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The response spectra for specific recurrence periods are typically constructed for a 5 % damping ratio based on
probabilistic seismic hazard analysis (PSHA). Nevertheless, practical structures exhibit a range of damping
characteristics, requiring response spectra at various damping levels. Commonly, a damping modification factor
(DMF) is applied to adjust the 5 %-damped spectra derived from PSHA to other damping levels. Most DMF
formulations, however, are developed solely through the regression analysis of seismic records, overlooking the
consistency of the recurrence period of the response spectra before and after adjustment. A direct probabilistic
analysis of the response spectra across different damping ratios provides a more reasonable solution, although it
typically needs multiple ground motion prediction equations (GMPEs) for each damping level or, alternatively,
the application of a DMF to adjust the 5 %-damped GMPE. However, many recent studies have highlighted the
difficulty of directly constraining the scaling of the response spectra within GMPEs via seismological theory. To
address this issue, this study proposes a new framework for conducting a probabilistic analysis of the response
spectra across multiple damping ratios. The framework estimates site-specific response spectra for various
damping ratios using a single GMPE for the Fourier amplitude spectrum (FAS) combined with a ground-motion
duration model. Because the FAS is more closely related to the physics of wave propagation, its scaling within
GMPE:s is easier to constrain using seismological theory. Furthermore, the moment method, in conjunction with
Latin hypercube sampling, is applied to calculate the exceedance probability for response spectra with any
damping ratio, thereby obtaining the corresponding seismic hazard curves. The proposed framework was verified
and compared with traditional approaches using a numerical example. The proposed framework enables the
acquisition of response spectra for distinct recurrence periods at any desired damping ratio while eliminating the
need to construct multiple GMPEs for various damping ratios or to develop DMF models.

1. Introduction practice, the damping ratio of structures can vary depending on the

materials used and the presence of energy-dissipation systems [6,7].

Response spectra corresponding to certain recurrence periods are
often utilized to determine seismic forces for structural seismic designs.
Commonly, response spectra for specific recurrence periods are con-
structed for a single 5 % damping ratio based on probabilistic seismic
hazard analysis (PSHA) [1-3]. For example, the United States Geological
Survey constructed response spectra for 475- and 2475-year recurrence
periods based on a 5 % damping ratio, which were then applied to the
National-Earthquake-Hazard-Reduction-Program provisions (e.g., the
Building Seismic Safety Council, 2015 and 2020) [4,5]. However, in
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Therefore, response spectra for the given recurrence periods are neces-
sary not only for the 5 % damping ratio, but also for various other
damping ratios to ensure a comprehensive structural design.
Traditionally, to construct the response spectra across various
damping ratios, a damping modification factor (DMF) is applied to
adjust the 5 %-damped response spectra obtained from PSHA. The DMF,
defined as the ratio of the response spectrum at a given damping level to
the response spectrum at a damping level of 5 %, has been extensively
studied and formulated based on the regression analysis of numerous
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real seismic records [8-13]. Additionally, the DMF has been found to
depend on the damping ratio and on various other factors, such as the
period, magnitude, distance, and site conditions [8-13]. However, the
response spectra of specific seismic records differ from those corre-
sponding to certain recurrence periods that are derived through PSHA
by considering various potential earthquake sources and associated
uncertainties. The development of the DMF formulations based on
specific seismic records cannot consider the recurrence period of
response spectra. Therefore, the traditional approach of using the DMF
to adjust the response spectra derived from PSHA cannot guarantee the
consistency of the recurrence period of the response spectra before and
after modification.

To address this issue, a direct probabilistic analysis of response
spectra across different damping ratios within the PSHA framework
offers a more reasonable solution. This approach typically requires
multiple ground motion prediction equations (GMPEs) for each damping
level or, alternatively, the application of a DMF to adjust the 5
%-damped GMPE. Some studies, such as that of Akkar and Bommer [14],
have developed GMPEs for response spectra at several damping levels in
some regions. Additionally, some studies, such as that of Rezaeian et al.
[15], have developed DMFs to adjust the 5 %-damped GMPEs of the
response spectra to other damping levels. Nevertheless, recent studies
have highlighted the difficulty associated with the direct constraint of
the scaling of response spectra within GMPEs via seismological theory
[16-19]. This difficulty arises because response spectral scaling is
dependent on the spectral shape, causing the linear source, path, and site
effects to scale differently on the spectral values between small and large
magnitudes [20,21].

