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Abstract

This paper investigates the inelastic displacement ratios (IDRs) and displacement ductility
demands of a wide range of single-degree-of-freedom (SDOF) systems subjected to pulse-
like ground motions (GMs) of the 2023 Pazarcik (Kahramanmaras) earthquake. A set of
twenty-seven GMs characterized as pulse-like are utilized in the study. As-recorded veloc-
ity time histories of horizontal components are rotated over 90° at a step of 1° to attain
the waveform with the largest peak ground velocity (PGV) over all horizontal orientations.
Inelastic displacement ratio and displacement ductility spectra are computed through non-
linear response history analysis (RHA). Local amplifications of both spectra are observed
at some periods. The results of this study show that large inelastic displacement and ductil-
ity demands are imposed on certain reinforced concrete (RC) structures. Finally, predictive
models of the mean inelastic displacement ratio and mean ductility demand spectra (DDS)
are developed based on the Gauss—Newton algorithm (GNA). The model provides a strong
correlation between the computed and the estimated data, and sufficient convergence crite-
ria. The results of this study collectively emphasize the necessity of integrating pulse-like
GMs into future revisions of earthquake codes.

Keywords Pulse-like ground motions - Stiffness-degrading systems - Inelastic
displacement ratios - Ductility demand spectra (DDS) - Predictive model

1 Introduction
Several existing RC buildings exhibited inadequate performance during the seismic events

in the Kahramanmaras earthquake sequence. The two most significant seismic events in
the sequence were the M, 7.7 Pazarcik and the M,, 7.6 Elbistan earthquakes, which were
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highly destructive. The predominant building inventory within the region affected by these
seismic events primarily consists of RC residential structures. The post-yield behavior of
RC structural members is considerably different from that of steel structural members.
Despite the absence of apparent strength loss, RC structural members are anticipated to
demonstrate a certain degree of stiffness degradation during cyclic load reversals, attrib-
uted to factors such as cracking and loss of steel-concrete bond (FEMA P440A 2009).

Within the causative fault, 379 strong-motion stations of the National Strong Motion
Network operated by the Disaster and Emergency Management Presidency have success-
fully recorded a large number of both far-field and near-source strong-motion waveforms
during the 2023 Pazarcik (Kahramanmarag) earthquake (AFAD 2023). Among the near-
source records, several GMs have been characterized as pulse-like as a result of the inves-
tigations for potential pulse-like features (Baltzopoulos et al. 2023; Wu et al. 2023). At
present, there is a wide consensus that pulse-like GMs impose larger inelastic displacement
demands on structures inducing more severe damage (i.e. resulting in significant perma-
nent deformations) than non-impulsive GMs. The problem is that the imposed large ine-
lastic deformations may cause loss of stiffness in RC structural members influencing the
response of the building to GMs.

Many studies have been conducted on the seismic response of stiffness-degrading
systems to ordinary GMs. Chopra and Kan (1973) investigated the inelastic earthquake
response of multi-story RC buildings by considering the effects of stiffness degradation.
The influence of prior earthquake damage on the peak displacement response of stiffness-
degrading systems was studied by Aschheim and Black (1999). Song and Pincheira (2000)
computed inelastic displacement demands of stiffness- and strength-degrading systems.
They also studied displacement demands of SDOF systems subjected to near-fault ground
motions (NFGMs) (Pincheira and Song 2000). Pekoz and Pincheira (2004) conducted a
parametric study to investigate the effect of strength and stiffness degradation on the earth-
quake response of SDOF systems and a predictive equation for the displacement ampli-
fication factor of degrading systems is proposed. Peak displacement demands of SDOF
degrading and non-degrading systems subjected to forward-directivity NFGMs were evalu-
ated and a predictive equation was proposed by Ruiz-Garcia (2011). Soil-structure interac-
tion effects on several structural parameters such as strength reduction factor and inelastic
displacement ratio (IDR) for stiffness-degrading systems built on soft soils were studied
by Aydemir (2013a, b). Ganjavi et al. (2018) developed response modification factors for
stiffness-degrading soil-structure systems. Hassani et al. (2018) investigated the influence
of soil-structure interaction on IDRs of degrading systems by considering four different
hysteretic models.

