, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5, 0.75, 1, 1.5, 2, 3, 4, 5 and 6 seconds. We assign equal
weights w; to each spectral ordinate in the selection procedure.

o We draw random samples from the target IM distributions. For the simulation-based target spectra, the
target IM sample consists of simulated ground motions drawn randomly and independently from the
simulated records which constitute the target. Therefore, the correlations between the IMs (SAs at different
periods) are inherently incorporated in the selection process. For the GMPE-based target spectra, random
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realizations representing the multivariate distribution of the IMs are drawn using the approach described
in Wang (2011), and the spectral acceleration correlations presented in Baker and Jayaram (2008).

e We evaluate the ground motion candidates against the target distribution sample using the square of the
error between each target point and all the available candidate points. We assess the goodness of fit
between the target IM distributions, and the distributions associated with the selected records using the
Kolmogorov—Smirnov (K-S) test. A weighted measure of the goodness of fit of all the target IMs is
calculated, following the recommendation of Bradley (2012) using the weights w; and the square of the K-
S test statistic Dy, as follows: R, = X7, w; Dfy,.
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Figure 7. Selected ground motions representing SP simulated target spectra (left) and GMPE target spectra (right) at R
=1 km.

1 : — 1 : :
> —GMPETarget = A > —— GMPE Target // Vi
= (gl |——Simulated Target| T = gl ——Simulated Target|
Ke] " H Ne] " H
o a
5 g
DL_ 06 o A s DL_ 06 L
a>.> a>.> ..........
S04} S04}
© L ©
> >
Eo02! Eool
O o L
0 : : 0 " :
0.5 1 2 0.5 1
MIDR (%) MFA (9)

Figure 8. Empirical and fitted cumulative distributions of the MIDR (left) and MFA (right) demands imposed on the 3-
story building by ground motions selected to represent SP GMPE and simulated target spectra at R = 1 km.

1

1

: : e
> —— GMPE Target P2 > ——GMPE Target |* i ,
=08 —Simulated Target| 20 =08/ — Simulated Target ;
© o /
S 3
co ’ a 061
> 2
2 S
Eo0.2; 7 Eo02!
© .. o o |z
0 : : ; 0 ; ‘ ‘
0.5 1 2 0.5 1
MIDR (%) MFA (g)

Figure 9. Empirical and fitted cumulative distributions of the MIDR (left) and MFA (right) demands imposed on the 20-
story building by ground motions selected to represent SP GMPE and simulated target spectra at R = 1 km.
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e We repeat this sampling process 15 times and select the best-fit ensemble of 15 ground motion records
which yields the lowest global residual R,,,.

In this study, we did not need to perform scaling of the ground motion records to obtain an appropriate match
to the target hazard, because the causal parameters of the record database are broadly similar to those of the
target. However, a more comprehensive study may consider scaling of ground motion records from a broader
database, which is a typical practice in earthquake engineering design procedures.

7. Results and discussion

7.1.Comparison between the simulated and GMPE ground motion target hazard spectra

Figure 2 shows the median, 16" percentile and 84" percentile target hazard spectra for a scenario with M =
7.0 and R = 1 km based on the simulated records for this scenario, plotted against the analogous GMPE-
based spectra for the same causal parameters. The RotD50 spectra in the left subplot exhibit reasonable
agreement between the simulation-based and GMPE-based spectra across a broad range of periods.
Specifically, we compare the spectra across periods between 0.2 seconds (the lower limit represented by the
earthquake simulations) and 8 seconds. Because the simulated records represent a small number of
realizations, their spectra expectedly have narrower variability than the GMPE target spectra; therefore, the
16t percentile spectrum of the simulation-based target is notably higher than the 16" percentile spectrum of
the GMPE target across most periods.