To address the above challenges, this study proposes a new frame-
work for conducting a probabilistic analysis of response spectra with
various damping ratios. This framework adopts the GMPE for the
Fourier amplitude spectrum (FAS) coupled with a ground-motion
duration model. Because Fourier spectra are more closely related to
the physics of wave propagation, the scaling of the FAS in GMPEs is more
easily constrained via seismological theory than is the scaling of
response spectra [20,21]. Subsequently, the response spectra for
different damping ratios are estimated from the FAS and duration based
on random vibration theory (RVT), eliminating the need for multiple
GMPEs for response spectra or DMF adjustments. Moreover, the moment
method, in conjunction with Latin hypercube sampling (LHS), is applied
to calculate the exceedance probability for response spectra with any
damping ratio, thereby obtaining the corresponding seismic hazard
curves. The remainder of this paper is organized as follows. Section 2
describes traditional approaches for generating response spectra for
specific recurrence periods across various damping ratios. Section 3
presents the method for estimating response spectra for different
damping ratios from the FAS and duration based on RVT. Section 4
shows the approach for calculating the exceedance probability for
response spectra for any damping ratio and obtaining the corresponding
seismic hazard curves. Section 5 validates the proposed framework and
compares it with traditional approaches using a numerical example.
Section 6 concludes the paper with a summary of the findings.

2. Traditional approaches for generating response spectra for
specific recurrence periods across various damping ratios

This section briefly reviews traditional approaches for generating
response spectra for specific recurrence periods across various damping
ratios. Commonly, the pseudo spectral acceleration (PSA) for specific
recurrence periods is constructed for a 5 % damping ratio based on
PSHA. For this purpose, all earthquake faults/zones capable of produc-
ing damaging ground motions need to be identified, and their recur-
rence, magnitude, and distance distributions should be evaluated. Then,
the GMPEs for the 5 %-damped PSA are selected to estimate the ground
motion intensity at the sites of interest. Finally, the exceedance proba-
bilities for the 5 %-damped PSA and the corresponding seismic hazard
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curves are calculated considering all earthquake faults/zones. Specif-
ically, the probability that the PSA exceeds a specified value psa during a
specified period t (years), P(PSA > psa, t), can be estimated using the
following equation:

P(PSA > psa,t)=1- ] [ [1-P«(PSA > psa, t)] @
=1

where k refers to the kth earthquake fault/zone, m represents the
number of earthquake faults/zones capable of producing damaging
ground motions, and Px(PSA > psa, t) is the exceedance probability
calculated by considering only the kth earthquake fault/zone. If the
occurrence of seismic events follows a homogeneous stochastic Poisson
process, Px(PSA > psa, t) can be expressed as

Py(PSA > psa,t) =1-ePt @

Here, vk is the mean annual rate of the kth earthquake fault/zone, and py
is the exceedance probability of the kth earthquake given the occurrence
of the earthquake, which is expressed as

pk(PSA > psa)://P(PSA > psa, |m,r)fy(m)fz(r)dmdr 3)
RJM

where fj(m) represents the probability density function (PDF) of the
magnitude occurring in the source and fz(r) is the PDF used to describe
the randomness of the epicenter locations within the source. Addition-
ally, P(PSA > psa |m, r) is the probability that the PSA exceeds a
specified value psa given a magnitude m and distance r. P(PSA > psa|m,
r) is commonly estimated using a GMPE for the 5 %-damped PSA
assuming that the natural logarithm of the PSA for a given magnitude
and distance follows a normal distribution.

After the PSA for a 5 % damping ratio corresponding to the specific
recurrence periods is obtained using Egs. (1)-(3), the PSA for other
damping ratios can be derived using a DMF to adjust the 5 %-damped
PSA, which can be expressed as

PSA(£) =DMF(£) x PSA(5%) &)

where PSA(¢) represents the PSA for a damping ratio £, DMF (¢) is the
DMF corresponding to &, and PSA(5%) represents the PSA for a damping
ratio of 5 %. Commonly, the DMF, defined as the ratio of the PSA at a
given damping level to the PSA at 5 % damping, is derived based on real
seismic records [8-13]. However, the PSA values obtained from specific
seismic records differ from those associated with particular recurrence
periods, which are derived through PSHA by accounting for various
potential earthquake sources and uncertainties. The development of
DMF formulations based on specific seismic records does not consider
the recurrence periods of the PSA. As a result, the conventional method
of applying a DMF to adjust the PSA derived from PSHA cannot ensure
the consistency of the recurrence period of the PSA before and after
modification.

