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Abstract 

This study proposes a two-level framework for region-specific validation of simulated ground-motions, including signal-

based and ground-motion model (GMM)-based statistical comparisons. The validation framework is demonstrated on the 

simulated broadband ground motions of the Mw 6.0 2012 May 29 Emilia-Romagna earthquake, Italy, which are generated 

by combing low-frequency simulated ground motions from 3D physics-based numerical simulations with high-frequency 

stochastic ground motions from artificial neural networks. The peak inelastic displacement (Sdi) and the equivalent number 

of cycles (Ne) demands from the simulations with respect to the counterpart from recordings and empirical models are 

investigated. Results of the study indicate that Sdi values of the considered single-degree-of-freedom nonlinear systems 

subjected to the simulated ground motions generally underestimate those from the recordings and empirical GMMs, 

particularly at short vibration periods. The Ne values from the simulations slightly underestimate the Ne values from the 

recordings and empirical GMMs. However, peculiar overestimations have been observed around the transition frequency 

between the low- and high-frequency simulation methods. Moreover, the GMM-based comparisons indicate that region-

specific GMMs represent a better benchmark for the purpose of inelastic demand validations than GMMs established 

based on continental and/or global data. The proposed validation framework can assist in further securitizing the validity 

of simulated ground motions, providing insights regarding the possible improvements of simulation underlying 

components for the purpose of engineering utilization in design and seismic risk assessment exercises. 

Keywords: broadband simulation, physics-based ground-motion simulation, inelastic engineering demand parameters, 

engineering validation 

1. Introdu ction 

Ground-motion simulations are needed in various engineering applications (e.g., seismic hazard analysis, 

seismic design and risk assessment of structures/infrastructure), especially for large-magnitude events at short 

source-to-site distances which are not well-represented in empirical ground motion datasets. Physics-based 

ground-motion simulation methodologies, in particular, incorporate characteristics of the rupture on the fault, 

propagation of seismic waves, and local near-surface soil response. Therefore, the generated ground-motion 

time series are expected to represent accurate estimates of earthquake-induced ground motions at sites of 

interest. Engineering validation of simulated ground motions is essential to investigate potential biases and 

inaccuracy in the underlying models utilized for the simulation, as well as to scrutinize the validity of the 

generated outputs to be used in the engineering practice.  

Bradley et al. [1] have proposed a validation matrix for simulated ground motions considering the spatial 

extent and specificity of the simulations as well as the complexity of ground-motion properties and engineering 

demand parameters (EDPs) to be tested. The primary validation metrics (within this validation matrix) are 

ground-motion intensity measures (IMs) related to amplitude, frequency, and energy content, such as spectral 

accelerations, Fourier spectra and Arias intensity (IA) [2]. The advanced validation metrics include the response 

of engineered systems and other properties of interest (e.g. polarization of ground motions) [3,4]. Inelastic 

engineering demands (IEDs), such as peak inelastic displacements, are among the advanced metrics that 
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effectively relate earthquake-induced hazard to building damage/loss. This is essential for the utilization with 

the confidence in simulations in performance-based design and assessment of various engineering systems.  

This study proposes a two-level validation framework using IED values derived from ground motion 

signals (referred to as signal-based validation) and also based on ground-motion models (GMMs) in terms of 

the considered IEDs. The signal-based validation can be performed when recordings of historical events are 

available, whereas GMM-based validation is feasible for both historical and future earthquake scenarios. 

Specifically, in this paper, a scenario-specific simulation from the Mw 6.0 2012 May 29 Emilia-Romagna 

earthquake in the Po Plain, Italy [5], is chosen to demonstrate an application of the proposed framework 

(without adding complexities in terms of the simulation uncertainties and their spatial extents). The selected 

simulation method for illustrative purposes is a hybrid modelling combining (in the frequency domain) the 

low-frequency waveforms from 3D physics-based numerical simulations by SPEED (SPectral Elastodynamics 

with Discontinuous Galerkin approach) with high-frequency signals from an artificial neural network-based 

approach. It is worth noting that the intent here is not to provide a definitive judgement about the specific 

simulation method used in this study, but rather to illustrate the proposed validation metrics and approaches 

and discuss possible outcomes. The findings of this study, even though obtained based on limited sets of ground 

motion records, are in good agreement with previous similar studies. In the subsequent sections, the proposed 

framework is presented, and the pertinent implications are discussed. 

