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ABSTRACT

Most existing power spectral models used in structural stochastic response
analyses only account for site effects through parameters such as funda-
mental period and damping ratio. However, these site-based models lack
an explicit consideration of seismic source and path characteristics, which
are inherently critical factors. With the accumulation of knowledge and
advancements in seismic exploration technologies in recent decades,
detailed seismic source information has become increasingly accessible,
making it now both desirable and feasible to conduct stochastic response
analyses that integrate not only site conditions but also source and path
effects. Therefore, this study proposes an end-to-end analytical framework
that simultaneously accounts for source, path, and site effects to efficiently
compute the structural stochastic responses, thereby achieving direct pre-
diction from specific seismic source conditions to structural responses. The
proposed framework employs a source-based Fourier amplitude spectrum
(FAS) model coupled with a ground motion duration model to represent
the entire seismic wave propagation process, which has been thoroughly
investigated and validated using real seismic records. The FAS parameters
can be adjusted to simulate specific seismic sources of interest in earth-
quake engineering. Then, analytical formulations are derived for the sto-
chastic response analyses of widely used multiple-degree-of-freedom
structural systems in the frequency domain, which also supports time-
domain stochastic response analysis by converting FAS into time series.
Finally, the proposed method is applied to a series of numerical examples
for reliability analysis, and the results are validated against time-domain
analyses, demonstrating the applicability and accuracy of the method

under varying seismic source conditions.

1. Introduction
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As one of the essential tools for characterizing the seismic ground motions, power spectral models are
commonly employed in stochastic structural response analysis (J. Li and Li 1998; Tootkaboni and
Graham-Brady 2010; H. Zhang, Xiang, et al. 2023). The models currently employed here can generally
be divided into two categories: one category is the traditional power spectral models (Liu, Liu, and
Peng 2016; Ma et al. 2011; Peng, Mei, and Li 2014; Xu and Feng 2018; Zhao, Huang, and Hu 2020),
such as Kanai-Tajimi model (Kanai 1962; Tajimi 1960), Clough-Penzien model (Clough and Penzien
1975), Hu model (Y. X. Hu and Zhou 1962), Ou model (Ou, Niu, and Du 1991), Li model (H. Li and
Chen 2014) among others. While the other is the power spectral density function derived from the
response spectrum (H. Hu et al. 2023) specified in seismic codes (GB50011-2010 Code). Comparing
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these two categories, the traditional power spectral models demonstrate the better widespread
applications, primarily due to the capability to effectively represent the ground motion resonance
property induced by site conditions (Kanai 1962; Tajimi 1960). These models account for site effects
by incorporating two key parameters, the site’s fundamental period and damping ratio, which are
calibrated through regression analysis of actual seismic records from different site classifications. The
abovementioned models fundamentally qualify as site-based models, as they characterize ground
motions at a specific site by matching recorded seismic data with known site parameters (Rezaeian
and Der Kiureghian 2008).

Despite the widespread application of above site-based power spectral models, they do not
explicitly incorporate seismic source and path characteristics, which are inherently critical factors
influencing ground motion and structural stochastic response (Abdelnaby and Elnashai 2014; Calvi
and Andreotti 2022; Estévao and Carvalho 2015; Khansefid and Bakhshi 2022; Luo and Peng 2024;
Naserieh et al. 2022). To characterize the effects of these factors, D. Wang and Li (2011) proposed
a complete stochastic model of ground motions by combining the spectral transfer function with
physical models of the seismic source, path, and site conditions. In this model, the seismic source is
represented by the Brune dislocation model (Brune 1970), the path is described by the friction
attenuation and the associated relationship between wavenumber and frequency, with the local site
represented by a single-degree-of-freedom (SDOF) system. Then, this model was improved by
providing the distribution of source parameters, including magnitude, distance, and site category,
according to 7778 actual seismic records (Ding, Peng, and Li 2018). Based on this physical stochastic
model, Ding, Xu, and Miao. (2022) generated numerous time series with varying magnitudes,
distances, and site-specific shear-wave velocities and conducted stochastic response analysis of a five-
layer reinforced concrete frame structure. The results demonstrate that as magnitude and distance
increase, the long-period components of the ground motions are amplified, making the structure carry
a higher risk of failure than the results from response spectrum method. Similarly, C. Zhang et al.
(2022) employed the probability density evolution method to discretize the source and path para-
meters and generated numerous corresponding time series. Based on these excitations, stochastic
response analysis of the aqueduct structure was conducted, which demonstrated the substantial
influences of source and path factors on structural stochastic response results.

All these studies have proved that not only site conditions, but also the seismic source and path
characteristics are inherently crucial factors in stochastic response analyses of structures, which cannot
be neglected. Although the physical models mentioned above incorporate these factors, they still lack
sufficient validation using real seismic records in the field of seismology.