A more reasonable approach to generating the PSA for specific
recurrence periods across various damping ratios is to directly conduct a
probabilistic analysis of the PSA across different damping ratios within
the PSHA framework. This approach simply requires replacing the 5
%-damped PSA GMPE in the calculation of P(PSA > psa |m, r) using Eq.
(3) within the traditional PSHA framework with GMPEs corresponding
to the desired damping ratios. Obviously, this approach needs multiple
GMPE:s for each damping level or the application of a DMF to adjust the
5 %-damped GMPE. However, many recent studies have highlighted the
challenge associated with directly constraining the scaling of the PSA
within GMPEs via seismological theory [16-19]. This challenge arises
because the response spectral scaling is dependent on the spectral shape,
implying that the linear source, path, and site effects do not scale uni-
formly on the spectral values for small and large magnitudes [20,21].
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3. Estimation of response spectra at different damping ratios

To address the aforementioned issue, it is preferable to avoid using
multiple GMPEs for PSA or DMF adjustments. Boore [22] proposed a
method capable of estimating the PSA for any damping ratio by
combining the FAS with the duration of ground motion based on RVT.
Hence, by using a single GMPE for the FAS along with a duration model,

PSA (cm/s?)

the PSA for any damping ratio can be easily derived. In addition, since
Fourier spectra are closely related to the physics of wave propagation,
the scaling of the FAS in GMPEs is more easily constrained via seismo-
logical theory than the scaling of PSA [16-19]. In recent years, many
studies have preferred to use the GMPE for the FAS and developed many
FAS GMPEs [16,20,21,23]. Therefore, this study adopts the FAS GMPE
coupled with a ground-motion duration model to estimate the PSA for

various damping ratios.

3.1. PSA for various damping ratios

Boore [22] derived an equation capable of estimating the PSA for any
damping ratio using the FAS and duration of ground motion based on

RVT, which is expressed as

PSA(w, &) =pf ﬁ /|Y((u) x I(w,&)[do
0

)
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where Y(w) is the acceleration FAS of the ground motion, o is the cir-
cular frequency of the ground motion, pf represents the peak factor, and
Dyms denotes the root-mean-square (RMS) duration of the single-degree-
of-freedom (SDOF) oscillator response (details presented subsequently).
In addition, the square-root term in Eq. (5) represents the RMS value of
the oscillator response. Y(w) x I(w , &) denotes the oscillator-response
FAS, whereas I(w , £) represents the oscillator transfer function, which
is expressed as follows:

1
J @0/ + (1w/1)°

Hw,§)= Q]

where @ and ¢ are the circular frequency and damping ratio of the SDOF
oscillator, respectively.

In Eq. (5), pf represents the peak factor. Many peak-factor models
have been developed for RVT analyses [24-26]. Although the Cart-
wright and Longuet-Higgins model [24] has been commonly applied in
engineering seismology and site response analyses, the Vanmarcke
model [26] can give better estimations of the peak factor [27]. The
cumulative distribution function (CDF) of the peak factor pf provided by
the Vanmarcke model [26] is expressed as follows:

(1—6'51'2’\/’$>}

P(pf<r)= {1—6(-'2/2)} X exp {-Zfze("z/z)ng
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Fig. 2. Comparisons of PSA results for a 30 % damping ratio calculated using Eq.
and (d) R = 200.01 km.

Here, Dg,, represents the ground-motion duration, and § is a bandwidth
factor defined as a function of the spectral moments:

2
s=4/1—1 @®
moymy

where mg, my, and my denote the zeroth-, first-, and second-order mo-
ments of the square of the FAS, respectively. The nth-order spectral
moment, my,, can be expressed as,

LS
=1 / W(Y(0) % L(o,&))*do ©
0

In addition, f, denotes the rate of zero crossings, which is also a
function of the spectral moments and is given by

1 my

In RVT analyses, the expected value of pfis typically used. According
to Eq. (7), the expected value of pf can be calculated as f(;” 1-
P(pf <r)|dr.

For the estimation of the PSA using Eq. (5) based on RVT, some basic
assumptions, such as the quasi-stationarity of the equivalent time series
and the statistical independence of the consecutive maxima of the time
series [28-30], are made. These assumptions are not inherently satisfied

(10)

PSA (cm/sz)

PSA (cm/s%)
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by seismic ground motions, leading to discrepancies between RVT and
time-series analyses. To overcome these limitations, the RMS duration of
the oscillator response D;n,s was proposed to correct the errors in the PSA
arising from these assumptions [28-30]. Boore and Joyner [28] and Liu
and Pezeshk [29] developed simple formulas to calculate the RMS
duration Dyps from Dgy,. Boore and Thompson [30] then developed a
more accurate formula for Dy as

Drms 1 "1523 Ced il v
—_— T coa 1 1 + cosnfes
ng <Ce1 + Cezl + pces + 2mEN\1 + Cesl6

Here, n = To/Dgm, To is the SDOF oscillator period, and c,;—c; are co-
efficients that depend on the moment magnitude M and site-to-source
distance R, as noted by Boore and Thompson [30].

