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APPLICATION OF NON-STATIONARY SEISMOLOGICAL MODELS TO
THE DETERMINATION OF STOCHASTIC RESPONSE SPECTRA

Ignacio FERRER' and Carlos R. SANCHEZ-CARRATALA*

SUMMARY

This paper presents an analytical method for calculating stochastic response spectra from non-stationary
seismological models. The method takes into account the non-stationary character of the seismic input and
the transient-response phase; this makes it possible to apply the advances in the Seismology field to the
most recent developments in the Earthquake Engineering field. These developments are related to the
application of non-stationary stochastic processes to calculate the response of a single degree-of-freedom
oscillator. The first part of the paper presents a brief review of stationary and non-stationary seismological
models, emphasizing the application of the evolutionary process concept to the formulation of a non-
stationary seismological model from an underlying stationary model in which a suitable duration
definition has been used. Next sections deal with the characterization of the oscillator response when
excited by a non-stationary seismic action and the subsequent calculation of the stochastic response
spectrum. The final part of the paper involves a parametric study of the influence of some seismological
and oscillator parameters on the response spectrum, using a European event as the reference earthquake;
the resulting stochastic response spectra are then compared with the corresponding Eurocode 8 design
response spectra.

INTRODUCTION

In recent decades, many researchers in the field of Engineering Seismology have been working on the
stochastic characterization of seismic ground motion by the application of seismological models. At first,
the proposed models were stationary, as the well-known Boore’s model [1]. More complex non-stationary
stochastic models have been developed based on seismological concepts that allow introduction of the
time evolution of energy and/or frequency content by means of an evolutionary variance —power— spectral
density function [2-6]. Seismological models are a very powerful tool when compared with conventional
response spectra, because the seismic action is characterized by the physical parameters that control the
process of generation and propagation of the earthquake signal to the prediction site, instead of using the
structural response of a single degree-of-freedom system to characterize the phenomenon. Furthermore,
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the non-stationary character of earthquakes can be incorporated into the model in a relatively
straightforward manner.

At the same time, several techniques to estimate the maximum value of a non-stationary stochastic process
have been developed in the context of Random Vibration Theory [4,7-10]. These techniques are the best
way of calculating stochastic response spectra when the seismic action is defined with non-stationary
seismological models, taking into account not only the permanent but also the transient-response phase of
the structural response.

This paper presents an analytical method to calculate stochastic response spectra from non-stationary
seismological models. The non-stationary character of the seismic ground motion is introduced by means
of an amplitude modulation function and an evolutionary corner frequency; the latter allows modulation of
the frequency content of the input signal. A parametric study is made of the influence on the response
spectrum of the energy distribution in frequency and time, including the effect of variations in the
magnitude, hypocentral distance, path properties and site characteristics. Response spectra obtained with
this methodology show a reasonably good agreement with those proposed in present seismic codes and
recommendations for different types of soil and damping ratios.

STATIONARY SEISMOLOGICAL MODELS

The earlier attempts to predict the amplitude spectrum of an earthquake —i.e., the module of the Fourier
amplitude spectrum or complex amplitude spectrum— consisted in a Gaussian white noise representation.
This hypothesis was improved by filtering the white noise with the response transfer function of the soil,
defined by a characteristic soil damping and a characteristic soil natural frequency (e.g., Kanai-Tajimi
model [11,12]; Clough-Penzien model [13]). At the same time, different seismological models of the
source were developed (Haskell’s model [14-15]; Savage’s model [16]; Brune’s model [17]; barrier model
[18]; asperity model [19]; Hartzell’s model [20]; Hisada’s model [21]) to represent the earthquake rupture
process. Some of them, like the Brune’s, Haskell’s, and barrier models, were developed to predict the
amplitude spectrum of a particular event. However, these representations were not yet good enough, as
they were focused on the source, and therefore, did not include the multiple transformations suffered by
the earthquake signal in its travel to the ground surface.