The individual horizontal component simulation-based spectra, however, differ more substantially from the
estimated GMPE target spectra for the SN and SP components: Figure 2 reveals that the simulated SN
component target median and 16" percentile spectra are higher than the GMPE target in the short- to mid-
period range, whereas the 84™ percentile spectrum of both targets appears to be similar across all periods.
These trends are consistent with the trends observed when comparing the database of SN simulated near-
fault ground motions against the real SN records, as discussed previously. On the other hand, the simulated
SP target spectral accelerations are substantially smaller than the GMPE target spectral accelerations for
periods up to approximately 2 seconds, as Figure 2 reveals. This observation is not consistent with the trends
observed when comparing the simulated and real SP near-fault records shown in Figure 1, and the distance
scaling trends noted in Kenawy et al. (2023). There are several potential reasons for this apparent
inconsistency. First, because of the very small number of recorded ground motions for distances less than 5
km, the ground motion intensity at such short distances may be poorly represented by the empirical GMPEs.
Second, the simulated ground motions, which represent a pure strike-slip mechanism with a vertical fault, may
be highly polarized at very short distances, leading to larger SN and smaller SP spectral accelerations,
compared with the general trends observed across the various fault geometries and rupture mechanisms
employed in constructing the GMPEs. Examining the analogous target spectra at a distance of 5 km in Figure
3 demonstrates the consistency between the RotD50, SN and SP simulation-based and GMPE-based target
hazard spectra, especially with respect to the median and 84™" percentile spectra.

7.2. Structural demands imposed by records representing the GMPE and simulation-based spectra

The differences between the simulation-based and GMPE-based target hazard spectra are further highlighted
in the context of their influence on the demands imposed on building structures with different dynamic
characteristics. Figure 4 shows the results of record selection experiments from the database of simulated
records, where the subplot on the left shows the results of using the SN simulated target hazard spectra, and
the subplot on the right represents the analogous results using the SN GMPE target spectra. The global
residual measure Ry, is shown in each subplot and is almost identical for both experiments. Figures 5 and 6
show the cumulative distributions of the structural demands corresponding to the selected suites of records in
both cases on the 3-story and 20-story buildings, respectively. Empirical cumulative distributions for both the
MIDR and MFA are plotted for each building, along with fitted lognormal distributions. As expected, the
demands imposed by the records representing the simulated SN target spectra are higher than those imposed
by the records representing the target GMPE SN spectra for both buildings. However, the differences between
the demands imposed by each suite of records are not significant, based on the Mann-Whitney U (MWU)
statistical test which assesses whether there is enough evidence in the data to reject the null hypothesis that
both samples come from distributions with equal medians. The null hypothesis is not rejected in this case at a
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significance level of 0.05 for the MIDR and MFA sample pairs for each building (p-values between 0.26 and
0.56 for the 3-story building, and between 0.38 and 0.53 for the 20-story building).

Substantially larger differences are observed between the structural demands predicted by representing the
SP simulated or GMPE target hazard spectra (Figure 7). This is particularly the case for the demand
parameters controlled by the high-frequency content of the ground motion records, such as the demands on
the 3-story building, and the acceleration-based demand parameter (i.e., the MFA). These trends are shown
in Figures 8 and 9 for the 3-story and 20-story, respectively. Much lower demands on the 3-story building are
predicted by using a simulated hazard target, compared to a GMPE target. In the case of the 20-story building,
the cumulative distribution of the displacement-based MIDR demands predicted in both cases is not
significantly different, based on the MWU test (p-value = 0.87). However, the cumulative distributions of the
MFA demands are significantly different based on the same test (p-value = 0.0001).

In agreement with the trends observed in Figure 3, most of the differences between the demands imposed by
suites of records representing a simulated or GMPE-based target spectra diminish for both structures at a
distance of 5 km. Specifically, the cumulative distributions of the MIDR and MFA demands imposed on the 3-
story and 20-story buildings in both cases are not significantly different based on the MWU test (p-values
between 0.25 and 0.93). These distributions are not shown here for brevity.
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Figure 10. Selected real (left) and simulated (right) ground motions representing SP GMPE target spectra for R = 1 km.
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Figure 11. Empirical and fitted cumulative distributions of the MIDR (left) and MFA (right) demands imposed on the 3-
story building by real and simulated ground motions selected to represent SP GMPE target spectra at R = 1 km.