With the accumulation of knowledge and advancements in seismic exploration technologies in
recent decades, detailed seismic source information has become increasingly accessible. Japan-Seismic
Hazard Information Station can provide the major fault zones distribution, detailed seismic source
information (Morikawa et al. 2024). For more regions, Global Active Faults Database contains detailed
information on over 11,000 seismic sources across Europe, Asia, America, and other regions. This
database includes the parameters of source and fault location, length, strike, dip orientation, surface
area et al. (Styron and Pagani 2020). This increasingly comprehensive source of information has made
it both desirable and feasible to conduct stochastic response analyses that integrate not only site
conditions but also source and path effects.

Therefore, this study proposes an end-to-end analytical framework for stochastic structural
response analysis, which directly simulates the entire process from specific seismic source conditions
to structural responses in the frequency domain, achieving a physical coupling between seismic
motion modeling and structural response analysis. In terms of physical modeling, the proposed
framework employs a source-based Fourier amplitude spectrum (FAS) model combined with
a ground motion duration model (Boore and Thompson 2012, 2014) to capture the complete seismic
wave propagation process from seismic source to ground surface. This FAS model has been thor-
oughly investigated and verified using real seismic records (Atkinson and Boore 2014; Boore 2003)
and has been extensively used by numerous studies (Kottke and Rathje 2013; Rathje and Ozbey 2006;
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X. Wang and Rathje 2016; H. Zhang and Zhao 2022). By decomposing the FAS model into source,
propagation path, and site condition components, the model can be flexibly adjusted according to
known seismic source and path parameters (Boore 1983, 2003), thereby enhancing its physical
interpretability and applicability. At the theoretical level, analytical formulations are derived for the
frequency-domain stochastic response of multi-degree-of-freedom (MDOF) structural systems, which
can also be extended to time-domain analysis through a corresponding transformation between the
FAS and time series. This unified computational framework preserves both the efficiency in frequency
domain and accuracy in time series domain, providing a more comprehensive and reliable tool for
stochastic structural response analysis.

The rest of this paper is organized as follows. Section 2 introduces the source-based FAS model.
Within the proposed framework, Section 3 derives the theoretical formulations for the stochastic
response analyses of widely used MDOF structural systems in the frequency domain. To demonstrate
the feasibility and effectiveness of the proposed framework, a series of numerical examples are
presented in Section 4, with analyses conducted in both frequency and time domains. Finally, the
conclusions are summarized in Section 5.

2. Fourier Amplitude Spectral Model

To describe the seismic ground motions for structural stochastic response analyses, this study applies
a source-based FAS model that accounts for site conditions, as well as seismic source and path
characteristics. A basic source-based model applies seismological principles to calculate the radiated
FAS from a point source, considering source, path, and site effects (Meimandi-Parizi, Mahdavian, and
Saffari 2023; R. Zhang, Zhao, and Zhang 2023). Therefore, this paper adopts the source-based FAS
model (Boore 1983, 2003; Boore and Joyner 1997), which has been extensively validated by comparing
with recorded seismic motions (Boore and Joyner 1997; Brune 1970, 1971; H. Zhang and Zhao 2022;
H. Zhang, Zhao, et al. 2023). In this model, the ground acceleration FAS, F(f), is defined as the
product of source,path, and site terms:

E(f) = E(Mof)P(Rf)G(f) (1)

where f refers to the frequency, R refers to the distance between the site and source, and M refers to
the seismic moment, which is mathematically connected to the moment magnitude M:

M, = IOIAS(M-HOJ) 2)

The omega-squared source-based spectrum of Brune is widely employed to characterize the FAS of
earthquakes (Brune 1970). This source-based spectrum is typically combined with the terms of path
and site proposed by Boore (2003, 2005):
m f?
F(f) = 0782 My—L S [z(Ryexp

fR eXpl—7IK
BT (L) )llexp(—mxf JA(f)] (3)

-7
Q(f)B
where p is the density and 8 is shear wave velocity of the crust. Z(R) represents the geometrical
spreading function, Q(f) indicates the seismic anelastic attenuation, A(f) refers to the site amplifica-
tion. f; is the corner frequency, indicating the lower value before the FAS begins to decay:

f. = 4.9 x 10°8 (;—‘DS 4)

where, Ao is stress drop.