2. Proposed validation framework  

The proposed framework consists of two validation levels: signal-based comparison and GMM-based 

comparisons. The signal-based comparison assesses whether the IED time series (and their summary properties 

in terms of peak and permanent demand values) from simulations can represent those from recordings at the 

same sites (i.e., recording stations) for historical earthquakes. The GMM-based comparison aims at evaluating 

whether the IED values generated by the simulations are consistent with those predicted by empirical GMMs 

for past earthquakes (with no or a small number of recorded ground motions), as well as for ground motions 

simulated for future scenarios. It is noted that when a small number of recordings are available, the signal-

based comparison may not assist in drawing statistically reliable conclusions. In such cases, empirical GMMs 

calibrated based on recordings from multiple historical events are considered as a benchmark to obtain the 

spatial distribution of validation metrics on a large geographical extent.  

Two quantitative validation measures/methods are utilized for each validation level, as follows:  

1. A ratio measure, computed as Eq. (1): 
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where the benchmark is the recordings in case of signal-based comparisons or the GMM estimates in case 

of GMM-based comparisons. 

2. Statistical tests, performed to assess the significance of the differences in terms of median values and 

variances of the results from simulations with respect to the benchmark results. The Welchôs t-test [6] and 

the two-sample F-test [7] are used to assess differences in the medians and variances, respectively. The 

Welchôs t-test is a two-sample test based on the null hypothesis that two normal populations have equal 

means (without assuming equal variances and/or equal sample sizes). The two-sample F-test is a test based 

on the null hypothesis that two normal populations have the same variance. If the p-value of the test (i.e., 

the probability of observing a test statistic as extreme as, or more extreme than the observed value) is less 

than the chosen Type I error (e.g., 5% in this case), the evidence to reject the null hypothesis (which states 

the two populations are statistically different) is considered strong. 
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3. Engineering Systems and Inelastic Demands Considered  

A set of nonlinear single-degree-of-freedom (SDoF) oscillators with varying dynamic characteristics are 

modeled using the OpenSees software [8]. These characteristics are: 

Á Elastic vibration period, Te: 0.04s, 0.1s to 5s with 0.05s spacing; 

Á Strength reduction factor, R: 2, 4, 6, 8 and 10; 

Á Hysteretic models: a bilinear model with 3% post-elastic stiffness ratio (Ŭs); 

Á Equivalent viscous damping ratio, ɕ: 5%. 

The considered IEDs are:  

Á Peak inelastic displacement (Sdi), defined as the maximum inelastic displacement; 

Á Equivalent number of cycles (Ne), defined as the cumulative hysteretic energy, evaluated as the sum 

of the areas of the hysteretic cycles (not considering the contribution of viscous damping) normalized 

with respect to the largest cycle, evaluated as the area underneath the monotonic backbone curve from 

the yielding displacement to the peak inelastic displacement [9].  

The constant-R approach is adopted in this study to ensure that nonlinearity is reached for all oscillators. 

Thus, the yield strength (Fy) varies from recording to recording, see [9] for a discussion on this aspect. For the 

nonlinear dynamics analysis (NLDA), only the horizontal North-South (NS) and East-West (EW) components 

of ground motions are used. The geometric means of IEDs are combined from the analyses of the two 

components. Note that in [5] the comparison between records and simulations shows better results in the NS 

ground-motion component rather than the EW one. However, the use of geometric means enables a comparison 

with existing GMMs for the considered IEDs. 

