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Abstract: Earthquakes are natural hazards that can cause widespread devastation and loss of life. Simulated
ground-motion records can be useful in regions with limited seismic stations or a history of damaging but
infrequent earthquakes. This is especially true in areas with a high concentration of heritage masonry
structures, which are especially susceptible to damage, as simulated records can be crucial in predicting their
seismic response. Despite the importance of simulated earthquakes, few studies have investigated how
effective they are compared to real earthquakes when assessing the structural response of heritage buildings.
To address this knowledge gap, we use two different simulation methods of the moment-magnitude 6.2 Faial
earthquake, which occurred on July 9, 1998, in the Azores, to replicate the recorded time-series at four
available stations within an epicentral distance of 150 km. The study has two objectives: first, to validate the
simulated records of the 1998 Faial earthquake using alternative stochastic ground-motion simulation
approaches, and second, to determine how these approaches affect the seismic assessment of historic
monumental masonry structures. To accomplish these objectives, this study uses real and simulated ground-
motion datasets to conduct non-linear response history analyses of the Sdo Francisco Church, a structure in
Horta that sustained damage during the Faial earthquake. The results show that both simulation approaches
yield structural responses similar to those from the observed records.

Keywords: Monumental Masonry Structures, Non-linear Response History Analysis, Ground Motion
Simulation, Stochastic Source-Based Approach, Stochastic Site-Based Approach, 1998 Faial Earthquake
(Azores)

1. Introduction

Recent events, especially the 2023 earthquakes in Turkey, have shown that earthquakes are among the most
destructive natural hazards, resulting in fatalities and substantial structural damage and failures. Monumental
masonry structures, particularly in the absence of box-like or integral structural behavior, are prone to
experience out-of-plane (OOP) failure mechanisms (Funari, Mehrotra and Lourengo, 2021; Stepinac et al.,



WCEE2024 Hussaini et al.

2021; Funari, Mehrotra and Lourengo, 2021; Stepinac et al., 2021), resulting in the loss of artistic and historical
assets and, at the same time, immaterial loss of memory and people’s identity.

To define a strategy for architectural heritage conservation, one can refer to studies from the U.S. National
Institute of Building Sciences (NIBS) that show the investment in mitigation saves six times the amount for
damage repair ("prevention pays") (Home | National Institute of Building Sciences, 27 August 2021). Recent
applications of computational methods such as the finite-element method (FEM) (Valente and Milani, 2016;
Fortunato, Funari and Lonetti, 2017; Funari, Hajjat, et al., 2021; Funari, Silva, et al., 2021; Marco F Funari et
al., 2022) and discrete element method (DEM) (Gobbin, de Felice and Lemos, 2021; Marco Francesco Funari
et al., 2022; Pulatsu et al., 2022) offer avenues for assessing seismic vulnerability by modeling the masonry
material using different representation scales. Both macro- and micro-modeling are suitable for performing
seismic assessment of masonry structures. The macro-modeling strategy is an efficient solution that
addresses the computational challenges posed when one wants to perform non-linear response history
analysis (NLRHA) of large-scale masonry structures. In this case, the full time-series of ground motion records
are required. However, they are not always available, particularly in regions lacking seismic stations. To
address this limitation, ground-motion simulations offer reliable solutions such as deterministic source-based,
stochastic source-based, stochastic site-based, and hybrid models (Rezaeian and Xiaodan, 2014). Stochastic
methods are favored in engineering applications due to their simplicity and practicality, as they do not
necessitate intricate modeling input details. They are particularly valuable after parameter calibration for
specific regions. Yet, it is crucial to validate these simulations before using them in engineering contexts
(Burks, 2014; Atkinson and Assatourians, 2015; Karimzadeh et al., 2020; Can, Askan and Karimzadeh, 2021;
Karimzadeh and Lourengo, 2021).

Our study compares ground motions generated by a stochastic source-based model (Assatourians and
Atkinson, 2012) and a stochastic site-based model (Rezaeian and der Kiureghian, 2008). We simulate ground-
motion data recorded during the 1998 moment magnitude (Mw) 6.2 Faial earthquake event, assessing four
stations with epicentral distances under 150 km. The modeling input parameters for both approaches are
calibrated to ensure accurate simulation results. We use goodness-of-fit (GOF) scores (Olsen and Mayhew,
2010) to evaluate the simulations. Differences between the observed and synthetic ground-motion datasets
are also assessed by using as a structural benchmark: the Sdo Francisco Church in Horta, which suffered
damage during the 1998 Faial earthquake.