The studies related to inelastic displacement demands of stiffness-degrading sys-
tems under pulse-like GMs are very limited (Wen et al. 2014; Li et al. 2020c), whereas
the effects of pulse-like GMs on seismic demands imposed on non-degrading systems are
studied thoroughly. Sehhati et al. (2011) employed Incremental Dynamic Analysis (IDA)
to assess the effects of pulse-like forward-directivity GMs on multi-story structures. Wen
et al. (2014) computed IDRs for the NF pulse-like GMs and statistically evaluated the
effect of several parameters, where the structural degrading behavior is also evaluated.
An analytical model for near-source pulse-like seismic demands was developed by Bal-
tzopoulos et al. (2016). Lu et al. (2018) developed a displacement-based framework for
the seismic design of flexible-base structures under pulse-like GMs. Ji et al. (2019) con-
cluded that large ductility demand and the bottom soft-story mechanism were the main
reasons for the structural damage under pulse-like GMs of the Hualien earthquake. The
effects of forward directivity on seismic demands in RC frames were investigated based
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on the results obtained from nonlinear time-history analyses by Li et al. (2020a). Reyes
and Kalkan (2012) used in their study Baker’s (2007) numerical procedure to identify and
characterize velocity pulses in rotated motions. Kalkan and Reyes (2015) suggested that
individual ground motions rotated to have maximum directions for the maximum response
values do not always provide conservative engineering demand parameters. However, Li
et al. (2020b) presented a simple yet efficient method to identify the orientation of the
strongest velocity pulses. They demonstrated that pulse-like GMs in the orientation with
the maximum PGV produce the largest mean ductility demand. Dong et al. (2022) con-
structed ductility demand spectra (DDS) for self-centering structures under NF pulse-like
GMs and investigated the effects of GM and structural characteristics on the spectra. NF
pulse seismic ductility spectra based on machine learning were developed and applied to
obtain the optimal longitudinal reinforcement ratio of bridge columns (Yang et al. 2023).

The two notable earthquake sequences with M, 7.7 and 7.6 occurred in Pazarcik and
Elbistan (Kahramanmarag) Tiirkiye on February 6, 2023, at 04:17 (01:17 GMT) and 10:24
(07:24 GMT). The depth of the first event is 8.6 km and the epicentre is located at 37.288°
N, 37.043° E. The second earthquake with the epicentre at 38.089° N, 37.239° E occurred
9 h after the first one and its depth is reported as 7 km (AFAD 2023). There are several
studies in the literature that investigate this 2023 earthquake doublet in south-eastern Tiir-
kiye. However, these studies generally concentrate on strong ground motion characteristics
and the preliminary investigation of building damage (Isik et al. 2023; Ozkula et al. 2023;
Ozturk et al. 2023; Sagbas et al. 2023; Tao et al. 2023; Wu et al. 2023). Actually, they
do not investigate the structural response parameters inducing the damage. On the other
hand, there exists a close relation between structural damage and ductility factor (Farrow
and Kurama 2004; Akkar and Miranda 2005; Yi et al. 2007). In addition, a considerable
number of pulse-like GMs, which are of earthquake engineering interest since they impose
more severe inelastic demands on certain structures than non-impulsive GMs, was recorded
during the 6 February 2023 M., 7.7 Pazarcik (Kahramanmaras) earthquake.

