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ABSTRACT  8 

Seismic input modelling is a crucial step when Non-Linear Time-History Analyses (NLTHAs) are performed, the 9 

seismic response of structures being highly responsive to the input employed. When natural accelerograms able to 10 

represent local seismicity are not available, the use of generated accelerograms is an efficient solution for input 11 

modelling. The aim of the present paper is to compare four methods for generating fully non-stationary artificial 12 

accelerograms on the basis of a target spectrum, identified using seven recorded accelerograms registered in the 13 

neighbourhood of the construction site during a single event, assumed as target accelerograms. For each method, 14 

seven accelerograms are generated and used to carry out NLTHAs on three RC structures, having irregular mass and 15 

stiffness distributions. The generation methods are evaluated in terms of both input modelling and seismic response 16 

of three RC structures. The results point out that maximum interstorey drift ratios are well reproduced only by 17 

generation methods based on spectrum-compatible criterion, while energy contained by the target set is only 18 

simulated by methods based on records of natural signals. Moreover, none of the method here investigated is able to 19 

reproduce the hysteretic energy dissipated by the structures subjected to the target accelerograms, in terms of both 20 

total amount and cumulative trend over the duration. 21 

1 INTRODUCTION 22 

Non-linear Time-History Analysis (NLTHA) is the most reliable tool to assess the seismic performance 23 

of structures. One of the main issues affecting the NLTHA is the choice of the seismic excitation, as it is 24 

common knowledge that structural response is very sensitive to input modelling. 25 

The use of natural accelerograms is a suitable tool for input modelling. However, a sufficient number of 26 



 

 

accelerograms recorded in the area, on sites whose soil has the same stratigraphic characteristics, and which 27 

have an intensity similar to those of the design earthquake are often not available. In this situation, the use 28 

of generated accelerograms is an efficient solution for input modelling. 29 

 Most international seismic codes (e.g. [1]) provide the elastic Response Spectrum (RS) only to represent 30 

the local seismic characteristics of a site, recommending the spectrum compatibility between the mean RS 31 

of a set of signals chosen as the seismic input and the design RS. Nevertheless, all time-dependent features 32 

characterizing real signals (e.g. energy frequency content, total energy and its distribution over time, strong 33 

motion duration, soil damping, etc.) are missing in the RS method, constituting one of its main drawbacks 34 

[2].  As a matter of fact, the seismic response assessment obtained with two spectrum-compatible 35 

accelerograms can be significantly different in terms of dissipated energy demand, leading to an 36 

inconsistent design in terms of resilience of structural members. 37 

Over the last decade, only a few comparisons of generation methods of artificial accelerograms have 38 

been performed (e.g. [3-6]). In each of the aforementioned papers, in order to generate the artificial 39 

accelerograms a target code spectrum is adopted, and the structural performance is assessed by means of 40 

comparison of the response to the generated accelerograms, with a well-defined benchmark missing.  41 

Within this context, the aim of the present paper is to compare four methods for generating fully non-42 

stationary artificial accelerograms. The main novelty in the paper is the approach chosen for selection of 43 

characteristic parameters of accelerograms, and generation method performance evaluation, both in terms 44 

of input modelling and seismic response of three RC structures.  45 

Aiming at simulating the common situation that practitioners and researchers cope with when employing 46 

a code-consistent NLTHA, it is assumed that the only information known is the site location, the soil type, 47 

and the “target RS.” The latter, in order to be consistent with the seismogenic characteristics of the site, is 48 

obtained using seven real accelerograms having comparable features registered in the neighbourhood of the 49 

selected construction site during the same event, which in the following sections will be denoted as “target 50 

accelerograms.” The new procedure for benchmark identification, through which the generation method 51 

efficacy is evaluated, is based on target input signal characteristics, and structural performances of three 52 



 

 

RC structures to the target accelerograms, named target structural responses. Therefore, the performance 53 

benchmark is selected as the capacity of the generated accelerograms in replicating the waveform features 54 

and the structural response obtained via the target set. 55 

 In order to select the generation methods to be analysed, it is noteworthy that non-stationary features of 56 

accelerograms highly affect the seismic performance of structures undergoing severe plastic deformations 57 

[7, 8], and that stationary or quasi-stationary procedures provide artificial signals having some 58 

shortcomings, namely a constant dominant frequency and an unrealistic amount of total energy [9], leading 59 

to potentially distorted results in terms of energy dissipation demand. Thus, in this paper, only fully non-60 

stationary methods are compared.  61 

The first procedure here compared is described in [10], where the signal is constituted by two waveforms, 62 

a real record and an artificial accelerogram. The second method is developed by Preumont [11], in which 63 

the use of a function modulating in both time and frequency, which can be modified to represent the local 64 

conditions of the investigated site, is proposed. The third procedure analysed is reported in [2], developed 65 

on the basis of a generalized non-stationary version of the Tajimi-Kanai filter, considering both frequency 66 

content and amplitude variations. The fourth method is proposed by Spanos & Solomos [12], constituted 67 

by a function modulating in both time and frequency, developed in order to mimic the characteristic 68 

behaviour of real accelerograms. 69 

For each method, seven accelerograms are generated and used to carry out NLTHAs on three RC 70 

structures, having irregular mass and stiffness distributions. The investigated response parameters are 71 

interstorey drift ratios, relative torsion of the floors per unit length, and cumulative hysteretic dissipated 72 

energy. The number of accelerograms and NLTHAs is chosen consistently with the indication of most of 73 

the international seismic codes, that require seven NLTHAs for statistical characterization of seismic input 74 

and structural seismic response. 75 



 

 

