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SUMMARY

A parameterized stochastic model of near-fault ground motion in two orthogonal horizontal directions is
developed. The major characteristics of recorded near-fault ground motions are represented. These include
near-fault effects of directivity and fling step; temporal and spectral non-stationarity; intensity, duration, and
frequency content characteristics; directionality of components; and the natural variability of ground
motions. Not all near-fault ground motions contain a forward directivity pulse, even when the conditions
for such a pulse are favorable. The proposed model accounts for both pulse-like and non-pulse-like cases.
The model is fitted to recorded near-fault ground motions by matching important characteristics, thus
generating an ‘observed’ set of model parameters for different earthquake source and site characteristics.
A method to generate and post-process synthetic motions for specified model parameters is also presented.
Synthetic ground motion time series are generated using fitted parameter values. They are compared with
corresponding recorded motions to validate the proposed model and simulation procedure. The use of
synthetic motions in addition to or in place of recorded motions is desirable in performance-based
earthquake engineering applications, particularly when recorded motions are scarce or when they are
unavailable for a specified design scenario. Copyright © 2016 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Near-fault ground motions possess distinct characteristics that can have strong influence on structural
response [1–4]. These include the rupture directivity effect in the fault-normal (FN) direction and a
permanent displacement, the ‘fling step’, in the fault-parallel (FP) direction. A structure subjected to
such a motion may experience cycles of large inelastic deformation, causing severe damage [5, 6].
For response analysis in such cases, the conventional response spectrum method is inappropriate,
and nonlinear dynamic analysis is necessary.

Despite continuous expansion of the database of recorded earthquake ground motions, recorded
near-fault ground motions exhibiting forward directivity pulses remain scarce. Furthermore, scaling
or spectral matching of recorded near-fault ground motions has proven to be problematic [3, 7, 8].
Hence, there exists a need for stochastic models that can be used to generate realistic synthetic
motions that capture the important characteristics of recorded near-fault ground motions and
properly represent their natural variability for given earthquake source and site characteristics. Such
synthetic ground motions can be used for near-fault sites in performance-based earthquake
engineering in addition to or in place of recorded motions.
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Two types of ground motion models are available: (i) ground motion prediction equations
(GMPEs) for specific earthquake source and site characteristics providing measures of intensity,
duration, and frequency content (e.g., [9]); and (ii) models of ground motion time series.
GMPEs are empirical relationships that represent the scaling of a specific ground motion
measure in terms of predictor variables that describe the earthquake source, the path of seismic
waves, and effects of the site where the ground motion is observed. While GMPEs are
restricted to modeling a single ground motion characteristic at a time, models of ground
motion time series, also known as synthetic ground motion models, represent the entire ground
motion. There are several classes of times series models including the following: (i) simplified
models; (ii) source-based deterministic models; (iii) source-based stochastic models; (iv)
site-based stochastic models; and (v) hybrid models that combine deterministic and stochastics
models (e.g., [10]).

Source-based models explicitly describe the physical processes of the source, wave propagation, and
site response, while site-based models only implicitly account for the source, the path, and the site
response by directly describing the ground motion as observed at a specific site. Source-based
deterministic models use a dynamic (e.g., [11, 12]) or kinematic (e.g., [13, 14]) model to describe
the fault rupture and theoretical Green’s functions to represent elastic wave propagation in a 1D or
3D model of the Earth structure. These models produce realistic motions at low frequencies
(<1Hz). Source-based deterministic models are seldom used in engineering practice because they
are computationally demanding and require detailed knowledge of the source process and material
models.

To better represent the high-frequency content of the ground motion, some (or all) of the physical
processes can be represented stochastically (e.g., [15–20]). Models that use the stochastic method
[20], such as [15, 17–19], directly represent the theoretical shape and scaling of the Fourier
amplitude spectrum of the ground motion at a particular site using simple functional forms that
represent the source, the path, and the site characteristics. Source-based stochastic models have been
calibrated to earthquakes from different tectonic regions (e.g., [16–19]) and can suitably represent
the high-frequency content (>~0.2Hz) of ground motions. These models are more attractive to
design engineers; when calibrated to ground motion records in a specific region (e.g., [17, 19, 21]),
they only require knowledge of the earthquake source and site characteristics. However, these
models have physical parameters that vary significantly from region to region and that may be
unavailable in a region of interest.

Site-based models are attractive to design engineers because these models are computationally
efficient, have simpler formulations, and only require readily available knowledge of the earthquake
source and site characteristics (earthquake magnitude Mw, source-to-site distance RRUP, shear-wave
velocity Vs30 of the site, and so on) [22]. Site-based models use a stochastic process to directly
describe the ground motion time series recorded at a site. Several classes of site-based stochastic
ground motion models exist and are summarized in [23]. Recent examples of such models include
the non-stationary filtered white-noise model for far-field ground motions developed by Rezaeian
and Der Kiureghian [22–24], a wavelet-based model developed by Yamamoto and Baker [25], and a
multi-modal non-stationary spectral model developed by Vlachos et al. [26] Model parameters in all
three cases are estimated by fitting to a database of recorded motions. These three models account
for both temporal and spectral non-stationarity, which is an important feature of earthquake ground
motions (see, e.g., [27]).

The near-fault effects of rupture directivity and the fling step generally appear as pulses in the
velocity time series. To represent these pulse-like features, three approaches have been employed: (i)
GMPEs; (ii) models that modify the response spectra predicted by existing GMPEs; and (iii) models
of ground motion time series. GMPEs have been proposed to predict parameters such as the
amplitude and period of directivity pulses (e.g., [1, 2, 28–30]) and of the fling step (e.g., [31]).

The forward directivity effect is reflected by a peak in the response spectrum near the period of the
directivity pulse [32]. To account for this effect, broadband models amplify response spectra at all
periods (e.g., [3, 33, 34]), while narrowband models only amplify response spectra within a narrow
range of periods that depends on the earthquake magnitude (e.g., [28, 35, 36]). As part of the NGA-
West2 efforts, five directivity models were developed as corrections to be added to the current
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median NGA-West 2 GMPEs. Spudich et al. [4, 37] compared these directivity models and concluded
that these models needed further refinement.

Existing models of near-fault ground motion time series range from simple waveforms (e.g.,
[2, 29, 30, 38]) to deterministic (e.g., [14, 39]) and hybrid models (e.g., [2, 18, 21, 29, 40]). For
example, the models in [2, 18, 21] combine the simple mathematical model of the long-period
directivity pulse given in [2] with different source-based stochastic finite-fault models describing
the high-frequency content. These models can generate both pulse-like and non-pulse-like
broadband synthetics that have temporal non-stationarity. The earlier versions of these models
have some limitations that were overcome in the more recent versions. For example, in its
original formulation, the specific barrier model [15], which is used in [2] and [21], does not
account for spectral non-stationarity. However, recent variations have been proposed that do
represent spectral non-stationarity through variable subevent sizes [41] and variable arrival times
from the different subevents [42]. Furthermore, the natural variability of the parameters of the
Mavroeidis and Papageorgiou pulse model [2] was not considered at first. However, predictive
relations that do account for the natural variability have been presented more recently in [21],
[43], and [44]. Nevertheless, so far none of these models accounts for the statistical correlation
between the model parameters for a given earthquake design scenario. These correlations
describe the relations between pairs of model parameters after having removed the effect of
common predictor variables. Accounting for these correlations is crucial for ground motion
models and simulation procedures that rely on empirical predictive models to estimate and
simulate realizations of the model parameters for a given earthquake design scenario.