1D

3.2. Comparison with time-series analysis

Equation (5) has been widely employed to estimate the PSA fora 5 %
damping ratio, and its effectiveness in this regard has been well verified
[22,27,30]. Although Zhang and Zhao [10,31] applied Eq. (5) in esti-
mating the PSA for various damping ratios, the accuracy of this appli-
cation has not yet been comprehensively and directly verified. To
demonstrate the accuracy of Eq. (5) in estimating the PSA for various
damping ratios, the PSA values for damping ratios of 10 %, 20 %, 30 %,
40 %, and 50 % were calculated using Eq. (5). Subsequently, these re-
sults were compared with those obtained from traditional time-series
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Fig. 3. Comparisons of PSA results for a 50 % damping ratio calculated using Eq.
and (d) R = 200.01 km.

analysis. The FAS Y(w) was generated based on a widely used
point-source FAS model introduced by Boore [22]. The values of the
seismological parameters required for this model were determined ac-
cording to Boore and Thompson [30] and are consistent with those used
by Zhang et al. [32]. The time series for the analysis were generated
from the FAS using the stochastic method simulation program [33,34].
For each FAS, a suite of 100 time series signals were generated, and the
average FAS of the simulated time series matched the target FAS. A wide
range of oscillator periods T (0.02-10 s), moment magnitudes M (4-8),
and site-to-source distances R (20-200.01 km) were considered in the
calculations.

The PSA values for the generated time series were calculated using
the direct-integration method proposed by Nigam and Jennings [35].
For each FAS, the 100 corresponding PSA results were averaged and
compared with those obtained using Eq. (5). Some of these comparisons
are shown in Figs. 1-3. Figs. 1-3 show the PSA results for 10 %, 30 %,
and 50 % damping, respectively. The favorable agreement shown in
these figures confirms the accuracy of the estimated PSA values at
different damping ratios using Eq. (5). In addition, the accuracy of RVT
remains nearly unchanged for different damping ratios, even when the
damping ratio is increased to 50 %. This suggests that although the Dy
formula was originally proposed to correct errors in the PSA arising from
the basic assumptions of RVT for a single 5 % damping ratio [30], it is
also applicable to other damping ratios.
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4. Seismic hazard curves of response spectra with different
damping ratios

It is evident from Eq. (3) that the calculation of exceedance proba-
bilities or seismic hazard curves requires solving multiple integrals that
are generally difficult to handle theoretically. It is common practice in
the traditional PSHA framework to discretize the continuous distribu-
tions of M and R and convert the integrals into discrete summations
[36]. Each element within these discrete summations can be treated as
an individual earthquake characterized by magnitude, distance, and
focal parameters, etc. Because the natural logarithm of the PSA for a
given magnitude and distance is typically considered to follow a normal
distribution, the probability that the PSA exceeds a specified value P
(PSA > psa|m, r) can be directly obtained using the CDF of the normal
distribution. Ultimately, the exceedance probability px(PSA > psa) can
be obtained by summing that of each discrete earthquake.

However, employing such an approach to compute the exceedance
probability py(PSA > psa) within the proposed framework is not
feasible. This is due not only to the additional integrals required to
compute the PSA for various damping ratios from the FAS (Egs. (5)-
(11)) but also, more importantly, to the unfeasibility of estimating P
(PSA > psa|m, r) directly from a given PDF of the FAS. This difficulty
arises because the proposed framework relies on the GMPE for the FAS
and ground-motion duration model, instead of directly using GMPEs for
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the PSA. Consequently, although the PDF for the FAS is provided in its
GMPE, the PDF for the PSA remains unknown. To address these chal-
lenges, Monte Carlo (MC) simulation can be used. Specifically, (1)
generate enough samples for each random variable following the given
distributions; (2) estimate the PSA results for various damping ratios
according to the generated samples for each random variable using Eq.
(5); and (3) calculate the exceedance probability p;(PSA > psa) by sta-
tistical analysis of all the obtained results. The accuracy of the MC
simulation results depends on the number of generated samples for each
random variable, it increases with increasing sample number. We
attempted to calculate px(PSA > psa) using 100000 samples for each
random variable, which is considered the number necessary to obtain
reliable results corresponding to a usually used return period of 500
years. However, this takes approximately 30 min for a single oscillator
period and a single damping ratio considering one source. If multiple
sources, oscillator periods, and damping ratios are considered in real
cases, MC simulation becomes impractical.