2. Study Area

The Azores plateau is positioned at the convergence of three major tectonic plates: North America, Eurasia,
and Nubia (Figure 1) (Lourengo et al., 1998). This plateau encompasses several islands, including Faial, Pico,
Sao Jorge, Sao Miguel, Santa Maria, Graciosa, and Terceira, which have experienced destructive earthquakes
over the years (Gaspar et al., 2015). Notable historical seismic events include the 1926 body-wave magnitude
(Mb) ~5.6 earthquake, the 1958 earthquake registering a maximum modified Mercalli intensity (MMImax) of X,
and the 1998 My 6.2 earthquake, which impacted Faial Island (Lourengo et al., 1998; Matias et al., 2007;
Carvalho, Reis and Vales, 2016).

The 1998 Faial earthquake had widespread impacts on structures and was felt across nearly all the Azores
region. The earthquake resulted in substantial structural damage, particularly on the Faial and Pico islands,
reaching an MMImax of VIII (Matias et al., 2007). The event led to 8 reported fatalities, with 150 individuals
sustaining injuries, and 1500 left homeless. Furthermore, approximately 2100 buildings partially or completely
collapsed (Senos et al., 1998). This earthquake was recorded at five ground-motion stations, as listed in Error!
Reference source not found.. The table provides data on the epicentral distance (Repi), along with the peak
ground acceleration (PGA) and peak ground velocity (PGV), for both the east-west (EW) and north-south (NS)
directions.
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Figure 1. Geospatial representation of 26 seismic events > Mw 5.0 in the Azores region from 1939 to 2007.
Active spreading centers are highlighted with yellow lines, and the black box identifies the 1998 Faial event.
The fault mechanism is represented by the beachballs. The dates for each event are provided in black text,
formatted as YYYYMMDD. Figure adapted from (Carvalho, Reis and Vales, 2016).

Table 1. Details of the five stations with recorded data from the 1998 Faial earthquake.

Station Latitude Longitude Repi PGA-EW PGA-NS PGV-EW PGV-NS
Code ) () (km) (cm/s?) (cm/s?) (cm/s) (cm/s)
GZC 39.084 -28.006 72 17.0 14.6 1.0 1.0

PVI 38.726 -27.057 132 8.6 10.0 0.8 0.7
HOR 38.530 -28.630 11 4345 424.0 29.3 379
MOS 37.892 -25.822 254 4.1 51 0.2 0.2
SEB 38.668 -27.088 129 175 21.2 14 2.2

3. Ground motion simulation

3.1. Source-based stochastic approach

The stochastic source-based methods include both point-source and finite-fault techniques for modeling
ground motion at selected stations. The original version was a point-source approach, which was initially
presented by Boore (1983). This current study uses the stochastic finite-fault ground motion simulation
methodology, implemented through the EXSIM12 platform (Assatourians and Atkinson, 2012), to model the
acceleration time-series of the scenario event. The simulation algorithm proposed by Motazedian and Atkinson
(2005), based on the FINSIM code by Beresnev and Atkinson (1998), is improved with the suggestions of
Boore (2009). This approach considers multiple factors to identify the fault rupture, including earthquake
magnitude, fault geometry, slip distribution, crustal density, rupture velocity, and strike. The method combines
the source contribution with attenuation parameters and site effects to obtain the seismic signal in the time
domain at any observation site.

In the stochastic finite-fault method, the ruptured fault plane is divided into smaller sub-sources represented
as a grid, with each sub-source assumed to be a point-source with a w? source spectrum of acceleration. The
sub-sources rupture with a time delay that depends on their distance from the hypocenter, and the time-domain
summation of the contributions from the delayed sub-sources is carried out to obtain the final ground-motion
record (Motazedian and Atkinson, 2005).

