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Summary

A procedure to generate horizontal pairs of synthetic near-fault ground motion
components for specified earthquake source and site characteristics is pre-
sented. Some near-fault ground motions contain a forward directivity pulse;
others do not, even when the conditions for such a pulse are favorable. The pro-
posed procedure generates pulse-like and non-pulse-like motions in appropri-
ate proportions. We use our recent stochastic models of pulse-like and non-
pulse-like near-fault ground motions that are formulated in terms of physically
meaningful parameters. The parameters of these models are fitted to databases
of recorded pulse-like and non-pulse-like motions. Using these empirical
“observations,” predictive relations are developed for the model parameters in
terms of the earthquake source and site characteristics (type of faulting, earth-
quake magnitude, depth to top of rupture plane, source-to-site distance, site
characteristics, and directivity parameters). The correlation coefficients
between the model parameters are also estimated. For a given earthquake sce-
nario, the probability of occurrence of a directivity pulse is first computed;
pulse-like and non-pulse-like motions are then simulated according to the pre-
dicted proportions using the empirical predictive models. The resulting time
series are realistic and reproduce important features of recorded near-fault
ground motions, including the natural variability. Moreover, the statistics of
their elastic response spectra agree with those of the NGA-West2 dataset, with
the additional feature of distinguishing between pulse-like and non-pulse-like
cases and between forward and backward directivity scenarios. The synthetic
motions can be used in addition to or in place of recorded motions in perfor-
mance-based earthquake engineering, particularly when recorded motions are

scarce.
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1 | INTRODUCTION

Synthetic ground motions have long been of interest in the field of earthquake engineering. Moreover, recently, there has
been increased effort in characterizing near-fault ground motions. These motions tend to be more complex and more var-
iable than far-field ground motions and may possess distinct characteristics including the rupture directivity effect in the
fault-normal (FN) direction and the “fling step” in the fault-parallel (FP) direction.” See our recent paper* for a brief
review of the characteristics of near-fault ground motions. These characteristics can have strong influence on the perfor-
mance of structures located at near-fault sites.'° As a result, methods for generation of synthetic near-fault ground
motions are of growing interest.

Synthetic near-fault ground motions can be used for a variety of engineering applications, including for nonlinear
dynamic analysis of structures located at near-fault sites. Such structures can be particularly vulnerable to near-fault
motions if they possess resonant periods that are long and close to the period of the directivity pulse. Furthermore, a suite
of synthetic motions can be used in performance-based earthquake engineering (PBEE), where estimates of expected
costs of damage or downtime must be made. Probabilistic seismic hazard analysis (PSHA), the first and fundamental step
of PBEE, requires a ground motion model. Many types of ground motion models are available; see our recent paper* for a
brief review. In the conventional approach to PSHA, ground motion prediction equations (GMPEs) are used, and the
hazard at a site is represented by a response spectrum. This approach is not adequate if the structure is expected to
respond in its nonlinear range. Alternatively, models of ground motion time series can be used, and the seismic hazard
directly characterized in terms of synthetic ground motions instead of a response spectrum.'>* This approach offers a
more accurate description of the structural response because it provides joint knowledge of more than one ground
motion parameter."?

Our objective is to generate synthetic near-fault ground motions for a specified earthquake scenario. Obviously, it is
crucial that the synthetic motions be realistic and capture the important characteristics of real recorded near-fault
ground motions, including temporal and spectral nonstationarity, near-fault effects, and the characteristics that control
the response of structural and geotechnical systems, namely, the intensity, duration, and frequency content characteris-
tics and their evolution in time. Because of the moving resonance effect in inelastic structures,'* these features are essen-
tial when models of ground motion time series are used in nonlinear dynamic analysis. Moreover, near-fault ground
motion models should consider both pulse-like and non-pulse-like motions because not all near-fault ground motions
contain a forward directivity (FD) pulse, even when the conditions for such a pulse are favorable.'>'® Finally, for PSHA,
it is crucial that synthetic motions properly represent the natural variability of real recorded motions for given earth-
quake source and site characteristics.

Many models have been proposed in the literature to generate synthetic near-fault ground motion time series. They
include source-based deterministic models,*”"*® source-based stochastic models, ! site-based stochastic models,*?*%°
and hybrid models.*® Although these models are able to represent both pulse-like and non-pulse-like motions, many
have focused on representing and fitting only the more damaging pulse-like motions. For engineering applications, sto-
chastic and hybrid ground motion models are generally of more interest because they are able to represent a wider range
of the frequencies that are present in recorded ground motions. Stochastic models of pulse-like near-fault ground motion
may also be classified as hybrid. They consist of the summation of a low-frequency component, the pulse motion, and a
broadband or high-frequency component, the residual motion. The pulse motion is modeled using a deterministic wave-
form*'®** or a narrowband stochastic process.***> The residual motion is modeled using a source-based'®?' or a site-
based***** stochastic model.

Most stochastic models of near-fault ground motion have been fitted to specific events or target records and are able
to generate synthetic ground motions with characteristics similar to those of the target event or record. However, some of
these models®*** do not account for spectral nonstationarity. On the other hand, the models in Mavroeidis and
Papageorgiou'® and Halldorsson et al,”® which are based on the specific barrier model,”” can represent spectral
nonstationarity because the source is modeled as an aggregate of subevents, where each subevent results in a time series
having arrival time and frequency content that depend on the subevent rupture time and subevent-site geometry. The
subevent time series are then combined to obtain the total ground motion at a site, resulting in a nonstationary process.
To generate synthetic ground motions from hypothetical events for PBEE applications, predictive relations that account
for the variability of all the model parameters and for the correlations between them are necessary. Such relations can be
developed for parametrized models by fitting them to a catalog of recorded motions and performing statistical analysis.
However, some previous attempts in this direction have failed to fully account for the variability of all the model param-
eters” > or for the correlations between them.'®?* Furthermore, some site-based models characterize only the
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directivity pulse and were fitted to recorded near-fault ground motions.'>**° Predictive relations are developed for the
parameters of some of these pulse models.'>*"** However, these models lack the high frequency content of real ground
motions. Predictive relations that account for the natural variability of the parameters of the pulse model in Mavroeidis
and Papageorgiou'® have been recently presented in Halldérsson et al and Cork et al.****

In our previous work,* we developed a site-based parameterized stochastic model of near-fault ground motion in
2 orthogonal horizontal directions. The model is defined in terms of a set of physically meaningful parameters that
represent the major characteristics of recorded near-fault ground motions. It accounts for the near-fault effects of
rupture directivity and the fling step, although the main focus is on the former, and it considers both pulse-like
and non-pulse-like motions. A method to fit the model parameters to recorded near-fault ground motions was pre-
sented in Dabaghi and Der Kiureghian.* Moreover, a procedure to generate and postprocess synthetic motions for
specified model parameters was described in that reference and used to generate synthetic ground motions that pos-
sess characteristics similar to recorded near-fault ground motions. See* for a list of the advantages of the proposed
model.

In this paper, we present a procedure to use our previous model* to generate suites of horizontal pairs of synthetic
near-fault ground motions for specified earthquake scenarios. The paper begins with a brief review of the characteristics
of near-fault ground motions, followed by a summary of the stochastic models of pulse-like and non-pulse-like near-fault
ground motions in Dabaghi and Der Kiureghian.* The model is then fitted to subsets of PEER's NGA-West2 database to
obtain empirical “observations” of the model parameters. After transformation to the normal space, empirical predictive
equations are constructed for the transformed model parameters in terms of earthquake source and site characteristics
that are typically available to the design engineer. These include the type of faulting F, the moment magnitude M,
the depth Z;og to the top of the rupture plane, the closest distance Rgp from the site to the fault rupture, the shear-wave
velocity Vi3 of the site, and directivity parameters s,,d and 6,,¢ that describe the geometric configuration of the site rel-
ative to the rupture surface. Moreover, the variability of the parameters and the statistical correlation between them
are estimated. These correlations describe the relations between pairs of model parameters after having removed the
effect of common predictor variables. Next, the procedure for generating a suite of ground motions for specified earth-
quake source and site characteristics is described. For a specified earthquake scenario, first, the predictive relations are
used to simulate sample realizations of the model parameters. The simulated model parameters are then used in con-
junction with the procedure presented in Dabaghi and Der Kiureghian® to generate synthetic near-fault ground
motions for the earthquake scenario of interest. An empirical model of the probability of occurrence of the directivity
pulse®® is used to generate pulse-like and non-pulse-like ground motions in appropriate proportions. The resulting
motions have realistic time series and are able to reproduce the important features of recorded near-fault ground
motions, including the natural variability. Finally, the proposed simulation procedure is validated by generating fam-
ilies of synthetic near-fault ground motions and comparing the statistics of their elastic response spectra with those of
the NGA-West2 GMPEs.*>*® A more detailed account of the procedures and results presented in this paper can be
found in Dabaghi and Der Kiureghian.?’