Important advances in seismological models were made by Boore [1], who took into account the medium
properties of the path covered by the seismic waves from the source to the prediction site. Basically,
Boore’s model considers three different parts in a site seismological model: the source model, a reduction
function and an amplification function. Other authors have added additional factors that can be
summarized in a regional correction function. In their most general expression, stationary seismological
models can be formulated as:
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where A, ((f) is the two-sided amplitude spectrum of the stationary acceleration time series in the
prediction site, a,(t), —site amplitude spectrum—, A, (f) is the two-sided amplitude spectrum of the non-
stationary acceleration time series in the prediction site but without considering the path propagation and
surface effects, ay(t), i.e., the acceleration time series due only to the fault rupture as measured in the far
field —source amplitude spectrum—, C, is a scaling factor of the site, F.(f) is a regional correction function,
F.(f) is a reduction function, F,(f) is an amplification function, and f is the cyclic frequency.



Source model
Brune’s model is used in this paper to characterize the fault rupture with the following formulation:
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where Ry, is the radiation pattern, M, is the seismic moment, p; is the density in the source region, f; is
the S-wave propagation velocity in the source region, 1, is the hypocentral distance, and f; is the source
corner frequency, which can be calculated with:
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where AG is the effective stress released in the rupture process in bar, f; is in Hz, 3 is in km/s, and M, is
in dyne-cm. The following formula is commonly used to estimate the seismic moment from the moment
magnitude My, [22]:

M, :%10gM0—10.7 )

Scaling factor
The scaling factor incorporates the effect of free surface through the factor K, and the partition of energy
into two orthogonal horizontal directions through the factor Kp, being calculated as:

C, =K;K, 5)

Common values for the free surface and directional partition factors are Kg=2 and K, = 1/\/5 .

Regional correction function

This is an empirical low-pass correction filter that takes into account some particular aspects of a specific
seismogenetic region. Since a European seismic event will later be used in the numerical application, the
following expression proposed by Faravelli [23] is considered:

k
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where k. is a normalization factor, and f. is another corner frequency. The values k.=1.15 and f.=2 Hz
have been suggested in [24].

Reduction function
In the reduction function two factors can be distinguished: an attenuation function F,4(f) and a filter of
high frequencies F,(f), thus giving:
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The first factor takes into account the attenuation caused by the inelastic behaviour of the path medium, by
using the S-wave inelastic attenuation factor Qp. A frequency-dependent Qp is commonly admitted
[25,26]. According to Rovelli [26], Qg= Qof " may be used for Italian data, with n=1 and Qy=40 s. With
this hypothesis, the attenuation function has the following form:

E, ()= exp{— Qnrg j (®)

where B, is the S-wave propagation velocity in the path medium.

Actual amplitude spectra from recorded events have a rapid decay beyond a certain maximum frequency
f. This phenomenon is included in the seismological model by the second filter in Eq. (7). This paper
uses the following formula proposed by Boore [1]:
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Amplification function
As site effects are very important to evaluate the amplitude spectrum, an amplification factor is included
in the general formulation of seismological models. A common practice is to consider two effects through
two different filters: the impedance effect caused by the change in the density and S-wave propagation
velocity from the source region to the prediction site, and the resonance effect due to the local
configuration of the site (geotechnical, geological and topographical conditions). The amplification
function can be expressed as:

E () =F,f)FE, ) (10)

where F,(f) is the impedance function, and F,(f) is the resonance function. The following expression
fitted by Faravelli [23] to a tabulated amplification function calculated by Gusev [27] is used for the first
filter:

F(f)=— 2 f>f, (11)
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where f,; is an empirical frequency, whose value is 0.32 Hz according to [23].

