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Abstract: The time-dependent wavelet-based mean instantaneous period (MIP) is used as a 
numerical tool to characterize the time-varying frequency content of typical far-field recorded 
earthquake ground motions (GMs) and to probe into the hysteretic response of reinforced 
concrete (r/c) yielding structures. It is shown that the MIP captures well the temporal change 
of the average frequency content of GMs towards lower frequencies by considering the MIPs 
of 20 scenario earthquake GMs derived using two different wavelet families. It is further 
argued that the MIP can be viewed as a generalization of the Fourier-based mean period Tm 
widely used to characterize the stationary/average frequency content of GMs. This argument 
is based on the observation that temporal averaged MIPs lie reasonably close to Tm for 
judicially defined harmonic wavelet bases. Moreover, MIPs of acceleration response signals 
are examined derived from incremental dynamic analysis applied to a hysteretic oscillator 
representing a benchmark 12-storey r/c frame for the above suite of GMs. It is observed that 
the response signal MIPs tend to converge to the GM MIP in a point-wise manner as 
stronger inelastic behaviour is exhibited. Further, it is shown that the slope of the ensemble 
average MIP for the near-collapse limit state lies close to the ensemble average GM MIP, 
while it may also be treated as indicator of the so-called “period elongation” phenomenon for 
degrading inelastic structures. Overall, the reported numerical data evidence the potential of 
the slope of the MIP as a record selection criterion accounting for the influence of the time-
varying frequency content of GMs to structural response within the performance-based 
earthquake engineering framework. 
 
 
Introduction 
Typical field recorded earthquake-induced ground motions (GMs) exhibit a time-evolving 
frequency composition due to the dispersion of the different types of propagating seismic 
waves arriving at the recording station at different time instants. Several researchers 
considered various joint time-frequency signal processing tools to capture the time-evolving 
characteristics of the frequency content of GMs (e.g. Spanos et al., 2007a and 2007b, Jian et 
al. 2014). Further, such tools have been used to calibrate non-stationary stochastic GM 
models in both time and frequency domains (e.g. Wang et al. 2002, Jian et al., 2014), and to 
identify near-fault pulse-like GMs (e.g. Baker 2007). Moreover, various time-frequency based 
techniques widely used for system identification and damage detection of time-varying 
structural systems in structural health monitoring applications have also been considered to 
characterize the hysteretic response of seismically excited yielding structures (e.g. Spanos et 
al., 2007a and 2007b). In fact, recently, Noh et al. (2012) considered the use of structural 
damage indices derived from applying the continuous wavelet transform, hereafter CWT, 
(arguably the most commonly used signal processing tool for the representation of structural 
dynamics signals on the time-frequency plane) to structural response signals obtained from 
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standard incremental dynamic analysis (IDA) (Vamvatsikos and Cornell 2004) in a 
performance-based seismic assessment framework.  
 
Importantly, from a structural engineering viewpoint, it is pertinent to note that the time-
evolving frequency content of GMs does influence the non-linear response of structural 
systems (e.g. Beck and Papadimitriou 1994, Wang et al. 2002). However, to the authors’ 
best knowledge, no systematic research work has been undertaken to correlate the patterns 
of the time-varying frequency content of GMs with the time-varying properties of seismically 
excited yielding structures (as these are manifested in structural response signals in a 
phenomenological manner), within the performance-based earthquake engineering 
framework. This is despite the well-documented in the literature potential of time-frequency 
signal processing tools, and particularly of the CWT, to capture the time-evolving frequency 
content of input (GMs) and of output (hysteretic response) signals. Instead, recent research 
studies by Kumar et al. (2011) and by Katsanos et al. (2014) focused on quantifying the 
influence of only the average (time-invariant) frequency content of GMs, represented by the 
mean period Tm of GMs derived from Fourier analysis (Rathje et al. 1998), to the structural 
response of benchmark building structures by means of IDA.  
 