The proposed simulation procedure has the following characteristics: (1) It provides synthetic near-fault ground
motions in 2 orthogonal horizontal directions; (2) the synthetics properly represent the temporal and spectral character-
istics and nonstationarities of the near-fault ground motion; (3) pulse-like and non-pulse-like synthetic ground motions
are generated in appropriate proportions; (4) the model parameters are predicted for specified earthquake source and site
characteristics while fully accounting for the variability of the parameters and for the correlations between them; (5) the
synthetics are able to reproduce the variability present in real ground motions; and (6) the fling step is easily incorpo-
rated into the formulation.

2 | CHARACTERISTICS OF NEAR-FAULT GROUND MOTION

Important engineering characteristics of a ground motion at a site are measures of the intensity, duration, and frequency
content. In the near-fault region, defined here as the region within 30 km of the fault rupture, ground motions may addi-
tionally be characterized by 2 important near-fault effects: the directivity effect and the fling step. The directivity effect
depends on the spatial distribution of the slip along the fault rupture, on the radiation pattern between the fault rupture
and the site, and on the velocity and direction of propagation of the rupture relative to the site." The FD effect occurs
when the rupture front propagates towards the site and at a velocity almost equal to the shear-wave velocity of the
ground, so that all the seismic energy radiated from the fault rupture arrives at the site in a single, short-duration pulse.
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Sites located in the FD region may experience a two-sided, large-amplitude, short-duration pulse at the beginning of the
velocity time series, in the FN direction (the direction perpendicular to the fault plane)."**® If the rupture propagates
away from the site, the site is said to be in the backward directivity (BD) region and typically records a small amplitude,
long-duration ground motion in the FN direction.” The “fling step” occurs at sites that undergo a permanent static
ground displacement due to the relative movement of the 2 sides of a rupturing fault. This effect typically appears in
the FP direction, as a step function in the displacement time series and as a one-sided pulse in the velocity time series.*>’

Not all near-fault ground motions contain a directivity pulse, even when they are recorded in the FD region. Con-
versely, near-fault sites may record a directivity pulse even when they are not in a geometric configuration that is favor-
able for such an event.” Moreover, the pulse-like features from the directivity effect are observed in a range of
orientations, which often but not always include the strike-normal (SN) orientation. And even if a directivity pulse
occurs in the SN direction, the largest pulse might occur in a different direction.'® This variability is inherent to earth-
quake ground motions and results from the complex nature of the rupture propagation and variability of the velocity
structure of the ground.® Note that we distinguish between the FN and the SN directions, and between the FP and
the strike-parallel (SP) directions. See Dabaghi and Der Kiureghian**’ for more details.

In this and our previous work,**” the characterization of a ground motion as pulse-like or non-pulse-like refers to the
presence or absence of a directivity pulse and is independent of the “fling” step. Note that pulses due to the fling step are
absent from the ground motion records used in this work because they are removed by standard filtering and baseline
correction procedures. A ground motion is classified as pulse-like if at least one of its horizontal components is pulse-
like; otherwise, it is classified as non-pulse-like.'® Note the distinction between the classifications as pulse-like or non-
pulse-like of a ground motion versus a ground motion component. Identification of the directivity pulse is not a straight-
forward task.*® The definition of what constitutes a pulse and what defines the boundary between pulse-like and non-
pulse-like motions is somewhat subjective. In our work, ground motion records are classified as either pulse-like or
non-pulse-like following the method developed by Shahi and Baker,'® which is based on a wavelet signal processing
method proposed by Baker.*' More recently, the same authors proposed another version of the classification algorithm,**
but this study uses the old version.

3 | STOCHASTIC MODEL OF NEAR-FAULT GROUND MOTION

Our stochastic model in Dabaghi and Der Kiureghian®* describes near-fault ground acceleration in 2 orthogonal horizon-
tal directions and accounts for the pulse-like and non-pulse-like cases. The model combines submodels that are summa-
rized below. It is formulated in terms of physically meaningful parameters that characterize the main features of
recorded near-fault ground motions. For more details, see Dabaghi and Der Kiureghian.**’

3.1 | Model of the directivity pulse

The directivity pulse is modeled in the velocity domain using the modified Mavroeidis-Papageorgiou (mMP) pulse; see
Mavroeidis and Papageorgiou'® and Dabaghi et al.** The mMP pulse is defined by

1 t—t D 2 t—t
Vpu(£) = {EVp cos {271( ;ax"p> + v} yTr } {1 + cos {% <$)] } tip<t<tsp, 1
p p p

=0 elsewhere,

where the 5 model parameters are the pulse amplitude V), the pulse period T,, parameter y characterizing the number of
oscillations in the pulse, the phase angle v, and the time of the peak of the envelope ., .- T0 be precise, V, is a param-
eter that controls the amplitude of the velocity pulse; however, its value closely matches the pulse amplitude. In the
fitting procedure,’ V), is constrained to the maximum absolute amplitude of the extracted velocity pulse; the remaining
parameters are then identified by minimizing the squared difference between the fitted and extracted velocity pulse
waveforms. Comparison of the fitted and extracted pulses shows that the fit is satisfactory, see Dabaghi and Der
Kiureghian.4 The pulse starts at time ; , = tq. p — 0.5YT, and ends at time f; , = t,q., p + 0.5YT,. D, is the nonzero
displacement at the end of the pulse in the original formulation,

sin(v + yz)—sin(v—yn)
47(1—y?) ’

D, = V,T, ©)
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and is included in the modified model to achieve zero displacement at the end of the pulse. To overcome the arbitrariness
in the start time &, of a ground motion, we define Dy _ ,14xp = tmaxp — fo as the nominal time to the peak of the pulse. A
definition for the nominal start time t,, which is assumed to be the same for all components of the ground motion, is
presented in Section 3.3. The acceleration of the directivity pulse, a,,(t), is the derivative of v, ().

3.2 | Model of broadband near-fault ground motion

Residuals of pulse-like near-fault ground motions after removal of the pulse, as well as near-fault ground motion com-
ponents that do not contain a pulse, are generally broadband time series with slowly evolving temporal and spectral
characteristics. The nonstationary modulated, filtered white-noise (MFW) model formulated by Rezaeian and Der

Kiureghian**** is used to model these broadband motions. The model for the acceleration process is described by
1
aurw(t) = a0 e Ao i) ©
n(t)

where w(t) is a white-noise process, h[t — 7, A(7)] is the unit-impulse response function (IRF) of a linear filter with time-
varying parameters A(7) = [w{7), {(7)], ox(t) is the standard deviation of the process defined by the integral, and g(t) is a
time-modulating function that characterizes the root-mean-square of the acceleration process. For the IRF, the form
selected in Rezaeian and Der Kiureghian*® is adopted. For near-fault ground motions, the modulating function

0 [<log
t—to, «
q(t) = C( q ) toﬁq<tstmax,q (4)
Imaxg—log

cexp|[—B(t—t maxq) | t max,g <t

is selected, where fy, = fy and f,,q.4 are the start and peak times, respectively. As described in Dabaghi and Der
Kiureghian,* the modulating function parameters (@, , c, Imax,q) are related to physical quantities of a ground motion
component, namely, its Arias intensity, I, its effective duration, Ds _ o5 (time between 5% and 95% Arias intensity
values), and the durations D, _ 5 and D, _ 3, from ¢, to the 5% and 30% Arias intensity values, respectively. For the filter
frequency, the linear form used in Rezaeian and Der Kiureghian** is adopted,

wf(f) = 27.[V‘mid +f/(T_tmid)]a ©)

where f,,,;4 is the filter frequency in Hz at the middle of the ground shaking t,,;4, taken as the time t39;, of the 30% Arias
intensity value of the motion, and f” is the rate of change in Hz/s of the frequency with time. Finally, the filter damping is
taken to be a constant, {(r) = ¢ Thus, the 7 physically relevant parameters (I, Ds _ os, Do — 5, Do — 30, fmia> f'» &)
completely define the process representing the broadband near-fault ground acceleration.