It is not possible to obtain a general analytical formula for the resonance effect that includes all the local
conditions listed above, so a detailed study should be made for every specific prediction site.
Nevertheless, geotechnical conditions are usually the most important ones, and past research has proposed
some analytical models that provide rough evaluation of the soil response. This paper uses the following



analytical formula proposed by Safak [28] for a one layer medium, worked out from a discrete-time wave
propagation technique:
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where Qg, is the S-wave inelastic attenuation factor in the soil medium, T, is the travel time of waves in
the soil layer, and Cg is the reflection coefficient for upgoing waves, given by:
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where p is the density and P is the S-wave propagation velocity, with subscripts r and g standing,
respectively, for bedrock and soil in the vicinity of the prediction site.

NON-STATIONARY SEISMOLOGICAL MODELS

All the aforementioned models have a limitation: they are not able to represent the evolution of energy and
frequency content that occurs during an earthquake; obviously, this is an important drawback for a short
and sudden action like a seismic event. Some researchers have tried to generalize stationary models to the
non-stationary case. The most commonly used non-stationary models assume the following analytical
approach:

AL 0=T, (A, ) (14)

where A,(f,t) is the two-sided amplitude spectrum of the non-stationary acceleration time series in the
prediction site, I,(t) is a normalized intensity function —also referred to as normalized amplitude
modulation function or normalized envelope function— which represents the time variation of the standard
deviation of the acceleration in the prediction site, O,(t). Two general types of time-domain intensity
functions can be distinguished according to the variation of energy content over time: ICD type [29,30]
(Increasing-Constant-Decreasing) and IPD type [3,31,32] (Increasing/Peak/Decreasing), depending on the
presence or not, respectively, of a flat segment where the function remains constant, coinciding with the
strong-motion phase of the accelerogram.

Carli [5,6], Faravelli [23], and Carli and Faravelli [33] have improved Eq. (14) in the context of
seismological models, developing a non-stationary model that also includes the modulation of frequency
content. This seismological model consists of separating the non-stationary character of the seismic action
into two parts: the variation of the total energy over time, which is modelled with a trapezoidal ICD
intensity function, and the variation of frequency content, which is introduced through a time-dependent
source corner frequency as follows:
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where t; and t, are the initial and final instants, respectively, of the flat part in L(t), Ty is the total
duration of the seismic record, f;; and f, are the constant values of corner frequency assumed,
respectively, for the increasing and decreasing parts of the accelerogram, and k is a parameter to fit the
observed decay of the corner frequency in time. Later on, Carli [6] has proposed a continuous time-
dependent source corner frequency function very similar to Eq. (15). Obviously, the model can be applied
with any other type of ICD intensity function, as will be done further on in the numerical application. By
using fy(t), the non-stationary seismological model becomes:

A D=1, (OPE (D) A, (EI (D) (16)

where Aagqs(f|fs(t)) is the seismological model defined in Eq. (1) in which the constant f; has been
replaced by the time-dependent source corner frequency function f(t) of Eq. (15), and ®(f(t)) is a
normalization function added to the model in order to guarantee that the evolution of G,(t) is represented
only by the time-domain intensity function, L(t). The amplitude spectrum of the evolutionary process
{ay(t)} can also be expressed from the amplitude spectrum of the underlying stationary process {ay(t)} as:

A E0=1,f DA, (17)

where L (f;t) is a real frequency-dependent intensity function. This paper uses the non-stationary
seismological model in Eq. (16). From Eqgs. (16) and (17), the following expression can be obtained for
the calculation of the frequency-dependent intensity function (TCF standing for Time-dependent Corner
Frequency):
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VARIANCE SPECTRAL DENSITY FUNCTION

Evolutionary spectral representation

To calculate a stochastic response spectrum from a theoretical amplitude spectrum it is necessary to regard
the earthquake as a non-stationary random process to take into account the evolution over time of energy
and frequency content. The corresponding non-stationary process can be represented by a time-dependent
autocovariance function, although for engineering purposes a time-dependent variance spectral density
function —non-stationary variance spectrum— is more commonly used. The variance spectrum is of capital
importance in the study of earthquakes since ground motion in the prediction site is the result of multiple
reflections and refractions of the initial waves produced during the rupture process of the fault and it can
therefore be regarded as a Gaussian process.