2 APPROACHES FOR GENERATING FULLY NON-STATIONARY ACCELEROGRAMS  76 

Artificial accelerograms obtained via stationary and quasi-stationary approaches are not able to 77 

reproduce the changing dominant frequency registered in real ones. Consequently, this paper only focuses 78 

on approaches able to generate fully non-stationary accelerograms. In accordance with Priestley’s 79 

Evolutionary Power Spectral Density (EPSD) [13], a non-stationary Gaussian stochastic process can be 80 

modelled by means of the following equation: 81 

     2
,NST STG a t G     (1) 82 

where GST () is the one-sided Power Spectral Density (PSD) of the stationary process, a(,t) is the 83 

function modulating both in time and frequency, representative of the non-stationary characteristics of the 84 

whole process. Although the relationship between RS and PSD is not bijective, unequivocal relationships 85 

exist in case of stationary processes and given damping values. However, in case of non-stationary 86 

processes, an infinity of EPSDs leads to the same RS. For this reason, the emphasis is placed on the 87 

procedure through which the four generation approaches deal with the non-stationarity modelling, on the 88 

basis of a single procedure for evaluating spectrum compatible stationary PSD, which is described in the 89 

following section.   90 

2.1 Spectrum-compatible PSD for the stationary model 91 

Traditionally, RS is the only information provided by seismic codes or known from a target event that 92 

can be used as a reference to generate samples of ground motion. Thus, a method able to calculate a PSD 93 

through which to generate artificial samples whose average RS matches the target one (spectrum-94 

compatible samples) is selected. In this paper, the procedure reported in [14] in the recursive form 95 

developed by [15] is employed.  96 

This approach models the correlation between PSD and RS using the “first passage problem”, assuming 97 

that ground motion records can be generated as samples of a zero-mean Gaussian stationary process. 98 

Comprehensively, assuming a natural circular frequency  and a damping ratio , the relation between the 99 

pseudo-acceleration response spectrum RSA(,) and the mean (or median, provided that they are 100 



 

 

coincident) peak value of the response of a single degree of freedom (SDOF) system is given by the 101 

following equation: 102 

      2
0 , 0 0, 0, , , , ,          U s i U URSA T p  (2) 103 

in which TS is the duration of the time-observing window, equal to the strong motion phase and p is the not 104 

exceeding probability. Moreover, assuming that a barrier is outcrossed in clumps, the peak factor U is 105 

given by: 106 

   1.22ln 2 1 exp ln 2U U U UN N       
  (3) 107 

in which the parameters NU and U of the process U can be approximated as follows: 108 
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assuming p = 0.5 (i.e. the mean value of the peak values). The spectrum-compatible PSD can be calculated 111 

through the following equations: 112 
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  (6) 113 

in which l is the lowest bound of the existence domain, equal to 0.25 rad/s.  114 

Broadly speaking, the above-mentioned procedure provides a PSD through which code-consistent 115 

accelerograms can be generated using the well-known equation proposed by Shinozuka & Jan [16], 116 

superpositioning Na harmonics with random phases: 117 
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where i
(k) are the randomly chosen phases in the interval [0,2). It is worth noting that a second order 119 

polynomial baseline correction is applied to each accelerogram computed through the above-described 120 

process with the aim of correcting the physical unrealistic drift of velocity and displacement trajectory. In 121 

detail, the procedure proposed by Brady [17] is used to modify each generated waveform: 122 

         2
0 1 2ˆ k k

g gu t u t a a t a t       (8) 123 

Where a0, a1 and a2 are polynomial coefficients to be calculated in a least square sense. Once the 124 

description of the method used to define the spectrum-compatible PSD is completed, the four non-stationary 125 

methods are discussed in the next sections. 126 

If the spectrum-compatibility is not promptly achieved, the match between target and mean spectra can be 127 

enhanced by employing the following iterative procedure: 128 

         
   

2

1

21

,

,

j j
ST ST j

RSA
G G

RSA

 
 

 



   (9) 129 

in which Gj
ST and RSAj are the stationary PSD and the mean RS of the generated samples respectively, 130 

both calculated at the j-th iteration. 131 

2.2 Cacciola (CA), 2010 132 

This method generates samples of ground motion superpositioning two different contributions: the first 133 

one is constituted by a recorded accelerogram, the second one is a corrective term generated via a quasi-134 

stationary zero-mean Gaussian process with the aim of ensuring the spectrum-compatibility of the whole 135 

sample. The advantage of the procedure is that the non-stationarity of the sample lies in the record 136 

counterpart, which possesses all the characteristic of real earthquakes. The major drawback is having to 137 

choose, if any and according to user’s judgement, suitable records representative of the site’s seismological 138 

conditions. Furthermore, the chosen records should have response spectra which fit as well as possible with 139 



 

 

the target one, in order to avoid a predominant influence of the corrective term on the overall sample. On 140 

this basis, the ground motion is given by the following equation: 141 

     R S
g g gu t u t u t      (10) 142 

where ( )Ru t  is the real accelerogram,  is a scaling coefficient, and ( )Su t is the corrective term calculated 143 

through the quasi-stationary Gaussian process. If the RS of the recorded accelerogram is greater than the 144 

target spectrum, even in a small range of frequencies, the coefficient  has to be taken equal to: 145 
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On the other hand, if the RS of the recorded accelerogram lies below the target spectrum,  is set equal to 147 

1 in order not to modify the sample. Moreover, depending on the chosen record, if its RS is very small in 148 

comparison with the target one the above equation can be used to scale up the record limiting the 149 

contribution given by the artificial counterpart to the whole model. The stationary PSD is obtained through 150 

a modified version of (6): 151 
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 (12) 153 

in which U
S, NU and U are computed by means of (3), (4) and (5), while U(.) is the unit step function, 154 

added to avoid negative values of the PSD. The artificial counterpart of the whole sample is given by (7), 155 