To account for the fault rupture characteristics that are particularly significant in large-magnitude
earthquakes, this study adopts the stochastic finite-fault modelling approach. In this model, a large
fault is subdivided into multiple subfaults (Beresnev and Atkinson 1998), and the ground motions
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generated by each subfault are computed using the point-source method and then superimposed at the
observation point to obtain the overall ground motion. In practical applications, it is more convenient
to capture the essential features of finite-fault ground motions within a single point-source simulation
framework by introducing an appropriate equivalent point-source distance Rps. On this basis, Boore
(2009) proposed an effective point-source distance Rppr to modify the source-to-site distance R.
However, the limitation of Rgpr is that it depends on a specific source and receiver geometry. To
address this issue, Boore and Thompson (2015) proposed a more general formulation of Rpg, which is
expressed as

Rps =/ Rgup® + h2 (5)

where Rps is the rupture distance, and 4 is a finite-fault factor expressed as

a+ (M *g\/ftl);M < My ,
log(h(M)) = < eg +er(M—Mp) +ea(M —Mn)" +es(M —Mn)", Mn <M < Mp (6)
a + b,(M — Mp),M > My,

In Equation 6, aj, a3, by, ba, eg — €3, My and My, are coefficients that have been given by Boore and
Thompson (2015).

The way the FAS varies with magnitude and distance also depends on the seismological parameters,
which can be determined based on earthquake records from the target region. In this study, typical
seismological parameter values used in Equation 3 and (Equation 4) are adopted from Boore and
Thompson (2015) and given in Table 1.

Despite the source-based FAS model, a ground motion duration model is also needed as the
inputs for stochastic response analyses of structures. The ground motion duration, D, used in
this study is a sum of the source duration, D;, and what is called the path duration, Dy, which
represents the elongation of motion due to wave propagation and scattering effects (Boore and
Thompson 2015). In detail, the source duration D; is given by 1/f, in which the corner frequency
fc is given by the single-corner frequency model. And the path duration D, suggested for Stable
Continental Regions (SCRs) is unitized in this study and given in Table 2 (Boore and Thompson
2015).

It should be noted that although this source-based FAS model represents the primary effects of the
seismic source, path, and site conditions in a simplified manner, it does not fully capture complex
earthquake phenomena such as near-field effects and source directivity. This limitation can be over-
come by incorporating more advanced FAS models that explicitly consider these effects within the
proposed framework. As the present study mainly aims to establish a practical framework that

Table 1. Parameters used for the FAS model.

Model parameter Setting

-0 (bar) 400

K (s) 0.006

o (g/cm?) 2.8

B (km/s) 37

A(f) Boore (2015)

Z(R) Atkinson and Boore (1995, 2014)
Q(f) Atkinson and Boore (1995, 2014)

Table 2. The path duration model for SCRs.
Parameter Value

Raup (km) 0 15 35 50 125 200 392 600
Dy (s) 0 2.6 17.5 25.1 25.1 28.5 46 69.1
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simultaneously accounts for source, path, and site effects to efficiently compute structural stochastic
responses, the integration of advanced FAS models will be pursued in future work.

3. Application of the FAS Model for Structural Stochastic Response Analyses

The crucial aspect of structural stochastic response analyses is the calculation of the failure probability
of the system (Filiatrault et al. 2018; O’Reilly and Sullivan 2017). In practical applications, the failure
probabilities of widely used MDOF structural systems are commonly assessed using the criterion of
maximum inter-layer relative displacement responses (Song and Li 2025; Welch, Sullivan, and Calvi
2014; Xu et al. 2022). Therefore, the failure probability of an MDOF system, P,, can be expressed as
follows:

Ps =1- H P(Axi,max < xlim) (7)

i=1

where xj;,, is the inter-layer relative displacement threshold, and Ax; . is the maximum relative
displacement response of the i-th inter-layer.

To compute the maximum inter-layer relative displacement response Ax; .y, random vibration
theory (RVT) can be applied (Hanks and McGuire 1981):

A-xi,max = PfXDisrms (8)

where pf is the peak factor; Dis,,; is the root mean squared (RMS) value of the structural inter-layer
relative displacement responses.

In Equation 8, the peak factor pf has been defined as the ratio of the maximum response to the RMS
value by previous research, and numerous peak-factor models have been proposed (Cartwright and
Longuet-Higgins 1956; Vanmarcke 1975). X. Wang and Rathje (2016) found that among the models
evaluated, the Vanmarcke model (Vanmarcke 1975) provides the most accurate estimation of the peak
factor. The cumulative distribution function (CDF), P, of pf, as formulated by Vanmarcke (1975), is
expressed as

P <r) = {1 B eXp(_ Eﬂ o {_zfz - (_ 5) p,, (L= e (V0] } o)

1—exp (%)

where f, is the rate of zero crossing, J is the bandwidth factor.
On the other hand, the RMS value, Dis, s, in Equation 8 can be estimated from the power spectrum
of structural inter-layer relative displacement response Gagu(w):

1
Dispys = ;Jif Gaout(w)dw (10)

Therefore, before analyzing the maximum inter-layer relative displacement responses, Gaout(w)
should be estimated from the ground motion FAS and duration. Consider an MDOF system with
verified mass, stiffness, and damping for each layer. The equation of motion under seismic excitation
can be written as