3.3 | Stochastic models of pulse-like and non-pulse-like near-fault ground motion

The model of the pulse-like ground acceleration is formulated in the direction of the largest horizontal pulse, app(t), and
in the corresponding orthogonal direction, apo(t). The orthogonal component is assumed to be non-pulse-like, ie, not to
contain a directivity pulse. The model for app(f) is broken down into 2 submodels: one for the directivity pulse, a,,(t),
and one for the residual motion, a,.(t), which is the total motion minus the pulse. The directivity pulse a,,,(t) is modeled
using the mMP pulse with parameters (Vp, Ty, ¥, ¥, Do — max,p)» While a,.(t) and apo(t) are modeled using the MFW pro-
cess with parameters (I, yess Ds — 95 ress Do — 5,ress Do — 30,res> fmid,ress.f ,reS’ Cf, res) and (I po, Ds — 95 po, Do — 5,p0, Do — 30,P0> fimid,
PO f},o, &rro), respectively. The pulse-like model is thus formulated in terms of 19 parameters denoted ap;, i = 1, ..., 19;
see Table 1. Note that to overcome the arbitrariness in the start time £, of a ground motion, ap s = Do — maxp = tmaxp — lo
is used here, and not ap s = f,,4x, as was done in our earlier work.>”

The model of non-pulse-like near-fault ground motion is formulated for the major and intermediate components of
acceleration, denoted ayp;(f) and anpo(f), respectively. These components are modeled using the MFW process with

parameters (I, np1, Ds — os, np1>, Do — s.np1s Do — 30.8P15 fmid.Ne1 f np1s §ene1) @and (Ianpa, Ds — o5, N2> Do — snp2s Do — 30,
NP2s Jmid.np2s f }sz, ¢snp2), respectively. The non-pulse-like model is thus formulated in terms of 14 parameters denoted
anpis L = 1, ..., 14; see Table 2.
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TABLE 1 Parameters ap; of the pulse-like model, i =1, ..., 19
ap1 Xp2 Xp3 Xpa Xps
Pulse Vp, cm/s Ty, s Y v/m, rad Dy _ maxps S
Residual ap,6 ap,7 apg ap9 ap,10 ap,11 ap,12
Ia,reSs cm/s DS — 95,res> S DO — 5,res» S DO — 30,res» N fmid,reSs Hz fres’ HZ/S g‘”,res
Orthogonal ap13 ap14 ap,15 ap, 16 ap,17 ap,1s ap,19
I po, cm/s Ds _ 95,p0, S Dy _ sp0, 8 Dy — 30,0, 8 Smia,po, HZ fro> Hz/s gf,Po

TABLE 2 Parameters ayp; of the non-pulse-like model, i =1, ..., 14

NP1 NP2 anP3 NP4 aNP,5 NP6 anp,7
Major I, np1, cm/s Ds _ o5 np15 S Dy _ s5np15 S Dy _ 30npP15 S Jmiane1, Hz f NP1’ Hz/s {f NP1
Intermediate NP8 aNP,9 aNP,10 aNP,11 aNP,12 ANP,13 ANP,14

Iy NP2, CI/S Ds _ os,np2, S Do — snp2 8 Do — 30,np2, S Smid.Np2, HzZ fpa» Hz/s $inpa

Note that the parameters Do — paxp, Do — 5, and Dy _ 3 are all measured from the nominal start time £, of the ground
motion. In the fitting procedure, the nominal start time of a target recorded ground motion is defined as
to,rec = TN (L0,01,1, res, Lo.01,1,,p0) for pulse-like motions and £y ree = min (£o.01.1, Np1, fo.01,1,,np2) for non-pulse-like motions,
where £y 01,1, comp 1S the time at which 0.01% of the total Arias intensity of the component is reached. Then we set £,
q = lo = fore. In the simulation procedure, we usually set f,, = f, = 0. For more details, see Dabaghi and Der
Kiureghian.**’

4 | EARTHQUAKE SCENARIOS AND DIRECTIVITY PARAMETERS

Characteristics of ground motions depend, to varying degrees, on the configuration of the earthquake source, on the
propagation path of seismic waves traveling from the source to the site, and on the properties of the soil profile beneath
the site. An earthquake scenario can be defined in terms of parameters that describe the main features of the source,
path, and site. In this paper, earthquake scenarios are defined in terms of earthquake source and site characteristics that
are readily available to the design engineer. These include the type of faulting F (=0 strike-slip faults, =1 reverse and
reverse-oblique faults), the earthquake moment magnitude M,,, the depth Zrog to the top of the rupture plane, the clos-
est distance Ryyp from the site to the fault rupture, and the shear-wave velocity Vs, of the top 30 m of soil at the site.

In near-fault regions, additional predictor variables are needed because ground motions also depend on the geomet-
ric configuration of the site relative to the fault rupture surface and on the direction of propagation of the rupture. Sev-
eral geometric parameters have been proposed in the literature to predict and model the FD effect; see Spudich et al* for
a review of the directivity parameters used in the NGA-West2 directivity models. Following Iervolino and Cornell*® and
Shahi and Baker,'®** the directivity parameters used in this paper are (1) the length s or width d of the portion of the
rupture that propagates between the hypocenter and the site, and (2) the angle 8 in a horizontal plane between the fault
rupture plane and the direction between the epicenter and the site or the angle ¢ in a vertical plane between the fault
rupture plane and the direction between the hypocenter and the site. Generally, parameters s and 6 are used to represent
directivity for strike-slip faulting, while d and ¢ are used for dip-slip faulting.” These geometric parameters are illustrated
in Figure 1. For oblique-slip earthquakes, typically the parameters for dip-slip faults have been used. To better represent
oblique-slip earthquakes, in this paper, the directivity parameters used for all types of faulting are (1) the larger of s and d
(denoted s,,d) and (2) the corresponding angle 6 or ¢ (denoted 6,,¢). In summary, the earthquake source and site param-
eters that define an earthquake scenario in this paper are (F, My,, Zror, Rrup, V30> Sords Bor)-

5 | DATABASE OF RECORDED NEAR-FAULT GROUND MOTIONS

A subset database of pulse-like and non-pulse-like recorded motions from PEER's NGA-West2 database (http://peer.
berkeley.edu/ngawest2/) is selected for this study. The data consist of pairs of horizontal near-fault ground motion com-
ponents from moderate to large earthquakes (5.5 < M,, < 8.0) recorded at sites located at Rgyp < 31 km. Only records
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FIGURE 1 Directivity parameters (after Somerville et al®)

from shallow crustal strike-slip, reverse, or reverse-oblique earthquakes in active tectonic regions are considered. After-
shocks are excluded. Records in the NGA-West2 database have different time steps At. For consistency, and as discussed
in more detail in Dabaghi and Der Kiureghian,*” only records having time steps of At= 0.005, 0.01, or 0.02 second are
included. Moreover, records with At= 0.01 or 0.02 second are resampled to At= 0.005 second using a sinc interpolation.*’

5.1 | Pulse-like database

The pulse-like database consists of 243 recorded ground motions in the NGA-West2 database identified as pulse-like by
Shahi and Baker'®*® (June 2012 version). To have a reasonable sample size, no limit is set on Vi3, of the recording site.
With the constraints on M,,, Rryp, At, type of faulting, and aftershocks, the database reduces to 130 pairs of records from
27 earthquakes. The detailed list can be found in Dabaghi and Der Kiureghian®’; the ranges of the earthquake source and
site parameters are listed in Table 3. The charts on the left side of Figure 2 show the distribution of the parameters F, M,,,
Rrup, and Vi in the selected database.

5.2 | non-pulse-like database

The non-pulse-like database consists of recorded near-fault ground motions in the NGA-West2 database identified as
non-pulse-like by Shahi and Baker.'®*® Since non-pulse-like records are more numerous, in addition to the constraints
on M,,, Rryp, At, etc, we exclude records at soft sites with V3o < 360 m/s. The resulting non-pulse-like database consists
of 311 pairs of records from 44 earthquakes. A detailed list can be found in Dabaghi and Der Kiureghian®’; the ranges of
the earthquake source and site parameters are listed in Table 4. The charts on the right side of Figure 2 show the distri-
bution of the parameters F, M,,, Rryp, and Vs, in the selected database.

5.3 | Identification of model parameters

Sample “observations” of the model parameters are obtained by fitting each ground motion model to the corresponding
database of recorded near-fault ground motions. Each record in the pulse-like database is rotated into the direction con-
taining the largest pulse amplitude app(t) and the corresponding orthogonal horizontal direction apo(t). Moreover, the

TABLE 3 Ranges of earthquake source and site parameters for records in the pulse-like database

M,, Zror, km Rrup, km V30, M/ sor d, km Borg,~
Min 5.74 0 0.07 139 4.97 0.1
Max 7.90 5.92 30.49 2016 101.51 67.4
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FIGURE 2 Distribution of records in the pulse-like (left) and non-pulse-like (right) databases with respect to type-of-faulting, moment
magnitude, source-to-site distance, and shear-wave velocity at the site

TABLE 4 Ranges of earthquake source and site parameters for records in the non-pulse-like database

M,, Zror, km Rrup, km V30, M/S s or d, km 0 or ¢, °
Min 5.50 0 0.21 361 1.20 0.15
Max 7.90 14.50 30.9 1428 135 84.4

velocity pulse vp,,(f) is extracted from the ground motion component in the direction of the largest pulse using Baker's
algorithm,*" and the corresponding residual motion a,.(t) is calculated. Similarly, each record in the non-pulse-like data-
base is rotated into the major and intermediate “principal” components, aypi(f) and anpy(t). Fitting is achieved by
matching selected intensity, duration, and frequency content characteristics of the model to those of each recorded
motion. The procedure is described and illustrated in Dabaghi and Der Kiureghian.**” A complete list of the identified
model parameters for the records in the selected databases is given in Dabaghi and Der Kiureghian.>’ Note that the
values “f,,4.p, measured from £,” in Dabaghi and Der Kiureghian®’ correspond to D, _ max,p iD this paper. Also see
Dabaghi and Der Kiureghian®’ for more details on how the components are rotated, the directivity pulse and residual
motion separated, and the time series resampled to At= 0.005 second.