 

 

employing a PSD computed using (12). (7) is also multiplied by (t), which is the function modulating in 156 

time proposed by Jennings et al. [18], where t2 - t1 = TS, while  is computed as 3/(tf - t2), in which t2 is 157 

equal to the time in which the non-stationary counterpart of the signal reaches 95% of the total energy.  158 
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  (13) 159 

The function modulating in amplitude is illustrated in Figure 1. 160 

 161 

Figure 1. Function modulating in amplitude, from [18]. 162 

To verify the spectrum-compatibility of the process, a set of 100 accelerograms is generated and the average 163 

RS is compared to the target one. If the code provisions are not verified, the correcting iterative scheme 164 

provided by (9) can be used until spectrum-compatibility is achieved.  165 

In order to apply the method incorporating in the generated signals the characteristics linked to the 166 

seismogenic source and to obtain seven different samples, an analogous number of real accelerograms are 167 

chosen, recorded during events preceding the target one, in the same area and on the same type B soil. 168 

These records comply with the first level seismological characteristics used to obtain the target event 169 

waveforms, and hereinafter they will be referred to as “representative accelerograms.” It is worth 170 

remembering that the set of 100 accelerograms generated by means of the CA method is strictly spectrum-171 

compatible, while the spectrum compatibility of the single sample is not guaranteed. 172 



 

 

2.3 Preumont (PR), 1985 173 

The procedure proposed by Preumont fulfils the spectrum-compatibility requirement due to a specific 174 

type of EPSD, which imitates the characteristic behaviour of real signals, i.e. high frequency components 175 

are amplified at the beginning of the ground motion. This feature is obtained through the following function 176 

modulating in both time and frequency: 177 

   2 2, ta t t e      (14) 178 

where () is a second order polynomial: 179 

  2
0 1 2 0ia a a a         (15) 180 

in which a0, a1 and a2 are constants defined by the user. The function modulating in time and frequency is 181 

illustrated in Figure 2. 182 

 183 

Figure 2. Function modulating both in amplitude and frequency from [11]. 184 

The EPSD is given by a modified version of (1), substituting GST () with GP(), the latter being a 185 

stationary PSD that ensures the spectrum-compatibility of the process, which is defined by equating, for 186 

each frequency, the energy of a quasi-stationary PSD and that of the fully non-stationary process determined 187 

by (1), as follows: 188 

       2 2
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    (16) 189 

where GST() is a spectrum-compatible stationary PSD that can be computed by means of the previously 190 



 

 

mentioned stationary model, while a(t) is an amplitude modulating function (e.g. (13)). Rearranging the 191 

previous equation, a direct correspondence between GP() and GST() is found, that is: 192 

 
 

 
 

2

0

2

0

,
P ST

a t dt

G G

a t dt

 








  (17) 193 

Once GP() is defined, the samples of the ground motion can be generated using (7), employing (17) as a 194 

PSD multiplied by (14) in order to model the non-stationarity. The spectrum-compatibility of the process 195 

can be checked by comparing the average RS of a set of at least 100 generated accelerograms with the 196 

target one. In those rare cases in which the test is not satisfied, users can use the iterative scheme given in 197 

(9), as proposed in [19]. In order to apply the method, the values of the three constants contained in (15) 198 

are chosen equal to those proposed by Preumont [11], namely a0 = 0.3, a1 = 0.01 and a2 = 0. 199 

2.4 Rofooei, Mobarake & Ahmadi (RMA), 2001 200 

The authors develop a model based on a generalized non-stationary version of the Kanai-Tajimi filter, 201 

taking into account both amplitude and frequency content variations. In order to evaluate the time-202 

dependent parameters, the moving time-window approach is applied to one or more recorded earthquakes 203 

which describe the seismological conditions of the considered site. The model is formed by the two 204 

following equations: 205 

       22f g g f g fX t t X t X n t        (18) 206 

       22g g g f g fX t t X t X e t      
    (19) 207 

in which n(t) is a stationary Gaussian white noise process, Xf is the filtered response, g(t) is the time-208 

varying dominant frequency, g(t) is the actual soil damping parameter, gX  is the artificial sample and e(t) 209 

is the amplitude envelope function. As explained by the authors, the moving time-window size is defined 210 

by using a trial-and-error method, with the purpose of choosing a suitable length long enough to guarantee 211 

a comprehensible representation of parameters, but sufficiently short to catch the quick variations of the 212 



 

 

dominant frequency. To obtain the function e(t), firstly the standard deviation within each window is 213 

calculated moving the time-window throughout the real/representative accelerogram. Subsequently, a 214 

suitable function a(t) is defined in a least-square sense to the standard deviation values. Finally, the 215 

amplitude envelope function is found as follows: 216 

   0 ae t C t   (20) 217 

where C0 is a parameter calculated such that a set of generated samples has the same mean energy as the 218 

target record. By contrast, the ground frequency function g(t) can be extracted from the number of zero-219 

crossing rates per second, again using the moving-time window, considering its width equal to the previous 220 

one. In the following sections the latter approach is employed, extracting the frequency function g(t) from 221 

the representative accelerogram by means of evaluation of  the zero-crossing rate  ĈF t  over a generic 222 

time window as follows: 223 
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  (21) 224 

in which tw is the time-window width. Consequently, an appropriate function is adjusted to the zero-crossing 225 

rate trend. Finally, the function g(t) is determined as: 226 

   ˆ
g Ct F t    (22) 227 

Despite the possibility of taking into account the variability of the soil damping ratio, the authors consider 228 

it fixed by imposing a suitable value. In order to apply the method, the same seven accelerograms chosen 229 

for the CA procedure are analysed, namely the representative accelerograms. It must be emphasized that 230 

spectrum compatibility is not a goal of the method. At the same time, if a representative ground motion has 231 

a spectrum that is too different than the target one, the generated samples will have this characteristic too. 232 