Therefore, to simplify the calculation, an efficient method, namely
the moment method [37], is adopted in this study. The moment method
calculates the exceedance probability py(PSA > psa) using two funda-
mental steps: (1) a distribution form is assumed for the PSA defined in
terms of the first several statistical moments, and (2) the first several
statistical moments are estimated according to the PDFs of the basic
random variables including M, R, and the residuals in the GMPE for the
FAS and ground-motion duration model.

The natural logarithm of the PSA is assumed to follow a three-
parameter distribution defined in terms of the mean value, deviation,
and skewness [38,39]. The three-parameter distribution was selected
because it can better fit statistical data, particularly those associated
with skewness, than traditional two-parameter distributions, e.g.,
normal and lognormal distributions. This is discussed in detail in the
next section. The CDF of the three-parameter distribution corresponding
to px(In(PSA) > In(psa) ) is expressed as

1 1 In(PSA)-, 1
Fi(In(PSA)) =@ [(13 (\/9 + 50:% + 6%%., /9-§a§ )} 12)

where i, opsa, and a3 are the mean value, standard deviation, and
skewness of In(PSA), respectively. The standard deviation opga and the
skewness a3 can be estimated using the following equations:

Opsa = \/ HaH3 (13)
-3 +2u3
as __H3=9fath . Jaa) 14)
OpsA

where uy, pi,, and u; are the first-, second-, and three-order statistical
moments of In(PSA), respectively. Note that once the three statistical
moments are determined, Fi (In(PSA)) and the seismic hazard curves can
be obtained. In theory, the kth-order statistical moment , is expressed
as,

e = E [(in(psa))f] = / / / / (PS8 ) as)

M R Rpas Rp

Jr(P)frens (Teas)fry (ro)dmdrdreasdrp

where Rpas represents the residual in the GMPE for the FAS and Rp
represents the residual in the ground-motion duration Dg;, model.

It can be noted that Eq. (15) also contains complex multiple integrals.
To simplify the calculation, the LHS simulation was adopted to calculate
the first three statistical moments [40]. Unlike MC simulation, which
relies on random sampling, LHS uses a stratified sampling strategy. This
approach ensures that each segment of the input range is sampled,
thereby providing more comprehensive and evenly distributed coverage
of the input space. Therefore, adopting the LHS simulation requires
fewer samples and a short calculation time while maintaining nearly the
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same accuracy as that attained by the MC simulation.

Fig. 4 presents a flowchart of the proposed framework used for
computing the seismic hazard curves of the PSA for various damping
ratios. First, samples for each random variable and residual are gener-
ated based on the LHS according to their PDFs. Then, the FAS and
ground-motion duration Dg, are estimated for each set of samples based
on the selected FAS GMPE and Dg, model. Next, the PSA for various
damping ratios is derived from the FAS and ground-motion duration Dgn,
according to Eq. (5), and subsequently, the first three statistical mo-
ments of In(PSA) can be obtained through statistical analysis. Finally,
the CDFs of In(PSA) for different damping ratios are calculated using
Egs. (12)—(14). The exceedance probabilities and corresponding seismic
hazard curves considering all earthquake sources are then derived using
Egs. (1) and (2).

Additionally, applying the proposed framework enables the consid-
eration of epistemic uncertainties in the FAS GMPEs and duration
models, similar to the traditional approach. A logic tree scheme
employing multiple alternative GMPE:s for the FAS and duration models
with assigned weights can be used to address epistemic uncertainties.
The calculation process simply involves repeating the procedure shown
in Fig. 4 for each branch of the logic tree.