More recently, a site-based stochastic near-fault ground motion model that combines a wavelet
model of the pulse with a stochastic model of the high-frequency content was proposed in [45]. This
model is limited to pulse-like ground motion and has only been fitted to pulse-like ground motions
from the 1999 Chi-Chi earthquake. The model does not account for spectral non-stationarity nor
does it properly represent the variability and correlation of the model parameters (e.g., parameters
that describe the frequency content are assumed constant and independent of the earthquake design
scenario).

Our objective is to generate realistic synthetic near-fault ground motions for any earthquake design
scenario. As a first step, we develop in this paper a site-based parameterized stochastic model of near-
fault ground motion in two orthogonal horizontal directions. The near-fault region is defined as the
region within 30 km of the fault rupture. The proposed model accounts for the two near-fault effects
of rupture directivity and the fling step, although the main focus in this paper is on the former. Not
all near-fault ground motions contain a forward directivity pulse, even when the conditions for such
a pulse are favorable. The proposed model considers both pulse-like and non-pulse-like motions.
The model of pulse-like motion combines a modified version of the pulse model given in [2] with a
modified version of the site-based stochastic model given in [22, 23]. The proposed model is used to
generate synthetic ground motions that possess characteristics similar to recorded near-fault ground
motions.

The proposed model has the following advantages: (i) to our knowledge, this is the first site-based
stochastic model to provide a complete bi-directional characterization of the near-fault ground motion;
(ii) the model explicitly accounts for the near-fault rupture directivity effect; (iii) both pulse-like and
non-pulse-like near-fault ground motions are considered; (iv) the model is formulated in terms of a
relatively small number of physically meaningful parameters, while properly representing the
temporal and spectral characteristics and non-stationarities of the near-fault ground motion; and (v)
the fling step is easily incorporated into the formulation.

The paper begins with a brief review of the physics of near-fault ground motion. The parameterized
stochastic model of near-fault ground motion is then constructed, and a data set of its parameters for
different earthquake source and site characteristics is generated by fitting to recorded near-fault
ground motions. This is followed by a description of the procedures used to generate and post-
process synthetic motions for specified model parameters. Finally, the proposed near-fault ground
motion model is validated by generating families of synthetic motions and comparing them with
their recorded counterparts. More details of the procedures and results presented in this paper can be
found in [46].
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In a subsequent paper, we will describe predictive relations for the parameters of the stochastic
model in terms of the earthquake source and site characteristics, including directivity parameters that
define the source-to-site geometry. These predictive relations and the estimated correlations between
the model parameters are then used together with the simulation procedure proposed here to
generate, for a given earthquake source and site scenario, synthetic near-fault ground motions that
possess characteristics similar to recorded near-fault ground motions, including the natural
variability. A detailed account of this analysis can also be found in [46].

2. NEAR-FAULT GROUND MOTIONS: CHARACTERISTICS AND TERMINOLOGY

Near-fault ground motions tend to be more complex and more variable than far-field ground motions
[39]. The directivity effect and the fling step are two important characteristics. The ‘fling step’ is the
permanent static ground displacement that results from the relative movement of the two sides of a
rupturing fault. The fling step is typically observed in the FP direction along the slip and appears as
a step function in the displacement time series and as a one-sided pulse in the velocity time series.
The fling step does not depend on the details of the source rupture process or on the velocity
structure of the Earth and occurs even in the absence of surface faulting [47].

The directivity effect, on the other hand, depends on the spatial distribution of the slip along the fault
rupture, on the spatially varying radiation pattern between the fault rupture and the site, and on the
velocity and direction of propagation of the rupture relative to the site [39]. If a fault rupture
propagates from the hypocenter toward a site, the site is said to be located in the forward directivity
region and may experience a two-sided, large-amplitude, short-duration pulse at the beginning of the
velocity time series, in the direction perpendicular to the fault plane, the FN direction. For this
forward directivity effect to be observed, the rupture front should propagate toward 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. To maximize the
directivity effect, the three directions of rupture, slip, and wave propagation between the hypocenter
and the site should be aligned [3, 32]. If the rupture propagates away from the site, the site is said to
be in the backward directivity region and typically records a small amplitude, long-duration ground
motion in the FN direction [3].

In this paper, we distinguish between the FN direction and the strike-normal (SN) direction, which is
the horizontal direction perpendicular to the strike of the fault. Similarly, we distinguish between the
FP direction, which is in the plane of the fault in the direction of the slip, and the strike-parallel (SP)
direction, which is the horizontal direction parallel to the strike of the fault. For a vertical strike-slip
fault, the two pairs of directions naturally coincide. For all styles of faulting, the forward directivity
effect is typically observed near the FN direction, thus also near the SN direction. The fling step is
visible in the SP direction for strike-slip faults and in the SN and vertical directions for dip-slip
faults [48]. Models of the directivity effect typically have been formulated in the SN direction (e.g.,
[1–3]).

As mentioned earlier, not all near-fault ground motions contain a forward directivity pulse, even
when they are recorded in the forward directivity region. Furthermore, near-fault sites may record a
forward directivity pulse even when they are not in a geometric configuration that is favorable for
such an event [30]. Moreover, the pulse-like features from the directivity effect are observed in a
range of orientations, which often but not always includes the SN orientation. And even if a
directivity pulse occurs in the SN direction, the largest pulse might occur in a different direction
[28]. In this paper, the main focus is on the directivity effect, and the characterization of a ground
motion as pulse-like or non-pulse-like refers to the presence or absence of a directivity pulse.
Because other effects such as crustal waveguide and basin effects may also produce large, long-
period pulses [49], the identification of directivity pulses is not a straightforward task. Note that
pulses due to the fling step are usually absent from ground motion records; they are removed by
standard filtering and baseline correction procedures. Here, a quantitative method based on a
wavelet-based signal processing method proposed by Baker [1] is used to identify and extract the
directivity pulse from a ground motion component. To identify pulse-like ground motions that are
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most likely caused by directivity effects, the methodology proposed in [1] excludes the following: (i)
pulses that arrive late in the ground motion; and (ii) ground motions with peak ground velocity less
than 30 cm/s. Following Shahi and Baker [28], a pair of horizontal ground motion components at a
site is rotated to all orientations, and the component in each orientation is classified as pulse-like or
non-pulse-like using Baker’s algorithm [1]. The ground motion is then classified as pulse-like if at
least one of its horizontal components is pulse-like and as non-pulse-like if all of its horizontal
components are non-pulse-like. Note the distinction in this paper between the classifications as
pulse-like or non-pulse-like of a ground motion versus a ground motion component.