The present study contributes to the literature by computing displacement ductility
demands for stiffness-degrading SDOF systems under pulse-like GMs of the 2023 Pazarcik
(Kahramanmarag) earthquake and investigating the ductility factors that induce substantial
structural damage and collapse in the regions affected by this devastating event. Predic-
tive models for the mean inelastic displacement ratio and mean ductility demand spectra
(DDS) have been formulated utilizing the Gauss—Newton algorithm. The results are pre-
sented as a family of inelastic displacement ratio and ductility demand curves (i.e., spectra)
derived for six levels of lateral strength ratios. Finally, simple but efficient predictive mod-
els for both spectra, where GNA is employed to solve the nonlinear regression problem, are
established.

2 Pulse-like ground motions used in the study
2.1 Ground motions

The present study utilizes a set of twenty-seven pulse-like GMs developed by Baltzopoulos
et al. (2023) and Wu et al. (2023). These twenty-seven pulse-like GMs were downloaded
once again from AFAD’s (2023) database by the authors and used in the study. A total
of 379 three-component acceleration records were provided by AFAD during the 2023
Pazarcik (Kahramanmaras) earthquake. Baltzopoulos et al. (2023) and Wu et al. (2023)
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examined these ground motion waveforms for potential pulse-like features. Wu et al. (2023)
selected records from stations with epicentral distances (R;) less than 200 km, whereas
Baltzopoulos et al. (2023) used records with Joyner-Boore distances (R;g) less than 20 km.
In both studies, candidate pulse waveforms were extracted from the velocity time histo-
ries by using the wavelet transform. A pulse indicator (PI) taking values between 0 and 1
was assigned to each candidate pulse waveform. Records with PI>0.85 were classified as
pulses by Wu et al. (2023), whereas records with PI>0.90 were characterized as pulse-like
by Baltzopoulos et al. (2023). The additional parameters for the quantitative classification
of GMs used in this study as pulse-like are given in Baltzopoulos et al. (2023) and Wu
et al. (2023). The map of the stations for the pulse-like GMs is given in Fig. 1 (AFAD
2023).

2.2 Orientation of the strongest velocity pulses

Ground motion time histories are inherently nonstationary signals. Accordingly, the strong-
est pulse-like features might be observed in any orientation (Ji et al. 2019). Li et al. (2020b)
assumed that pulse-like GMs contain the strongest pulse in the orientation associated with
the maximum PGV. This approach is also postulated in this paper.

Time series of the selected pulse-like GMs have been downloaded from the strong GM
database of AFAD. Subsequently, as-recorded velocity time histories for both horizontal
components of motion are rotated over 90° at a step of 1° to attain the waveform with the
largest PGV over all horizontal orientations.

Two orthogonal GM components can be rotated by an angle 6 to obtain the GM in any
arbitrary orientation (Boore et al. 2006). Using a rotation matrix this is constructed as

V(1) v, (1) cos@ —sinf v, (1)
1 — 1 — 1
{ V(1) } R(G){ v, () sinf cos@ v, () 1)
where v,(t) and v,(t) represent orthogonal as-recorded velocity time histories, Vl’(t) and

Vz’(t) are velocity time histories in any arbitrary orientation #, and R(6) is a counter-clock-
wise rotation matrix.

Fig.1 The map of the stations
for selected GMs in Table 1 : 1
(AFAD 2023) MNevsehir Elazig

Migde
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The details of the pulse-like GMs are listed in Table 1 with the station codes, where V3,
is the average shear wave velocity to 30 m depth of subsoil, PGA is the peak ground accel-
eration and PGV is the peak ground velocity of rotated time series by the angle 6. These
accelerograms present PGV ranges between 27.59 and 161.73 cm/s. The ratio of PGV to
PGA of the utilized pulse-like GMs varies from 0.11 to 0.586 s, which means that they
exhibit remarkably larger PGV/PGA ratios. The pulse-like record of Station 3143 has the
highest PGV of 161.73 m/s. It can be seen from the data in Table 1 that Station 3147 gives
the highest PGV/PGA ratio although it has the smallest PGA and PGV values.