For this reason, each sample of the group of representative accelerograms is scaled in a least-square sense 233 

in order to have a spectrum comparable (but not spectrum-compatible) with the target one. This alteration 234 

modifies the energy amount of the seismic input, without affecting the zero-crossing rate.  235 



 

 

The paramount advantage of this method is clearly defining the ground frequency variations. A critical 236 

weakness is represented by failure to determine the strategy to choose the soil damping ratio. To overcome 237 

this drawback, users can exploit the procedure proposed by Rezaeian and Der Kiureghian [20] to compute 238 

the time-varying soil damping ratio. In the present work, a solution provided by Der Kiureghian and 239 

Neuenhofer [21] is adopted, where a fixed value of damping is given for each type of soil, e.g. firm, medium 240 

and shallow. Here, the value of medium soil, consistent with a type B RS, is chosen. Once both g(t) and 241 

g(t) are determined, the following step is to generate n(t), which is a sample of a stationary Gaussian white 242 

noise process, having a PSD equal to unity. Thus, by means of (18) and (19),  fX t and  gX t  are defined 243 

using the other functions previously evaluated. Finally, the value of C0 is defined iteratively matching the 244 

average energy of a set of 750 samples and that of the recorded ground motion. 245 

2.5 Spanos and Solomos (SS), 1983 246 

Among the four methods here analysed, this is the simplest one due to its easy definition of non-247 

stationarity. As a matter of fact, the authors just propose the function modulating in both time and 248 

frequency, which is given as follows: 249 
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  (23) 250 

The modulating function (23) is illustrated in Figure 3. 251 

 252 

Figure 3. Function modulating both in amplitude and frequency from [12]. 253 



 

 

The parameter  is selected so that the function maximum is equal to unity, i.e. . The choice is aimed 254 

at trying not to alter the spectrum compatibility of the process. The modulating function allows the users to 255 

mimic the typical behaviour of real earthquakes, namely a magnification of the high frequency component 256 

in the early part of the sample, and a dominant frequency decreasing with time. At the same time, this 257 

modulating function is not able to emulate seismic inputs with different characteristics. Thus, its potential 258 

is very limited. The generation of artificial samples is performed through (7), using (6) as a PSD multiplied 259 

by the modulating function (23). If spectrum compatibility is not achieved, the iterative scheme proposed 260 

in [10], namely (9), can be exploited, as is done in [5]. 261 

3 DEFINITION AND ANALYSIS OF TARGET EVENT AND SETS OF ACCELEROGRAMS 262 

The Engineering Strong Motion Database (ESMD) [22] was used to select the target and representative 263 

events following the step 1 and step 2, respectively, of the flow chart represented in Figure 4. The 264 

construction site (Norcia (PG), Italy) was chosen. More precisely, the target event was identified, searching 265 

for seven signals recorded during a single event (step 1), characterized by the following ranges of variation 266 

of record parameters describing the seismogenic source: 267 

 construction site to recording station maximum distance D less than 40 km; 268 

 magnitude M between 5.5 and 7.5; 269 

 epicentral distance R between 15 and 40 km; 270 

 soil type: B; 271 

 Peak Ground Acceleration comprised between 0.2 and 0.4 g. 272 

The 6.5 MW earthquake registered in Central Italy on 30/10/2016 at 06:40:18 was selected as target event, 273 

characterized by the seven registrations reported in Table 1.  274 

As already mentioned, the CA and RMA methods employ a real accelerogram to model the non-275 

stationarity of the artificial signal. For this reason, according to step 2 of the flow chart in Figure 4, seven 276 

real records (different to the target ones), namely the representative ones, registered within the maximum 277 

distance D from the construction site during previous events than the target event, were selected from the 278 



 

 

ESMD, with the same criteria as followed to determine the target event. It has to be underlined that both 279 

the target event and the group of seven accelerograms were selected in order to represent the features of the 280 

seismic event anticipated at the site depending on the seismogenic zone. 281 

It has to be emphasized that practitioners that want to apply the proposed procedure for a seismic 282 

vulnerability evaluation or design of a new structure should perform step 2 only, without any limitation 283 

regarding the registration date.  284 

 285 

 286 

Figure 4. Flow chart describing the applied procedure to identify the target and representative events. 287 

 288 

In Figure 5 the response spectra and the average one of the groups of seven accelerograms constituting the 289 

target event and the representative event are shown. In this figure, the representative accelerograms are 290 

scaled in order to have an average spectrum compatible with the target spectrum. The Event IDs, the stations 291 

where these records were recorded and the direction selected are reported in Table 1. 292 

 293 

Table 1. Event ID, Station ID and direction of the accelerograms selected for the target and representative events 294 

Target event 

Event ID Station ID Direction 



 

 

EMSC- 

20161030 

_0000029 

3A.MZ10 N S 

3A.MZ63 N S 

IT.MCV N S 

IV.T1244 E W 

IV.T1219 N S 

IV.T1220 N S 

IT.PCB N S 

Representative event 

Event ID Station ID Direction 

EMSC- 

20161026 

_0000095 

3A.MZ01 E W 

IV.T1201 N S 

IT.FOS N S 

IV.T1244 E W 

EMSC- 

20160824 

_0000006 

IT.PCB N S 

IT.MSCT E W 

IT.MSC E W 

 295 



 

 