4. Case-study application 

The results from physics-based ground motion simulation of the Mw 6.0 2012 May 29 Emilia-Romagna 

earthquake, Italy [5] are chosen as case-study simulations to demonstrate the proposed framework. Fig. 1 

shows the basin depth and the location of recording stations within the simulation domain. The low-frequency 

ground motions are generated based on the spectral element method using the SPEED package [10]. The 

resulting simulations are then combined with high-frequency ground motions by correlating the high-

frequency content to the simulated low-frequency ground motions. This is done by using the artificial neural 

networks (ANN) approach of Paolucci et al [11]. The broadband ground motions utilized in this study are 

obtained by merging the high- and low-frequency contents at 1.5Hz. 

 
Fig. 1 ï Basin depth and the location of recording stations within the simulation domain. 

It is noted that the low-frequency simulated ground motions (up to about 1.5Hz) have been previously 

validated in terms of elastic engineering demands against recordings and empirical GMMs [5], and a generally 
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good agreement has been found between simulations and recordings in both time and frequency domains, 

especially for the horizontal NS and the vertical component. The ANN-based methodology to estimate the 

high-frequency content has also been validated previously [11]. Building on top of these primary validations, 

the proposed framework is applied to the aforementioned inelastic demand parameters. 

5. Results and discussion 

5.1 Signal-based ratio 

There are 41 stations within the simulated domain, as shown in Fig. 1. The processed recordings from these 

stations are collected from the ITalian ACcelerometric Archive (ITACA) (http://itaca.mi.ingv.it/; last accessed 

Dec 2019) and the considered SDoF systems were subjected to the corresponding recorded and simulated 

ground motions. The signal-based ratios in terms of Sdi for several representative Te-R pairs are shown in Fig. 

2, together with the 16th, 50th, and 84th percentiles of the ratios for four distance bins (i.e., RJB = 0, 5±5 km, 

15±5 km, 25±5 km). It is noted that the RJB distance metric, i.e., the closest distance to the surface projection 

of ruptured fault plane, is chosen in this study in order to be able to make comparisons with the available GMM 

for Sdi and Ne (elaborated on in Section 5.4) which are using RJB as their distance metrics. 

 

 

 
Fig. 2 ï Signal-based ratios in terms of Sdi versus RJB distance for elastic periods Te = 0.3s, 1s and 2s and 

reduction factor R = 2, 4 and 8. The whiskers indicate the 16th to 84th percentiles. 
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Negative values for the considered ratio indicate that the simulations underestimate IED values from the 

recordings while positive values indicate overestimations. As shown in Fig. 2, the simulations generally 

underestimate the Sdi values from the recordings. The average ratio slightly decreases as the source-to-site 

distance increases for all Te-R pairs. For a given distance bin and Te, the average ratio and the associated variability 

slightly decrease as the strength reduction factor R increases, particularly at long periods (Te Ó 1s). Furthermore, 

the variabilities for bins with RJB Ò 15 km are larger than those with RJB > 15 km for any Te-R pair. 

It is worth noting that these results are consistent with those in [5] for elastic spectral ordinates. In 

particular, a good agreement between records and simulations is generally observed close to the source, especially 

because the data collected was suitable only to constrain the velocity model in the near-fault region. Therefore, 

the negative bias of simulations with respect to records, especially at large distances, does not reflect an intrinsic 

limitation of the numerical simulation methodology. 

The signal-based ratios in terms of Ne for representative Te-R pairs are shown in Fig. 3. It is shown that the Ne 

values computed from simulations are generally similar to those from the recordings, except at Te = 1s at which 

simulations overestimate the results from recordings for large R values. The discrepancy at periods close to the 

transition period of 0.75s (1.5 Hz) can be attributed to the physically incompatible level of energy from the merged 

low- and high-frequency simulated ground motions. The discrepancy around Te = 1s indicates that the hybrid method 

can be improved. Fig. 3 also shows that the Ne variability for distance bins increases as R increases for a given Te. 

 

 

 
Fig. 3 ï Signal-based ratios in terms of Ne versus RJB distance for elastic periods Te = 0.3s, 1s and 2s and 

reduction factor R = 2, 4 and 8. The whiskers indicate the 16th to 84th percentiles. 
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