Earlier research conducted in the Azores region has brought attention to a variety of seismic sources and
attenuation models (Olafsson, Sigbjornsson and Einarsson, 1998; Zonno et al., 2010; Marques et al., 2014;
Carvalho, Reis and Vales, 2016). This study adopts the region-specific input parameters suggested by
Carvalho, Reis and Vales (2016) and subsequently validated by (Karimzadeh and Lourengo, 2021;
Karimzadeh et al., 2023, 2024) to simulate the data recorded at the chosen four stations within an epicentral
distance of 150 km. It is worth noting that these parameters were validated against the ground-motion records
from the 1998 Faial earthquake, demonstrating a high level of accuracy as evidenced by the evaluation of
GOF scores. The results are discussed in Section 3.3.
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3.2. Site-based stochastic approach

This study also uses the stochastic site-based model proposed by Rezaeian and der Kiureghian (2008). The
model is based on modulating a filtered white-noise process. The modulation accounts for temporal non-
stationarity, while filtering is based on a time-variant system that accounts for spectral non-stationarity. The
model aims to represent essential characteristics of a recorded ground motion using a fitting procedure instead
of modeling the earthquake source rupture, path effects, and site characteristics. The form of the model is
expressed as follows:

1

x(t)zq(t,a){o_h (t)I:wh(t—r,i(r))'w(r)dt} (D

where x(t) is the acceleration time-series, q(t, @) is a deterministic time modulation function, h(t — 7, A(1)) is
the impulse response function of the filter, w(t) is the white-noise process, and g, (t) is the standard deviation
of the integral process. Following Rezaeian and der Kiureghian (2008), the pseudo spectral acceleration
response of a single-degree-of-freedom system is used for the filter function. A piece-wise constant and a
linear function are used for the variation of the damping ratio and natural frequency parameters, respectively:
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where {;, {;, and {; are constant damping ratios, T;, and T, are the times at which the damping ratios change,

t, is the total duration of motion, and w, and w,, are the initial and final frequency, respectively. The temporal
variation of the waveform uses a piece-wise time modulation as follows:

a)f(z')=a)0 _(a)o _a)n)'

:Nl“\

0, if <7,
2
al(t_%j, if T, <t<T,
g(t)=1 \I~T 4)
a,, if T, <t<T,
a -e[_az'(l_mz], if T, <t

where T, is the start time of process, and T; and T, are the start and end of the strong-motion phase,
respectively. a, denotes the intensity of the strong-shaking phase, while a, and a5 are the shape parameters
of the function.

Following the objective functions in Rezaeian and der Kiureghian (2008), here the six time-modulation function
parameters are identified by matching the cumulative expected energy of the stochastic process with that of
each recorded ground motion. Similarly, the seven parameters of the filter function are identified by fitting the
cumulative expected number of zero-level up-crossings of the stochastic process and the average cumulative
number of positive minima and negative maxima of 10 simulated processes to those of each recorded ground
motion. Table 2 shows the identified model parameters of the site-based stochastic model.
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Table 2. Identified model parameters of the stochastic site-based ground-motion simulation approach.

Station | Component | «, a, as To T, T, W Wy, O 0 G| T | T
EW 0.06310.293|0.572| 29.0 | 330 | 336 | 2566 100 | 030 | 010 | 06 | 300 | 430
GzC NS 0.0523 (0.338|0.535| 29.0 | 330 | 335 | 19.90 025 | 040 | 015 | 05 | 33.0 | 450
EW 0.0324 |0.305|0.517| 329 | 350 | 41.3 | 16.10 027 | 010 | 010 | 06 | 45.0 | 480
P\ NS 0.0300 {0.232|0.541| 328 | 350 | 399 | 1848 048 | 013 | 020 | 04 | 40.0 | 500
EW 1.8930 | 0468|0684 08 | 39 | 45 3742 600 | 030 | 080 | 09 | 25 | 70
HOR NS 15550 | 0.715|0.264| O 39 | 53 41.94 494 | 040 | 080 | 04 | 30 | 70
EW 0.0598 |0.151|0.609| 280 | 321 | 39 17.81 058 | 020 | 012 | 09 | 350 | 580
SEB NS 0.0790 |0.392|0.401| 280 | 316 | 408 | 1648 057 | 020 | 020 | 04 | 350 | 550