5. Numerical example

To demonstrate the efficiency and accuracy of the proposed frame-
work, an example calculation was conducted in this section. This
calculation example considers six hypothetical seismic zones, as shown
in Fig. 5. The PDFs of the closest distance from the site to the surface
projection of the rupture plane distance, R;p, for the six seismic zones,
are assumed to be lognormal according to a previous study [41]. For
seismic zone A, the mean value of Rjg is 50 km; for seismic zone B, the
mean value of Rjg is 100 km; for seismic zone C, the mean value of R g is
150 km; for seismic zone D, the mean value of Ry is 289.50 km; for
seismic zone E, the mean value of Rjp is 282.43 km; and for seismic zone
F, the mean value of Rjg is 252.24 km. The standard deviations for
seismic zones A, B, C, D, E, and F are 10 km, 20 km, 50 km, 61.42 km,
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24.22 km, and 40.11 km, respectively. The mean annual rates are 0.05
for seismic zone A, 0.06 for seismic zone B, 0.12 for seismic zone C, 0.04
for seismic zone D, 0.06 for seismic zone E, and 0.12 for seismic zone F.
The widely used truncated exponential recurrence model is adopted as
the PDF for magnitude [1,18,19,32,41], with the minimum threshold
magnitude set to 6, and the maximum threshold magnitude set to 8. The
statistical parameter 0 is set to 2.6, based on previous studies [42,43],
where 0 was reported to range from 1.84 to 2.95. The time interval t is
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set to 50 years. In addition, the time-averaged shear wave velocity in the
upper 30m of the soil profile beneath the site, Vs3o(m/s), is set to 760
m/s.

Many FAS GMPEs have been developed [16,20,21,23]. For the
example calculation in this section, the FAS GMPE and ground-motion
duration model developed by Bora et al. [16] were adopted. The FAS
GMPE is expressed as
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Fig. 6. Exceedance probabilities of the PSA at 50-year intervals for a 5 % damping ratio obtained using the proposed framework (3000 samples), MC simulation
(100000 samples), and methods from previous studies for (a) To = 0.1s, (b) To = 0.5s, (c) To = 1s, and (d) Tp = 2s.
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In(Y(w)) =co + 1M+ c;M? + (c3 + csM)In (\/RfB + c'g’) -Co \/RfB +c2
+c7In(Vsso) +1+ ¢
14

In this equation, Y(w) is the geometric mean of the FAS from the two
horizontal components at a circular frequency w. In addition, co—cy are
the regression coefficients for the FAS GMPE, 5 represents the between-
event error, and ¢ represents the within-event error; they were assumed
to be normally distributed with zero means and standard deviations ¢
and ¢, respectively. The total standard deviation, o, is calculated using
the expression 6 = /72 + 2. The values of the parameters co—cy, 7, ¢,
and o were given in Table 2 of Bora et al. [16].

The ground-motion duration Dg;, model is expressed as,

In(Dgw) =co + 1M+ (ca +03M)1n(\/R§E + cﬁ) +cs5In(Vsz) +n+ ¢
(15)

where Dgy, is the geometric mean of the duration estimated from the two
horizontal components and cy—cs are the regression coefficients for the
Dgy model. The values of the standard deviations 7 and ¢ of the between-
event error 4 and within-event error ¢, as well as the total standard
deviation ¢ in Eq. (15) were all provided in Table 1 of Bora et al. [16].

It should be noted that when the proposed framework is applied in
practice to a specific region for probabilistic analysis of the PSA across

multiple damping ratios, region-specific FAS GMPEs and duration
models should be adopted to ensure their applicability. Neglecting
regional seismological differences may lead to unrealistic ground mo-
tion estimations. The proposed framework is flexible and enables the use
of any FAS GMPEs and duration models.

Then, the seismic hazard curves of the PSA for damping ratios of 5
%,10 %, 20 %, 30 %, 40 %, and 50 % were calculated based on the
proposed framework. A total of 3000 samples were generated for each
random variable and residual based on the LHS. These results were then
compared with those obtained from MC simulation using 100000 sam-
ples for each random variable. Representative comparisons are depicted
in Figs. 6-9. Fig. 6 presents seismic hazard curves of the PSA for a
damping ratio of 5 %, Fig. 7 presents seismic hazard curves of the PSA
for a damping ratio of 10 %, Fig. 8 presents seismic hazard curves of the
PSA for a damping ratio of 30 %, and Fig. 9 presents seismic hazard
curves of the PSA for a damping ratio of 50 %.

First, it can be observed that the proposed framework can simulta-
neously provide seismic hazard curves for various damping ratios. In
addition, the results of the proposed framework agree very well with
those of the MC simulation. Moreover, the proposed framework requires
only 3/100 of the calculation time of the MC simulation. The MC sim-
ulations took approximately 4 h to calculate the results of each figure for
each damping ratio, whereas the proposed framework required less than
3 min.