The waveforms of the records with PGV values exceeding 150 cm/s are shown in Fig. 2
together with the extracted pulses and pulse periods (7). The latitude and longitude posi-
tions of the recording stations are also provided in the same figure. All these waveforms
have been gathered from accelerographic stations placed in Hatay, the southernmost prov-
ince of Tiirkiye with an area of 5524 km? and a population of 1,686,043 according to the
2022 census data. It is apparent from this figure that the buildings located in the city of
Hatay have been enormously subjected to pulse-like GMs. This finding reasonably explains

Table 1 Pulse-like GMs used in this study (AFAD 2023)

No  Station Repi Vsso () PGA(g) PGV (cm/s) PGV (cm/s) PGV/PGA (s)
Code (km) (m/s) (rotated) (rotated) (non-rotated)  (rotated)
1 0120 125.25 439 9 0.108 32.32 23.41 0.305
2 2712 29.79 - 52 0.721 138.29 110.06 0.196
3 2715 57.62 - 55 0.364 62.47 55.42 0.175
4 2716 57.38 - 49 0.254 70.45 52.43 0.283
5 2717 57.34 - 58 0.181 60.02 50.77 0.338
6 2718 48.3 - 60 0.659 123.37 116.80 0.191
7 3115 113.57 424 51 0.245 56.49 48.30 0.235
8 3116 105.38 870 44 0.184 49.00 39.74 0.272
9 3123 143 470 90 0.665 186.78 186.78 0.286
10 3124 140.11 283 74 0.597 115.57 112.32 0.197
11 3125 142.15 448 58 0.859 122.39 102.64 0.145
12 3126 143.54 350 25 1.107 119.28 92.71 0.110
13 3129 146.39 447 90 1.378 171.6 171.60 0.127
14 3134 90.29 374 56 0.272 47.55 39.54 0.178
15 3137 82.48 688 43 0.511 105.57 76.85 0.211
16 3139 96.19 272 68 0.627 156.44 145.26 0.254
17 3143 65.13 444 40 0.404 161.73 104.36 0.408
18 3144 77.04 485 23 0.941 144.37 131.44 0.156
19 3145 91.13 533 84 0.692 158.56 157.77 0.234
20 3147 177.12 - 65 0.048 27.59 24.93 0.586
21 4611 55.32 731 68 0.337 44.27 40.85 0.134
22 4615 13.83 484 16 0.618 146.79 131.16 0.242
23 4616 20.54 390 28 0.693 106.19 86.51 0.156
24 4625 28.4 346 67 0.455 82.14 75.63 0.184
25 8002 4391 430 20 0.248 46.47 38.27 0.191
26 8003 72.18 350 43 0.181 39.75 26.94 0.224
27  NAR 15.35 - 36 0.501 120.14 90.79 0.245
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Fig.2 Velocity time histories of the rotated records

the significant damage in Hatay caused by the pulse-like GMs of the 2023 Pazarcik
(Kahramanmaras) earthquake. As of 8 April 2023, the province had recorded over 22,000
deaths from the 2023 earthquakes, the highest reported across the 11 earthquake-affected
provinces in Tiirkiye.

3 Response of SDOF systems to pulse-like GMs
3.1 Inelastic displacement ratios (IDRs)

Inelastic displacement ratio (IDR) is defined as the ratio of maximum inelastic displace-
ment demand (u,,) to elastic displacement demand () of SDOF systems having the same
structural and dynamic characteristics when subjected to the same earthquake GM exci-
tation (Baéz and Miranda 2000; Ruiz-Garcia and Miranda 2003; Iervolino et al. 2012).
Mathematically this can be expressed as in Eq. (2):

Ce =0 @

The maximum inelastic displacement demand in Eq. (2) is computed from the non-
linear RHA of SDOF systems with constant relative lateral strength, which is measured
through a yield strength reduction factor (R,). It is widely accepted that nonlinear RHA is
quite time-consuming. Therefore, the inelastic displacement ratio (IDR) is a very useful
response parameter since it permits estimating maximum inelastic displacement demands
from elastic displacement demands. Briefly, when the inelastic displacement ratio (IDR)
is used instead of RHA, maximum inelastic displacement demands can be estimated more
practically.