The evolutionary variance spectrum is a suitable non-stationary representation of the seismic excitation.

Any realization of the stochastic process of accelerations at the prediction site can thus be expressed as
follows [34]:

a, (0=]" T,(f,0) exp(i 2nf ) dZ(f) (19)



where i is the imaginary unit, Tag (f,t) is a complex-valued intensity function, and {Z(f)} is a complex-

valued stationary random process with orthogonal increments. The process {Z(f )} is such that an
underlying stationary process {a,(t)} can be assumed to exist with the following spectral decomposition:

a, ()= j "~ exp(i 2mf ) dZ(f) (20)

The condition that Tag (f,t) is a function with slow variation over time must be imposed to preserve the

physical meaning of Eq. (19), which represents an instantaneous frequency decomposition of the non-
stationary process. According to Priestley [34], the two-sided evolutionary variance spectral density
function, G,(f,t), can be expressed as:

G, f,0=14(f0G,, ) 1)

where I,(f,t) is the module function of Tag (f,t), and G,y () is the two-sided variance spectral density

function of the underlying stationary process {a,(t)}.

Underlying stationary process
The two-sided variance spectrum of a stationary stochastic process {x(t)} can be calculated as follows:

G,(f)= I@M (22)

where E[-] is the mathematical expectation, and A, 1(f) is the two-sided amplitude spectrum of a sample of
duration T extracted from a realization x(t) of the stochastic process, i.e., the module of the finite Fourier
transform of duration T. An approximate expression of the variance spectrum can be obtained from an
ensemble of samples of duration T by eliminating the limit in Eq. (22). In real phenomena like
earthquakes, only one sample of duration T is usually available, so that a common simplification consists
of eliminating the mathematical expectation operator, thus giving:

AlL(D)
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If the process {x(t)} were ergodic as well as stationary, this last step would be exact without introducing
any error.

In our case, the stochastic process of accelerations is undoubtedly non-stationary, and therefore Eq. (23)
should not be applied either to {a\(t)} or to {a.(t)}. However, this seems to be the approach commonly
used in the literature without any further justification [1,4], giving rise to the following practical
expression for the two-sided variance spectrum of the ground acceleration obtained from a seismological
model:

Al (D
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where T can be interpreted as a certain duration parameter of the seismic event.

The apparent discrepancy between non-stationary stochastic process theory and the practical expression
given in Eq. (24) can be solved with some heuristic arguments. First of all, Eq. (24) should be considered
valid only for the stationary underlying process {ay(t)} and not for the actual process {a,(t)}. In principle,
the amplitude spectrum A, (f) given by a source seismological model only gives the amplitudes of an
infinite number of trigonometric functions whose superposition, with certain phases, would reproduce the
original time series ay(t). Nevertheless, when transformed into A, (f) by means of Eq. (1), it can also be
interpreted as the amplitude spectrum of the underlying stationary stochastic process, assuming that the
different filters applied to obtain the site spectrum have been fitted with this aim. If this is the case, a
characteristic duration T, should be used in the denominator of Eq. (24) instead of the total Ty, to
calculate the corresponding variance spectrum:
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The duration T, can be interpreted as a scaling parameter of the variance spectrum, therefore influencing
the total energy of the earthquake and the peak ground acceleration. Several duration parameters of
common use in the literature, such as bracketed duration [35] or effective duration [36], do not seem to be
the best choice for T, as they have no physical interpretation in terms of equivalent destructive potential
of the earthquake ground shaking. A properly defined equivalent stationary duration Ty [37,38] should be
used instead, to preserve the total energy content of the earthquake.