3.3. Simulation results

In this section, we compare the observed and simulated time-series using the GOF validation approach (Olsen
and Mayhew, 2010). We validate the simulated records of the 1998 Faial earthquake using a suite of
seismological measures, including PGA, PGV, peak ground displacement (PGD), PGV/PGA ratio, Arias
intensity, cumulative absolute velocity, acceleration spectrum intensity, modified acceleration spectrum
intensity for the period range of 0.1 to 2.5 seconds (Yakut and Yilmaz, 2008), velocity spectrum intensity,
Housner intensity, bracketed duration, Fourier amplitude spectrum (FAS) within the frequency range of 0.1 to
25 Hz, and pseudo-spectral acceleration (PSA) within the period range of 0 to 4 seconds using a 5% damping
ratio. The fit is categorized as follows: 80—-100 as an excellent fit, 65—80 as a very good fit, 45—65 as a fair fit,
35-45 as a poor fit, and less than 35 as a bad fit (Olsen and Mayhew, 2010).

Figure 2 and Figure 3 present the results for observed ground motion records alongside synthetic motions
from both stochastic approaches, including full time-series, FAS, and PSA at the selected four stations. Station
HOR has the shortest source-to-site distance and recorded ground-motion duration among these stations.
With an epicentral distance of 11 km, this near-field station recorded a maximum horizontal PGA of 434.5
cm/s?. The simulated PGA values from the source-based and site-based approaches are estimated as 417.0
cm/s? and 488.0 cm/s? (maximum of EW and NS components), respectively. Overall, the spectral
characteristics of the simulated motions closely match the observed records in the frequency range of 0.1-25
Hz. Station GZC recorded a PGA of 17.0 cm/s?, while the source-based and site-based methods simulated
PGA values of 16.0 cm/s? and 15.0 cm/s?, respectively. The source-based simulation slightly overestimates
the FAS in the 0.4-1.0 Hz frequency band, which is also evident in the spectral ordinates. At station SEB, a
far-field station with the largest epicentral distance, the observed PGA is 21.2 cm/s?, while the source-based
and site-based methods yield PGA values of 11.0 cm/s? and 22.0 cm/s?, respectively. The simulated FAS from
the source-based approach underestimates observations for frequencies above 1.0 Hz. This underestimation
of low-period content may be due to inadequate modeling of soil effects at this site. Moreover, the observed
PSA at station SEB exhibits multiple dominant periods that are not adequately captured by the single-mode
filter used in the site-based method, reflecting a limitation of this approach. Finally, station PVI recorded a PGA
of 10.0 cm/s?, and both stochastic simulations resulted in a PGA of 8.0 cm/s2. The simulated FAS closely
resembles the real FAS, except for a slight overestimation of the amplitude at frequencies below 1.0 Hz, which
is evident in the PSA.

Table 3 presents GOF scores derived from both simulation approaches at the stations. The source-based
stochastic method's simulations are assessed by comparing them to the geometric mean of the observed
horizontal components. The GOF scores for the source-based approach at the stations consistently achieve
high scores, indicating very good fits. These simulations closely resemble observed records across various
seismological aspects, except for the simulated time-series at station SEB, which shows a fair fit.

We conduct a component-wise comparison for the site-based stochastic simulations, evaluating each direction
individually. The GOF scores for these simulations consistently indicate an excellent fit with the observed
records for all stations and components, with minor exceptions for the EW component at station GZC and the
NS component at station HOR. Because the site-based approach relies on a fitting procedure to replicate
recorded motion characteristics, these deviations were expected. In terms of average PGA, we observed that



WCEE2024 Hussaini et al.

the synthetic ground motions from the site-based method were, on average, 10.4% higher, while those from
the source-based method were, on average, 6.4% lower than recorded motions.

Figure 2.

Figure 3.
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Table 3. Goodness-of-fit (GOF) scores for real and simulated ground motion records of the 1998 Faial
earthquake (moment magnitude (Mw) 6.2) for the East-West (EW) and North-South (NS) components.

Station Source-based Site-based
GOF Fit Category Direction GOF Fit Type
EW 77 Very good
GZC 68 Very good NS 81 Excellent
EW 84 Excellent
PVI 67 Very good NS 84 Excellent
HOR 72 Very good EW 81 Excellent
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NS 79 Very good
. EW 80 Excellent
SEB 57 Fair NS 83 Excellent

4. Structural Modeling

4.1. Numerical finite-element modeling

In this work, we use a macro-modeling approach in which the masonry arrangement is smeared over a
homogeneous material. This is particularly convenient for the analysis of large-scale structures because it
offers the possibility of reproducing the macroscopic masonry mechanical behavior through several models
(e.g., the smeared crack concrete, brittle crack concrete, and concrete damage plasticity (CDP) models).
Specifically, CDP couples plasticity with a scalar-based damage model, and, because it was originally
developed for concrete, an isotropic elastic behavior is assumed (Lubliner et al., 1989). This is a limitation
when adapting CDP to masonry, as material orthotropy may have an important role, especially when periodic
or non-periodic masonry arrangements are present.