6 | DEVELOPMENT OF EMPIRICAL PREDICTIVE EQUATIONS FOR
PARAMETERS OF STOCHASTIC MODEL

Using the samples of fitted model parameters, predictive models are developed for the pulse-like and non-pulse-like
model parameters in a transformed normal space. They include (1) predictive mean equations in terms of the predictor
variables (F, M,,, Zror, Rrup, V30, Sord, and 6,,¢) that describe the earthquake source and site characteristics, (2) esti-
mates of the standard deviations of the transformed model parameters, and (3) estimates of the statistical correlations
between the model parameters.
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6.1 | Transformation of model parameters to the normal space

First, all the model parameters ap;, i =1, ..., 19, and anp;, i = 1, ..., 14, are transformed to the normal space to satisfy the
normality assumption in the subsequent development of regression models. The transformed pulse-like and non-pulse-
like model parameters are denoted zp;, i = 1, ..., 19, and znp;, | = 1, ..., 14, respectively. The model parameters can be
classified into 4 categories: (1) intensity parameters (V}, and I,,), (2) period and frequency parameters (T, and f,,;a), (3)
time and duration parameters (Dy — maxp, Do — 5, Do — 30, and Ds _ os), and (4) “other” parameters (y, v, f*, and ¢ that
are difficult to relate to physical ground motion characteristics and are likely to be least important for structural
response. Ground motion intensity, frequency, and time and duration parameters can be reasonably assumed to follow
a lognormal distribution (see, eg, Abrahamson®® and Jayaram and Baker° for intensity measures; Bray and Rodriguez-
Marek'® and Rathje et al’! for frequency parameters; and Kempton and Stewart>> and Bommer>® for duration parame-
ters). These parameters are transformed to the normal space by taking their natural logarithms:

zpi = Inap; i=1,2,5,6,7,8,9,10,13,14,15,16,17, (6)

ZNP,i = an(Np7i i= 1, 2, 3, 4, S, 8, 9, 10, 11, 12. (7)

Because the remaining model parameters (y, v, f', and ¢) do not follow a lognormal distribution, the procedure
described by Rezaeian and Der Kiureghian**** is used: A marginal probability distribution Fe,, (atp;) O Fey,, (anp;) is
fitted to the sample data of each parameter. The parameter is then transformed to the standard normal space by use
of the rules

zpi = O [Fo, (apy) ], 1 = 3,4,11,12,18,19, (8)

Znpi = D7 [Fay,, (anp,) ], i = 6,7,13,14, )

where ®~'[.] denotes the inverse of the standard normal cumulative probability distribution function. Table 5 lists the
fitted marginal distributions, their selected bounds, and fitted parameter values. See Dabaghi and Der Kiureghian®’
for definitions of distribution parameters.

6.2 | Regression analysis

Next, the transformed data are regressed against the variables (F, My, Zrogr, Rrups V30, Sord, Bor¢). In all cases, the direc-
tivity parameter 6,,¢ was found not to be a good predictor and was removed from the list.

Random effects regression is used to properly account for the statistical dependence of multiple observations from the
same earthquake and to prevent earthquakes with large numbers of records from biasing the results. The total regression
error is subdivided into an inter-event term #»; and an intra-event term ¢;, where subscript i denotes the model parameter
of interest. These error terms are assumed to be independent, normally distributed random variables with zero means
and variances 77 and ¢?, respectively.>>*® The variance of the total regression error (1; + ¢) is given by
ori> = 77 + ¢;. The regression formulae for the transformed model parameters have the forms

zpi = 8pi(F, My, Z1or, RrUP, V530, Sord) +p; +€pi i =1,..,19, (10)

Znei = &npi(Fy Mw, Z1or, Rrup, V30, Sord) + Nnp; +€npi 1= 1,...,14, an

TABLE 5 Marginal distributions fitted to parameters y, », f, and &

Parameter Unit Fitted Distribution Selected Lower Bound Selected Upper Bound Fitted Distribution Parameters

y - Beta 2.0 3.2 a=1.30,8=3.97

v/ m, rad  Uniform 0 2

f Hz/s  Two-sided exponential —3.5 1.5 a=64,8=143,c=442
Ing; - Beta In 0.009 In1 a=534,3=3383
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where gp;(-) = E[zpi] = 2BpXj and gyp;(-) = E[znp;] = 2.BnpX; are the linear predictive mean equations for the
J J

pulse-like and non-pulse-like model parameters, respectively. We use linear predictive equations to avoid the more dif-
ficult task of nonlinear regression analysis.

For consistency with seismological theory, the functional form of the predictive equation of any transformed model
parameter z is initially constructed as the sum of terms that represent the source (magnitude and type of faulting), the
path (geometric attenuation term), the site (shallow site response term), and the directivity effect. The same general form
and regression terms X; are selected for both the pulse-like and non-pulse-like model parameters:

Efz] = ?/%Xj
= By + BiMy + By (My—6.5)1(Myy,>6.5) + B3Ff g, 7 + (By + BsMyw) In (w /R:,p + h2> + Bs InVg + Boserd.  (12)

In the above, [(-) is the indicator function (=1 if the term inside brackets is true, =0 otherwise), fu.z = Zror if

Zror < 1km and fg, z = 1 if Zyor > 1 km, h is the effective focal depth, and Vo = min (V30,1100 m/s). This general
form is adapted from existing GMPEs developed for intensity measures by Campbell and Bozorgnia,*”*® to which we
add a directivity term. To avoid nonlinearity in the regression equation, we set 1 = 6 km before performing regression
analysis. The directivity variable s,,d is only considered in the predictive relations for the parameters of the pulse-like
model; therefore, we set Sypi7 = 0.

Equation (12) is used as a starting point for the predictive equations of all model parameters. However, not all terms
are included in the final versions; only terms having explanatory power are retained. In fact, the simplest model that
minimizes the variance of the error terms is preferred over more complex models. Equation (12) is thus adapted to
the data. For instance, we find that only the magnitude and distance terms provide explanatory power for parameters
(7, v, f', and ¢). Therefore, we set 8, = 5 = Bs = B¢ = 87 = 0 for these parameters. Moreover, some terms are removed

TABLE 6 Estimates of regression coefficients and error standard deviations for parameters of the pulse-like model (zp ;)

i ap,i :EP,iO BP,il EP,iZ :EP,iS :EP,M /B\P,is EPJG EP,W Go,i ai Ti ot

1 Vy 1.699 0.608 -0.608* 0.183 —-0.576 - —0.094 0.007 0463 0385 O 0.385
6 Jgi s —2.116 1474  —1.378 0.337 —-1.073 - = = 0904 0.592 0.510 0.781
13 1, ro —0.263 1.131  -1.170 0.404  —-1.652  0.105 - - 0.884  0.669  0.331  0.747
2 T, —2.479 0.670 = —0.264 = = —0.233  0.008 0.869 0.359 0.457 0.581
10 Jmid,res 0.967 -0.111 - - - - 0.183 - 0422 0385 0.142 0410
17 Jmid.po 0434  —0.125 = = = = 0.302 - 0459 0405 0.171  0.440
5% Do_ maxp —4.249 0.852 - —0.380 0.390 - —-0.088 - 0.842 0272 0.382  0.469
7 Ds _ 95 res —0.381 0.733 - —0.163 0217 - —-0427 - 0.589  0.279  0.247  0.372
8 Do _ 5 res —5.563 0.905 - —0.282 0.385 - - - 0.779 0307 0.318  0.442
9 Do — 30,res —4.777 0.880 = —0.339 0.311 - = = 0.764 0241 0311  0.394
14 Ds _ 95p0 —0.516 0.754 - —0.122 0.192 - —-0.424 - 0.630 0.292  0.277  0.402
15 Dy — spo —5.772 0.923 = —0.238 0403 - = = 0.772 0325 0.328  0.461
16 Dy _ 30.r0 —5.016 0.905 - —0.328 0.327 - - - 0.764  0.233  0.334  0.408
3 y = = = = = = = = 1.002 1.002 0 1.002
4 v - - - - - - - - 0928 0928 0 0.928
11 s —2.166 0.322 = = = = = = 0.838 0.820 0 0.820
12 Gres -1.707 0.433 - - -0413 - - - 1118 1.096 O 1.096
18 f'ro —2.875 0.416 — - — — - — 0.857 0825 0 0.825
19 $ro —1.868 0.457 - - -0.501 - - - 0996 0962 0 0.962

*B, = — B, is imposed to prevent oversaturation, ie, a decrease in V,, with increasing magnitude.

*##In Dabaghi and Der Kiureghian,”” Dy _ 4., Was denoted f,,4,, and measured from f.
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from Equation (12) for consistency with existing GMPEs developed for similar parameters. For example, following
Bommer et al,>® we set 8, = 0 for the time and duration parameters. Note that here, we set h = 6 km while
h = 2.5 km was used in Bommer et al.>?