 296 

Figure 5. Response spectra and the average one of: a) the real accelerograms representing the target event, b) representative 297 

accelerograms 298 

 299 

In Figure 6 the response spectra and the average one of the seven accelerograms generated by the four 300 

methods here employed are reported, respectively. Comparing the spectra illustrated in this figure, it can 301 

be noted that none of the method here employed is able to reproduce the variability of the seven 302 

accelerograms constituting the target event. Three of the four methods (i.e.: CA, PR and SS) are developed 303 

in order to generate spectrum-compatible accelerograms. CA and SS achieve almost perfect spectrum 304 

compatibility, while PR provides accelerograms whose spectra are 20-30% higher than the target one for 305 

periods in the range 0-0.25 sec. Conversely, the RMA method generates a group of accelerograms with the 306 

highest spectrum variability among the groups here selected, but with a mean spectrum lower than the target 307 



 

 

one up to 50% in the range 0.1-0.9 sec. It is worth comparing one of the records which constitute the target 308 

event and one sample for each method, reported in Figure 7, respectively. In each sample the Husid function 309 

[23] is also represented, with the aim of understanding the distribution of the signal energy over its duration. 310 

As is well known, the Husid function is defined as follows: 311 
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  (24) 312 

In (24), tf is the total duration of the signal, while the strong motion phase is identified in the range 0.05-313 

0.95 of H(t). From the analysis of Figure 7, it can be stated that the CA and SS methods provide waveforms 314 

having a number of high energy cycles dissimilar to the target one, while the PR and RMA methods generate 315 

signals comparable to the real one. A deep analysis reveals that the CA and SS accelerograms have a strong 316 

motion phase 30% and 110% longer than that calculated in the target event signal. These outcomes are 317 

mainly due to the functions modulating in amplitude, which affect the strong motion duration of the signals. 318 

As a consequence, the Husid function of the CA signal has a nearly constant slope, over the strong motion 319 

phase, because of the function modulating in amplitude which is constant in the range ≈ (5 – 20) sec. The 320 

Husid function of the SS signal is also influenced by the modulating function, leading to a Husid function 321 

shape with a slowly decaying slope, over the strong motion phase. Conversely, PR and RMA have Husid 322 

function shapes analogous to that of the target event signal. In particular, the RMA method has the 323 

advantage of calibrating the amplitude modulating function on a recorded ground motion, which in this 324 

case is one of the signals constituting the representative accelerograms.  325 



 

 

 326 

Figure 6. Response spectra and the average one of the seven accelerograms generated by means of: a) the CA method, b) the PR 327 

method, c) the RMA method, d) the SS method 328 



 

 

 329 
Figure 7. Acceleration time history and Husid function of: a) one of the records constituting the target event; one of the samples 330 

generated by using b) the CA method, c) the PR method, d) the RMA method, e) the SS method 331 

 332 
In order to derive more considerations about the energy distribution over the signal duration, the Husid 333 

function for each of the seven accelerograms in every group is evaluated. In Figure 8 the mean (thick line) 334 

and the  mean ± one standard deviation (thin one) are depicted for each of the four methods considered and 335 

for the target and representative events. It is noteworthy that the curve of the target and representative events 336 

are shifted for small values of the Husid index, while they are close to each other for large values;  the RMA 337 



 

 

method, which exploits the accelerograms constituting the representative event in order to model functions 338 

modulating in time and frequency, shows an energy distribution equal to that of the representative event. 339 

Moreover, among the methods analysed, the RMA trend is the closest to the target one, thanks to its 340 

calibration on representative records. The PR and SS methods provide accelerograms having negligible 341 

variability in the energy distribution, due to the modulating functions from which they are generated which 342 

remain constant. In contrast, CA method gives signals with a degree of variability, because of the real part 343 

contributing to the final accelerogram, which is comparable to that of the target event. 344 

Focusing on the frequency content of accelerograms, the PR, RMA and SS methods provide waveforms 345 

with a decaying dominant frequency over the signal duration, according to the common behaviour of real 346 

records. On the other hand, the CA method seems to be unable to generate accelerograms having 347 

magnification of high frequency component in the early part of the sample and a dominant frequency 348 

component decreasing with time. As a matter of fact, the CA signal has a practically constant frequency 349 

content over its duration. This phenomenon can be explained by remembering (10): in effect, the CA 350 

accelerogram is the sum of two contributions, the real signal, scaled if necessary, and the artificial signal. 351 

In this case, as happens every time the real signal has a predominant frequency, its RS is sharp and 352 

characterized by a peak value significantly larger than the other values; thus, in order to ensure the spectrum 353 

compatibility of the final accelerogram, a large contribution has to be made by the artificial  signal, 354 

overshadowing the contribution of the real signal. For this reason, the artificial signal being generated by 355 

means of a quasi-stationary method, the non-stationarity behaviour of the whole sample is not noticeable. 356 



 

 

 357 

Figure 8. Average and variability of the energy distribution, calculated by the Husid function, for the four methods investigated 358 

and for the target and representative sets  359 

 360 

In order to clarify the characteristics of the artificial accelerograms generated by the four methods, for 361 

each signal some intensity measure parameters (IMPs) were calculated. Thus, a comparison between the 362 

IMPs of the generated and target event samples was carried out. The IMPs investigated are the following: 363 

- Peak Ground Acceleration (PGA); - Peak Ground Velocity (PGV); - Spectral Acceleration (Sa(T1)) where 364 

T1=1 sec is assumed; - Arias Intensity (IA); - Housner Intensity (IH).   365 

Arias Intensity (IA) [24] is an index representing the total amount of energy contained in a signal, and it 366 

is computed as follows: 367 

  2

02

ft

A gI u t dt
g

        (25) 368 

The Housner Intensity (IH) [25] is an index able to describe the energy that can be transferred to the 369 

structure, summing the area contained under the Velocity Spectrum, in the range of periods 0.1-2.5 sec:  370 