To this end, this paper puts forth the use of the time-varying mean instantaneous period 
(MIP), derived from CWT-based time-frequency representations of input and output signals 
obtained from IDA, to quantify the phenomenological “period elongation” (i.e., softening) of 
yielding structural systems (see e.g. Katsanos et al. 2014) and its correlation to the time-
evolving frequency content of GMs as stronger non-linear behaviour is exhibited. In what 
follows, a brief discussion on the limitations of Fourier transform-based quantities to capture 
the time-varying frequency composition of GMs is firstly presented. Next, a concise 
introduction to certain theoretical and practical aspects related to the concept of the wavelet-
based MIP is provided. Then, MIP related numerical data are reported and compared with 
the Fourier-based Tm for a suite of 20 GMs (input signals) previously used in the literature to 
represent the seismic action in undertaking IDA (Vamvatsikos and Cornell 2004). Further, 
MIP data from acceleration response (output) signals obtained by application of IDA to a 
hysteretic degrading oscillator corresponding to a benchmark 12-storey reinforced concrete 
(r/c) frame (Katsanos et al. 2014) are examined. Pertinent conclusions are drawn by 
qualitative comparison of the MIP properties of the input and output signals for the “near 
collapse” and for the “first yielding” limit states.   
 
Fourier transform-based predominant period and mean period Tm 

Consider a band-limited real signal x(t) of finite duration To in the domain (axis) of time t and 
its discrete-time version x[n]= x(n·Δt) with n=0,1,2,…,N-1 sampled at (at least) the Nyquist 
frequency with time step Δt, such that To= N· Δt. In this study, x[n] may correspond to field 
recorded acceleration ground motions (GMs) or acceleration responses of seismically 
excited yielding structures. The discrete Fourier transform (DFT), defined as  
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decomposes/projects x[n] onto an orthogonal basis of harmonically related discrete-time 
sinusoidal functions with frequencies ωk= 2πk/N (in rad/s). In the above equation i denotes 

the imaginary unit. The magnitude of the complex-valued Fourier coefficients  X̂ k  can be 

viewed as a measure of similarity between the signal x(t) and a non-decaying in time 
sinusoidal function of frequency ωk (i.e., single frequency component). Therefore, the 
magnitude of the DFT achieves a representation of the average over time frequency 
composition of x(t) on the domain (axis) of frequency ω or, equivalently on the period 
T=2π/ω axis, with the sharpest possible resolution. In this regard, the average frequency 
content of a GM is sometimes characterized by its predominant period Tp=2πωp 
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corresponding to the peak value of the Fourier coefficients, that is,     ˆ ˆmaxX p X k , (see 

e.g., Kramer 1996). Moreover, Katsanos et al. (2014) quantified the so-called “period 
elongation” phenomenon for seismically excited r/c building structures (i.e., the fact that 
yielding structures exhibiting strongly inelastic behaviour become more flexible) by 
monitoring the change of the predominant period of acceleration structural response signals 
for an increasing intensity of the input seismic action in the context of IDA. 
 

Further, the DFT in Eq. (1) is energy preserving (i.e.,     
22 ˆx n X k ) and, therefore, the 

square magnitude of the Fourier coefficients can be interpreted as a distribution of the signal 
energy in the frequency domain. This interpretation allows for defining the Fourier-based 
mean period within the frequency band [0.25 20] Hz of interest for GMs 
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where K1 and K2 are the closest integers to 0.25N and 20N, respectively. The mean period 
Tm has been shown to represent better the (average) frequency content of GMs (see e.g., 
Rathje et al. 1998) compared to alternative response spectrum-based metrics. In fact, it is 
commonly used to quantify the impact of the average frequency content of GMs to the 
response of yielding structures (see e.g. Kumar et al. 2011 and Katsanos et al. 2014).  
 