The regression coefficients 8p; and Snp; are solved for numerically following the method described in Rezaeian and
Der Kiureghian.**>* We use the statistical F-test to evaluate whether t; is statistically different from zero, ie, whether the
random effect should be included or not. If the F-test is passed with at least 82% confidence, we include the random
effect. In most cases where the random effect is included, the F-test is passed with greater than 95% confidence. In
the cases where the data do not support the use of the random effects regression model, we set 7; = 0 and use regular
regression analysis. The selected combinations of the regression terms are listed in Tables 6 and 7 for the parameters
of the pulse-like and non-pulse-like models, respectively. A dash indicates that a regression term is not included in
the final regression form. Listed in these tables are the estimates of the regression coefficients 8p;; and Snp; and the stan-
dard deviations 7;, ¢;, and or; of the inter-event, intra-event, and total error terms, respectively. When the random effect
is not included, only o7; is listed. The initial sample standard deviation oy ; of the data is also given for reference. A large
decrease in the standard deviation from oy ; to or; indicates that the selected regression equation has a significant explan-
atory power. Because of the limited size of the data and complexity of the ground motion phenomenon, we are able to
achieve only small to moderate reductions in the total standard deviations. As more data become available, the func-
tional forms and coefficients of the regression equations can be updated, and error standard deviations are likely to
decrease. After selecting the final regression equation, the normality assumption is checked by examining the regression
residuals. We also use a variant of cross-validation to ensure that the selected models do not overfit the data; we ran-
domly remove 10% of the data points for each model parameter and rerun the regressions. The estimated regression coef-
ficient values change only slightly, confirming robustness of the selected regression formulae. These and other details of
the analysis are reported in Dabaghi and Der Kiureghian.?” Also reported there are the lower and upper bounds of the
95% confidence intervals of the estimates of the regression coefficients, as well as the importance factor of each predictive
term for each model parameter. The importance factors indicate that terms related to magnitude and distance scaling
tend to be the most important for many of the parameters of our model.>’

6.3 | Analysis of regression results

The trends observed in Tables 6 and 7 between the model parameters and the earthquake source and site characteristics
make sense overall. They are generally as expected based on seismological principles and consistent with prior observa-
tions and existing GMPEs (see Dabaghi and Der Kiureghian®’ for a comparison with existing GMPEs). The advantage of

TABLE 7 Estimates of regression coefficients and error standard deviations for parameters of the non-pulse-like model (znp ;)

i XNP,i ENP,iO gNP,il ﬁNP,iZ ﬁNP,iS ENP,M ENP,iS ENP,L’() ENP,W aO,i $i T aT,i

1 I np1 8.097 1.006  —1.393 0.435 —4.859 0473 —0.863 - 1432 0903 0.541  1.053
8 e 7.307 0.999 —1.331 0.443 —4.953 0491 —0.835 - 1.418 0.819 0.622  1.028
5 fmidNe1 0.247  —0.149 - - - - 0.377 - 0.480 0.397 0207  0.448
12 foiane: 0.425  —0.181 = = = = 0.402 = 0.441 0353 0189  0.400
2 Ds_osnp —1.035 0.769 - —0.378 0412 - —0.424 - 0.656  0.378 0125  0.398
3 Do_snp1  —4727 0.710 - —0.124 0471 - - - 0.663  0.355 0.287  0.457
4 Do — sonp1  —4.444 0.798 - —0.231 0345 - - - 0.635 0.288  0.104  0.306
9 Ds _osnpx  —0.404 0.672 - —0.330 0335 - —0.367 - 0.590 0.334 0172 0376
10 Do_snpx  —4798 0.709 - —0.076 0473 - - - 0.662  0.356  0.289  0.458
11 Dy_sonpz —4350 0.785 - —0.222 0325 - - - 0.610 0278 0.096 0.294
N N —1.443 0.223 - - - - - - 0949 0941 0 0.941
7 ver —0.380 0.159 - - -0.298 - - - 1.018 1.008 0 1.008
13 f'ne2 —2.979 0.420 - - - - - - 0.866 0.832 0 0.832
14 G —0.704 0.161 - = —0.146 - = - 0.892 0.888 0 0.888
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our relations is that they make the crucial distinction between pulse-like and non-pulse-like ground motions. Some of
the trends are discussed next.

V), is positively related to s,,d (87 > 0), in accordance with the FD effect. The type of faulting (8;X3) is found to make
little contribution to the overall predictive equation; it is retained here for comparison with existing GMPEs for intensity
measures.””>® Moreover, the random effect is not found to be statistically significant for V,, indicating that the ampli-
tudes of velocity pulses arising from the same event but observed at different sites are not strongly correlated. T,, tends
to increase with the magnitude (8, > 0) and decrease with site stiffness (85 < 0), which is as expected and agrees with
previous observations, even though T, is not uniquely defined in the literature.'>'****%3>*! It appears that strike-slip
earthquakes result in pulses with periods longer than reverse earthquakes (85 < 0). Moreover, as s,,d increases, T, tends
to increase (8, > 0), which is as expected since wave periods tend to lengthen with increasing rupture length and
duration.

For the 2 horizontal components of both pulse-like and non-pulse-like ground motions, f,,;;; decreases with magni-
tude (B; < 0) and increases with site stiffness (85 > 0). All the time and duration parameters tend to increase with mag-
nitude (3; > 0) and distance (8, > 0) and are smaller for buried reverse fault ruptures (83 < 0). Soil stiffness has a
statistically significant effect on Do _ x5, Which defines the time position of the pulse within the record, and on the
effective duration parameter Ds _ o5, but not on the remaining time parameters; Dy _ jnaxp and Ds _ o5 tend to decrease
with soil stiffness (85 < 0). These trends are as expected. Moreover and also as expected, effective durations of pulse-like
motions tend to be shorter than those of non-pulse-like motions.

The predictive relations for the “other” parameters are only able to explain a small portion of the observed variability,
as illustrated by the small decrease in variances from o3 ; to o7 ;. No viable predictive relations were found for zp 3 or zp4
(corresponding to y and v). Therefore, consistent with their marginal distributions, zp; and zp4 are simply assumed to
come from standard normal distributions. The values of o7; (=09 ;) for these parameters are slightly different from 1 since
they are the sample standard deviations. The trends followed by the filter parameters f and ¢ are generally similar to
those documented in Rezaeian and Der Kiureghian**>* for far-field motions.

6.4 | Correlation analysis

For a given earthquake scenario, the parameters zp; and therefore ap; of the pulse-like model are correlated. Similarly,
the parameters zyp; and therefore anp; of the non-pulse-like model are correlated. The correlation coefficients pp;
between pairs of the parameters zp;, i = 1, ..., 19, are estimated as the correlations between the corresponding total
regression residuals (ﬁpﬁi +/€\P’j). Similarly, the correlation coefficients pyp;; between pairs of the parameters zZyp;,
i =1, .., 14, are estimated as the correlations between the corresponding total regression residuals (ﬁNPJ- +2Np,l-). The
estimated correlation coefficients pp;; and pnp;; (rounded to 2 significant figures) are listed in Tables 8 and 9, respec-
tively. Correlation values larger than 0.3 in absolute value are highlighted.

These correlations describe the statistical dependencies between the model parameters for given values of the earth-
quake and site characteristics. As expected, larger positive correlations are generally observed for the same parameters of
the residual and orthogonal motions (0.42 to 0.93) and of the major and intermediate components (0.65 to 0.95), and for
parameters of the same category. We find (mild) negative correlation (—0.2) between zp; and zp,, which correspond to
V, and T,. We also find positive correlation (0.4) between V, and the I, parameters. Thus, a pulse-like motion with a
large pulse amplitude tends to have high intensity residual and orthogonal motions. We also find positive correlations
between T, and Dy _ 4y (0.4) and with time parameters D, _ s and D, _ 3 (0.3 to 0.4, respectively). Additionally,
the time parameters Dy — axp, Ds — 95, Do — 5, and Dy _ 30 are all strongly positively correlated with each other (0.7
to 0.9), as expected. Concerning the filter parameters, mild negative correlations (—0.2 and —0.4) are found between f,;4
and f of the residual and orthogonal motions, respectively. Practically no correlation is found between the frequency
contents of the pulse, residual, and orthogonal motions, namely, T, and f,,,;s. The correlations between the parameters
of the major and intermediate “principal” components of the non-pulse-like model are almost identical to the correla-
tions between the parameters of the residual and orthogonal motions of the pulse-like model.