Seismic hazard curves from the proposed framework are compared
with those from the traditional PSHA framework in Figs. 6-9. The
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Fig. 8. Exceedance probabilities of the PSA at 50-year intervals for a 30 % damping ratio obtained using the proposed framework (3000 samples), MC simulation

(100000 samples), and methods from previous studies for (a) Top = 0.1s, (b) Ty =

traditional PSHA framework adopts two pairs of 5 %-damped GMPEs in
conjunction with DMF models, as well as PSA GMPEs at various
damping ratios from a previous study, to estimate the PSA for different
damping levels. Because Bora et al. [16] found that the median PSA
values predicted from the FAS GMPE used in this study closely match
those predicted from the PSA GMPE of Akkar and Cagnan [44], the
GMPE proposed by Akkar and Cagnan [44] is adopted for comparison.
This 5 %-damped GMPE, developed using European ground motions, is
adjusted to other damping levels using the DMF proposed by
Conde-Conde and Benavent-Climent [45], which is also based on Eu-
ropean data. Although the standard deviation of the PSA is known to
vary with the damping ratio, most DMF models, including that of
Conde-Conde and Benavent-Climent [45], focus solely on the median
values and neglect the standard deviation. Therefore, the standard de-
viation of the GMPE proposed by Akkar and Cagnan [44] is assumed to
remain constant across all damping ratios in this study. Additionally, a
recent global PSA GMPE proposed by Parker et al. [46], in conjunction
with a global DMF model developed by Rezaeian et al. [15], is also
adopted for comparison. Both models were developed based on the
database of Next Generation Attenuation for the subduction earthquakes
project. The standard deviation models of the PSA and DMF proposed by
Parker et al. [46] and Rezaeian et al. [15], respectively, enable the
determination of the PSA standard deviations for different damping
ratios. Moreover, Akkar and Bommer [14] developed GMPEs for the PSA
for multiple damping levels (2 %, 5 %, 10 %, 20 %, and 30 %) based on

0.5s, (c) Ty = 1s, and (d) Tp = 2s.

seismic records from Europe and the Middle East, which are also used to
generate seismic hazard curves. The standard deviations of Akkar and
Bommer [14] were developed directly as a function of the damping
ratio. Both the models proposed by Akkar and Cagnan [44] and Akkar
and Bommer [14] include a faulting style term, and the strike-slip
mechanism is used for comparison. Rezaeian et al. [15] and Parker
et al. [46] developed models for both interface and intra-slab subduction
earthquakes, in this study, the models for interface subduction earth-
quakes are adopted for comparison.

It can be observed from Figs. 6-9 that the seismic hazard curves from
the proposed framework are very similar to those from the models of
Akkar and Cagnan [44] and Conde-Conde and Benavent-Climent [45],
except for Tp = 2s. The similarity is primarily because the median PSA
values predicted using the FAS GMPE applied in this study closely match
those derived from the PSA GMPE proposed by Akkar and Gagnan [44],
as noted by Bora et al. [16]. The similarity also provides some evidence
for the validity of the proposed framework. The differences between the
two frameworks, particularly for Tyo = 2s, may be attributed to the dif-
ferences in the standard deviation and the methods used to handle
changes in the median values and standard deviation with respect to the
damping ratio. The proposed framework accounts for the effects of the
damping ratio on the PSA median values and standard deviation using
RVT (Eq. (5)), whereas the traditional PSHA framework incorporates
these effects using additional DMF models.

In addition, although the FAS GMPE adopted in this study and the
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Fig. 9. Exceedance probabilities of the PSA at 50-year intervals for a 50 % damping ratio obtained using the proposed framework (3000 samples), MC simulation
(100000 samples), and methods from previous studies for (a) Top = 0.1s, (b) Ty = 0.5s, (¢) Ty = 1s, and (d) Tp = 2s.

models of Parker et al. [46] and Rezaeian et al. [15] were developed
using different databases, their results are generally comparable, except
for Tp = 2s. However, the differences between the results from the
proposed framework and those obtained using the model of Akkar and
Bommer [14] are significantly more pronounced. This discrepancy is
primarily = because = Akkar and Bommer [14] adopted
magnitude-dependent standard deviations that were later deemed un-
reasonable, as noted by Akkar and Bommer [47]. In general, compared
with the traditional PSHA framework, the proposed framework accounts
for the effects of the damping ratio on the PSA median values and
standard deviation using RVT (Eq. (5)), eliminating the need to
construct multiple GMPEs for various damping ratios or develop DMF
and standard deviation models.