[MI{x(6)} + [C{x(0)} + [K{x()} = —3()[M]{1} (11)

Here {x(t)}, {x(¢)}, and {x(¢)} are response displacement, velocity, and acceleration response

vector, respectively; ¥ (t) represents the ground acceleration. The matrixes [M], [C], and [K] are the
mass, damping, and stiffness, respectively.
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By introducing the mode shape matrix, [@], to represent the displacement vector {x(¢)}, the modal
equation of motion is obtained:

Mgl (0}+Cg1{a(0) }+ Kl a0} = -y (0 M1} (12

Then, multiplying both sides of the Equation 12 by the transpose of the mode shape matrix,
[¢]", and exploiting the modal orthogonality, the coupled mass, damping, and stiffness matrices
are diagonalized. This procedure decomposes the original MDOF system into a set of uncoupled
SDOF systems, where each modal system is characterized by its corresponding modal mass,
modal damping, and modal stiffness. The equation of motion for the j-th mode can be
expressed as

(0 + 2600040 (1) + (@) 90 () = 7500 (13)

where V) (t) represents the j-th modal amplitude, £/ and w) is the damping ratio and the undamped
natural circular frequency of the j-th mode, and yV) is the mode participation factor.
Dividing Equation 13 by y) yielding the modal amplitude under unit excitation, qo(¢):

g7 (1) + 26900, D (1) + (0D)?q,) ) (£) = —3(t) (14)

where gV (t) =y goV) (¢). Then, the displacement vector and inter-layer relative displacement are then
obtained via modal superposition:

(0} = {147} () (15)

{ax()} ==>"" {1786 }ao (1) (16)
where Aqb,-(j):qbi(j)—d)i,l(j) represents the i-th inter-layer modal difference corresponding to the j-th
vibration mode.

Then, the FAS of the response of structural i-th inter-layer relative displacement, Fd; ,,(w), can be
obtained via time-frequency transformation:

n ; ; ; n . ; .
{FdiA,out<w) }: Zj:l {YU)A¢1O> }Fout(j) (w) - Zj:l {YU)A¢IU) }H(/) (w)F(w) (17)
where F(w) denotes the FAS model with respect to circular frequency w, and HY(w) is the transfer
function of the relative displacement corresponding to the j-th vibration mode.
On this basis, the response power spectrum of the i-th inter-layer relative displacement can be
obtained:

2

(Fd(i)A,out(w))

G<i)A7out(w) = Drms

(18)

where D,,,s denotes the duration of the structural response and can be calculated as

1—7]C3 4 11 <7
D,ys = Dy, - — | | 1+— 19
s gm <C1+Cz 1+}1c3) [ +27‘[( <1+657’]C" ( )

where =T /Dgm, To denotes the natural period of the structure. ¢; —c; are coefficients that depend on
the magnitude and distance, as noted in Boore and Thompson (2012). The ¢, coefficients in Boore and
Thompson (2014) were derived using the peak-factor model of Cartwright and Longuet-Higgins
(1956). Boore and Thompson (2015) further updated the ¢, coefficients using the peak-factor model of
Vanmarcke (1975), which are adopted in this paper.
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4. Numerical Examples

To demonstrate the feasibility and effectiveness of the proposed analytical framework, a series of
numerical examples are presented in this section, with stochastic response analyses conducted in both
the frequency and time series domains.

In the frequency domain, the CDF of the maximum inter-layer relative displacement
responses is given by Equation 8 and (Equation 9), and the corresponding probability density
function (PDF) is obtained by differentiating the CDF. Then, the structural failure probabil-
ities were calculated using Equation 7 according to the threshold values specified in relevant
structural codes.

In the time series domain, 100,000 time series were first generated to ensure the statistical stability
of the calculation results by the FAS model using Stochastic Method Simulation (SMSIM) program
proposed by Boore (1983, 2000, 2005). Second, the inter-layer relative displacement responses between
each pair of adjacent layers for every individual time series were calculated, and the maximum
response value among all inter-layers was identified. By statistically analyzing these maximum inter-
layer relative displacement responses from 100,000 time series inputs, the respective PDF and CDF
figures were presented. Then, based on the obtained maximum inter-layer relative displacement
responses, the mean values were calculated and compared with the corresponding results derived
from the frequency-domain analyses. Finally, the structural failure probabilities were evaluated in both
the frequency and time series domains.

To primarily examine the effects of earthquake magnitude and distance, multiple magnitudes M of
5.0, 6.0, 7.0, and 8.0 and rupture distances Rgyp of 10 km, 50 km, 100 km, and 150 km are adopted in
this study for the structural stochastic response analyses. The combinations of magnitude and distance
are summarized in Table 3.