7 | PROBABILITY OF OCCURRENCE OF A PULSE

For a complete representation of the near-fault ground motion for a given earthquake scenario, 2 additional pieces of
information are needed. The first piece is the probability of the ground motion being pulse-like at the site, which should
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TABLE 9 Estimated correlation matrix of regression residuals for the parameters of the non-pulse-like model zxp; (for legibility, subscript
NP is dropped; moderate to large correlations are highlighted)

ZNP,i 21 22 23 Za 35 Z6 27 28 29 Z10 Z11 212 <13 214

21 1 —0.18 0.09 0.10 0.01 0.20 —0.15 0.95 —0.08 0.05 0.10 0.09 0.10 —-0.12
22 1 0.09 0.31 —0.02 —-0.15 0.09 —0.08 0.85 0.10 0.29 —0.06 —0.02 0.11
Z3 1 0.81 -0.23 0.00 —0.08 0.06 0.14 0.91 0.79 —-0.19 —0.02 —0.09
Za 1 —0.16 —0.09 —0.02 0.13 0.29 0.75 0.91 —0.15 —0.06 —0.05
Zs 1 -0.19 —0.16 0.07 —0.08 -0.17 —0.17 0.90 —0.08 0.00
Z6 1 —0.09 0.15 —0.03 0.00 —0.09 —0.09 0.65 —0.16
Z7 1 —0.11 0.06 —0.07 —0.02 —0.09 —0.11 0.76
28 1 —0.07 0.05 0.12 0.10 0.14 —-0.11
Zo 1 0.08 0.29 —0.09 —0.05 0.10
Z10 1 0.79 —0.18 0.01 —-0.07
Zn Symmetric 1 —-0.17 —0.08 —0.03
Z12 1 —0.18 0.01
213 1 —-0.11
214 1

reflect the proportion of pulse-like and non-pulse-like synthetic motions generated for the site. The second is the ground
motion directionality, which is described in the next section.

We use the empirical model developed by Shahi and Baker** to compute the probability of observing a pulse at
the site:

1
Pr[pulse—like|F, Rgrup, Sord, Borp| = , IfF=0

P IF: Rewr 2. (0.457 + 0.126Rgyp—0.2441/50,d + 0.01365,9) / a3)
Pr[pulse—like|F, Rryp, Sord, Bor @] = 1 ifF=1

1+ exp(0.304 + 0.072Rgyp—0.208/55,d + 0.0216,,¢)’

where Rgpp and s,,d are in kilometers and 6,,¢ is in degrees While an earlier version of this model*® was used in
Dabaghi and Der Kiureghian,?’ the more recent version is preferred here because it tends to predict lower and more
realistic pulse probabilities for the distances of interest.

8 | GROUND MOTION DIRECTIONALITY

A model of the directionality of the motion is needed to provide the orientation of the ground motion components rel-
ative to the fault strike. Thus, we develop empirical predictive models of (1) the angle «, between the direction of the
largest pulse and the strike of the fault for pulse-like motions and (2) the angle axp; between the major “principal” direc-
tion and the strike of the fault for non-pulse-like motions. For each record in the pulse-like database, «, is documented in
Shahi.*® We fit a simple trapezoidal probability density function to the data. By least-squares fitting of the corresponding
cumulative distribution function F, («,) to the empirical cumulative distribution function of a;,, together with the linear

constraints Fq, (o, = 0) = 0 and F,, (a, = 90) = 1, we obtain the probability density function

fa, (@p) = 0.0014 4 2.155.10 "y, 0°<ar, <90°. (14)

For each record in the non-pulse-like database, we compute the angle ayp;. The obtained empirical distribution
appears to be nearly uniform. Hence, we use a uniform distribution for ayp; over the interval 0" < ayp; < 90°.
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9 | SIMULATION OF NEAR-FAULT GROUND MOTIONS FOR SPECIFIED
EARTHQUAKE SOURCE AND SITE CHARACTERISTICS

To generate synthetic near-fault ground motions for specified earthquake source and site characteristics, the necessary
input parameters are (F, My, Zror, Rrups V30, Sords B0r$), Which are typically available to the design engineer. The pulse
probability model in (13) is used to generate the proportion of pulse-like and non-pulse-like ground motions. The pre-
dictive equations (11) and (12) and the estimated standard deviations and correlations between the model parameters
are used to generate random realizations of the parameters of the pulse-like and non-pulse-like models. In turn, and
as described in Dabaghi and Der Kiureghian,* the simulated model parameters are used in the corresponding stochastic
models of pulse-like and non-pulse-like motions to generate random realizations of synthetic near-fault ground motions
for the given earthquake scenario. The pulse-like and non-pulse-like directionality models described in Section 8 are
used to generate the orientation of the simulated components relative to the strike of the fault.

More specifically, to simulate one realization of a pair of orthogonal horizontal components of a near-fault ground
motion for a specified earthquake scenario (F, My, Z1or, Rrups V30, Sord, 80,9), We proceed as follows.

9.1 | Step 1: Simulate the pulse-like or non-pulse-like nature of the ground motion

Given (F, Rgup, Sord, 8,,¢), compute Pr[pulse — likel F, Rryp, Sord, 6,,4] in (13). Generate a random number uniformly dis-
tributed between 0 and 1. If the sampled number is less than or equal to Pr[pulse — likel F, Rrpp, Sord, 60,41, a pulse-like
motion should be generated; otherwise, a non-pulse-like motion should be generated.

9.2 | Step 2: Simulate model parameters and orientation of the ground motion

For a pulse-like motion,

1. given (F, My, Zror, Rrups V30, Sord), compute the conditional mean values of the transformed pulse-like model
parameters Zp, .., Zp19 Dy use of the predictive equations in (12) with the regression coefficients listed in
Table 6;

2. add to the computed mean values simulated values of the corresponding total errors (p; + €p;), i = 1, ..., 19, gener-
ated as correlated normal random variables with zero means, variances 77 + o7 as listed in Table 6, and correlation
coefficients as listed in Table 8;

3. transform generated zp; values back to the original space according to the inverses of the relations in (6) and (8);

4. use the computed residual motion parameters (I, yes, Ds — 95 res» Do — s.ress Do — 30.res) and orthogonal motion parameters
(Ia,pos Ds — 95,p0, Do — 5,p0, Do — 30,p0) to back-calculate the modulating function parameters (Cyes, Bress Cress Imax,q,res)
and (apo, Bros Cpos tmax,q,p0), respectively; see Dabaghi and Der Kiureghian4 for details;

5. generate the orientation angle ap of the largest pulse relative to the strike of the fault by randomly sampling a num-
ber between 0° and 90° according to the probability distribution in (14).

For a non-pulse-like motion,

1. given (F, M,,, Zror, Rrup, Vs30), compute the conditional mean values of the transformed non-pulse-like model
parameters Zyp1, ..., np14, DY Use of the predictive equations in (12) with the regression coefficients listed in
Table 7;

2. add to the computed mean values simulated values of the corresponding total errors ()np,; + €xp.i), i = 1, ..., 14, gen-
erated as correlated normal random variables with zero means, variances 77 + o7 as listed in Table 7, and correlation
coefficients as listed in Table 9;

3. transform generated zyp; values back to the original space according to the inverses of the relations in (7) and (9);

4. use the computed parameters (Io np1, Ds — 95.np1, Do — 5,5P1, Do — 30,8p1) @0d (Ig NP2, Ds — 95, NP2, Do — 5,8P2, Do — 30,8p2) Of
the major and intermediate “principal” components to back-calculate the modulating function parameters
(anp1> Bnp1s NP1 Emaxgne) and (Anpz, Bnpas CNP2s Emaxgnp2)s Trespectively; see Dabaghi and Der Kiureghian®*
for details;

5. generate the orientation angle ayp; of the major “principal” component relative to the strike of the fault by uni-
formly sampling a number between 0° and 90°.
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9.3 | Step 3: Simulate synthetic ground motion components

The procedure described in Dabaghi and Der Kiureghian® is used to generate and postprocess a synthetic pair of near-
fault ground motion components for the simulated set of correlated model parameters. The postprocessing used is sum-
marized in the following section. As pointed out in Dabaghi and Der Kiureghian,” there is no guarantee that the param-
eters (I vrws Do — s.rws Do — s0.mrws Do — 9s.mrw) Of @ synthetic acceleration time series generated using target simulated
modulating function parameters (I, Dy — s, Do — 30, Do — 95) Will actually match the target parameters. Therefore, as
described in Dabaghi and Der Kiureghian,* a uniform scaling is applied after postprocessing to each synthetic compo-
nent so that the scaled synthetic acceleration aj, (f) has total Arias intensity that matches the target Arias intensity
parameter I, of the component in question. Matching of the simulated parameter values (Dy _ s, Do _ 39, Do _ 95) can only
be guaranteed in an average sense. Since the synthetic motions are being generated for a hypothetical earthquake sce-
nario, we usually set £y, = £, = 0.

If the simulated motion is pulse-like, the parameters (Vp, Ty, 7, ¥, Do — max,p) Of the mMP pulse model, (Gyes, Bress Cress

Emax.q,ress fmid,ress f 'm, $rres) Of the residual motion, and (apo, Bro, CPos tmax.q,po» fmid,pos f}o’ $;po) of the orthogonal motion
are used to generate the horizontal components of a pulse-like near-fault ground motion in the direction o, of the largest
pulse and in the orthogonal direction. The classification method developed by Shahi and Baker'® is then applied to the
synthetic ground motion to check if the simulated pulse is indeed identified as a pulse by the algorithm. If the synthetic
ground motion is classified as non-pulse-like by the algorithm, which occurs on a few occasions, the synthetic motion is
discarded, and Step 3 is repeated.

If the simulated motion is non-pulse-like, the parameters (anp1, Bap1s CNP1> bmax,g,NP1> fmid,Ne1 fnp1s § vp1) and (anps,

BNpP2s CNP2s tmax,q,NP2s finid NP25 f]'\,Pz, ¢, np2) of the major and intermediate ground motion components are used to generate
the horizontal components of a non-pulse-like near-fault ground motion in the major and intermediate “principal” direc-
tions anp, and anps = anpr + 90, respectively.