Non-stationary variance spectrum

By substituting Eq. (25) into Eq. (21), and using a real frequency-dependent intensity function with slow
variation over time like the one proposed in Eq. (18), the following expression is obtained for the two-
sided variance spectrum corresponding to the non-stationary seismological model used in this paper:
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EVALUATION OF OSCILLATOR RESPONSE

The displacement of a linear single degree-of-freedom oscillator of natural cyclic frequency f;, excited by
a ground acceleration time series a,(t), is given by the Duhamel’s integral:

d=-[ h.(Da,t-7dt 27)
where, h,g.q(t) is the impulse response function of the oscillator, which has the following form:
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€ is the damping coefficient, and fy is the damped cyclic frequency defined as:

f,=f, 1-E> (29)



As the seismic action is a non-stationary random process, the oscillator response will be non-stationary
too. The two-sided evolutionary variance spectral density function of the oscillator response, Gy(f,t), can
be expressed as:

G,(f,)=H.(f,0G,, () (30)

where H,.q(f,t) is the module function of H (f,t), the complex-valued non-stationary frequency

ag:d
response function of the oscillator. The latter already incorporates the non-stationary character of the input
signal and can be calculated by substituting Eq. (19) into Eq. (27), thus obtaining:

oo (F,0 == h, (0 T, (F,t =1 exp(—i 2 t)dt (31)

DETERMINATION OF STOCHASTIC RESPONSE SPECTRA

It is a common assumption that the probability distribution of the first barrier crossing in a stochastic
process follows a Poisson process law. Although at the beginning only stationary excitation processes
were considered —with or without a transient-response phase—, more recently non-stationary processes
have also been included in an attempt to model better the transient-response phase of the oscillator. A
generalized probability distribution of the stationary case was proposed by Amin et al. [39] for non-
stationary random processes:

P(n, t): epr(:r(’c)d‘cj (32)

where, P(n,t) is the probability that d(t) remains below the threshold level 1 during the interval of duration
t, and r(t) is the time-dependent decay rate whose meaning is the average frequency of n-crossings in a
differential time interval. The decay rate proposed in [40] is used here, given that it includes the

bandwidth of the process in the formulation:
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where f,(t) is the time-dependent average cyclic frequency of zero-up-crossings, q(t) is the time-dependent
spectral bandwidth parameter, and o4(t) is the time-dependent standard deviation of the oscillator
displacement. The inclusion of a bandwidth parameter in Eq. (33) is important for the study of a non-
stationary process in which the frequency content can change and the functional shape of the variance
spectrum is wide-band or narrow-band depending on the time instant. According to Michaelov et al. [10],
these parameters can be calculated from the autocovariance and cross-covariance coefficients of the
oscillator response. In the classical stationary approach, these coefficients are constants and can be related
to the spectral moments in virtue of the simple relationships existing between the variance spectral density
function of a process and those of its derivative processes. Di Paola [41] suggested that a pre-envelope
process should be introduced, by means of which the autocovariance and cross-covariance coefficients of
the oscillator response can be calculated in the following manner [10]:

r(t) =2f (1) (33)
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where the subindexes j and k represent a response process, with 1 and 2 values corresponding to the
oscillator displacement and velocity, respectively, {y(t)} is a non-stationary random process defined by
the pre-envelope function of the non-stationary random process of the oscillator displacement, {d(t)}, and
Cyy(ty,12) is the autocovariance function of the pre-envelope process, which can be expressed as:

Cw(tl,tQ):4j:ﬁjg;d(f,tl) H,, . (f,t,) G, (f) expli2nf(t, —t,)|df (35)

where the superscript (*) means complex conjugate, and Gy s(f) is the variance spectrum of the
seismological model calculated with Eq. (25).

By substituting Eq. (33) into Eq. (32), the probability of non-exceedance P(n,t) can be obtained for a
given threshold level. However, in order to calculate a stochastic response spectrum the maximum of the
oscillator response associated with a given probability of non-exceedance has to be determined, so that
Eq. (32) must be solved by an iterative procedure.