4.1. The SDOF Structural Systems

This section analyzed an SDOF system with a natural period of 3.0s for structural stochastic response
analysis. First, for each magnitude-distance pair listed in Table 3, the structural maximum inter-layer
relative displacement responses for every individual time series were calculated. Based on these results,
the probability distribution histograms in the time series domain were plotted and compared with the
PDF curves obtained in the frequency domain. In addition, CDF curves derived by integrating the
probability distribution histograms in the time domain were compared with those obtained from the
PDF curves in the frequency domain.

4.1.1. Comparison of PDF

As shown in Figs. 1-4, the black dashed lines represent the PDF curves obtained using the proposed
approach, while the blue bars indicate the probability distribution histograms derived from time series
analysis (TSA) results. It can be seen that the proposed method effectively captures both the central
tendency and the spread of the maximum inter-story relative displacement response distribution. The
PDF curves align closely with the probability histograms obtained from 100,000 time series simula-
tions. In particular, under near-field conditions (Rgyp = 10 km and Rgyp = 50 km), the predictions are

Table 3. Combinations of magnitude and distance.

Distance (Rgyp/km) Magnitude (M)
10 5.0,6.0,7.0,8.0
50 5.0,6.0,7.0,8.0
100 5.0,6.0,7.0,8.0

150 5.0,6.0,7.0,8.0
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Figure 1. Comparison PDFs of maximum inter-layer relative displacements of the SDOF system under earthquakes sequentially with
M € {5.0,6.0,7.0,8.0}, when Rgyp = 10km.

smooth and accurate across all magnitude ranges (M = 5.0-8.0), demonstrating the high reliability of
the method in near-field scenarios.

As the distance increases, the proposed approach continues to provide reliable predictions for
larger-magnitude events (M = 7.0 and M = 8.0), with PDF curves generally consistent with TSA results
and exhibiting stable distributions. This indicates that the method remains applicable in mid-field and
high-magnitude scenarios. However, at a larger distance (Rryp = 150 km), for smaller-magnitude
events (M =5.0 and M = 6.0), the predicted PDFs are narrower with sharper peaks.

4.1.2. Comparison of CDF

To characterize the cumulative probabilities of the maximum inter-layer relative displacement
responses at different thresholds, Figs. 5-8 present the corresponding CDF curves. In these figures,
the red dashed lines and blue solid lines represent the results obtained by the proposed approach and
TSA, respectively. Overall, the proposed approach is able to reproduce the cumulative probability
characteristics of structural responses quite well. In particular, under shorter distance conditions
(Rrup = 10 km and Rgyp = 50 km), the predicted CDF curves show a high degree of agreement with
TSA results across all magnitudes (M = 5.0-8.0), indicating the high accuracy and reliability of the
method in near-field scenarios.
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Figure 2. Comparison PDFs of maximum inter-layer relative displacements of the SDOF system under earthquakes sequentially with
M € {5.0,6.0,7.0,8.0}, when Rgyp = 50km.

As the distance increases, especially with larger distances (Rgyp = 100 km and Rgyp = 150 km), the
predicted CDFs for larger-magnitude events (M =7.0 and M = 8.0) remain in good agreement with
TSA results. However, for smaller-magnitude events (M = 5.0 and M = 6.0) at Rgyp = 150 km, the CDF
curves from the proposed approach slightly underestimate the cumulative probability at low responses
and slightly overestimate it at high thresholds, while the overall deviation remains very limited. This
phenomenon is consistent with the previously noted characteristics of the PDF curves under smaller-
magnitude and larger-distance conditions, where the PDF tends to exhibit an overestimated peak and
an overly concentrated distribution.

To further quantify the agreement between the CDFs predicted by the proposed approach and the TSA
results, the Kolmogorov-Smirnov (K-S) test was employed (Cardoso and Galeno 2023). This test measures
the similarity between two distributions by calculating the maximum absolute difference (D value) between
the predicted and actual CDFs, as shown in Figs. 4-8. The results show that for near-field conditions (Rgyp
=10 km and 50 km) and larger magnitudes (M = 7.0-8.0), the D values are generally small (approximately
0.03-0.05), indicating a high level of agreement and high prediction accuracy. For larger-distance condi-
tions (Rgyp =100km and 150 km) and lower-magnitude events (M =5.0-6.0), the D values increase
slightly (up to 0.0941), reflecting minor deviations in the CDF predictions under these specific scenarios,
although the overall agreement remains acceptable.
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Figure 3. Comparison PDFs of maximum inter-layer relative displacements of the SDOF system under earthquakes sequentially with
M € {5.0,6.0,7.0,8.0}, when Rgyp = 100km.

4.1.3. Comparison of Mean Value

Based on the PDF and CDF curves of maximum inter-layer relative displacement responses, the
corresponding mean values of 100,000 time series were computed. The results were compared with
those predicted by the proposed approach and illustrated in Fig. 9. It can be observed that the
predicted values are generally distributed around the y=x line, indicating a strong consistency between
the two results. The calculated root mean square error (RMSE) is 0.2079, further confirming the
accuracy and reliability of the proposed method in response prediction.