For a given earthquake scenario (F, M,,, Zror, Rrup, Vs30s Sords 80:9), the procedure described in Steps 1 to 3 can be
repeated to generate as many synthetic near-fault ground motions as necessary. The simulated components can be
rotated into any desired direction, eg, to match the orientation of the axes of a structure of interest. The type (pulse-like
or non-pulse-like), the model parameters, and the underlying white-noise processes of the MFW model vary from sim-
ulation to simulation. As a result, the simulated motions are variable and should be viewed as resulting from different
earthquakes that have common source and site characteristics. These simulated motions have the same natural variabil-
ity that is present in the database of recorded near-fault ground motions that was used to fit the model parameters.

10 | POSTPROCESSING OF SIMULATED ACCELERATION TIME SERIES

Each synthetic acceleration time series generated from the MFW process described in Section 3.2 is low-cut filtered using
a fourth-order acausal Butterworth filter applied in the frequency domain. The filter has a magnitude dependent cutoff
frequency f., in Hz,

log,of . = 1.41—0.345M,,. (15)

This postprocessing is necessary to ensure that the corresponding velocity and displacement time series return to zero
at the end of the shaking, and to control the low-frequency content of the synthetics in a manner consistent with the
physics of real earthquake events. This postprocessing is different from the one applied to synthetic far-field ground
motions in Rezaeian and Der Kiureghian.*>** For more details, see Dabaghi and Der Kiureghian.**’

11 | VALIDATION OF SIMULATED MOTIONS

11.1 | Comparison with recorded motions

To validate the simulation procedure for specified earthquake source and site characteristics, we compare synthetic
motions to recorded motions in terms of their time series and elastic response spectra. We simulate 5 pairs of horizontal
components of pulse-like motions for the earthquake scenario (F = 0, M,, = 6.53, Zror = 0 km, Rzyp = 0.1 km,
Viso = 265 m/s, so,d = 19.5 km, 6,,¢ = 5.4°), which is similar to the scenario for the pulse-like record NGA#171 (1979
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Imperial Valley-06 earthquake-El Centro-Meloland Geotechnical Array station) in the NGA-West2 database. For this
scenario, the predicted probability of observing a pulse in any direction is calculated in (13) to be 0.63; non-pulse-like
ground motions may also occur but are not considered in this example. A discretization step At = 0.005 second and a
low-cut filter cutoff frequency f. = 0.144 Hz calculated from (15) are used.

Figure 3 shows the acceleration, velocity, and displacement time series of the recorded (black) and simulated
(gray) motions in the direction of the largest pulse and in the orthogonal horizontal direction. Model parameters
values fitted to record NGA#171 and those randomly generated for the 5 synthetic motions are listed in the figure.
The predicted median values directly obtained from the mean predictive relations are also listed. Figure 3 (bottom
left) shows the elastic pseudoacceleration response spectra at 5% damping of the recorded (black) and simulated
(gray) ground motions. For each case, a peak is observed in the response spectrum of the largest pulse component
at periods longer than 1 second. These peaks generally occur at or slightly below the period of the corresponding
mMP velocity pulse.

For the same earthquake scenario, the simulated model parameter values, pulse-like ground motion time series, and
spectral shapes show significant variability in the intensity, duration, and frequency content characteristics. The spectra
of the recorded motion fall within the range of variability of the spectra of the simulated motions. However, the recorded
motion has much smaller spectral amplitudes than most of the 5 simulated motions. This is because the recorded com-
ponents have Arias intensities that are much smaller than expected, on the average, from a pulse-like near-fault ground
motion of the given earthquake source and site characteristics. The recorded and simulated motions should be viewed as
possible realizations of pulse-like ground motions resulting from different earthquakes that have common source and
site characteristics; the variability observed reflects the randomness that is inherent in the ground motion parameters
for the given set of earthquake source and site characteristics.

Furthermore, Figure 3 (bottom right) shows elastic pseudoacceleration response spectra at 5% damping for 100
other simulated ground motion components (gray lines), their median (dashed lines), and their median plus and
minus one standard deviation levels (dotted lines). Note that the spectra of the recorded components fall within
the ranges spanned by the spectra of the simulated components at all periods, and mostly within one standard devi-
ation range.

11.2 | Comparison with NGA-West2 GMPEs

Another validation exercise is to compare the statistics of the elastic response spectra of synthetic ground motions with
those of recorded ground motions, as described by the NGA-West2 GMPEs, keeping in mind the limitations of these
GMPEs in the near-fault region. In fact, the earthquake scenarios used in the NGA-West2 GMPEs do not include the
directivity parameters s,,d and 6,4 nor do they differentiate between FD and BD sites. Moreover, these GMPEs were
calibrated to records from ranges of magnitude and distance that are much larger than those of the dataset used in this
study, and they make no distinction between pulse-like and non-pulse-like motions. Thus, their regression models may
be driven by the large amount of mostly non-pulse-like ground motions recorded at larger distances. As a result, these
GMPEs may be less well calibrated to ground motions from larger magnitude earthquakes (5.5-8.0) and at shorter dis-
tances (0-31 km), to which our model is limited.

We use a weighted average of the 5 NGA-West2 models* developed by (1) Abrahamson, Silva, and Kamai (ASK14)*;
(2) Boore, Stewart, Seyhan, and Atkinson (BSSA14)°%; (3) Campbell and Bozorgnia (CB14)®; (4) Chiou and Youngs
(CY14)°"; and (5) Idriss (114).°* Following the recommendation in Rezaeian et al,°> all models are assigned a weight
of 2/9 except 114, which is assigned a weight of 1/9. These GMPEs were developed for the orientation-independent
RotD50 spectrum.®® At each period, the RotD50 spectrum gives the median spectral acceleration over all horizontal ori-
entations; it may arise from different orientations at different periods. Hereafter, the weighted average of the 5 NGA-
West2 GMPEs is denoted the NGA-West2 model.

Synthetic motions are compared with GMPEs for 3 hypothetical earthquakes that occur on vertical strike-slip faults
(F = 0) with Zyor = 0 and have magnitudes M,, = 6.5, 7, and 7.5. Two sites are considered, having V3, = 760 m/s and
Vo = 525 m/s, both located at Rzyp = 10 km from the fault rupture. The 6 (F, M,,, Zror, Rrup, Vs30) €earthquake scenar-
ios are summarized in Table 10. For the input parameters that remain unspecified in the various GMPEs, default values
are assigned.

To generate synthetic motions for each (F, M,,, Zror, Rrup, Vis3o) Scenario, 15 hypocenter locations and 40 sites having
the same V3, and all located at the same distance Rryp from the fault rupture are considered. The 15 hypocenter loca-
tions are assumed to have a uniform distribution along the strike of the fault, except for buffer zones of length 0.1 times
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FIGURE 3 Recorded (black) and simulated (gray) horizontal pulse-like near-fault ground motion components in the direction of the largest
pulse (component 1) and the corresponding orthogonal direction (component 2) for the prescribed earthquake source and site characteristics
of record NGA#171 (1979 Imperial Valley-06 earthquake-El Centro-Meloland Geotechnical Array station): acceleration, velocity, and
displacement time series; model parameters; and 5% damped pseudoacceleration response spectra with 5 (left) and 100 (right) simulated

motions are shown
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TABLE 10 Description of earthquake scenarios used for comparison of our stochastic model with NGA-West2 GMPEs

F M,, Zror, km Rgup, km V30, M/S Directivity sor d, km 6 or ¢, : Pr(pulse-like), %

1 0 6.5 0 10 760 RD 0-26 0-90 213
FD 26 0 38.4
BD 0 90 53
2 0 7.0 0 10 760 RD 0-53 0-90 28.4
FD 53 0 51.5
BD 0 90 5.3
3 0 7.5 0 10 760 RD 0-108 0-90 39.2
FD 108 0 69.4
BD 0 90 53
4 0 6.5 0 10 525 RD 0-26 0-90 21.3
FD 26 0 38.4
BD 0 90 53
5 0 7.0 0 10 525 RD 0-53 0-90 28.4
FD 53 0 51.5
BD 0 90 5.3
6 0 7.5 0 10 525 RD 0-108 0-90 39.2
FD 108 0 69.4
BD 0 90 53

the rupture length at both ends of the fault, where the rupture length is predicted as a function of magnitude using
the mean relation developed by Wells and Coppersmith.®> The 40 sites are uniformly distributed at Rgyp from the
fault rupture. The resulting 600 hypocenter-site combinations constitute a representative range of the possible rup-
ture directivity conditions (s,d, 6,4) with appropriate likelihoods for the given earthquake scenario; the ranges
are listed in Table 10. For each (s,d, 6,,4) scenario, one synthetic ground motion is generated using the procedure
of Section 9. The 600 synthetic motions obtained represent the random directivity (RD) condition for the correspond-
ing (F, My, Z7or, Rrup, Vi30) scenario. The average probability of observing a pulse in the ground motion considering
all possible directivity conditions is calculated from (13) and listed in Table 10. Note that this probability does not
depend on V.