3. STOCHASTIC MODEL OF NEAR-FAULT GROUND MOTION ACCOUNTING FOR
RUPTURE DIRECTIVITY

In this section, we present a parameterized stochastic model of near-fault ground motion, including
the rupture directivity effect and accounting for the cases of pulse-like and non-pulse-like motion.
The model describes the near-fault ground acceleration in two orthogonal horizontal directions. The
model can be easily extended to include the vertical component.

3.1. Model of pulse-like near-fault ground motion

As defined earlier, a ground motion is pulse-like if at least one of its horizontal components is
pulse-like. The proposed model of 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, that is, not to contain a directivity pulse.
The model for aPP(t) is broken down into two sub-models: one for the directivity pulse, apul(t), and
one for the residual motion, ares(t), which is the total motion minus the pulse.

A modified version of the idealized model for the forward directivity velocity pulse proposed by
Mavroeidis and Papageorgiou [2] is selected. The modification is made to achieve zero residual
displacement at the end of the pulse [50]. The resulting expression of the modified Mavroeidis–
Papageorgiou (mMP) velocity pulse is

vpul tð Þ ¼ 1
2
Vpcos 2π

t � tmax;p

Tp

� �
þ ν

� �
� Dr

γTp

� �
1þ cos

2π
γ

t � tmax;p

Tp

� �� �� �
ti;p < t≤ tf ;p

¼ 0 elsewhere

(1)

The above defines a modulated harmonic pulse that starts at time ti,p= tmax,p�0.5γTp and ends at
time tf,p= tmax,p+0.5γTp. The five model parameters are the pulse amplitude Vp, the pulse period Tp,
parameter γ characterizing the number of oscillations within the pulse, the phase angle ν, and the
time of the peak of the modulating envelope tmax,p. To overcome the arbitrariness in the start time t0
of a ground motion, we also define D0�max,p= tmax,p� t0. Dr is the non-zero displacement at the end
of the pulse in the original formulation [2], which is given by

Dr ¼ VpTp
sin νþ γπð Þ � sin ν� γπð Þ

4π 1� γ2ð Þ (2)

apul(t) is the derivative of vpul(t).
Residuals of pulse-like near-fault ground motions after removal of the pulse, as well as near-fault

ground motion components that do not contain a pulse, generally are broadband time series with
slowly evolving temporal and spectral characteristics. These motions have characteristics that are
similar to those of far-field ground motions. Hence, following Rezaeian and Der Kiureghian [22, 23],
we model each of these broadband motions as a modulated, filtered white-noise (MFW) process
with the filter having time-varying parameters. The model for the acceleration process is described by
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aMFW tð Þ ¼ q tð Þ 1
σh tð Þ ∫

t

�∞
h t � τ; λ τð Þ½ �w τð Þdτ

8<
:

9=
; (3)

where w(t) is a white-noise process, h[t� τ,λ(τ)] is the unit-impulse response function of a linear filter
with time-varying parameters λ(τ) = [ωf(τ), ζ f(τ)], σh(t) is the standard deviation of the process defined
by the integral (so that the process inside the curly brackets has unit variance), and q(t) is a time-
modulating function that characterizes the root-mean-square of the acceleration process. For the unit-
impulse response function, the form selected in [23] is adopted:

h t � τ; λ τð Þ½ � ¼ ωf τð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ζ 2f τð Þ

q exp �ζ f τð Þωf τð Þ t � τð Þ	 

sin ωf τð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ζ 2f τð Þ

q
t � τð Þ

h i
τ ≤ t

¼ 0 elsewhere

(4)

While far-field ground motions are typically characterized by an initial build-up of energy followed
by a relatively long quasi-stationary phase and a gradually decaying tail, near-fault ground motions
lack the long quasi-stationary strong-motion phase [29]. To better model this behavior, we replace
the gamma modulating function used in [22] by a four-parameter piecewise function that exhibits
sharper build-up and decay segments with no quasi-stationary phase in between. Starting at t0,q, the
modulating function consists of a build-up phase in the form of a polynomial of order α and up to
its peak amplitude c at tmax,q, followed by a decay phase in the form of an exponential function
decaying at a rate of β:

q tð Þ ¼

0 t ≤ t0;q

c
t � t0;q

tmax;q � t0;q

� �α

t0;q < t ≤ tmax;q

c exp �β t � tmax;q
� �	 


tmax;q < t

8>>><
>>>:

(5)

t0,q is assumed to coincide with the start time t0 of the ground motion.
For the filter frequency, which represents the predominant frequency of the ground motion, the

linear form

ωf τð Þ ¼ 2π f mid þ f ′ τ � tmidð Þ	 

(6)

used in [22] is adopted, where fmid is the filter frequency in Hz at the middle of the ground shaking tmid,
taken here as the time t30;Ia of the 30% Arias intensity value of the motion, and f′ is the rate of change in
Hz/s of the frequency with time. Following [22], the filter damping ratio, representing the bandwidth of
the acceleration process, is taken to be a constant, ζ f(τ) = ζ f. Later, we will directly relate tmid ¼ t30;Ia to
the modulating function parameters. Thus, the start time t0 and the seven physically relevant
parameters (α, β, c, tmax,q, fmid, f′, ζ f) completely define the process representing the broadband near-
fault ground acceleration.

Using the aforementioned model, the residual motion ares(t) is characterized by the parameters (αres,
βres, cres, tmax,q,res, fmid,res, f ′res , ζ f,res) and the orthogonal motion aPO(t) is characterized by the
parameters (αPO, βPO, cPO, tmax,q,PO, fmid,PO, f ′PO , ζ f,PO). Thus, in addition to the start time t0, the
pulse-like model is formulated in terms of 19 parameters: five parameters (Vp, Tp, γ, ν, D0�max,p)
defining the pulse and the aforementioned 14 parameters defining the MFW models of the residual
and orthogonal motions. If needed, the vertical component may also be described by the MFW
model with seven additional parameters.
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3.2. Model of non-pulse-like near-fault ground motion

As was carried out in [24] for far-field ground motions, we formulate the model for non-pulse-like
near-fault ground motions in the orthogonal, uncorrelated ‘principal’ directions [51]. We assume that
the minor principal direction coincides with the vertical direction. Then, the major and intermediate
principal directions lie in the horizontal plane. The major direction is identified as the direction with
the largest Arias intensity [52], a measure of the total energy in the acceleration time series ai(t)

defined by Iai ¼ π=2gð Þ ∫
tn

0
ai2 tð Þdt, where g is the gravitational acceleration and tn is the total duration

of the ground motion. Hence, the model of non-pulse-like near-fault ground motion is formulated
for the major and intermediate components of acceleration, denoted aNP1(t) and aNP2(t), respectively.
These components are modeled using the MFW process with parameters (αNP1, βNP1, cNP1, tmax,q,NP1,
fmid,NP1, f

′
NP1 , ζf,NP1) and ( αNP2, βNP2, cNP2, tmax,q,NP2, fmid,NP2, f

′
NP2 , ζf,NP2), respectively. The non-

pulse-like model is thus formulated in terms of the start time t0 and 14 parameters. Similar to the
pulse-like motion, the vertical component may be described by the MFW model with seven
additional parameters.