To further quantify the prediction accuracy, the relative errors (RE) for each magnitude-distance
pair were also calculated and summarized in Table 4. The REs are generally low, indicating that the
proposed method accurately predicts the statistical characteristics of structural responses. Slightly
higher REs appear for smaller-magnitude and larger-distance events (M = 5.0-6.0, Rgyp = 100 km) but
remain acceptable. For larger events (M =7.0-8.0), errors are lower and stable across distances.
Overall, mean REs range from 0.0121 to 0.0624, confirming the method’s reliability and robustness.

4.1.4. Comparison of Failure Probability

Based on the maximum inter-layer relative displacement responses and the corresponding
threshold specified in the relevant structural codes, cases exceeding this threshold were defined
as failures. Accordingly, the failure probabilities of the SDOF system under each magnitude-
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Figure 4. Comparison PDFs of maximum inter-layer relative displacements of the SDOF system under earthquakes sequentially with
M € {5.0,6.0,7.0,8.0}, when Rpyp = 150km.

distance pair were calculated, as shown in Table 5. It can be found that the structural failure
probabilities predicted by the proposed approach are in strong agreement with the results
of TSA.

The analysis indicates that, compared with PDFs of time-series, the proposed method exhibits
slight overestimation and concentration for smaller-magnitude and larger-distance events. This causes
the corresponding CDF to be slightly underestimated at low response values. As the response increases
beyond the value corresponding to the PDF peak, the predicted CDF intersects with the time-series
CDF and exceeds it at higher responses. For the maximum inter-layer relative displacement, the
proposed method closely matches the time-series results, indicating that the effect of PDF over-
estimation is negligible. However, in assessing structural failure probability, the slight overestimation
of the PDF leads to underestimation at lower thresholds and overestimation at higher thresholds.

4.2. The MDOF Structural Systems

This section considers a three-degree-of-freedom structural system with mass and stiffness parameters
detailed in Table 6. First, for each magnitude-distance pair listed in Table 3, the inter-layer relative
displacement responses between the layers 0-1, 1-2, and 2-3 were calculated and the maximum
responses of each inter-layer were identified under every individual time series. According to the
results of 100,000 time series, the corresponding probability distribution histograms of each inter-layer
were plotted and compared with the PDF curves obtained in the frequency domain. In addition, CDF
curves derived by integrating the probability distribution histograms in the time domain were
compared with those obtained from the PDF curves in the frequency domain.
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Figure 5. Comparison CDFs of maximum inter-layer relative displacements of the SDOF system under earthquakes sequentially with
M € {5.0,6.0,7.0,8.0}, when Rgyp = 10km.

4.2.1. Comparison of PDF

As shown in Figs. 10-13, the black dashed lines represent the PDF curves obtained by the
proposed approach, while the blue bars indicate the probability distribution histograms derived
from TSA. In each figure, the comparison results for layers 0-1, 1-2, and 2-3 are presented
sequentially from left to right. The results indicate that the proposed approach can effectively
capture the shape, central tendency, and dispersion characteristics of the maximum inter-layer
relative displacement response distribution, particularly under near-field conditions (Rgyp = 10
km and 50 km). For other distance categories (Rryp=100km and 150 km), the proposed
approach still shows good agreement with TSA results for larger-magnitude events
(M =7.0-8.0). However, for lower-magnitude events (M =5.0-6.0), the PDF curves predicted
by the proposed approach become narrower and sharper, leading to slight overestimation near
the medium response levels and underestimation at smaller and larger response levels.

4.2.2. Comparison of CDF

To characterize the cumulative probability distribution of the maximum inter-layer relative displace-
ment responses of the MDOF systems at different thresholds, the CDF curves for each magnitude-
distance pair are plotted in Figs. 14-17. In each figure, the results for inter-layers 0-1, 1-2, and 2-3 are
presented from left to right. As shown in the figures, the CDF curves predicted by the proposed
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Figure 6. Comparison CDFs of maximum inter-layer relative displacements of the SDOF system under earthquakes sequentially with
M € {5.0,6.0,7.0,8.0}, when Rgyp = 50km.

method exhibit good overall agreement with the TSA results, particularly under shorter distance
conditions (Rgyp = 10 km and 50 km), indicating that the proposed method can accurately capture the
cumulative probability characteristics of the structural responses. For larger-distance conditions
(Rgup =100 km and 150 km), slight deviations are observed between the predicted and TSA curves,
mainly manifesting as higher cumulative probabilities at larger response levels and lower probabilities
at smaller response levels. This phenomenon is more pronounced for lower-magnitude events
(M =5.0-6.0), which is consistent with the corresponding PDF overestimation.