In order to compute inelastic displacement ratios for pulse-like GMs recorded during
the 2023 Pazarcik (Kahramanmaras) earthquake, nonlinear RHA of 5% damped SDOF sys-
tems subjected to an ensemble of 27 pulse-like accelerograms are performed using PRISM
software (2010). SDOF systems are characterized by their natural period of vibration (7},)
and normalized lateral strength index (i.e., F,/mg). Six levels of lateral strength ratios (i.e.,
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R,=15,2,25,3, 3.5, and 4) are implemented. As a result, a wide range of SDOF systems
are taken into consideration. It is quite clear that as R, increases the level of inelasticity
increases. Low levels of R, (e.g., R,<3) may be referred to as strong systems relative to
the GM intensity. On the other hand, large levels of R, may be referred to as weak systems
(i.e., highly inelastic structures). Accordingly, the range of R, of the study considers several
levels of inelasticity and they are reasonably consistent values according to Turkey Build-
ing Earthquake Code (TBEC 2018). Similar values of R, are also used by Ruiz-Garcia
(2011) and Ruiz-Garcia and Miranda (2003).

The building stock in areas affected by the 2023 Pazarcik (Kahramanmarag) earth-
quake is substantially composed of RC structures. RC structures exhibit stiffness degrada-
tion when they are subjected to reversed cyclic loading (Hassani et al. 2018). Accordingly,
in this study, the Modified Takeda Hysteresis Model is employed to represent stiffness-
degrading systems. This model is extensively used to simulate the nonlinear lateral force—
lateral displacement behavior of RC systems under earthquake ground motion-induced
loading reversals as shown in Fig. 3. In this model, both the loading and unloading stift-
nesses degrade as a function of the previous loading history and they are not the same
(Takeda et al. 1970). The post-yielding stiffness ratio () of 0.05 and the unloading stiff-
ness ratio () of 0.3 are assumed to constitute the force—displacement relationships of the
Modified Takeda Hysteresis Model (Fig. 3). In Fig. 3, f; is the yield strength, u, is the yield
displacement, u,, is the maximum inelastic displacement, u,, is the plastic displacement, k
is the initial stiffness, k, is the unloading stiffness, f is the reloading stiffness ratio, a is the
unloading stiffness ratio, and the post-yielding stiffness ratio is indicated by r.

IDRs are primarily computed for individual pulse-like GMs and SDOF systems with T,
values ranging from 0.1 to 3 s. As a part of this study, a total of 4860 IDRs corresponding
to 27 pulse-like GMs, 30 discrete periods of vibration, and 6 levels of lateral strength ratios
are computed. Due to page limitations, only inelastic displacement ratio spectra (IDRS)
for pulse-like GMs with PGVs exceeding 150 cm/s are presented in Fig. 4. As can be seen

Up = Uy —U

¥

I Bu,

_.._=7'k0

ku = ko(“y/“m)“

Fig.3 Modified Takeda degrading stiffness hysteretic model
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Fig.4 IDRS for pulse-like GMs with PGVs exceeding 150 cm/s

from the graph, local amplifications of inelastic displacement ratios are observed at some
periods shorter than 1.0 s at stations 3123 and 3143. For example, for the SDOF systems
with R =4, Cg (T,=0.7 s)=4.13 and Cy (T,,=0.5 s)=5.43 are computed, respectively at
stations 3123 and 3143. These results indicate that pulse-like GMs recorded at stations
3123 and 3143 impose quite large inelastic displacement demands on short- to medium-
period structures. On the other hand, at stations 3139 and 3145, local amplifications are
also observed at periods longer than 1.0 s. More clearly, for SDOF systems with R =4, Cy
(T,=1.25)=2.55 and Cy (T,=1.7 s)=2.04 are computed at stations 3139 and 3145. This
finding indicates that large inelastic displacement demands are imposed on long-period
structures. The above-explained amplifications are frequently observed at IDRS derived for
other pulse-like GMs which are not shown herein.