4. IDENTIFICATION OF MODEL PARAMETERS

Sample observations of the parameters of the stochastic model are obtained by fitting the model to
recorded near-fault ground motions. To fit to a recorded pulse-like motion, the two horizontal
components are first rotated into the direction containing the largest pulse amplitude and the
corresponding orthogonal direction. Moreover, the velocity pulse is extracted from the ground
motion component in the direction of the largest pulse using Baker’s algorithm [1]. The 19
parameters of the pulse-like model are then identified by fitting the pulse, the residual, and the
orthogonal motion models to their recorded counterparts. To fit to a recorded non-pulse-like motion,
the two horizontal components are first rotated into the major and intermediate principal components
(see [46] for more details). The 14 parameters of the non-pulse-like model are then identified by
fitting the major and intermediate component models to their recorded counterparts. The model
parameters are estimated by fitting the time-varying intensity and frequency content characteristics
of the model to those of the recorded motion.

First, to overcome the arbitrariness in the time at which an instrument starts recording a motion, we
set up a consistent procedure to define the start time t0,rec of a recorded ground motion. For pulse-like
motions, we define t0,rec by

t0;rec ¼ min t0:01;Ia;res; t0:01;Ia;PO
� �

(7)

and for non-pulse-like motions,

t0;rec ¼ min t0:01;Ia;NP1; t0:01;Ia;NP2
� �

(8)

where t0:01;Ia;comp is the time at which 0.01% of the total Arias intensity of the component in question is
reached. In a few cases where the beginning segment of a recorded motion is truncated, we set the
value of t0,rec by trial and error such that it improves the fitting of the modulating function. In the
fitting procedure, the start time of the modulating function t0,q is set to coincide with the start time
of the target recorded acceleration, that is, t0,q= t0,rec.

4.1. Identification of the parameters of the directivity pulse model

The five parameters (Vp, Tp, γ, ν, tmax,p) of the idealized mMP velocity pulse model are identified by
fitting the model to the largest velocity pulse extracted from a pulse-like record. After constraining
Vp to the maximum absolute amplitude of the extracted velocity pulse, the remaining parameters are
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identified by minimizing the squared difference between the two velocity pulse waveforms. With
t0 = t0,rec from (7), D0�max,p is also calculated.

4.2. Identification of the parameters of the broadband near-fault ground motion model

In this section, we describe the general procedure used to fit the seven parameters (α, β, c, tmax,q, fmid, f′,
ζ f) of the MFW model to a target recorded acceleration time series. This procedure is used to fit the
residual and orthogonal motions of pulse-like records and the major and intermediate components of
non-pulse-like records. The procedure consists of fitting some of the statistical measures of the
MFW model to those of the target recorded acceleration time series. The statistical measures used
are the cumulative mean square (Arias intensity), the cumulative number of zero-level crossings, and
the cumulative number of positive minima and negative maxima. One of the advantages of using the
MFW model by Rezaeian and Der Kiureghian [23] is that it decouples the temporal and spectral
non-stationarities of the process, thus allowing separate identification of the modulating function and
filter parameters. Details are described below. In some cases, the recorded acceleration contains a
small amplitude aftershock several seconds after the main shock. In such cases, we clip the recorded
time series to remove the aftershock and restrict the fitting procedure to the portion containing the
main shock.

The cumulative Arias intensity of an acceleration time series a(t), Ia tð Þ ¼ π=2gð Þ∫
t

0
a2 τð Þdτ , is a

measure of the total energy in the motion up till time t. A plot of Ia(t) with time is known as the
Husid plot of the ground motion. Following [22], we fit the parameters (α, β, c, tmax,q) of the
modulating function in (5) to a target recorded acceleration arec(t) by matching as closely as possible
the expected Husid plot of the process aMFW(t) defined in (3) and the Husid plot of the recorded
motion, arec(t). The expected cumulative Arias intensity at time t of the process aMFW is

E Ia;MFW tð Þ	 
 ¼ E
π
2g

∫
t

0
aMFW

2 τð Þdτ
2
4

3
5 ¼ π

2g
∫
t

0
q2 τ; α; β; c; tmax;q
� �

dτ ¼ Ia;q tð Þ (9)

Fitting is then performed by matching the Husid plot of the modulating function, Ia,q(t), to that of the
recorded motion, Ia,rec(t). To do so, we match their total Arias intensities, Ia, and three selected points
on their respective Husid plots, namely, the points corresponding to times t5;Ia , t30;Ia , and t95;Ia of the
5%, 30%, and 95% of the respective cumulative Arias intensity functions normalized by Ia. Having
already set t0,q= t0,rec, this is equivalent to matching the effective durations D5�95;Ia ¼ t95;Ia � t5;Ia
[53] of the two motions, as well as the durations D0�5;Ia and D0�30;Ia , where D0�z;Ia ¼ tz;Ia � t0 is
the duration from the start time t0 (either t0,q or t0,rec) to time tz;Ia of the z% point on the normalized
cumulative Arias intensity. For the selected form of the modulating function in (5), given t0,q,
closed-form expressions can be obtained for tz;Ia;q in terms of parameters (α, β, tmax,q). For the
recorded motion, tz;Ia;rec is directly identified from the Husid plot. Thus, in equation form, fitting is
achieved by setting

D5�95;Ia;q ¼ D5�95;Ia;rec (10)

D0�5;Ia;q ¼ D0�5;Ia;rec (11)

D0�30;Ia;q ¼ D0�30;Ia;rec (12)

The aforementioned simultaneous equations are solved numerically to obtain the parameters (α, β,
tmax,q). Parameter c is determined by setting the total Arias intensities equal, that is, Ia,q= Ia,rec,
which gives
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c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ia;rec
π
2g

tmax;q�t0;q
2αþ1 þ 1

2β


 �
vuut (13)

The three parameters (fmid, f′, ζ f) of the filter control the evolving predominant frequency and the
bandwidth of the broadband acceleration process aMFW(t). Following [22], parameters fmid and f′
are identified by fitting a second-order polynomial to the cumulative number of zero-level up-
crossings of the target recorded acceleration time series. Parameter fmid is taken as the slope of
the fitted polynomial at the middle of the strong shaking, which is defined here as the time tmid ¼
t30;Ia;rec ¼ t30;q ¼ t0;q þ D0�30;Ia;q . Parameter f′ is determined as the second derivative of the fitted
polynomial at tmid. Finally, ζ f is determined by matching the bandwidth of aMFW(t), measured in
terms of the rate of positive minima and negative maxima, to that of the target recorded motion.
More details about identification of the modulating function and filter parameters can be found in
[46] and [22].