Furthermore, to highlight the advantages of using the three-
parameter distribution over the traditional normal distribution,
seismic hazard curves from the proposed framework—where the three-
parameter distribution is replaced with the normal distribution—are
also shown in Figs. 6-9. It can be observed that as the period increases,
the results obtained using the three-parameter distribution align more
closely with those of the MC simulation than those obtained using the
normal distribution. This is because the three-parameter distribution
provides a better fit for the statistical data, particularly over long periods
where skewness is present. Fig. 10 shows an example comparison of the
three-parameter and normal distributions when fitting the distribution
of In(PSA) (To = 10 s) for seismic zone C.

10

Moreover, uniform hazard spectra for various damping ratios are
computed using the proposed framework and compared with those ob-
tained using the traditional approach by employing DMF formulations.
Two DMF formulations from Eurocode 8 [48] and ASCE-07 [49] are
used for adjusting the 5 %-damped uniform hazard spectra, and the
results are shown in Figs. 11 and 12, respectively. Two exceedance
probabilities, namely, 2 % and 10 % in 50 years, were considered in the
calculation. It is observed that the results obtained using the DMF for-
mulations can deviate significantly from those derived using the pro-
posed framework, with the deviation increasing as the damping ratio
increases. In addition, the DMF, calculated as the ratio of the uniform
hazard spectra for various damping ratios to that for a 5 % damping
ratio, is compared with those obtained from the previous DMF formulas,
as shown in Fig. 13. The results indicate that the DMF derived from the
proposed framework depends not only on the damping ratio but also on
the period and, to a lesser extent, on the exceedance probability. The
DMF values from Eurocode 8 [48] and ASCE-07 [49] can deviate
significantly from those obtained using the proposed framework,
particularly over short periods. Although the results from Conde-Conde
and Benavent-Climent [45] agree more closely with the proposed
framework, noticeable deviations over short periods can still be
observed. These deviations may have arisen because the development of
the DMF formulations did not consider the recurrence periods of the
response spectra, resulting in the adjusted spectra having a different
recurrence period than the 5 %-damped spectra. Alternatively, this may
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Fig. 11. Comparison of uniform hazard spectra for different damping ratios obtained using the proposed framework and the traditional approach that adopts the
DMF formulation in Eurocode 8 (2004), for the exceedance probabilities of (a) 10 % in 50 years and (b) 2 % in 50 years.

be because the earthquakes considered for deriving these DMF formu-
lations differ from those considered in PSHA. Regardless of the reason,
the proposed framework demonstrates clear advantages over traditional
approaches in estimating the PSA for distinct recurrence periods at any
desired damping ratio.

11

6. Conclusions

This study developed a framework for conducting a probabilistic
analysis of the pseudo spectral acceleration (PSA) for various damping
ratios, providing a means to directly obtain the PSA corresponding to
distinct recurrence periods for any desired damping ratio. The frame-
work estimates the site-specific PSA from an earthquake source using a
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in 50 years and (b) 2 % in 50 years.

ground-motion prediction equation (GMPE) for the Fourier amplitude
spectrum (FAS) combined with a ground-motion duration model. This
framework is preferable to the traditional one because the FAS is more
closely related to the physics of wave propagation, and its scaling within
GMPE:s is easier to constrain using seismological theory. Additionally,
the moment method, in combination with Latin hypercube sampling, is
employed to calculate the exceedance probabilities of the PSA for any
damping ratio, enabling the generation of corresponding seismic hazard
curves. The primary conclusions of this study are as follows.

(1) The accuracy of the approach used for estimating the PSA for
various damping ratios from the FAS and the duration of ground
motion based on random vibration theory was confirmed by
comparing the results with those from a time-series analysis.

(2) An example calculation was conducted to validate the proposed
framework by considering six seismic zones. The proposed
framework is highly efficient, requiring only 3/100 of the
calculation time of the Monte Carlo (MC) simulation, however, it
achieves nearly the same level of accuracy as the MC simulation.

(3) The results of the proposed framework were compared with those
of the traditional PSHA framework. The proposed framework

12

accounts for the effects of the damping ratio on the PSA median
values and standard deviation by utilizing random vibration
theory, eliminating the need to construct multiple GMPEs for
various damping ratios or to construct DMF and standard devi-
ation models.

Uniform hazard spectra for various damping ratios are computed
by applying the proposed framework and compared with those
obtained from the traditional approach employing DMF formu-
lations. The results from the DMF formulations can deviate
significantly from those obtained using the proposed framework,
with the deviation increasing as the damping ratio increases.
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