NUMERICAL APPLICATION

This section involves a parametric study of the influence of several characteristics of a seismological
model on the stochastic response spectrum, using the analytical method described above. First of all,
consideration is given to the influence of magnitude, hypocentral distance, path attenuation and site
effects, after which the influence of time variation of energy and frequency content is analyzed. Finally,
the influence of damping coefficient and non-exceedance probability is discussed.

The properties of the source, path medium and site conditions for the definition of the reference
earthquake have been partly taken from the Irpinia earthquake November 23, 1980 [23] to make it
possible to compare the normalized stochastic response spectra (NSRS) of accelerations, to be obtained
using the proposed method, with the Eurocode 8 Part 1 normalized design response spectra (NDRS) [42].
The parameters of the reference model are: Rgy=0.63; M,=6; p=2600 kg/m3; Bs=3500 m/s; 1,=20 km;

Ac=300 bar; C, of Eq. (5) with Kg=2 and K, :1/\/5 ; Fo(f) of Eq. (6) with kc=1.15 and f.=2 Hz; F,(f) of

Eq. (8) with Qy=40 s and ,=3500 m/s; F(f) of Eq. (9) with f,=20 Hz; E,(f) of Eq. (11) with f,;=0.32 Hz;
F,(f)=1 assuming rock site conditions. The intensity function is of the IPD type [31], with an equivalent
stationary duration T,=6 s according to [38], and a rise time t,=2 s. NSRS are calculated for an oscillator
with a damping coefficient &=5%, and for a probability of non-exceedance P=90%.

The effect of hypocentral distance r, and path attenuation Q, on the response spectrum is limited to a
scaling of its ordinates. On the contrary, both magnitude and site effects not only produce a proportional
variation in the ordinates but also modify the shape of the response spectrum. The influence of magnitude
in the response spectrum has been studied using M,,=5, 6 and 7. The results are shown in Fig. 1, where the
response spectrum is seen to become narrower as the magnitude decreases. This effect is consistent with
the two different types of NDRS proposed in Eurocode 8: Type 1 for regions where the largest expected
earthquake is M>5.5, and Type 2 for regions where the expected earthquake is M <5.5. Worthy of note
here is the good fitting of the calculated NSRS to the decreasing part of the NDRS. This is particularly
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Figure 1. Comparison between normalized stochastic response spectrum and EC-8 normalized design

response spectrum for different moment magnitudes: a) EC-8 Type 2 NDRS, and NSRS for M,,=5; b)
EC-8 Type 1 NDRS, and NSRS for M,,=6 and M,,=7.

significant, since the estimation of response spectrum over long natural periods is greatly affected by the
transient-response phase of the oscillator.

The inclusion of site effects has a great influence on the NDRS shape due to the well-known effect of
enlarging the zone of constant acceleration in the response spectrum. In this paper, site effects have been
included in the seismological model through Eq. (12) using p,=2600 kg/m’ and B,=3500 m/s for bedrock
characteristics. The average density of the soil layer is p,=2000 kg/m®, and the S-wave propagation
velocity has been taken from the ranges specified in the Eurocode 8 for different soil conditions:
specifically, soils C and D have been defined by ,=250 m/s and 150 m/s, respectively. For the wave
travel time, the values 1,=0.40 s and 0.67 s, corresponding to a soil layer thickness of 100 m, are specified
for both types of soil. The inelastic attenuation factor is set at Qg,=50. The comparison of the resulting
NSRS with Type 1 NDRS is shown in Fig. 2 for soils C and D. As can be seen, there is a reasonably good
agreement between both spectra, taking into account the smoothed-out character of the design spectrum.
In regards to the average level of NSRS in the constant spectral acceleration part of the NDRS, it is
important to note that the ordinates of both spectra should be similar but not equal, since the process
commonly followed to obtain a standard design spectrum is not completely consistent with the stochastic
approach, due to the normalization of the different real response spectra prior to the averaging thereof.
The ranges of natural periods contained in this part of the response spectrum in both spectra are also
coincident for both types of soil. The NSRS of the reference earthquake, corresponding to rock site, is also
represented to show the large amplification in the response spectrum attributable to site effects.