7.3.Characteristics of simulated and real ground motions representing the same target hazard

In addition to assessing the potential for using simulated earthquake scenarios to represent the target hazard
spectra in seismic risk analysis, we also test using simulated earthquake ground motions instead of, or in
supplement to, real ground motions in the analysis of structures, after the target hazard parameters have been
established. Simulated ground motions are useful in cases where there are not sufficient real records in the
available observational databases with the desired characteristics (for example, records which correspond to
distances shorter than 10 km and relatively large magnitude events). Figure 10 shows suites of ground motions
selected to represent a target hazard based on the SP GMPE spectra at a distance of 1 km. The subplot on
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the left shows the median, 16t percentile, and 84" percentile spectra of the selected records from the database
of real near-fault ground motions, whereas the subplot on the right represents records selected from the
database of simulated ground motions. It is noted that both selection experiments have a very similar global
residual (noted in each subplot); i.e., the distributions associated with both suites of selected ground motions
appropriately represent those associated the target spectra.

The structural demands corresponding to both suites of simulated and real records imposed on the 3-story
and 20-story buildings are displayed in Figures 11 and 12, respectively. The plots demonstrate the consistency
between the cumulative MIDR and MFA distributions imposed by the simulated and real ground motions, with
no evidence of a statistically significant difference between each pair (two-sample MWU test, p-values between
0.9 and 1.0). More notable differences are observed between the demands imposed by the SN component of
simulated and real records (compared to the SP component) but are not discussed here for brevity.
Nonetheless, the results suggest that the simulated SN ground motions may tend to overestimate the structural
demands in the short-period range (e.g., the demands on the 3-story building) and underestimate the demands
in the long-period range (e.g., the MIDR demands on the 20-story building) compared to real SN ground
motions selected to represent the same target hazard parameters.
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Figure 12. Empirical and fitted cumulative distributions of the MIDR (left) and MFA (right) demands imposed on the 20-
story building by real and simulated ground motions selected to represent SP GMPE target spectra at R = 1 km.

8. Conclusions

In this study, we conduct ground motion record selection experiments to investigate the utility of physics-based
earthquake simulations in the following contexts: (1) representing scenario-based target hazard parameters,
and (2) supplementing or replacing real ground motion records when the latter are sparse for the causal
parameters of interest. Our experiments show that the spectral shape features of the simulated earthquake
scenario are broadly consistent with the GMPE target hazard spectra. However, a substantial difference
between both sets of spectra is specifically noted in the SP component at the very short distance of 1 km. This
difference may arise from conservatism built into the empirical models due to the lack of recorded ground
motions at very short distances, but also signals the need for incorporating more variability into simulated
earthquake scenarios before they can be used to represent target seismic hazard parameters at very short
distances. The differences between the target hazard spectra propagate to the structural demands imposed
by suites of records selected to represent either target, leading to significantly different demands in the short-
period range. At the relatively larger near-fault distance of 5 km, most of the differences between the GMPE-
based and simulation-based target spectra diminish, such that using the simulated earthquake scenario to
represent the target hazard parameters could be expected to lead to appropriate earthquake records for
engineering analysis.

After the target hazard parameters have been established, our analysis suggests that selected suites of real
and simulated near-fault ground motions perform comparably, especially with regards to imposing similar
demands on structures with varying dynamic characteristics. Keeping in mind the limited scope of the
experiments performed in this study, these results support the use of broadband physics-based earthquake
ground motions in engineering analysis of near-fault structures as a supplement to real earthquake records.
Future extension of this work will compare the characteristics and impacts of simulated and real ground
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motions for a wider range of distances and soil characteristics, and will incorporate additional randomness into
the simulated rupture characteristics of shallow crustal earthquakes.
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