The quasi-brittle nature of masonry is represented by linear softening. Damage variables are used to reduce
the initial (undamaged) elastic modulus when softening is active. Damping is another important factor that
influences the seismic performance of masonry structures. For historic masonry buildings, the damping ratio
value ranges between 3% (Formisano et al., 2021) and 5% (Hoveidae, Fathi and Karimzadeh, 2021). We use
the Rayleigh damping model, which approximates the damping coefficient as a linear combination of mass
and stiffness.

The three-dimensional (3D) FE model necessitates the use of solid elements; therefore, the mesh
discretization is achieved using 3D tetrahedron (Delaunay) FEs, due to their adaptability to more complex
geometries. The TETC3D4 FEs in ABAQUS CAE (Abaqus, 2014), based on a tetrahedral geometry with linear
shape functions, have been used. Furthermore, NLRHA is performed by applying a real or simulated record.
The loading is separated into two stages: gradual application of gravity loads and, subsequently, the ground-
motion record, which is applied to the base of the structure along the two principal geometrical directions,
namely X and Y. To integrate the equations of motion, we use an implicit time-integration scheme with non-
linear geometric effects taken into consideration (Abaqus, 2014).

4.2. Comparison framework

Beyond a reliable FEM to perform high-fidelity NLRHAs, an appropriate comparison framework that considers
several structural response measures (SRM) needs to be defined. This subsection briefly describes the
methodologies used to treat the SRMs obtained by simulating the seismic behavior of the masonry structure
via both observed and simulated (i.e., source-based and site-based) ground motions. Relative errors in the
prediction of SRMs are calculated with respect to the response obtained with the observed ground motion. We
consider the following response measures:

e Maximum base shear
e Maximum horizontal displacement (a control-point network is considered)

The selection of base shear and displacement as response measures is a common engineering approach to
assess seismic performance according to force or displacement capacities.

The relative errors in the considered response measures are computed with the following equations:

RE:TestB - Test A
Test A

where Test B and Test 4 referto a specific SRM obtained using simulated and real records, respectively.

()
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5. Results of Response History Analysis

The real and simulated ground-motion datasets are used to perform NLRHA of the Sao Francisco Church,
located at Horta. The 3D analysis was performed using a detailed geometrical survey commissioned by the
authors. The geometrical model of the Sdo Francisco Church and the nomenclature of the control points
monitored (1 to 9) are presented in (

Figure 4).

20.7m

Figure 4. Geometry and control points of the Sdo Francisco Church.

As mentioned earlier, the CDP model is used to model the non-linear behavior of the masonry material. The
elastic behavior is described by the elastic modulus and the Poisson ratio, which are set equal to 1.0 GPa and
0.2, respectively. Even if out of the scope of this paper, the damping factor has been calibrated such that the
damage of the numerical model is reasonably close to that surveyed post-earthquake in 1998. Precisely, the
damping ratio was calibrated as equal to 5%. The other mechanical parameters are detailed in Table 4 and

Table 5. There, d. and d, denote the compressive and tensile damage parameters, respectively, while
to ! 1. signifies the ratio of initial equibiaxial compressive yield stress to initial uniaxial compressive yield
stress, and K, signifies the ratio of the second stress invariant on the tensile meridian to that on the

compressive meridian.

Table 4. Compressive and tensile behavior of the masonry. d, and d, are the compressive and tensile
damage parameters, respectively.

Compressive behavior Tensile behavior

Stress [MPa] | Inelastic strain | d, | Stress [MPa] | Inelastic strain | d,
2.20 0 0 0.150 0 0
2.60 0.005 0 0.001 0.003 0.9
0.20 0.012 0.9 | 0.001 0.010 0.9
0.20 0.020 09 |- - -

Table 5. Drucker-Prager strength domain parameters. f,/ ., is the ratio of initial equibiaxial compressive
yield stress to initial uniaxial compressive yield stress; K_ is the ratio of the second stress invariant on the
tensile meridian to that on the compressive meridian.

