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Abstract: One of the major sources of uncertainty in Nonlinear Response History Analyses (NRHAS) is the
selection of the ground motion records. Different sets of ground records can in fact produce different structural
demands, each characterized by its own variability level. In this work the structural demands computed from
four typologies of records are compared: real unscaled records, linearly scaled records, spectral-matched
records adjusted by wavelets and artificial records. The ground motion records are selected for the seismic
hazard corresponding to the return period of 475 years. Each set of records consists of 20 pairs of ground
motion records spectrum-compatible according to Eurocode 8. First, the energy content of the selected ground
motion records is calculated for each set of accelerograms. The energy parameters of the modified set of
records are related to the corresponding real ground motions in order to evaluate the variation of the seismic
input induced by the records’ modification. NRHAs of two 6-storey existing reinforced concrete buildings are
then carried out using the selected records. The two buildings have a structural scheme with and without
masonry infills, respectively. Finally, the structural demands obtained with all modified sets of records are
compared with those obtained with real accelerograms.

1 Introduction

The increased computing capabilities of current computer software make it possible to apply Nonlinear
Response History Analyses (NRHAS) to different types of structures to evaluate their ultimate behaviour under
seismic loads using refined models. Nevertheless, the variability of these complex computations strongly
depends on the input ground motions (Cantagallo et al., 2014), whose selection can generate important
discrepancies in the results and therefore difficulties to deal with for engineering purpose.

This paper focuses on evaluating the differences in seismic demands obtained using different sets of input
ground motion records, and specifically: (a) real unscaled ground motion records (RR), (b) linearly scaled
ground motion records (LSR), (c) spectral-matched ground motion records (SMR) and (d) artificial
accelerograms (AA).

The modifications of the real ground motion records carried out in sets (b) and (c) or the generation of artificial
accelerograms in set (d) can lead to seismic ground motion inputs with significantly high energy contents
(Romanelli et al., 2023). To verify this statement, the energy-based Ground Motion Parameters (GMPs) were
obtained first for each considered set of ground motions, followed by the comparison between the GMPs
before and after the modification process. The GMPs of artificial accelerograms were compared with the
average value obtained from RR.
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A total of 160 NRHAs were carried out on an existing six-storey reinforced concrete (RC) building with and
without masonry infills by using the above sets of ground motion inputs. Finally, the comparison between the
seismic demands obtained using modified or artificial accelerograms (SMR or AA) and real or linearly scaled
ground motion records (RR or LSR) was carried out to evaluate the change in seismic demand obtained with
the spectral matching process or with the artificial generation of time histories.

2 Case study structures

The case study building used in this work is a six-storey existing structure designed for gravity loads only
according to an old Italian code (DM 30/05/1974). As shown in Figure 1, the plan layout is rectangular and all
interstorey heights are equal to 3.2 m. The floors consist of cast-in-place RC joists separated by lightweight
hollow clay bricks and topped by a 4 cm thick concrete slab. The frames layout provides a regular distribution
of stiffness and strength. The building was designed following allowable stress design principle prescribed by
the Italian DM 30/05/1974. Dead and live loads on structural elements were calculated using the nominal
values given in DM 16/01/1996.
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Figure 1. Case study building plan view (a) and 3D model (b).

The analyses were carried out with the computer software OpenSees (McKenna et al., 2010) with the pre- and
post-processor STKO (Petracca et al., 2017). The model was defined using Beam-with-Hinges elements (Scott
and Fenves, 2006) with end sections (hinges) of assigned length for all structural members. The end hinges
were modelled using fibre sections (Spacone et al., 1996) with length equal to the cross-section depth: for
non-square columns, this length is the average of the cross-section depths. The central parts of the Beam-
with-Hinges elements were modelled as linear elastic (Terrenzi et al., 2020). The concrete and steel fibres
were modelled using the constitutive laws Concrete01 (Kent and Park, 1971) and Steel01 (Mazzoni et al.,
2006), respectively. For Steel01, Es = 206000 MPa, fy = 400 MPa and strain-hardening ratio b = 0.0049. For
concrete, foc =28 MPa, €0 = 2.5%0, focu = 20% foe and ecu = 3.5%0, where symbols are those used in the
OpenSees Manual (Mazzoni et al., 2006). Confined concrete was not considered because it is assumed that
the stirrup spacing is too large for an effective confinement and the stirrups have 90° rather than 135° hooks.
A rigid diaphragm was considered at each floor. However, since this constraint restrains axial deformations in
the beams, it also introduces spurious axial (generally compression) forces. For this reason, an axial buffer
(zero-length) element (Barbagallo et al., 2020) with very low axial stiffness was introduced at one end of each
beam. The structural model considers ductile mechanisms only and neglects brittle mechanisms such as shear
failures. The focus of the study is on the effect of ground motion selection on the structural demand using
different types of ground motions and the modelling of brittle mechanisms would significantly increase
convergence problems and computational times.