Mean IDR values are then calculated by averaging the results for each natural period.
Figure 5 shows the mean IDRS. The mean IDRs are larger than 1 in the short-period region
(for periods smaller than 0.6 s in this study) and increase sharply as the period shortens. It
is apparent that the equal displacement rule (EDR) is not acceptable in this period region
and inelastic systems have experienced considerably larger lateral displacements than elas-
tic systems. At medium periods, the mean inelastic displacement ratios are moderately
dependent on the natural period. In this period region, they are obviously larger than 1
for SDOF systems with R;>1.5, and approximately equal to 1.0 for SDOF systems with
R,=1.5. In the long-period region, the mean inelastic displacement ratios are larger than
1.0 for highly inelastic systems (e.g., R, >3). It is worth noting that the EDR is not reasona-
ble, particularly for highly inelastic systems. These results are consistent with those of Wen
et al. (2014), where IDRs for 81 NFGMs are computed, but the mean IDRs of the present
study are greater than those computed by Wen et al. (2014). Wen et al. (2014) have also
emphasized that, in the medium period region, the mean IDRs are obviously larger than 1.0
for the weak structures (i.e., highly inelastic structures). Moreover, local amplification of
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Fig.5 Mean IDRS 5

Period (s)

mean IDRs is observed at periods of vibration around 0.7-0.8 s in the present study and it
seems to increase as R, increases.

3.2 Ductility demand spectra (DDS)

Pulse-like GMs usually induce significantly higher displacement and ductility demands
on structures than ordinary GMs (Alavi and Krawinkler 2004; Kalkan and Kunnath 2006;
Ruiz-Garcia 2011; Sehhati et al. 2011; Iervolino et al. 2012; Wen et al. 2014). Displace-
ment ductility demand can be considered to be one of the representative parameters of
structural damage due to large deformations (Li et al. 2020c). This condition prompted our
investigation into the displacement ductility spectra of SDOF systems subjected to pulse-
like GMs from the 2023 Pazarcik (Kahramanmarag) earthquake.

The ductility demand spectrum relates peak displacement ductility demands with the
natural vibration period or frequency of SDOF systems for constant lateral strength ratios
(Hatzigeorgiou 2010; Ugar and Merter 2020; Dong et al. 2022). The ductility demand (x)
is defined as

i 3)

where u, represents the yield displacement of an SDOF system.

Considering the results of the previous section (and considering IDR as in Eq. (2)),
yield displacements of SDOF systems subjected to pulse-like GMs of the study are primar-
ily computed as in Eq. (4):

=% “4)

where R, is the yield strength reduction factor. In order to define R, the general strength-
displacement relation of an SDOF system according to the equal displacement rule is pre-
sented in Fig. 6, where f, is the elastic strength and f, is the yield strength. The elastic
displacement demand (i) is equal to the maximum inelastic displacement demand (u,,) for
systems having long natural vibration periods. R, is the ratio of f, to f,, or u, to u,.
Afterward, DDS corresponding to specific lateral strength ratios (i.e., R,=1.5, 2, 2.5, 3,
3.5, and 4) are derived for individual pulse-like GMs. Figure 7 shows DDS for pulse-like
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Fig. 7 DDS for pulse-like GMs with PGVs exceeding 150 cm/s