Dilatation angle Eccentricity | f,0/f:0 | K. | Viscosity parameter

10° 0.1 1.16 2/3 | 0.002

One-dimensional NLRHAs have been performed by applying the ground motion in turn along the X and Y
directions at both polarities. One can note that the far-field stations (GZC, PVI, SEB that are denoted as far-
field 1, 2 and 3 in the following) have relatively low PGA, generating linear elastic responses of the masonry
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structures. On the other hand, the near-field station (HOR) is characterized by a higher PGA, which is expected
to generate damage. For the sake of comparison, the near-field records have also been used to run response
history analyses with a linear elastic constitutive material relation to quantify how the appearance of damage
affects the accuracy of the two investigated ground-motion simulation approaches; thus, the total number of
NLRHAs performed is equal to 100. The results obtained by the source-based simulation approach have been
used to compute two relative errors, one with respect to each component of the real records (NS and EW). On
the other hand, the site-based relative errors have been computed with respect to the real component

simulated.

Figure 5 and Figure 6 report the relative errors (obtained with the two simulated approaches) of control point
displacements ( RE,) and base shear ( RE ) with respect to the NLRHAs performed with the real ground
motions. The first terms in the legend refer to the simulation approach (site- or source-based), while the second
shows the component of the real record (EW or NS) with which it is compared. Considering the control point
displacement predictions, the errors rarely exceed 50%, mainly in the near-field simulations considering a non-
linear constitutive relation. However, such a result was expected because the material and geometrical non-
linearities affect macro elements' local stiffness and increase the predicted error.
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Figure 5. Relative error in maximum displacement (REd) for each control point: (a) +X, (b) -X, (c) +Y, (d) -Y for
the East-West (EW) and North-South (NS) components of the records.
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Figure 6. Relative error in maximum base shear (REsg): (a) +X, (b) -X, (c) +Y, (d) -Y for the East-West (EW)
and North-South (NS) components of the records.

The comparison also confirms the same trend in base-shear prediction, where errors appear within a
reasonable accuracy range. Regarding the near-field simulations, results show a pattern of underestimating
the prediction, particularly when non-linear constitutive relations have been used.

6. Conclusions

This study aims to simulate the 1998 Mw 6.2 Faial earthquake using alternative stochastic ground-motion
simulation methods and assess their effect on the dynamic response of a historic masonry structure. Both
simulation approaches are calibrated and validated against recorded time-series data from the 1998 Faial
earthquake at four available stations within an epicentral distance of 150 km.

The stochastic site-based approach outperforms the source-based approach, as evidenced by higher
goodness-of-fit (GOF) scores. The source-based method requires more specific source, path, and site
information, while the site-based approach is more practical and computationally efficient but relies on record-
specific calibration. The site-based method produces similar GOF scores for both near-field and far-field
stations, which may be attributed to its inherent fitting technique. Conversely, the source-based method
exhibits the highest GOF score for the near-field station. The poorest match is observed at the farthest station,
possibly due to inadequate attenuation or an unsuitable soil model. However, the source-based method results
in GOF scores within a similar range for the remaining stations.

Errors observed from near-field site-based simulations in estimating maximum ground displacement are
attributed to the neglect of correlations between components and the absence of directivity pulses in the model,
which are important in near-fault motions. Directivity pulses stemming from fault rupture are not considered in
the simulations and may contribute to errors. When predicting structural control point displacements, it is
noteworthy that errors exceeding 50% are infrequent, mainly in near-field simulations involving non-linear
constitutive relations. This outcome was anticipated, as material and geometric non-linearities affect the local
stiffness of macro elements, increasing the predicted error. The comparison shows a consistent base-shear
prediction pattern, with errors falling within an acceptable margin of accuracy, indicating excellent performance
of the simulated ground motions. Notably, observations tend to be underestimated when focusing solely on
near-field simulations, especially when using non-linear constitutive relations.

In conclusion, the simulation accuracy varies depending on the application, and further research is needed to
explore the effects of correlations and directivity pulses, especially for near-field site-based simulations. This
study motivates broader investigations involving a range of events, more near-field stations, and other
structural types for seismic assessment.
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