The case study structure was modelled with and without masonry infills and the two so-defined structural
models were named "infilled structure" and "bare structure”, respectively. Masonry infills were modelled with
an equivalent strut with the phenomenological model proposed by Decanini et al. (1987) and later enhanced
by Cardone and Perrone (2015) and Sassun et al. (2016). This model describes both the monotonic and cyclic
behavior of the masonry infills and considers the presence of openings too. At the ground floor the external
rear frame is infilled without openings, while on the other sides there are no infills. At the other floors all the
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external frames are infilled, with different percentages of openings ranging from approximately 0% to 80%.
The infills distribution provides a significant asymmetry both in plan and elevation.

Table 1 reports the periods and the mass participation ratios of the first three modes (computed after
application of the gravity loads) of the bare and infilled structure. T[s], Mx[%], My[%] and Rz[%)] are the period
of vibration, the x-direction, the y-direction and the z-direction rotational mass participation ratios, respectively.
The participating masses show that the first three modes of the bare structure are uncoupled, with translational
first and third modes while the second mode is torsional. In the infilled structure, the second and third modes
are strongly coupled due to the eccentricity provided by the infills distribution.

Table 1. First three vibration modes of the bare and infilled structure after gravity load application.

Bare Structure Infilled structure
T[s] Mx [%] My [%] Rz [%] T[s] Mx [%] My [%)] Rz [%]
2.59 0 78.65 0 0.97 0 93.56 0
1.48 0 0 80.45 0.64 70.21 0 19.50
1.20 79.34 0 0 0.53 15.45 0 74.51

3 Ground motion record selection

3.1 Real unscaled ground motion records

A set of 20 pairs of real ground motion records (RR) is selected from two databases, the European Strong-
motion Database ESD (Ambraseys et al., 2004) and the Engineering Strong-Motion database ESM (Luzi et
al., 2016). The number of ground motion records included in each set is such that the multi-directionality of the
seismic input can be neglected (Cantagallo et. al. 2015; Skoulidou and Roméao, 2020; Cantagallo et al. 2023).
The selection is carried out according to the spectrum-compatibility criterion provided in Eurocode 8 (CEN,
2005) that states that in the 0,2T1 - 2T1 range of periods, no value of the average elastic spectrum should be
less than 90% of the corresponding Uniform Hazard Spectrum (UHS). For this study, a 110% upper bound is
added to the previous lower bound. Following Beyer and Bommer (2006), a single response spectrum Sa(T)
is calculated from the response spectra of the two horizontal ground motion components Sax and Sayv:

S, (T): Sax (T)'Sav (T) @)

The record selection is carried out for a probability of exceedance of 10% in 50 years (Tr = 475 years) and a
reference site located on rock soil at L’Aquila (AQ-Italy) - 42.350° latitude and 13.399° longitude.

Figure 1a and Figure 1b show the spectrum-compatibility criterion applied to the bare and the infilled structure,
respectively. Each plot reports the response spectra of the single real records (grey lines), the average
spectrum (red line), the UHS (black lines), the 90% and the 110% bounds (dashed black lines) and the
spectrum-compatibility range (dotted vertical black lines) considered for the ground motion selection of RR.
Note that for the bare structure, the spectrum compatibility range is between 0.52 sec and 5.2 sec (Figure 1a),
while for the infilled structure it is between 0.19 sec and 1.94 sec (Figure 1b) thus the x (period) range of the
two plots is considerable different.
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Figure 2. Geometric response spectra, average response spectrum, UHS, upper (110%) and lower (90%)
spectrum-compatibility bounds and spectrum-compatibility ranges (vertical lines) of the 20 RR selected for
the bare structure (a) and the infilled structure (b).

3.2 Modified ground motion records
Linearly scaled ground motion records

A set of 20 pairs records scaled to the first vibration period T1 of each structure is selected according to the
same spectrum-compatibility criterion used for the RR. In order to satisfy this criterion, the sets of ground
motion records included in RR and LSR are different. Figure 2a and Figure 2a show the LSR selected for the
bare structure (a) and the infilled structure (b), respectively.
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Figure 3. Geometric response spectra, average response spectrum, UHS, upper (110%) and lower (90%)
spectrum-compatibility bounds and spectrum-compatibility ranges of the 20 LSR selected for the bare
structure (a) and the infilled structure (b).