2.5

0.1

H vI S dt    (26) 371 

In Table 2, the values of each of the above-mentioned IMPs computed for the artificial accelerograms and 372 

the target event investigated are reported.  373 



 

 

Table 2. Intensity measure parameters (PGA, PGV, Spectral acceleration, Arias Intensity and Housner Intensity) of both the 374 

artificial and the target accelerograms 375 

  Target CA PR RMA SS 

P
G

A
 

Min 2.396 2.628 2.685 2.202 1.945 

Max 3.900 4.578 4.495 4.536 2.808 

Avg. 3.086 3.116 3.499 3.034 2.198 

CoV 20.31% 21.73% 19.00% 30.09% 13.49% 

P
G

V
 

Min 0.096 0.155 0.152 0.115 0.131 

Max 0.432 0.223 0.225 0.445 0.192 

Avg. 0.202 0.180 0.188 0.276 0.153 

CoV 62.57% 13.11% 12.47% 36.90% 13.78% 

S
a(

T
1)

 

Min 0.293 1.185 1.293 0.450 1.159 

Max 3.157 2.110 1.975 1.798 1.586 

Avg. 1.412 1.718 1.707 1.417 1.322 

CoV 70.10% 19.04% 15.92% 34.44% 10.10% 

I A
 

Min 0.356 1.259 1.439 0.325 1.055 

Max 1.245 1.881 2.076 0.981 1.383 

Avg. 0.892 1.577 1.722 0.619 1.278 

CoV 33.59% 12.46% 12.53% 40.58% 8.98% 

I H
 

Min 0.197 0.546 0.553 0.239 0.544 

Max 0.942 0.750 0.717 0.776 0.588 

Avg. 0.583 0.640 0.637 0.567 0.564 

CoV 55.81% 10.06% 10.76% 33.19% 2.70% 

 376 

From a rough comparison of the values of the abovementioned parameters it can be deduced that, despite 377 

the large discrepancies in the spectral ordinates highlighted in the discussion of Figure 6, RMA is able to 378 

reproduce both the PGA value and the spectral ordinate Sa(T1), while the other methods fail to reproduce 379 

either the PGA (PR and SS) or the Sa(T1) (CA and PR). RMA also provides the best performance in 380 

reproducing the average values of both the Housner and the Arias indexes. By contrast, RMA has the worst 381 

performance in reproducing the values of the PGV exhibited by the target accelerograms. The latter 382 



 

 

circumstance has great relevance on the efficiency of the generation method, since several studies [26, 27] 383 

have demonstrated that PGV is highly correlated to the displacement values of the response of structural 384 

systems to the input motion. Moreover, since the spectral ordinates of the signals generated by the RMA 385 

procedure are well below the target spectrum, the efficiency in reproducing PGA and Sa(T1) has to be 386 

considered a fortuitous favourable circumstance. 387 

However, RMA is by far the best, even if it does not succeed in full, at reproducing the variability of the 388 

various indexes that characterize the target accelerograms; all the other procedures, in the form in which 389 

they are applied in this work, lead to signals being generated that have a reduced degree of variability of 390 

the characteristic parameters. The ability to reproduce the variability of the generated signals is instead a 391 

main feature of the method, as a direct consequence of many properties of the signal deriving from natural 392 

representative accelerograms, which are characterized by the variability typical of these events. 393 

4 STRUCTURAL MODELS AND NLTHA RESULTS 394 

 395 
Three RC multi-storey spatial structures, with structural irregularities in elevation and plan are used as 396 

structural models to perform the NLTHAs, with seismic input acting in x-direction. The software employed 397 

was Seismostruct [28], in which frame elements were modelled using distributed plasticity fibre-section 398 

elements with force-based formulation. Concrete having cylindrical compressive strength fc = 20 MPa, and 399 

steel having yielding strength fy = 450 MPa were used. The first structure examined (S1), shown in Figure 400 

9a, is constituted by three six-storey two-bay frames regular in height both in x- and y-direction. The column 401 

stiffness distribution is symmetric, while the mass distribution generates eccentricity in the y-direction only, 402 

equal to 10% of the transverse dimension of the building. The second analysed structure (S2) (Figure 9b) 403 

is irregular both in plan and elevation, having two bays in the x-direction, and two in y-direction up to the 404 

4th storey, and one bay on the 5th and 6th storeys. The plan structure shows variable eccentricities between 405 

the centre of the masses and the stiffness one on the various storeys. Specifically, the eccentricity values, 406 

expressed as a percentage of the building’s size perpendicular to the seismic input direction, are about 15%, 407 

10% and 5% on the first, second and third storeys respectively; the last two levels are symmetric in plan.  408 



 

 

The last building used in these numerical analyses (S3) (Figure 9c) was designed to obtain a response 409 

heavily influenced by higher modes of vibration, especially rotational ones. As a matter of fact, in this 410 

structure the most deformable frames are concentrated in the six-storey portion of the building, and the 411 

most rigid ones in opposite frames in the lower part of the model (4 storeys) with spacing between the lower 412 

frames smaller than that between the higher ones. This configuration leads to large eccentricity in all floors 413 

of the structure, causing magnification of the contribution of the first torsional mode to the displacement 414 

along the x-axis for the different frames. The eccentricity values, expressed as a percentage of the building’s 415 

dimension perpendicular to the seismic input direction, are the following: 16.6%, 13.5%, and  9.25% on 416 

the first, second, and third storeys, respectively; in this case the last two storeys are also symmetric in plan. 417 