However, the Tp and the Tm, being Fourier-based parameters, do not capture the time-
varying frequency content of GMs which may significantly influence the inelastic structural 
response (e.g., Wang et al. 2002). This is because the magnitude of the DFT does not carry 
any temporal information (i.e., it is not possible to know the location in time of each identified 
frequency component). Motivated by the above studies and recognizing that wavelet-based 
signal representations have been successfully used to represent the time-varying frequency 
content of both GMs and inelastic structural response signals (e.g., Spanos et al. 2007a), the 
wavelet-based time-varying mean instantaneous period (MIP) is defined in the next section 
and used in following sections to characterize the evolutionary frequency content of GMs and 
of acceleration structural response signals obtained from standard IDA.   
 
The continuous wavelet transform and the mean instantaneous period (MIP) 
The continuous wavelet transform (CWT) of a discrete-time signal x[n] is defined as (e.g., 
Torrence and Compo 1997)  
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The above transformation can be viewed as a decomposition/projection of x[n] onto a 
collection of oscillatory localized in time functions (“wavelets”). These functions are 
generated by scaling, via the positive scale parameter s, and by translating in time a single 
finite energy function ψ(t) (“mother wavelet”), which may be complex-valued. In the last 
equation the superscript (*) denotes complex conjugation. Importantly, the scaling operation 
and the oscillatory form of the wavelets are the salient features that allow for interpreting the 
square magnitude (spectrum) of the wavelet coefficients |W(s,n)|2 as an estimator of the 
signal energy distribution on the time-frequency or, equivalently, on the time-period plane. 
This is because the scale parameter s can be associated with an effective frequency ωeff(s)= 
ωp/(Δt·s) (or equivalently with an effective period Teff(s)=2π/ωeff(s)), where ωp is the 
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predominant frequency of the unscaled (i.e., s=1) mother wavelet. To this end, a wavelet-
based time-varying mean instantaneous period (MIP) is herein considered defined as 
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, (5)  

band-limited within the same frequency range as the Tm in Eq. (2). That is, in the previous 
equation, S1 and S2 are integers specifying scales with effective frequencies of 0.25Hz and 
20Hz, respectively. Note that the above MIP is a time-dependent function corresponding to 
the time frame in which the central 90% of the total signal energy lies. That is, in Eq. (5) t05 
and t95 are the time instants at which 5% and 95% of the total signal energy, respectively, 
has been released, while the operators floor(∙) and ceil(∙) round their arguments to the 
closest small and large integer value, respectively. This time frame corresponds to the 
effective duration of GMs (e.g. Kramer 1996). Therefore, the MIP provides an estimate of the 
temporal evolution of the mean period Tm within the effective GM duration and, to this effect, 
it can be viewed as a generalization of Tm: an issue that will be discussed further in the next 
section in view of numerical data. It is further noted in passing that, a similar quantity to MIP, 
namely the mean instantaneous frequency, has been considered by Spanos et al. (2007a 
and 2007b) as a damage detection tool applied to the seismic response of inelastic multi-
storey steel framed structures.  
 