Spectral matched records

The twenty pairs of RR and LSR were matched to the UHS to obtain spectral matched records defined SMR-
RR and SMR-LS, respectively. The matching process is based on the selective application of wavelet
transforms on the spectrum of the signal to match the UHS (Hancock, 2006). This operation reduces the
variability of structural demand. The spectral matching was carried out in this work with the software
SeismoMatch (2022) using the wavelet algorithm proposed by Al Atik and Abrahamson (2010). Figure 3a and
Figure 3b show the application of the spectrum-compatibility criterion applied to the SMR-RR selected for the
bare structure and the infilled structure, respectively. Similar plots could be drawn for SMR-LS.
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Figure 3. Geometric response spectra, average response spectrum, UHS, upper (110%) and lower (90%)
spectrum-compatibility bounds and spectrum-compatibility ranges of the 20 SMR-RR obtained for the bare
structure (a) and the infilled structure (b).

3.3 Artificial accelerograms

According to Eurocode 8 (CEN, 2005), artificial accelerograms have to be generated so as to match the UHS.
The compatibility with the considered spectrum is controlled following the same spectrum-compatible criterion
used for RR and SMR.

The artificial (or generated) accelerograms were obtained in this work using the software SIMQKE_GR (Gelfi,
2006), which contains the same algorithms of the original Simgke code (Vanmarcke and Gasparini, 1976).

4 Energy-based ground motion parameters

For each selected set of real, modified and artificial accelerograms, different energy-based GMPs are obtained
in order to evaluate if the manipulation or the generation of time histories generates unrealistically high energy
contents of the signals, thus influencing the corresponding seismic demand. The considered GMPs are the
following:

e Arias Intensity (Al): Al (Arias, 1970) is an index for the energy content of ground motions that
incorporates both the duration and the amplitude of the entire ground motion time history. Al is defined
in Eq. (2), where a(t) is the ground motion acceleration at time t, tmax is the total duration of the ground
motion, and g is the gravity acceleration:

T et
Al=——["a?(t)dt 2
ol 2 (1

e Specific Energy Density (SED): SED is the integral of the square velocity time history v(t) over the entire

time range, as indicated in Eq. (3):

SED = [™v2(t)dt (3

e Cumulative Absolute Velocity (CAV): the Electric Power Research Institute (EPRI) introduced CAV as
a potential ground motion intensity measure for the identification of the structural damage (Reed and
Kennedy, 1988). The most commonly used definition of CAV is defined in Eq. (4):

CAV=[""a(t) dt 4

e Acceleration Spectrum Intensity (ASI): ASI was defined by Von Thun et al. (1988) as the area under the
response acceleration spectrum (ranged from 0.1 to 0.5 s) as indicated in Eq. (5), where Sa is the
pseudo-acceleration, ¢ is the damping coefficient, and T is the fundamental period of vibration.
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ASI = Ojssa(g —50,T) dT (5)

e Housner Intensity (HI): Housner (1952) proposed a measure of the damage potential of an earthquake
characterized by the area (between 0.1 and 2.5 s) under the pseudo-velocity spectrum, as shown in Eq.
(6), where Sy is the pseudo-velocity spectrum.

H|=Zfsv(§=5%,T) dT (6)

Figure 4a and Figure 4b show the ratios between the energy based GMPs calculated for SMR-RR and RR
and obtained for the bare and the infilled structure, respectively. The two plots indicate that the spectral
matching process significantly modify the energy content of the real records, especially in terms of Al and
SED: for several records the maximum GMPsur-rRrR/GMPRr ratios (Maxcewmps) are greater than 10. On average,
for both structural models the ratios of the GMPs obtained before and after the spectral matching process are
between 3 and 4 for Al (Avga)) and SED (Avgsep) and between 1 and 2 of the other GMPs (Avgcav, Avgasi and
AvgHi).

Similarly, Figure 5a and Figure 5b report the ratios between the energy based GMPs calculated for SMR-LS
and LSR and obtained for the bare and the infilled structure, respectively. In this case, both maximum
(Maxewmps) and average ratios of GMPs (Avgewmps) are significantly lower than those shown in Figure 4, and
specifically 0.17 < Maxemps < 9.63 and 1.04 < Avgewps < 2.00. This shows that the spectral-matching process
generates in general a great modification of GMP, but this effect can be mitigated if the matching process is
carried out using sets of accelerograms characterized by a reduced spectral variability, as for example the
spectrum-compatible linearly scaled ground motion records (LSR).

The comparison between the GMPs obtained from AA and RR (Figure 6) was carried out calculating the ratios
between the GMPs obtained from each artificial accelerograms (GMPaa) and the average GMPs obtained from
RR (GMPavwg-rr). On average, the artificial accelerograms have a higher energy content than real records,
especially in terms of Al, for which Avgai= 2.42.
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Figure 4. Ratios between the energy-based GMPs of SMR-RR and RR obtained for the bare (a) and the
infilled (b) structure.
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Figure 5. Ratios between the energy-based GMPs of the spectral matched records SMR-LS and the
corresponding linearly scaled ground motion records (LSR) obtained for the bare (a) and the infilled (b)
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Figure 6. Ratios between the GMPs obtained from AA (GMPaa) and the average GMPs obtained from RR
(GMPavg-rR).