For each of the 6 (F, My, Zror, Rrupr, Vi30) earthquake scenarios, Figure 4 compares the statistics of the 5%
damped pseudoacceleration response spectra of the corresponding 600 synthetic RD motions with those described
by the NGA-West2 model. The statistics compared are the median and median plus and minus one logarithmic
standard deviation levels for the RotD50 horizontal component. The median spectra predicted by each of the 5
NGA-West2 GMPEs are also shown to illustrate the variability between models. Although GMPEs predict spectral
values only up to 10 seconds, the spectra of simulated motions are plotted up to a period of 20 seconds to illustrate
the effect of the directivity pulses in simulated pulse-like motions, since a few of these pulses have periods longer
than 10 seconds.

In general, Figure 4 shows good agreement between the synthetics and the GMPEs. At most periods for each sce-
nario, the median spectrum of the RD simulated motions falls within or near the boundary of the range spanned by
the median spectra of the 5 GMPEs. Moreover, the median level from the simulated motions falls within the median plus
and minus one standard deviation levels predicted by the NGA-West2 model. And despite the tendency of our simula-
tions to predict larger spectral ordinates at periods greater than 1 or 2 seconds, especially for scenarios 1 and 3, the dif-
ference is not major. This difference at the longer periods may indicate that our model over predicts longer periods, and/
or that the NGA-West2 GMPEs do not adequately represent the near-fault rupture directivity effect.

An important feature of the proposed simulation procedure is its ability to account for the source-to-site geometry
and to differentiate between FD and BD sites. To illustrate this feature, for each earthquake scenario, 2 distinct cases
of (s,.d, 6,,4) among the directivity scenarios considered are examined in more detail, representing the 2 extremes of rup-
ture directivity, namely, maximum FD and BD. The corresponding values of (s,,d, 6,,¢) and of the probability of observ-
ing a pulse are listed in Table 10. For each FD or BD scenario, 300 synthetic motions are generated; this number is found
to provide a relatively stable estimate of the statistics of the response spectra for a given (F, My, Z7or, Rrups Vs30s Sords
6,,¢) scenario.
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FIGURE 4 Median and median plus and minus one logarithmic standard deviation of 5% damped pseudoacceleration response spectra of

RotD50 component for 600 random directivity (RD) synthetic motions, median spectra for 300 forward directivity (FD) and 300 backward

directivity (BD) synthetic motions, median and median plus and minus one logarithmic standard deviation spectra predicted by a combination
of the 5 NGA-West2 GMPEs, and median spectra predicted by each of the 5 NGA-West2 GMPEs for different earthquake scenarios: M,, = 6.5
(top), M, = 7.0 (middle), and M,, = 7.5 (bottom); V3o = 760 m/s (left) and V3o = 525 m/s (right). All scenarios have F = 0, Zyor = 0 km,

Rryp = 10 km

For each (F, M, Z1or, Rrup» Vis30) scenario, Figure 4 also compares the median of the 5% damped pseudoacceleration
response spectra of synthetic ground motions for FD and BD conditions with those obtained from RD conditions. It can
be seen that the median spectral values at longer periods are largest for the FD scenarios and lowest for the BD scenarios,
with the RD median spectral values lying in between. These differences occur because pulse-like motions are most fre-
quent and have longer periods at FD sites. Except for scenario 3, the BD spectrum lies close to (mostly slightly below) the
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RD spectrum. The differences between the RD, FD, and BD spectra are largest for the M,, = 7.5 scenarios because of the
large differences in their corresponding pulse probabilities (see Table 10). Note that the median of the BD simulations,
only 5% of which are pulse-like, also exceeds the NGA-West2 model at the longer periods, especially for scenario 1. How-
ever, it lies within the range of the individual GMPEs. Again, this indicates that our model may over predict longer
periods, and/or that the NGA-West2 GMPEs may be biased at shorter distances.

Finally, a comparison of the logarithmic standard deviations of the RotD50 spectra from the simulated RD motions
and from the GMPEs finds them to be generally comparable between periods of 0.1 and 10 seconds. This demonstrates
that the proposed simulation procedure maintains the natural variability of ground motions for a given set of earthquake
source and site characteristics. At periods below 0.1 second, the variability of the simulated motions is smaller than that
predicted by GMPEs and this difference is also observed in Figure 4. However, these short periods do not influence the
response of typical structural systems of interest.

In summary, the results indicate that the proposed simulation procedure produces near-fault ground motion time
series that are realistic and more or less consistent with existing GMPEs for different earthquake scenarios. The differ-
ences, which are smaller than the variability in the GMPEs themselves, may indicate that our model over predicts longer
periods, and/or that the NGA-West2 GMPEs do not adequately represent the near-fault rupture directivity effect. An
important feature of our simulation procedure is its ability to include directivity effects and to differentiate between dif-
ferent source-to-site geometries. Nonetheless, the discrepancies between the simulations and the NGA West2 model at
the longer periods require further investigation.

12 | CONCLUSION

A novel procedure to simulate suites of synthetic near-fault ground motions for specified earthquake source and site
characteristics is proposed. The procedure requires inputting values of earthquake source and site parameters that are
readily available to design engineers and generates 2 horizontal orthogonal components of both pulse-like and non-
pulse-like near-fault ground motions.

The proposed procedure uses previously developed stochastic models of pulse-like and non-pulse-like near-fault
ground motion.**” These models are fitted to recorded ground motions in 2 databases, one for pulse-like and another
for non-pulse-like motions, taken from PEER's NGA-West2 database. Using the “observed” data of identified model
parameters, regression and correlation analyses are performed to develop predictive models of the parameters of the sto-
chastic models in terms of a small number of earthquake source and site parameters, namely, (F, M,,, Zror, Rrups V3o
Sord, B0:¢). A random-effect model is used to account for the correlation arising from multiple records from some earth-
quakes. The uncertainty in the model parameters and the statistical correlations between them are taken into account to
capture the natural variability of real ground motions. To the extent possible, the functional forms of the predictive equa-
tions are selected to be consistent with seismological theory and with similar relations used for GMPEs by other
researchers. One important advantage of the proposed relations is that they make the crucial distinction between
pulse-like and non-pulse-like ground motions.

The proposed simulation procedure can be used to generate synthetic near-fault ground motions from shallow crustal
earthquakes in active tectonic regions for any prescribed earthquake scenario specified by the set of parameters (F, M,,,
Z1or> Rrups Vo, Sord, 8,,¢9) Within the boundaries of the databases used, preferably for 6 < M,, < 7.5, 5 < Rgyp < 25 km,
and 400 < V39 < 1000 m/s. The probability of occurrence of a directivity pulse is first computed using the pulse prob-
ability model in Shahi and Baker.** Pulse-like and non-pulse-like bidirectional horizontal ground motions are simulated
according to the predicted proportions. For each type of motion, the predictive equations are used to simulate realiza-
tions of the respective model parameters. These are then used to generate a corresponding synthetic near-fault ground
motion. The orientation of the simulated ground motion components is predicted using empirical pulse-like and non-
pulse-like directionality models also developed herein.

To provide validation of the proposed models and simulation procedure, examples of synthetic ground motions are
compared with recorded motions in terms of their acceleration, velocity, and displacement time series and elastic
response spectra. The comparison shows that the synthetic motions possess realistic characteristics and preserve the nat-
ural variability of real ground motions. Moreover, suites of synthetic ground motions generated for given earthquake
source and site characteristics are compared with the NGA-West2 GMPEs in terms of median elastic response spectra
and associated variability. In contrast with the NGA-West2 GMPEs, which do not include a directivity model, the pro-
posed simulation procedure accounts for both pulse-like and non-pulse-like ground motions and allows distinction
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between FD and BD scenarios through directivity parameters s,,d and 6,,¢. As a result, the simulations are able to rep-
resent the differences at longer periods between the response spectra at FD and BD sites. Median spectra of synthetic
ground motions at BD sites are overall in good agreement with the corresponding median spectra predicted by the
NGA-West2 GMPEs. For FD sites, median spectra show higher amplitudes in the long-period range than the GMPE
spectra. For average or RD conditions, good agreement is observed in general between the simulations and the GMPE:s.
However at the longer periods, the median levels from the simulations generally lie above the median yet below the
median plus one standard deviation levels from the GMPEs. This difference at the longer periods may indicate that
our model over predicts longer periods, and/or that the NGA-West2 GMPEs do not adequately represent the near-fault
rupture directivity effect and do not properly account for the contribution of pulse-like motions. Importantly, the simu-
lations exhibit variability in elastic response spectral amplitudes that is consistent at most periods of interest with that
predicted by the NGA-West2 GMPEs.

The present study can easily be extended to also simulate the vertical component of ground motion. Moreover, a
model of the fling step can easily be incorporated into the proposed model formulation and simulation procedure for
sites located adjacent to the fault rupture that undergo permanent static ground displacement; see Dabaghi and Der
Kiureghian®’ for examples.
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