Having related the modulating function parameters (α, β, c, tmax,q) to the physical quantities (Ia,
D5�95;Ia , D0�5;Ia , D0�30;Ia ) of a recorded accelerogram, hereafter we drop the subscript Ia from the
duration parameters, and we define the MFW model in terms of the seven parameters (Ia, D5� 95,
D0� 5, D0� 30, fmid, f′, ζ f) instead of (α, β, c, tmax,q, fmid, f′, ζ f). The resulting complete sets of
parameters of (i) the pulse-like model, denoted αP,i, i=1,…, 19, and (ii) the non-pulse-like model,
denoted αNP,i, i=1,…, 14, are summarized in Tables I and II, respectively. Note that αP,5 =D0�max,p

is used here and not αP,5 = tmax,p as was carried out in our earlier work [46]. Also note that the
parameters D0�max,p, D0� 5, and D0� 30 are all measured from the start time t0 of the ground
motion, but t0 itself is not considered among the model parameters.

5. APPLICATIONS: FITTING TO RECORDED GROUND MOTIONS

Using the procedures described in Section 4, the models of near-fault ground motion are fitted to
recorded pulse-like and non-pulse-like motions in PEER’s NGA-West2 database (http://peer.
berkeley.edu/ngawest2/). The selected data consist of pairs of horizontal ground motion components
from moderate to large earthquakes (5.5≤Mw≤ 8.0) recorded at sites with the closest distance to the
fault rupture being less than 31 km, that is, RRUP< 31 km. As mentioned earlier, these records are
classified as either pulse-like or non-pulse-like following the method developed by Shahi and Baker
[28]. In the following, the fitting procedure is illustrated for two recorded ground motions, one
pulse-like and one non-pulse-like.

Table I. Complete list of the parameters αP,i of the pulse-like model, i= 1,…, 19.

Pulse αP,1 αP,2 αP,3 αP,4 αP,5
Vp (cm/s) Tp (s) γ ν/π (rad) D0�max,p (s)

Residual αP,6 αP,7 αP,8 αP,9 αP,10 αP,11 αP,12
Ia,res (cm/s) D5� 95,res (s) D0� 5,res (s) D0� 30,res (s) fmid,res (Hz) f ′res (Hz/s) ζ f,res

Orthogonal αP,13 αP,14 αP,15 αP,16 αP,17 αP,18 αP,19
Ia,PO (cm/s) D5� 95,PO (s) D0� 5,PO (s) D0� 30,PO (s) fmid,PO (Hz) f ′PO (Hz/s) ζ f,PO

Table II. Complete list of the parameters αNP,i of the non-pulse-like model, i= 1,…, 14.

Major αNP,1 αNP,2 αNP,3 αNP,4 αNP,5 αNP,6 αNP,7
Ia,NP1 (cm/s) D5� 95,NP1 (s) D0� 5,NP1 (s) D0� 30,NP1 (s) fmid,NP1 (Hz) f ′NP1 (Hz/s) ζ f,NP1

Intermediate αNP,8 αNP,9 αNP,10 αNP,11 αNP,12 αNP,13 αNP,14
Ia,NP2 (cm/s) D5� 95,NP2 (s) D0� 5,NP2 (s) D0� 30,NP2 (s) fmid,NP2 (Hz) f ′NP2 (Hz/s) ζ f,NP2
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5.1. Example 1. Identification of model parameters for a pulse-like motion

We consider the pulse-like ground motion NGA#171 in the PEER database, which was recorded at the
El Centro-Meloland Geotechnical Array station during the 1979 Imperial Valley-06 earthquake. For
this record the moment magnitude Mw=6.53 and the closest distance to the fault rupture surface
RRUP= 0.1 km. The acceleration, velocity, and displacement time series of this record in the direction
of the largest pulse and in the corresponding orthogonal direction are plotted in Figure 1. Figure 2
shows the acceleration and velocity of the component containing the largest pulse, as it is
decomposed into the pulse and residual motions. In this figure, vpul(t) is the largest velocity pulse
extracted by use of Baker’s wavelet method [1], and apul(t) is its derivative. The residual motions
vres(t) and ares(t) are obtained by subtracting the extracted pulse from the total motion.

The procedure described in Section 4.1 is employed to fit (Vp, Tp, γ, ν, tmax,p) to the largest velocity
pulse vpul(t) extracted from the record. Figure 3 compares the extracted pulse and the fitted idealized
mMP pulse. The identified parameter values are Vp=80.3 cm/s, Tp=2.8 s, γ=2.4, ν= π rad, and
tmax,p=5.0 s. It is seen that the fit to the extracted velocity pulse is excellent and that the fit to the
corresponding acceleration and displacement waveforms is also quite good. The fitted displacement
waveform has zero displacement at the end of the motion. This would not have been the case had the
original Mavroeidis and Papageorgiou [2] pulse model been used.

Figure 2. Acceleration (left) and velocity (right) time series of total (top), pulse (middle), and residual
(bottom) motions in the direction of the largest pulse for record NGA #171.

Figure 1. Acceleration, velocity, and displacement time series of record NGA#171 in the direction of the
largest pulse and the corresponding orthogonal direction.

972 M. DABAGHI AND A. DER KIUREGHIAN

Copyright © 2016 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2017; 46:963–984
DOI: 10.1002/eqe

 10969845, 2017, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eqe.2839 by H

IN
A

R
I-L

E
B

A
N

O
N

, W
iley O

nline L
ibrary on [08/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Next, the procedure described in Section 4.2 is used to fit the modulating function parameters (α, β,
c, tmax,q) to the residual and orthogonal motions of record NGA#171. For fitting purposes, we define
the residual motion of the record as the total ground motion in the direction of the largest pulse
minus the fitted, not the extracted, pulse motion. The acceleration time series of the residual and
orthogonal motions of record NGA#171 are shown as top charts in Figure 4. The Husid plots Ia,res(t)
and Ia,PO(t) of these motions are shown as solid lines in the bottom charts of Figure 4. The
corresponding total Arias intensity values Ia,res and Ia,PO are listed in Table III. The normalized
cumulative Arias intensity functions are then used to identify (t5,res, t30,res, t95,res) and (t5,PO, t30,PO,
t95,PO) and to obtain t0 = t0,rec = 1.3 s from (7). These time points are indicated by stars in Figure 4
and are used to calculate (D5� 95,res, D0� 5,res, D0� 30,res) and (D5� 95,PO, D0� 5,PO, D0� 30,PO),
which are also listed in Table III. In turn, these values are used in (10) – (12) to back-calculate (αres,
βres, cres, tmax,q,res) and (αPO, βPO, cPO, tmax,q,PO), which are also listed in Table III. The modulating
functions calculated using these fitted parameter values are shown as dashed lines in the top charts in
Figure 4, and the corresponding expected Husid plots are shown as dashed lines in the bottom charts of
Figure 4. Moreover, with t0 = 1.3 s, we obtain D0�max,p=3.7 s.

Figure 3. Directivity pulse waveforms extracted from record NGA#171 (solid lines) and corresponding fitted
mMP pulse (dashed lines): (a) acceleration, (b) velocity, and (c) displacement.