5 Results and comparisons

The bare structure and the infilled structure were analysed with NRHAs using the four different ground motion
sets described in Section 3 (RR, SMR-RR, SMR-LS and AA). For each pair of selected ground motion records,
the Roof Drift Ratios (RDRSs) in the x- and y-directions were obtained as the roof displacements normalized
with respect to the total height of the structure. For both x- and y- structural directions, the ratios of the RDRs
obtained before and after the spectral matching process were computed next. More specifically, Figure 7a and
Figure 7b show the RDRs obtained for the bare structure real unscaled records (RR) or linearly scaled records
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(LSR), respectively. The black and grey bars represent the results in the x- and y-directions, respectively, while
the horizontal lines represent the corresponding average RDR ratios (Avg-x and Avg-y). Figure 8a and Figure
8b report the same results for the infilled structure. RDRs obtained from non-convergent analyses were not
considered. For artificial accelerograms, the ratios between the RDRs obtained from the generated record and
the average RDR obtained from the RR are reported in Figure 9.

The results of the NRHAs indicate that the maximum RDR ratios (Maxrorratio) are very high when the infilled
structure using SMR-RR is analysed (Maxrorratiox = 6.87 and Maxrprratio_y = 5.89). On average, RDRswmr-
rrR/RDRRR is greater than RDRswr-Ls/RDRLsr . This indicates that if the spectral matching process is carried
out on scaled accelerograms, it produces a reduced variation of the Engineering Demand Parameter (EDP).

The ratios between the RDRs obtained from artificial and real accelerograms are almost constant for all the
20 pairs of ground motion records. For the bare structure, the average ratios in the x- and y-directions (Avg-x
and Avg-y) are equal to 1.29 and 1.09, respectively; for the infilled structure these ratios assume lower values
as they are equal 1.45 and 1.43, respectively.
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Figure 7. Ratios between the RDRs obtained from the bare structure using SMR-RR and RR (a) and SMR-
LS and LSR (b).
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Figure 8. Ratios between the RDRs obtained from the infilled structure using SMR-RR and RR (a) and SMR-
LS and LSR (b).
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Figure 9. Ratios between the RDRs obtained from AA (RDRaa) and the average RDRs obtained from RR
(RDRAavg-rR) for the bare structure (a) and the infilled structure (b).

6 Conclusions

This paper aims at evaluating the effects of the modification and generation of ground motions on the energy
content of the seismic input and on the EDP obtained from NRHAs. Different sets of spectrum-compatible
ground motions records were selected: real unscaled ground motion records RR, linearly scaled ground motion
records LSR, spectral-matched ground motion records obtained from real records SMR-RR or linearly scaled
records SMR-LS and artificial accelerograms AA. For each of these record group, several energy based GMPs
were calculated (Al, SED, CAV, ASI and HI) in order to evaluate the variation of the energy content of the
ground motions due to the spectral matching process or to the generation of the accelerograms. NRHAs of a
six-story existing RC structure were then carried out with different groups of selected time histories and for
each ground motion record, the corresponding RDR was obtained. The main outcomes of the study are
summarized hereafter:

e The spectral-matching process carried out on real unscaled accelerograms (RR) generates a
significant modification of the energy content of the ground motion records. However, this variation
can be significantly attenuated if the spectral-matching process is carried out after a linear scaling of
the ground motion records.

e The comparison between the GMPs obtained between AA and RR show that the generation of artificial
accelerograms produces on average time histories with a high energy content, especially in terms of
Al, for which the average ratio GMPaa/GMPavwgrr is equal to 2.42. If all GMPs are considered, on
average, the AAs are characterized by an energy content that is 60% higher than that of RR.

e When the case-study structure is analysed using SMR, the RDRs are significantly higher than those
obtained from the corresponding unmodified ground motions. On average, the ratios between the
RDRs obtained before and after the spectral matching process in the x- and y-directions (Avg-x and
Avg-y) assume the highest values when the infilled structure is analysed using spectrum-compatible
RR. In this case, Avg-x = 2.07 and Avg-y = 1.83. When the spectral matching process is carried out
using LSR, the effects of the ground motion modification on the seismic demand is significantly
mitigated due to the reduced spectral variability of LSR. On average, the ratios between the RDRs
obtained from SMR-LS and LSR in the two structural directions x and y are in this case equal to 1.35
and 0.95 for the bare structure and 1.22 and 1.43 for the infilled structure.

e The RDRs obtained from the AA are higher than those obtained from RR. Specifically, for the infilled
structure, on average the RDRs obtained from AA are more than 40% higher than those obtained from
RR.

Future developments of the work could include the analysis of spectrum-compatible records to a seismic
hazard corresponding to different return periods in order to analyse the effect of the ground motion selection
process on the seismic demand with increasing structural non-linearities.
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