Storey height is 3 m, except for the first storey which is 3.5 m, for all the structures. In Table 3 the 418 

geometrical and mechanical characteristics of the columns constituting the three structures are reported. All 419 

RC members have, if not otherwise specified, cross-section width equal to 300 mm (along x-direction for 420 

columns), and 8/200 mm as transverse reinforcement. The columns belonging to 1-y frame of structure 2 421 

and 3/4-y frames of structure 3 are rotated by 90 degrees. All beams have a width of 300 mm and a depth 422 

of 500 mm, 214 and 214 + 218 as bottom and top longitudinal reinforcement, respectively, except for 423 

beams in y-direction of the structure 1, which have a depth of 400 mm and 214 as top longitudinal 424 

reinforcement. Distributed load on beams are equal to: 27.6, 33.6 and 14.4 kN/m for 1-y, 2-y and 3-y frames 425 

of structure 1, respectively; 20 kN/m for all frames of structure 2, except for 1st-4th storeys of 2-y frame 426 

which is 40 kN/m; 25.0 kN/m for 1-y, 45.0 kN/m for 1st-4th storeys of 2-y, 25.0 kN/m for 5th-6th storeys of 427 

2-y, 35.0 kN/m for 3-y and 15.0 kN/m for 4-y frame of structure 3. 428 



 

 

 429 

Figure 9. Geometry of the three irregular three-dimensional structures 430 

Table 3. Geometrical and mechanical characteristics of the columns constituting the three structures 431 

Columns 

Floor H Al S1, S2 Al S3, 1/2-y Al S3, 3/4-y 

1st 450 3+316 2+226 3+314 

2nd 400 3+316 2+224 3+314 

3rd-4th 350 2+214 2+222 3+314 

5th-6th 300 2+216 2+216 2+216 

 432 
 433 
Once NLTHAs had been executed, several parameters were inspected with the aim of understanding the 434 

local and global behaviour of the above-described structures. The structural damage indexes (SDIs) here 435 

investigated were: - interstorey drift ratios (IDRs); - storey relative torsion per unit length (RT); - 436 

cumulative hysteretic dissipated energy. In the discussion of the results, particular emphasis is given to the 437 



 

 

evaluation of the torsional response of buildings, which is one of the most difficult-to-predict response 438 

parameters for structures with non-linear behaviour. 439 

In Figure 10, considering the response to the seven signal samples for each set, the mean maximum 440 

value (MMV) and MMV ± one standard deviation ranges of IDRs of the flexible side of the structures for 441 

each floor are showed. Generally speaking, it can be noticed that CA, PR and SS waveforms tend to 442 

reproduce the target drift ratios quite well, with slight overestimation in the upper floors. More precisely, 443 

drift ratios obtained by SS signals are the closest to the target one in the upper floors, underestimating the 444 

values at the lower ones for all the three structure. Drift ratios obtained by CA and PR signals tend to 445 

overestimate response on the upper floors. Unreliable results are yielded by RMA accelerograms, which 446 

provide drift ratios much higher than the target ones at the lower floors, and lower ones at the upper floors. 447 

This phenomenon can be explained by direct inspection of RMA waveforms (e.g. Figure 7): as a matter of 448 

fact, some of the signals constituting RMA set show pulse-like behaviour, which could lead, in general, to 449 

a higher IDR demand at lower floors if compared to ordinary signals [29]. At the same time, it should be 450 

remembered that the RMA method is the only one, among the four methods investigated, which is not 451 

rigorously (e.g. as Eurocode 8 prescribes) spectrum-compatible. Regarding the IDR CoVs, the method’s 452 

outcome trends are similar to those highlighted in the IMPs analysis. Indeed, the PR and SS methods, whose 453 

non-stationary modulating function do not change from one sample to another, lead to accelerograms which 454 

are very similar to each other. For this reason, the drift ratio CoVs are limited if compared to the target 455 

ones, which are high in all structures. Confirming the observation on the non-stationary contribution of real 456 

accelerograms to final waveforms in the CA method, the drift ratio CoVs are comparable to the two 457 

aforementioned methods. By contrast, the RMA signals, being generated through a non-stationary model 458 

calibrated on real records, provide IDR CoVs similar to those obtained by using target event accelerograms. 459 



 

 

 460 

Figure 10. Mean maximum value (MMV) and MMV ± one standard deviation ranges of IDRs of the flexible side of: a) structure 461 

1, b) structure 2, c) structure 3 462 

 463 
Observations concerning relative torsions per unit length, illustrated in Figure 11 for the three irregular 464 

structures, are more diversified and less predictable. In fact, the CA, PR and SS methods provide waveforms 465 

performing quite well in structure 2, but they overestimate the RT values with respect to the target ones in 466 



 

 

structures 1 and 3. Vice versa, the RMA accelerograms tend to underestimate the RTs in the upper floors 467 

for all the three structures. This behaviour can be clarified by looking at the energy distribution over the 468 

RMA signals. As a matter of fact, RMA signals have an average IA  25% lower than that of the target 469 

waveforms. Moreover, their energy is concentrated in a few cycles, leading to structures whose floors tend 470 

to move simultaneously in the same direction due to the pulse-like behaviour of signals. Consequently, the 471 

RT values tend to be smaller than the target ones. Different considerations can be made analysing the RT 472 

CoVs. Overall, the target and RMA accelerograms generate high CoVs, consistently with their nature. On 473 

the other hand, the CA, PR, and SS methods, despite generating accelerograms which are similar to one 474 

another, lead to peculiar structural behaviours. In fact, the CoV values are small in those storeys in which 475 

structural irregularities are expected to influence the structural response less (e.g.: Structure 1: storeys no. 476 