An important concern in the CWT is the choice of the wavelet analysis function in Eq. (3) 
which is highly application-dependent. For the purposes of this work, two different wavelet 
families are considered: (i) Morlet wavelets, which are widely used to derive “smooth” and 
well-localized in time wavelet spectra |W(s,n)|2 and were historically the first waveforms to be 
used in conjunction with the CWT (Goupillaud et al. 1984), and (ii) Harmonic wavelet bases 
(Newland 1994), which achieve sharp frequency resolution and have been successfully used 
in various earthquake engineering and structural dynamics applications (see e.g. Spanos et 
al. 2007b and Giaralis and Spanos 2009). Specifically, the Morlet wavelet in Eq. (3) is 
defined as  
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where the term in front of the first exponential function is included to ensure that Morlet 
wavelets at all scales have unit energy. In the left half of Figure 1 Morlet wavelets are plotted 
in the frequency and in the time domain for three different scales and the effective frequency 
ωeff is indicated. It is seen that at higher frequencies the Morlet wavelet achieves better time 
localization since the wavelet is more compact in time. However, the frequency resolution 
deteriorates: a phenomenon known as the (Heisenberg) uncertainty principle (e.g., Cohen 
1996). As an illustration, the contour of the Morlet wavelet spectrum for the No. 18 seismic 
GM of Table 1 (to be further discussed in the following section) is shown in Figure 2(a) on the 
time-period plane. This wavelet spectrum has been generated by considering a sufficient 
number of discrete scales corresponding to a frequency range of interest in earthquake 
engineering to achieve a meaningful signal representation as detailed in Torrence and 
Compo (1997). On the same plot, the “cone of influence” (see Torrence and Compo 1997) is 
indicated by a red broken line outside of which the wavelet spectrum is severely influenced 
by end-effects and, therefore, is not reliable. Lastly, the MIP computed from Eq. (5) is 
superposed (thick broken black line), defined within the white rectangular window on the 
time-period plane. Evidently, Morlet wavelets achieve smooth representation of the GM 
energy yielding an MIP which, despite local fluctuations, has a clear trend towards lower 
frequencies (longer periods) in time: an expected trend for a typical far-field GM. Still, the 
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frequency resolution of the Morlet wavelet spectrum deteriorates towards higher frequencies 
(shorter periods). This can be better assessed by comparing the averaged along time 
magnitude of wavelet coefficients with the Fourier spectrum shown in Figure 2(b). In the 
latter plot, both spectra are normalized with respect to their peak value to exaggerate the 
discrepancy. A detailed discussion on the relationship between the Fourier spectrum and the 
time-averaged wavelet spectrum can be found in Torrence and Compo (1997) and 
references therein.  

 

Figure 1. Amplitude Fourier spectra (top panels) and time-histories (rest of panels) for Morlet and 
harmonic wavelets centered at the origin in time for three different scales with central frequencies 

15.71rad/s, 25.76rad/s, and 35.81rad/s. 

Introduced by Newland (1994), the complex-valued harmonic wavelets achieve sharper 
frequency resolution than Morlet wavelets at any given scale independently of the central 
(scaled) wavelet frequency. This is because harmonic wavelets are defined in the frequency 
domain to have a box-like Fourier spectrum whose limits are specified by two scalars at each 
scale. Specifically, a harmonic wavelet at scale j centered at kΔt/(p[ j ]-m[ j ]) position in time 
is written in the frequency domain as (e.g. Giaralis and Spanos 2009) 
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where  Το  is the total length (duration) of the time interval considered in the analysis. In the 
last equation, the vectors p and m contain integer positive numbers. It can be shown 
(Newland 1994), that a collection of harmonic wavelets spanning adjacent non-overlapping 
intervals at different scales along the frequency axis forms a complete orthogonal basis. This 
can be achieved by proper definition of the p and m vectors in computing the harmonic 
wavelet transform (HWT). At scale j the effective bandwidth of a hamornic wavelet is (p[ j ]–
m[ j ])2π/Το and its “mean” frequency is (p[ j ]+m[ j ])π/Το. In this respect, it can be readily 
seen that HWT enables arbitrary frequency resolution within any given range of frequencies 
which is not the case for the CWT using Morlet wavelets, whose frequency content at each 
scale is implicitly defined by means of a single scalar: the scaling parameter s in Eq. (3). 
However, harmonic wavelets have relatively poor time localization. The above considerations 
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can be readily visualized by considering the panels in the right half of Figure 1 where 
harmonic wavelets at three different scales are plotted in the frequency and in the time 
domain. Further, the harmonic wavelet spectrum is plotted in Figure 2(a) for the same GM 
considered before for a uniform grid of harmonic wavelets in the frequency domain as 
detailed in Spanos et al. (2007b). The poor time localization is noted compared to the Morlet 
wavelet spectrum. However, the harmonic wavelet averaged along time spectrum in Figure 
2(d) compares well with the Fourier spectrum.  

 

 

Figure 2. (a) and (c): Contour wavelet spectra plots using Morlet and harmonic wavelets respectively 
for the record No.18 in Table 1; (b) and (d): time-averaged wavelet spectra using Morlet and harmonic 

wavelets respectively vis-à-vis the Fourier magnitude spectrum normalized to the peak values.  