To verify the applicability of the proposed method in the MDOF case, the K-S test was employed to
compare the CDFs predicted by the proposed method with those from TSA, and the resulting D values
are shown in Figs. 14-17. The D values across different magnitude-distance pairs remain small (mostly
0.02-0.09), indicating strong consistency between the predicted and time-domain CDFs. Slightly
higher D values are observed for smaller-magnitude and larger distance cases (M =5.0-6.0,
Rpyp = 100 km and 150 km), while for moderate-to-large magnitudes (M =7.0-8.0) the D values
remain consistently low. Overall, the results confirm that the proposed method accurately captures the
cumulative probability characteristics of structural responses in MDOF systems.

4.2.3. Comparison of Mean Value

Based on the PDF and CDF curves, the mean values across 100,000 time series were calculated and
compared with those of the maximum inter-layer relative displacement responses obtained by the
proposed approach. The results were compared with those predicted by the proposed approach and
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Figure 7. Comparison CDFs of maximum inter-layer relative displacements of the SDOF system under earthquakes sequentially with
M € {5.0,6.0,7.0,8.0}, when Rgye = 100km.

illustrated in Fig. 18. It can be observed that the predicted values are generally distributed around the
line of y=x, with RMSE of only 0.2153, 0.0973, and 0.1191, indicating a strong consistency between the
two results.

To further quantify the prediction accuracy, the REs for each magnitude-distance pair were also
calculated and summarized in Table 7. Based on the results, the RE of each inter-layer across different
magnitude-distance pair remains low, indicating accurate prediction of the statistical characteristics of
MDOF structural responses. Slightly higher REs are observed for low-magnitude events (M = 5.0-6.0)
and the first inter-story layer, likely due to smaller response amplitudes and greater variability, but the
mean errors remain below 0.13. These results confirm the high accuracy and stability of the proposed
method across different magnitudes, distances, and inter-layer positions.

4.2.4. Comparison of Failure Probability

According to the maximum inter-layer relative displacement responses and the relevant structural
codes, the failure probabilities of the MDOF system under each magnitude-distance pair were
calculated and shown in Table 8. It can be observed that the failure probabilities obtained by the
proposed approach align well with the results in the time series domain. Similar to the SDOF case, the
proposed method slightly overestimates the PDF of responses for smaller-magnitude and larger-
distance events, causing minor underestimation of the CDF at low responses and slight overestimation
at high responses. For the maximum inter-layer relative displacement, the method remains in close
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Table 4. RE values of the mean maximum inter-layer relative displacement responses under each magnitude-distance pair.

Magnitude Rrup=10km Rryp=50km Rrup=100km Rrup=150km Mean
M=5.0 0.0363 0.0401 0.0431 0.0341 0.0384
M=6.0 0.0376 0.0598 0.0567 0.0624 0.0541
M=7.0 0.0185 0.0368 0.0136 0.0161 0.0213
M=8.0 0.0309 0.0121 0.0261 0.0362 0.0263
Mean 0.0308 0.0372 0.0349 0.0372 0.0351

Table 5. Failure probabilities of the SDOF system under each magnitude-distance pair.

Magnitude Method RRUP:10km RRUP:SOkm Rgup=100km RRUP:150km
M=5.0 Proposed approach 0 0 0 0

TSA 0 0 0 0
M=6.0 Proposed approach 0.2824 0 0 0

TSA 0.2930 0 0 0
M=7.0 Proposed approach 1 0.0519 0 0

TSA 1 0.0580 0 0
M=8.0 Proposed approach 1 1 0.9906 0.9086

TSA 1 1 0.9880 0.8970

Table 6. Parameters of the MDOF system.

Structure Layer 1 Layer 2 Layer 3
Mass (kg) 200 200 100
Stiffness (N/m) 20000 20000 10000

agreement with time-series results. As a result of PDF overestimation, the predicted structural failure
probability is slightly underestimated at low thresholds and slightly overestimated at high thresholds.

The results from both two case studies indicate that the proposed approach exhibits slight
overestimation and concentration in the predicted PDFs for smaller-magnitude and larger-
distance events. This phenomenon may be primarily attributed to two reasons: On the one
hand, the duration model adopted in the proposed approach is not fully consistent with the
actual duration of the time series, introducing a certain degree of approximation. On the other
hand, the verification criterion for the ground motion generation based on the FAS model
ensures consistency between the mean time-history spectrum and the target FAS, but it does not
guarantee that each individual time history strictly follows the same statistical distribution.
Consequently, although the proposed method achieves good agreement with the time-series
results in terms of the mean maximum inter-layer displacement and structural failure prob-
ability, it is less capable of reproducing localized peaks observed in some time histories, leading
to a relatively more concentrated predicted PDF, which could be further improved in future
studies.