1, 5, 6; Structure 2: storeys no. 1, 2, 3, 6; Structure 3: storeys no. 1, 2, 3, 6). Conversely, CoV values are 477 

comparable to values provided by target and RMA in those storeys in which structural irregularities are 478 

concentrated (e.g.: Structure 1: storeys no. 2, 3, 4; Structure 2: storeys no. 4, 5; Structure 3: storeys no. 4, 479 

5). 480 



 

 

 481 

Figure 11. Mean maximum value (MMV) and MMV ± one standard deviation ranges of storey relative torsion per unit length 482 

(RT) of: a) structure 1, b) structure 2, c) structure 3 483 

 484 

In Figure 12 the energy dissipated by the three structures normalized to the average target one for the 485 

four investigated methods is illustrated. The thick lines refer to the mean values, and the thin one to the 486 



 

 

mean ± standard deviation ones. The results highlight that structures excited by CA and PR signals dissipate 487 

an amount of energy which is 30-40% higher than that dissipated when they are excited by target 488 

waveforms. A deep analysis shows that the amount of energy dissipated by the structures employing CA 489 

and PR accelerograms is nearly constant in the time windows 5-15 sec and 3-10 sec, respectively. These 490 

time windows are directly linked to the strong motion phases of the accelerograms. Moreover, CA signals 491 

provide higher variability than PR signals in terms of energy dissipated by the structures, due to their 492 

different generation procedures. The average energy dissipated by the structures when subjected to SS 493 

signals is 50-60% greater than the target one, with negligible variability. The RMA signals are the only 494 

group of signals through which the energy dissipated by the structures is 40-50% smaller than the target 495 

one, with a considerable variability. Having said that, it must be stressed that none of the methods is able 496 

to reproduce the cumulative hysteretic energy dissipated by the structures when excited by target 497 

accelerograms, in terms of both total amount and cumulative trend over the duration. 498 



 

 

 499 

Figure 12. Cumulative hysteretic dissipated energy by: a) structure 1; b) structure 2; c) structure 3, normalized to the total average 500 

obtained through the target set 501 

 502 
Once the results have been discussed, some considerations can be made about the efficiency of the four 503 

methods investigated. The results confirmed that PGV is highly correlated to IDR, as was reported in [26, 504 

27]. In fact, CA and PR signals, which are able to reproduce IDRs of the target event, have the closest 505 

average PGV to the reference value. At the same time, it is difficult to find any other correlation between 506 



 

 

IMPs and SDIs. Unpredictably, RMA signals, which possess average PGA, Sa(T1) and IH similar to the 507 

target ones, lead to the most different results compared to the target ones. Since the analysed structures are 508 

highly irregular, the response is influenced by several modes. Thus, only a detailed inspection of the entire 509 

RS can motivate this behaviour. 510 

5 CONCLUSIONS 511 

In the present paper, the effectiveness of four different accelerogram generation methods of fully non-512 

stationary signals in reproducing a target event is compared. The main novelty in the paper is the approach 513 

chosen for selection of characteristic parameters of accelerograms and generation method performance 514 

evaluation, both in terms of input modelling and seismic response of three RC structures. 515 

 Aiming at simulating the common situation that practitioners and researchers cope with when 516 

employing a code-consistent NLTHA, it is assumed that the only information known is the site location, 517 

the soil type, and the “target RS.” The latter, in order to be consistent with the seismogenic characteristics 518 

of the site, is obtained using seven real accelerograms having comparable features registered in the 519 

neighbourhood of the selected construction site during the same event, denoted as target accelerograms. 520 

The performance criteria are based on comparison of both IMPs of the generated and target signals, and 521 

results of NLTHAs performed on three irregular RC structures. 522 

 The results point out some critical differences between the selected methods: 523 

 none of them showed excellent behaviour in reproducing all the IMPs and SDIs investigated; 524 

 in general terms, the PR method is the one that is able to combine ease-of-use, spectrum-525 

compatible formulation and reliable results. However, it is a challenging task to model the non-526 

stationary characteristics of a site by means of its EPSD;  527 

 in order to apply the RMA and CA methods, the seismic characteristics of a site were represented 528 

by a group of real records, different to the target one, selected in the same site. Although some 529 

issues could arise in applying this procedure in those regions where no records are available, it 530 



 

 

must be underlined that the groups of real records to be employed in the CA and RMA methods 531 

are selected according to the user’s judgement, potentially leading to controversial results; 532 

 despite its rational framework, which is able to clearly define the non-stationary characteristics 533 

of a site, the RMA method gives the poorest results, due to the absence of a spectrum-compatible 534 

formulation; 535 

 the CA method provides reliable results, but they are highly influenced by the selection criterion 536 

of the group of real records through which the non-stationary counterpart is defined. More 537 

precisely, when the contribution of the part of the accelerogram due to the real signal is 538 

overshadowed by that provided by the artificial signal, the non-stationarity characteristics of the 539 

whole sample are not noticeable; 540 

 among the methods investigated, the SS method has the simplest formulation to generate signal 541 

non-stationarity, thanks to its modulating function developed in order to catch the general 542 

behaviour of real records, i.e. a magnification of high frequency content at the beginning of the 543 

record and a slowly decaying predominant frequency over the duration. Conversely, it is 544 

impossible to calibrate its EPSD to site characteristics, due to its fixed modulating function. 545 

However, the results provided by the signals are acceptable, being slightly worse than those 546 

obtained through the CA and PR methods. 547 

It should be pointed out that the statistical values of the numerical results could have been affected by 548 

the reduced number (seven) of used accelerograms, which is consistent with the indications of the seismic 549 

codes. This circumstance does not reduce the qualitative validity of the observations derived from the 550 

discussion of the results. 551 
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