 
MIPs of recorded earthquake accelerograms 
Wavelet spectra and corresponding MIPs for both the aforementioned wavelet families (as 
those presented in Figure 2) are obtained for the suite of 20 GMs listed in Table 1. This suite 
has been constructed by Vamvatsikos and Cornell (2004) to represent a “scenario 
earthquake” and considers seismic events of moment magnitude within the 6.5 to 6.9 range 
recorded on firm soil condition at moderate distances from the fault. The same table reports 
the Fourier-based Tm along with the averaged MIPs along time. These data are used herein 
as an indicator to assess the validity of the MIP for the purpose of characterizing the average 
frequency content of GMs. Specifically, some discrepancy between the Tm and the temporal 
averaged MIPs is observed for certain GMs. However, these discrepancies are significantly 
smaller for the case of harmonic wavelets, since they yield wavelet spectra with sharper 
frequency resolution (see Figures 2(b) and 2(d)). In fact, in the limiting case where each 
scale of the harmonic wavelet basis contains a single point in the discretized frequency 
domain with step π/Το, the Fourier and the time-averaged wavelet spectrum in Figure 2(d) 
would coincide and so would the Tm and the temporal averaged MIP. However, this case 
does not promote the purpose of this study since these harmonic wavelet coefficients 
become effectively Fourier coefficients with no time localization capability.  
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The above discussion points to the facts that (i) the MIP in Eq. (5) is a generalization of the 
Tm, (or that the Tm is a limiting case of a time-invariant MIP), and that (ii) any useful (smooth) 
representation of the temporal variation of the frequency content of GMs (e.g., using the MIP) 
comes at the cost of a less accurate estimation of the actual frequency components in 
absolute terms. The latter is a direct consequence of the uncertainty principle (Cohen 1996).  
 
Table 1. Properties of the 20 ground motions considered by Vamvatsikos and Cornell (2004) 

and averaged over time mean instantaneous periods 

No. 
Event 
(Year) 

Station 
(Component) 

M(1) R(2) 

(km) 
PGA 
(g) 

Tm(3)  
(s) 

MIP Morlet(4) 
(s) 

MIP harmonic(5) 
(s) 

1 
Loma Prieta 

(1989) 
Agnews State 
Hospital (090) 

6.9 28.2 0.159 0.957 1.079 0.978 

2 
Imperial Valley 

(1979) 
Plaster City (135) 6.5 31.7 0.057 0.378 0.369 0.406 

3 
Loma Prieta 

(1989) 
Hollister Diff. Array 

(255) 
6.9 25.8 0.279 0.798 1.212 0.942 

4 
Loma Prieta 

(1989) 
Anderson Dam 
Downstrm (270) 

6.9 21.4 0.244 0.467 0.495 0.476 

5 
Loma Prieta 

(1989) 
Coyote Lake Dam 
Downstrm (285) 