Table III. Identified Arias intensity related parameters, back-calculated modulating function parameters, and
identified filter parameters of record NGA#171.

t0 (s) Ia (cm/s) D5� 95 (s) D0� 5 (s) D0� 30 (s) α β c (g) tmax,q (s) fmid (Hz) f′ (Hz/s) ζ f

res
1.3

77 8.6 2.6 3.8 1.9 0.18 0.12 4.7 1.5 0.11 0.27
P0 56 10.7 2.5 2.8 5.9 0.13 0.10 3.4 3.2 0.03 0.27

Figure 4. Fitting of the modulating function to the recorded residual (left) and orthogonal (right) motions for
pulse-like record NGA#171. Top charts: target acceleration time series and fitted modulating function;

bottom charts: Husid plots of target acceleration and fitted modulating function.
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For the selected form of the modulating function in (5), the Husid plot Ia,q(t) is smooth and increases
monotonically with time. This idealized shape represents the evolution of the Husid plot of a recorded
near-fault ground motion in an average sense. When energy arrives in a single event, such as for the
recorded residual in Figure 4, this idealized shape generally describes the recorded motion well.
However, in some cases, such as the recorded orthogonal motion shown in Figure 4, energy arrives
in multiple sub-events. In such cases, the fit is not as close. Even when the energy arrives in one
main event, the selected modulating functional form only guarantees a general match of the overall
evolution of the Husid plot.

Finally, the parameters (fmid, f′, ζ f) of the filter are fitted to the residual and orthogonal motions of
record NGA#171 using the procedure described in Section 4.2. Details are not provided here. The
identified parameter values for the residual and orthogonal motions are listed in Table III.

5.2. Example 2. Identification of model parameters for a non-pulse-like motion

We consider the non-pulse-like ground motion NGA#351 in the PEER database, which is recorded at
the Parkfield-Gold Hill 3E Station during the 1983 Coalinga-01 earthquake. For this event, Mw=6.4
and RRUP= 30 km. The procedures described previously are used to fit the non-pulse-like models.
The values of t0 (Ia,NP1, D5� 95,NP1, D0� 5,NP1, D0� 30,NP1) and (Ia,NP2, D5� 95,NP2, D0� 5,NP2,
D0� 30,NP2), the back-calculated modulating function parameters (αNP1, βNP1, cNP1, tmax,q,NP1) and
(αNP2, βNP2, cNP2, tmax,q,NP2), and the identified filter parameters (fmid,NP1, f

′
NP1, ζ f,NP1) and (fmid,NP2,

f ′NP2, ζ f,NP2) are all listed in Table IV.

6. SIMULATION OF NEAR-FAULT GROUND MOTION COMPONENTS FOR SPECIFIED
MODEL PARAMETERS

In this section, we describe the methods for generation of the horizontal components of artificial near-
fault ground motions for a given set of model parameters. Both pulse-like and non-pulse-like motions
are considered. Pulse-like motions are generated in the direction of the largest pulse and the
corresponding orthogonal direction. Non-pulse-like motions are generated along their major and
intermediate ‘principal’ directions.

6.1. Simulation of a realization of the modulated filtered white-noise process

As we have seen, the MFW process is completely defined by t0,q and the set of seven parameters (α, β,
c, tmax,q, fmid, f′, ζ f). To simulate a sample function of this process, we first generate a band-limited
white-noise process at discrete time steps Δt. The time step should be sufficiently small so that the
Nyquist (or maximum) frequency fN=1/2Δt is beyond the range of frequencies of interest. In this
study, we used Δt=0.005 s. Next, t0,q and parameters (α, β, c, tmax,q) are used in (5) to compute the
modulating function q(t), while parameters (fmid, f′, ζ f) are used to define the filter as given in (4)
and (6) with ζ f(τ) = ζ f. The modulating function and the filter are then used in (3), together with the
simulated band-limited white-noise process, to generate a synthetic acceleration time series. More
details on the simulation of such discretized processes can be found in [23].

The resulting synthetic motion must be post-processed (low-cut filtered) to assure zero velocity and
displacement at the end of the simulated time series. This is described in the following section. The

Table IV. Identified Arias intensity related parameters, back-calculated modulating function parameters, and
identified filter parameters of record NGA#351.

t0 (s) Ia (cm/s) D5� 95 (s) D0� 5 (s) D0� 30 (s) α β c (g) tmax,q (s) fmid (Hz) f′ (Hz/s) ζ f

NP1
1.7

12 14.0 3.9 5.7 2.1 0.11 0.037 6.6 2.3 0.06 0.17
NP2 9 15.2 3.9 5.5 6.8 0.10 0.033 5.6 2.8 �0.03 0.09
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processed time series constitutes one sample of the simulated acceleration process aMFW(t) for the
specified parameters.

Recall that the modulating function parameters (α, β, c, tmax,q) are related to the physical parameters
(Ia,q, D0� 5,q, D0� 30,q, D0� 95,q), which are obtained by matching the expected Husid plot of the
stochastic process to the Husid plot of the recorded motion. There is no guarantee that the
parameters (Ia,MFW, D0� 5,MFW, D0� 30,MFW, D0� 95,MFW) of a synthetic acceleration generated
using (α, β, c, tmax,q) will match the corresponding parameters (Ia,q, D0� 5,q, D0� 30,q, D0� 95,q) of
the modulating function and, hence, those of the target recorded motion. Indeed, we only guarantee
E[Ia,MFW(t)] = Ia,q(t). If it is desired that the synthetic motion matches the Arias intensity of the
recorded motion, then we apply the uniform scaling

a�MFW tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Ia;q

Ia;MFW

s
�aMFW tð Þ (14)

so that the scaled synthetic acceleration a�MFW tð Þ has total Arias intensity I�a;MFW ¼ Ia;q. The matching
of the remaining target values (D0� 5,q, D0� 30,q, D0� 95,q) can only be guaranteed in an average sense.

6.2. Simulation of ground motion components containing a pulse

For a given set of parameters (Vp, Tp, γ, ν, tmax,p) of the mMP pulse model, where tmax,p= t0 +D0�max,p,
the deterministic pulse velocity waveform vpul(t) is computed according to (1) and (2). The derivative
of this pulse, apul(t), is then added to a synthetic, low-cut filtered and scaled residual acceleration
motion ares tð Þ ¼ a�MFW tð Þ generated using t0,q= t0 and parameters (αres, βres, cres, tmax,q,res, fmid,res, f

′
res ,

ζ f,res). Because both the simulated pulse and the residual motion have zero velocity and
displacement values at their ends, the resulting total acceleration time series also possesses these
characteristics. Note that applying the low-cut filter after adding the pulse to the simulated residual
motion would have the undesirable effect of eliminating the long-period pulse. This procedure is
used to simulate a pulse-like acceleration time series aPP(t).

6.3. Simulation of ground motion components not containing a pulse

The procedure described in Section 6.1 is used to generate synthetic components of near-fault ground
motion that do not contain a pulse. Specifically, realizations of aPO(t), aNP1(t), and aNP2(t) are
simulated using t0,q= t0 and the parameter sets (αPO, βPO, cPO, tmax,q,PO, fmid,PO, f

′
PO , ζ f,PO), (αNP1,

βNP1, cNP1, tmax,q,NP1, fmid,NP1, f
′
NP1 , ζ f,NP1), and (αNP2, βNP2, cNP2, tmax,q,NP2, fmid,NP2, f

′
NP2 , ζ f,NP2),

respectively.