5. Conclusions

This study proposed an end-to-end analytical framework for stochastic structural response analysis,
which directly simulates the entire process from specific seismic source conditions to structural
responses in the frequency domain, achieving a physical coupling between ground motion modeling
and structural response analysis. Within the proposed framework, a source-based FAS model, which
has been thoroughly verified using real seismic records, coupled with a ground motion duration
model, is employed to capture the entire seismic wave propagation process — from earthquake
generation to arrival at the ground surface. These models can represent any seismic sources of interest
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Figure 10. Comparison PDFs of maximum inter-layer (0-1, 1-2 and 2-3) relative displacements of the MDOF system under
earthquakes sequentially with M € {5.0,6.0,7.0, 8.0}, when Rgyp = 10km.
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Figure 12. Comparison PDFs of maximum inter-layer (0-1, 1-2, and 2-3) relative displacements of the MDOF system under
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Figure 13. Comparison PDFs of maximum inter-layer (0-1, 1-2 and 2-3) relative displacements of the MDOF system under
earthquakes sequentially with M € {5.0,6.0,7.0, 8.0}, when Rgyp = 150km.
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earthquakes sequentially with M € {5.0,6.0,7.0,8.0}, when Rgyp = 10km.
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Figure 15. Comparison CDFs of maximum inter-layer (0-1, 1-2, and 2-3) relative displacements of the MDOF system under
earthquakes sequentially with M € {5.0,6.0,7.0,8.0}, when Rgyp = 50km.
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Figure 16. Comparison CDFs of maximum inter-layer (0-1, 1-2, and 2-3) relative displacements of the MDOF system under
earthquakes sequentially with M € {5.0,6.0,7.0,8.0}, when Rgyp = 100km.
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earthquakes sequentially with M € {5.0,6.0,7.0,8.0}, when Rgyp = 150km.
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Figure 18. Comparison of mean response values between time series analysis and proposed approach.

Table 7. RE values of the mean maximum inter-layer relative displacement responses under each magnitude-distance pair.

Magnitude Inter-layer Rrup=10km Rrup=50km Rrup=100km Rrup=150km Mean
M=5.0 0-1 0.0551 0.0781 0.0816 0.0833 0.0745
1-2 0.1252 0.1225 0.1102 0.0911 0.1112
2-3 0.1074 0.1042 0.1018 0.0374 0.0877
M=6.0 0-1 0.1102 0.0927 0.1031 0.0445 0.0876
1-2 0.0752 0.0953 0.0716 0.0645 0.0776
2-3 0.0948 0.0987 0.1301 0.0608 0.0961
M=7.0 0-1 0.0922 0.0725 0.0551 0.0434 0.0658
1-2 0.0655 0.1255 0.0854 0.0683 0.0861
2-3 0.0237 0.0493 0.0382 0.0594 0.0426
M=8.0 0-1 0.1011 0.0721 0.0759 0.0347 0.0709
1-2 0.0027 0.1033 0.1102 0.0028 0.0547
2-3 0.0463 0.0788 0.0924 0.0175 0.0587
Mean 0-1 0.0919 0.0785 0.0789 0.0514 0.0751
1-2 0.0672 0.1116 0.0923 0.0566 0.0819
2-3 0.0681 0.0884 0.0906 0.0437 0.0727

Table 8. Failure probabilities of the MDOF system under each magnitude-distance pair.

Magnitude Method RRUP:10km RRUP:SOkm Rgup=100km RRUP:150km
M=5.0 Proposed approach 0.0066 0 0 0
TSA 0.0059 0 0 0
M=6.0 Proposed approach 1 0 0 0
TSA 1 0 0 0
M=7.0 Proposed approach 1 0.9991 0.3461 0.0142
TSA 1 0.9100 0.2560 0.0400
M=8.0 Proposed approach 1 1 1 1
TSA 1 1 1 1

in earthquake engineering and then serve as the inputs for stochastic response analyses of structures in
both frequency and time series domains. The main contributions of this study are summarized as
follows:

(1) Compared with traditional spectral models considering only site effects, the proposed approach
incorporates additional seismic parameters to quantify the influences of seismic source,
propagation path, and site effects, thereby providing a more comprehensive and intuitive
characterization of structural responses with varying seismic characteristics.

(2) Analytical formulations for the frequency-domain stochastic response of MDOF systems are
derived, which can also be extended to time-domain analysis by converting the FAS to time
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series, thereby preserving both the computational efficiency in frequency domain and the
accuracy in time series domain.

(3) Numerical examples are conducted using the proposed approach to evaluate stochastic
responses and failure probabilities under varying magnitudes and distances. The results show
a high level of agreement with time-domain analyses, thereby demonstrating its feasibility and
accuracy across different structural systems and source conditions.
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