6.9 22.3 0.179 0.538 0.601 0.540 

6 
Imperial Valley 

(1979) 
Cucapah (085) 6.5 23.6 0.309 0.558 0.706 0.602 

7 
Loma Prieta 

(1989) 
Sunnyvale Colton 

Ave (270) 
6.9 28.8 0.207 1.502 1.430 1.532 

8 
Imperial Valley 

(1979) 
El Centro Array #13 

(140) 
6.5 21.9 0.117 0.585 0.725 0.644 

9 
Imperial Valley 

(1979) 
Westmoreland Fire 

Station (090) 
6.5 15.1 0.074 0.849 1.308 1.162 

10 
Loma Prieta 

(1989) 
Hollister South & 

Pine (000) 
6.9 28.8 0.371 0.935 1.439 0.998 

11 
Loma Prieta 

(1989) 
Sunnyvale Colton 

Ave (360) 
6.9 28.8 0.209 1.380 1.397 1.465 

12 
Superstition Hills 

(1987) 
Wildlife Liquefaction 

Array (090) 
6.7 24.4 0.180 0.854 1.015 1.024 

13 
Imperial Valley, 

1979 
Chihuahua (282) 6.5 28.7 0.254 0.701 0.699 0.709 

14 
Imperial Valley, 

1979 
El Centro Array #13 

(230) 
6.5 21.9 0.139 0.470 0.785 0.575 

15 
Imperial Valley, 

1979 
Westmoreland Fire 

Station (180) 
6.5 15.1 0.110 0.985 1.059 1.058 

16 
Loma Prieta 

(1989) 
WAHO (000) 6.9 16.9 0.370 0.275 0.232 0.269 

17 
Superstition Hills 

(1987) 
Wildlife Liquefaction 

Array (360) 
6.7 24.4 0.200 1.137 1.251 1.235 

18 
Imperial Valley 

(1979) 
Plaster City (045) 6.5 31.7 0.042 0.361 0.333 0.367 

19 
Loma Prieta 

(1989) 
Hollister Diff. Array 

(165) 
6.9 25.8 0.269 0.890 1.098 0.988 

20 
Loma Prieta 

(1989) 
WAHO (090) 6.9 16.9 0.638 0.271 0.257 0.278 

(1) Moment Magnitude; (2) Closest distance to fault rupture; (3) Fourier-based mean period defined by Eq. (2) 
(Rathje et al. 1998); (4) Temporal averaged MIP derived using Morlet wavelets; (5) Temporal averaged MIP derived 
using harmonic wavelets. 
 

The remaining numerical data presented in this study aim to explore the potential of the MIP 
to represent the evolutionary trends of the average frequency content of the signals 
considered and, therefore, the Morlet wavelet family is used throughout. Figure 3 plots 
individual Morlet wavelet based MIP time-histories for the 20 GMs of Table 1 and the 
ensemble average MIP. Significant dispersion is observed of the MIP values at every time 
instant and non-monotonic fluctuation of individual MIPs. However, the ensemble average 
MIP has a distinct monotonic trend towards longer periods (lower frequencies) in time which 
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is in alignment with engineering seismology considerations (see e.g. Kramer 1996). This 
average trend of MIPs is well represented by the mean slope of the ensemble average MIP 
(red line in Figure 3), that is, a scalar. It is noted that similar trends of the average frequency 
content of GMs captured by wavelet-based time-frequency representation tools have been 
previously reported in the literature (e.g., Spanos et al. 2007, Jian et al. 2014). 
        

 

Figure 3. Morlet wavelet based MIP of the 20 GMs of Table 1. The broken blue curve is the ensemble 
MIP average and the red broken line indicates the average (linear) slope of the blue curve. 

 

MIPs of hysteretic structural response signals 
The previous suite of GMs is used to perform IDA to a single-degree-of-freedom (SDOF) 
hysteretic oscillator with strength and stiffness degradation following the Ibarra et al. (2005) 
model as implemented in the OpenSees finite element platform. The bilinear backbone curve 
of the considered oscillator has been calibrated, using the N2 pushover method, against a 
regular benchmark 12-storey r/c frame with fundamental natural period of 0.715s designed 
according to the European seismic code of practice (EC8) for the high ductility class 
(Katsanos et al. 2014). The pre-yield natural frequency of the SDOF oscillator is equal to 
T1=0.966s and a viscous damping of 5% has been assumed. More details on the adopted 
oscillator can be found in Katsanos et al. (2014) and in the references therein. The spectral 
pseudo-acceleration at the fundamental pre-yield natural period, Sa(T1,5%), has been used 
as the intensity measure (IM) in conducting IDA, while the immediate occupancy and the 
near collapse (or collapse prevention) limit states are defined in terms of the peak deflection 
(or drift) of the oscillator following the recommendations of Vamvatsikos and Cornell (2004).    
 

 

Figure 4. MIPs of input and output signals considered in the IDA analysis for the No. 13 GM (left 
panel) and the No. 15 GM (right panel) of Table 1. 