6.4. Additional considerations

We assume that the residual and orthogonal components, ares(t) and aPO(t), of a pulse-like ground
motion are statistically independent. Therefore, for a given realization, we generate their underlying
white noises as statistically independent processes. Similarly, we assume that the horizontal
‘principal’ components aNP1(t) and aNP2(t) of a non-pulse-like motion are statistically independent
and generate their underlying white noises as statistically independent processes.

For a given set of pulse-like model parameters, apul(t) in each of the simulated pulse-like ground
motion components is the same, while the simulated ares(t) and aPO(t) randomly vary from sample to
sample because of the randomness in the underlying white-noise processes. Similarly, for a given set
of non-pulse-like model parameters, the simulated components aNP1(t) and aNP2(t) randomly vary
from sample to sample. These simulated motions may be viewed as different realizations from
events having the same rupture location, overall size, and slip direction, but with variations in the
sequence of ruptures in the fault. This partly justifies the constant waveform of the pulse from
realization to realization, because the directivity pulse is thought to depend on the overall rupture
geometry and propagation.
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7. POST-PROCESSING OF SIMULATED ACCELERATION TIME SERIES

Raw synthetic acceleration time series that are generated from a MFW process do not scale like
recorded times series at the low frequencies. Moreover, stochastic models developed for an
acceleration process do not guarantee zero velocity and displacement at the end of the simulated
time series. Therefore, post-processing of the synthetic acceleration time series is required to (i)
control the low-frequency content of the synthetics in a manner consistent with the physics of real
earthquake events and (ii) force the resulting velocity and displacement time series to go to zero at
the end of the shaking. In this study, the synthetic acceleration time series are low-cut filtered using
a fourth-order acausal Butterworth filter applied in the frequency domain.

A preliminary study was performed to select the filter cutoff frequency. Because of the finiteness of
the fault rupture, the amplitude of a real earthquake ground motion decays gradually at frequencies
below the corner frequency, which depends on the size of the earthquake. To reproduce this scaling
in simulated motions, the cutoff frequency fc of the filter should be related to the earthquake
magnitude Mw. We identified the following relation as suitable for our purposes (see [46] for more
details):

log10f c ¼ 1:41� 0:345Mw (15)

where fc is in Hz. This relation is consistent with similar relations found in the literature between the
corner frequencies of source spectral models and earthquake magnitude (see, e.g., [17]). The same
filter is applied to both components of a simulated ground motion and results in processed motions
that have realistic displacement time series. Note that our low-cut filtering approach differs from the
one employed in [22], where a critically damped, second-order oscillator with a constant filter
frequency of 0.1Hz was used.

As recommended in [54], pre- and post-event pads are added before filtering a simulated ground
motion. We use the recommended pad length Tpad = 1.5n/fc, where n=4 is the order of the
Butterworth filter. Half the pads are added to the beginning and the other half at the end of the
simulated motion. After processing a simulated acceleration time series, the zero-pads are not
removed prior to computing other measures of the ground motion. This is carried out to ensure
compatibility of the various computed measures (see [55, 56]).

8. VALIDATION OF NEAR-FAULT GROUND MOTION MODEL AND SIMULATIONS

Validation of the stochastic model and the simulation method is required in order to ensure that the
synthetic motions correctly represent the main characteristics, including the natural variability, of
recorded motions to be used in engineering applications. Several procedures have been recently
proposed to assess the validity of simulated motions (see, e.g., [22–24, 57–59]). The assessment is
based on the elastic response spectra or on simple ground motion metrics that are expected to
influence the response of engineering systems.

Following these procedures, we compare various characteristics of simulated motions with those of
the corresponding fitted recorded ground motion. As a result of our fitting procedure, several important
characteristics of the synthetic motions are by definition matched to their recorded counterparts. These
include the amplitude and period of the directivity pulse and the total energy (Arias intensity) of the
broadband motion. Moreover, the effective duration and the predominant frequency at the middle of
the ground shaking are matched in an average sense. Other ground motion characteristics and
parameters are not explicitly matched and must be checked in the validation procedure. These
include the time series, Husid plots, and elastic response spectra. Ground motion characteristics that
measure inelastic response (e.g., inelastic response spectra) should also be compared, but this is not
pursued here.
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8.1. Validation for a pulse-like ground motion

Consider the pulse-like record NGA#171, which was fitted in Section 5.1. Using the identified
parameters, 300 artificial pairs of acceleration time series are generated. The synthetic broadband
motions are scaled using (14) to match the Arias intensity of the recorded motion. Simulations
requiring a scale factor smaller than 1/2 or greater than 2 are discarded. Figure 5 shows the
acceleration and velocity time series for the pulse, the residual and the total motion in the direction
of the largest pulse for the recorded motion (black) and one simulated motion (gray). Similarities
between the features of the recorded and simulated motions are clearly evident. Figure 6 shows the
acceleration times series of the two components of this record and a sample of five simulated
motions. Again, similarities are evident in the waveforms of the recorded and simulated motions in
terms of amplitude, duration and frequency content. Figures 7 and 8 show the corresponding
velocity and displacement time series, respectively. The simulated velocity components are similar
to those of the recorded motion, including the presence, shape, and time of the velocity pulse in the
largest pulse component. Simulated displacement time series are also realistic, but their similarities
with recorded motions are not as evident. This is because there are no constraints on the
displacements in the fitting procedure (the pulse is fitted in the velocity domain and the residual and
orthogonal motions are fitted in the acceleration domain) and also because the displacement time
series is sensitive to the choice of the parameters of the low-cut filter. Here, Mw=6.53 is used in
(15) to compute fc = 0.142Hz, which corresponds to a long-period cutoff at 7.03 s.

Figure 9 shows the Husid plots of the two horizontal components of record NGA#171 and of the five
simulated motions. In general, the Husid plots of the orthogonal components of the simulated motions
match the Husid plot of the corresponding recorded component, including the total Arias intensity; see
Figure 9 (right). This latter feature is guaranteed by scaling the simulated motions according to (14). A
similar observation applies to the residual motion, but not to the total component in the direction of the

Figure 5. Pulse-like ground motion in the direction of the largest pulse for record NGA#171 (black) and
sample simulated motion with identified parameters (gray): velocity times series (left), acceleration time

series (right), pulse motion (top), residual motion (middle), and total motion (bottom).

Figure 6. Acceleration time series of record NGA#171 (black) and five simulated motions with identified
parameters (gray): ground motion components in the direction of the largest pulse (left) and corresponding

orthogonal components (right).
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largest pulse after addition of the fitted pulse; see Figure 9 (left). The mismatch is due to the nonlinearity
of the Arias intensity function relative to the intensities of the residual and pulse motions.

Figure 10 shows elastic pseudo-acceleration response spectra at 5% damping for the recorded
ground motion components (solid lines), the simulated motion components (gray lines), the median
of the spectra of the simulated motions (dashed lines), and the 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. Thus, the recorded motion
can be regarded as one sample realization of the stochastic model for the given parameters.