The next parametric study refers to the influence of the intensity function and source corner frequency
modulation function. Fig. 3 shows the NSRS calculated for three different intensity functions: the first
one, corresponding to the reference earthquake with an IPD intensity function; the second one for an ICD
type intensity function [29], with the same equivalent stationary duration and rise time, and a duration of
the constant part equal to 0.2T,; the last response spectrum corresponds to an intensity function
formulated according to Eq. (18), i.e., a TCF intensity function with the same embedded time-domain ICD
intensity function as before, and a time-dependent source corner frequency as in Eq. (15), with f;;=2 Hz,
fo=f;, where f is the corner frequency of the reference earthquake, and k=0.345. An increase of the
maximum value in NSRS is clearly caused by the use of an ICD or TCF intensity function in comparison
with the reference IPD function. The constant segment in an ICD function allows the oscillator to perform
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Figure 2. Comparison between normalized stochastic response spectrum and EC-8 normalized design
response spectrum for different soils: a) EC-8 Type 1 NDRS for soil C, NSRS for a particular soil C, and
NSRS for rock site; b) EC-8 Type 1 NDRS for soil D, NSRS for a particular soil D, and NSRS for rock
site.

a greater number of cycles during the transient-response phase with a high level of excitation, so that as
the natural period of the oscillator diminishes it is easier for the oscillator to reach the steady-response
phase corresponding to the underlying stationary process for a given earthquake. The variation of
frequency content obtained with a modulated source corner frequency produces an additional increase in
the NSRS ordinates. This is so because the source corner frequency bears a very close relationship to the
functional shape of the variance spectral density function, and hence also affects the shape of the response
spectrum, specifically its maximum value.

Finally, the influence of the oscillator damping has been analysed. Seismic codes take into account the
effect of damping through a correction factor 1¢; in the case of Eurocode 8 this factor is given by:

>0,55 (36)

(5+8)

Fig. 4 shows the NSRS obtained for oscillators with £=2.5%, 5% and 10%. For a NSRS, the damping
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Figure 3. Influence of intensity function on normalized stochastic response spectrum.
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Figure 4. Influence of damping coefficient on normalized stochastic response spectrum.

correction factor is obtained as Ne=Ruymax(E)/Ramax(5%), where Ryma(E) is the maximum value of the
NSRS corresponding to a damping coefficient &. Eurocode 8 damping correction factors for NDRS and
calculated NSRS damping correction factors are also given in Fig. 4. The values obtained for the NSRS
are very close to the expression n§=(5/§)0'4, based on Random Vibration Theory, which is used in some
codes. According to this, the empirical expression given in Eurocode 8 seems to be unsafe for small
damping values.

CONCLUSIONS

An analytical method for the calculation of stochastic response spectra from non-stationary seismological
models has been presented. The general formulation of the method allows the following factors to be
taken into account: the variation of the energy content of the seismic action in both frequency and time,
and the transient-response phase of the oscillator when subjected to a non-stationary input. This makes it
particularly suitable for obtaining the shape of the response spectrum over long periods. Seismological
models can be used to evaluate the response spectrum for specific conditions of the prediction site, as they
are based on the mechanics of the fault rupture process and incorporate the transformation of the seismic
waves in their propagation from the source to the earth surface. This advantage is particularly significant
in low activity seismic regions, where the available data of relatively large earthquakes are limited or non-
existent. An analysis is also made of the influence on stochastic response spectra of some parameters
explicitly or implicitly considered in the formulation of design response spectra in modern seismic codes;
the results are then compared with Eurocode 8 design response spectra. Consideration has also been given
to the influence of the modulation of the energy content both in time and frequency by comparing
stochastic response spectra obtained from different intensity functions. The agreement between the main
characteristics of stochastic and design response spectra proves that seismological models can be
considered at present as a reliable tool for determining site-specific stochastic response spectra for
engineering purposes.
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