 
Morlet wavelet-based MIP time-histories are derived from zero-mean acceleration response 
(output) signals obtained from the IDA. It is observed for each individual GM (input signal) 
considered that the MIP of the output signal tend to converge to the MIP of the GM in a point-
wise manner within the strong ground motion duration as the IM increases, or equivalently as 
the structure approaches the near collapse limit state (the “moving resonance” phenomenon 
as described by Beck and Papadimitriou 1993). This is usually true (i.e., the MIP of the 
output at near collapse state to trace closely the MIP of the input GM) after the first derivative 
(slope) of the input MIP attains locally in time a relative large value or after the input MIP is 
close to T1. Two representative examples are shown in Figure 4 for the No. 13 GM (left 
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panel) and the No. 15 GM (right panel) in Table 1. For the former GM considered, the output 
MIP at near collapse state begins to trace closely the input MIP after about the 10th second 
when a relatively steep slope in the input MIP lasting for about 4s is observed. For the latter 
GM considered, the output MIP at near collapse state begins to trace closely the input MIP 
after about the 9th second when the input MIP tends to become flat at about the T1 period for 
about 4s. Similar trends are observed for the input/output MIPs of the rest of the GMs 
considered not shown here for brevity. 
 

 

Figure 5. (a) and (b): Morlet wavelet based MIPs of response acceleration signals at immediate 
occupancy (after first yielding) and at near collapse limit states, respectively, and average slope of the 

ensemble average MIPs. (c): input/output average slopes of the ensemble average MIPs. 

 
Lastly, Figure 5(a) and 5(b) plots all the output MIPs for the “immediate occupancy” (or after 
first yielding) limit state and for the near collapse limit state, respectively. The most important 
observations pertain to the level of variability of the MIPs which is higher for the near 
collapse state and to the mean slope of the ensemble average MIP (shown in broken lines) 
which is steeper for the near collapse state. The latter observation relates mostly to the 
phenomenological “period elongation” phenomenon as indicated in Figure 5(c) which 
superposes the slopes of the mean ensemble average MIPs of Figures 3 (input), 5(a) 
(output- after first yielding), 5(b) (output- near collapse limit state). As a final remark, Figure 
5(c) shows clearly that the slope of the output at near collapse limit state lies much closer to 
the input slope compared to the slope of the output after first yielding. This observation 
suggests that the average slope of the MIP may be a useful record selection criterion/scalar 
in performing IDA. The latter issue warrants further numerical experimentation. 
 
Concluding remarks  
A time-dependent wavelet-based mean instantaneous period (MIP) has been put forth as a 
numerical tool to characterize the time-varying frequency content of typical far-field recorded 
earthquake ground motions (GMs) and to probe into the hysteretic response of seismically 
excited yielding structures. The MIP captures well the temporal change of the average 
frequency content of GMs towards lower frequencies by considering the MIPs of 20 scenario 
earthquake GMs derived using two different wavelet families. It is further argued that the MIP 
can be viewed as a generalization of the Fourier-based mean period Tm. This argument is 
based on the observation that temporal averaged MIPs lie reasonably close to Tm for 
judicially defined wavelet bases. Moreover, MIPs of acceleration response signals are 
examined derived from incremental dynamic analysis applied to a hysteretic oscillator 
representing a benchmark 12-storey r/c frame for the above suite of GMs. It is observed that 
the response signal MIPs tend to converge to the GM MIP in a point-wise manner as 
stronger inelastic behaviour is exhibited (moving resonance phenomenon). Further, it is 
shown that the slope of the ensemble average MIP for the near-collapse limit state lies close 
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to the ensemble average GM MIP, while it may also be treated as indicator of the so-called 
“period elongation” phenomenon for degrading inelastic structures. Overall, the herein 
reported numerical data suggest that the time-varying frequency content is an important 
influence factor for hysteretic systems especially at the near collapse limit state and that the 
slope of the MIP might be used as a record selection criterion accounting for the influence of 
the time-varying frequency content of GMs to structural response within the performance-
based earthquake engineering framework.  
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