Figure 8. Displacement time series of record NGA#171 (black) and five simulated motions with identified
parameters (gray): ground motion components in the direction of the largest pulse (left) and corresponding

orthogonal components (right).

Figure 9. Husid plots of record NGA#171 (black) and five simulated motions with identified parameters
(gray): ground motion components in the direction of the largest pulse (left) and corresponding orthogonal

components (right).

Figure 7. Velocity time series of record NGA#171 (black) and five simulated motions with identified param-
eters (gray): ground motion components in the direction of the largest pulse (left) and corresponding orthog-

onal components (right).
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In Figure 10 (left), a peak in the response spectra of both the recorded and simulated motions can be
seen at periods around 2 s. This is due to the directivity pulse. The extracted and simulated velocity
pulses all have periods Tp=2.8 s. The lower period of the peak is consistent with prior observations
of the pseudo-acceleration response spectra of pulse-like near-fault ground motions [28]. Moreover, in
Figure 10 (left), the median spectrum of the simulated motions is closely aligned with the spectrum of
the recorded motion at periods larger than about 2 s, where the spectra is largely influenced by the
directivity pulse. At periods below 2 s, where the spectra are primarily influenced by the residual

Figure 10. Pseudo-acceleration response spectra at 5% damping of the record NGA#171 (solid line), of 300
simulated ground motions (thin gray lines), their median (dashed line) and median plus and minus one stan-
dard deviation levels (dotted lines): ground motion components in the direction of the largest pulse (left) and

corresponding orthogonal components (right).

Figure 11. Acceleration time series of record NGA#351 (black) and five simulated motions with identified
parameters (gray): major (left) and intermediate (right) ‘principal’ components.

Figure 12. Velocity time series of record NGA#351 (black) and five simulated motions with identified
parameters (gray): major (left) and intermediate (right) ‘principal’ components.
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motion, the recorded and median simulated spectra show significant differences. This is due to the
broadband nature of the residual motion that allows more variability. Similar variability is observed in
Figure 10 (right) for the spectra of the orthogonal component, which is also broadband, but now for the
entire range of periods because of the absence of a long-period pulse.

8.2. Validation for a non-pulse-like ground motion

Consider the non-pulse-like record NGA#351, which was fitted in Section 5.2. Using the identified
parameters, 300 artificial pairs of acceleration time series are generated. Similar to the previous
example, the synthetic broadband motions are scaled using (14), and simulations requiring a scale
factor smaller than 1/2 or greater than 2 are discarded. The simulated motions are compared with the
recorded motion in Figures 11–15 in a manner similar to that in the preceding section. Figures 11–13
show the acceleration, velocity, and displacement time series, respectively, of the two ‘principal’
components of record NGA#351 and a sample of five simulated motions. The simulated motions
overall have amplitude, duration, and frequency content characteristics that are roughly similar to
those of the recorded motion. Figure 14 shows the corresponding Husid plots. It can be seen that the
Husid plots of both components of the simulated motions generally match the Husid plots of the
corresponding recorded components, including the total Arias intensity values. Figure 15 shows the
elastic pseudo-acceleration response spectra at 5% damping for the recorded and simulated ground
motions. Note that the response spectra of the recorded ground motion components fall within the
ranges spanned by the spectra of the simulated ground motion components at most periods. Thus, the
recorded motion can be regarded as one sample realization of the MFW process for the given parameters.

Figure 13. Displacement time series of record NGA#351 (black) and five simulated motions with identified
parameters (gray): major (left) and intermediate (right) ‘principal’ components.

Figure 14. Husid plots of record NGA#351 (black) and of five simulated motions with identified parameters
(gray): major (left) and intermediate (right) ‘principal’ components.
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9. MODEL OF THE FLING STEP

Consideration of the fling step is important because it can subject a bridge or a pipeline crossing a fault
to large differential displacements. Occurrence of the fling step depends on the geometry of the fault
rupture and on the location of the site relative to the rupture plane. The fling step is assumed to be
independent of the rupture directivity effect, that is, of the pulse-like or non-pulse-like nature of the
near-fault ground motion. Because standard filtering and baseline correction procedures remove the
static displacement from recorded ground motions, empirical observations of the fling step are
extremely rare. This lack of data prevents us from developing and directly fitting a model of the
fling step. Instead, we use a simple time-domain model proposed by Abrahamson [31]. This model
describes the fling acceleration time series in the SP direction for vertical strike-slip faulting. It uses
simplified procedures based on dislocation theory to compute the permanent displacement at the site
given the average total slip on the fault and some earthquake source and site characteristics [14].
This model was used in [46] to add a simulated fling step to the SP component of a motion
simulated for a site located adjacent to the fault rupture.

10. CONCLUSIONS

A new site-based parameterized stochastic model that describes near-fault earthquake ground motions
in two orthogonal horizontal directions is developed. The model is formulated in terms of a relatively
small number of physically meaningful parameters and properly characterizes the main features of
recorded near-fault ground motions, including temporal and spectral non-stationarities and rupture
directivity effects. The model accounts for the occurrence of forward directivity effect in the form of
a two-sided velocity pulse. Models for both pulse-like and non-pulse-like ground motions are
considered. To our knowledge, this study offers the first site-based stochastic ground motion model
that provides a complete bi-directional characterization of the near-fault ground motion in the
horizontal plane.

The proposed model draws on several existing models. To describe the broadband near-fault ground
motion, the modulated filtered white-noise model by Rezaeian and Der Kiureghian [22–24] was used
with a modified modulating function to better represent the evolving amplitude of near-fault ground
motions. To represent the directivity pulse, a modified version of the idealized model developed by
Mavroeidis and Papageorgiou [2] was employed. The modification was implemented to achieve zero
residual displacement at the end of the pulse. A fling step can be added to the SP component using
the model developed by Abrahamson [31] based on a simplified dislocation theory. The proposed
model is fitted to recorded pulse-like and non-pulse-like ground motions by relating the model
parameters to physically meaningful ground motion characteristics.

Figure 15. Pseudo-acceleration response spectra at 5% damping of the record NGA #351 (solid line), of 300
simulated motions(thin gray lines), and of their median (dashed line) and median plus and minus one

standard deviation levels (dotted lines): major (left) and intermediate (right) ‘principal’ components.
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Using the proposed stochastic model, a procedure to simulate two horizontal orthogonal components
of pulse-like and non-pulse-like near-fault ground motions for given model parameters is proposed. The
stochastic model is validated by visually comparing acceleration, velocity, and displacement time series,
and elastic pseudo-acceleration response spectra of recorded and synthetic motions. It is shown that the
recorded motion can be viewed as one realization of the stochastic process with the assumed parameters.

Because of the idealized nature of our model, it cannot reproduce all features of a recorded motion.
Cases where the energy in the ground motion arrives gradually, in a single event and with a single
predominant frequency are well represented. This limitation can be overcome by more complex
formulations of the modulating and filter functions, at the expense of a larger number of parameters.
Nevertheless, the model provides synthetic motions that are realistic and faithfully reproduce those
features that are critical for design of long-period structures in near-fault regions.
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