GMs with PGVs exceeding 150 m/s. A logarithmic scale is employed for the vertical axes
of DDS since high ductility demands are computed for short periods. No common trend is
observed in DDS for individual pulse-like GMs. What stands out in the DDS is the signifi-
cant local amplifications at medium to long periods. For example, for the SDOF systems
with Ry=4, n(T,=0.45)=20.18, u (T,,=0.8 s)=13.36, and u (T,,=1.7 s)=8.13 are com-
puted, at stations 3123, 3143, and 3145, respectively.
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Figure 8 presents the mean DDS of inelastic SDOF systems under pulse-like GMs
of the 2023 Pazarcik (Kahramanmarag) earthquake. At short periods, the mean ductil-
ity demand spectra (DDS) are strongly dependent on the natural period of the system,
regardless of the level of inelasticity. At medium to long periods, a moderate depend-
ence on the natural period is observed, particularly for systems with R, >2. At long
periods, the dependence of the mean DDS on the natural period is no longer observable.

Contrary to expectations, the mean ductility demand spectra (DDS) do not exhibit
the common spectral shape, which is very typical for ordinary GMs. Actually, SDOF
systems in the acceleration-sensitive region of the spectrum experience high ductility
demands, and this variation trend of the spectra is similar to those for ordinary GMs. But
at relatively long periods, ductility demands do not exactly approximate lateral strength
ratios (u# R,). This observation is particularly valid for highly inelastic systems (e.g.,
R, >3). Itis clear that the mean DDS are sensitive to lateral strength ratio, and relatively
high ductility demands are imposed on highly inelastic systems. Local amplification of
mean ductility spectra is observed at periods of vibration around 0.7-0.8 s.

The building stock in areas affected by the 2023 Pazarcik (Kahramanmaras) earth-
quake is mainly composed of RC buildings and substantial damage and collapse of
many of these buildings were observed in the areas affected by this devastating earth-
quake. RC buildings seismically designed in accordance with the provisions of TBEC
(2018) are expected to exhibit ductility demands of 2.5-3. Earthquake load reduction
coefficient relies on the fact that the RC building will behave ductile. However, damage
observations of RC buildings from 2023 Kahramanmarag earthquake sequence revealed
that a significant portion of RC buildings were not able to develop the presumed ductil-
ity level (Vuran et al. 2024). In addition, as shown in the present study, pulse-like GMs
recorded during the 2023 Pazarcik (Kahramanmaras) earthquake have imposed large
IDRs and ductility demands on the buildings. The imposed IDRs and ductility demands
were not adequately estimated in the seismic design stage since the EDR may result in
significant underestimations of the maximum inelastic displacement demands of pulse-
like GMs. Evaluating the IDRs and the ductility demands computed in the present study
may lead to understanding the substantial damage and collapse of several RC buildings
resulting from the 2023 Pazarcik (Kahramanmarasg) earthquake.
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4 Predictive models for inelastic displacement ratio and ductility
demand spectra

In order to approximate their spectral shapes, predictive models of both mean inelastic dis-
placement ratio and mean ductility demand spectra (DDS) based on the GNA are established.
This algorithm was previously applied for estimating constant-ductility energy factor spectra
of near- and far-fault GMs by the Authors (Ucar and Merter 2022).

A three-parameter exponential equation for each considered lateral strength ratio is pro-
posed for relating the mean inelastic displacement ratio or the mean ductility demand spectra
(DDS) to a structural period:

Cr(T) or u(T) = (age™ " +a,) + ¢ 5)

where ay, a, and a, are constant parameters to be determined and ¢ is the residual between
the computed and the estimated values.

GNA is an effective method for minimizing the residuals between the computed and esti-
mated data such the estimated values are in good agreement with the available data. It is a
method for finding the minimum of a non-linear function. The compact form of the model is:

(Cr); or w; =£(T;) +¢ (6)

where Cy or y is the vector function of 7, subscript i represents the discrete data, and T is a
vector of n-dimension.

Expanding the above equation to Taylor series about ay, a, and a, (i.e., the constant param-
eters) and not taking into account the higher derivative terms, Eq. (7) is derived for a three-
parameter exponential model:

af(Ti)k af(Ti)k af(Ti)k
+ oy Aay + o, Aa, + o, Aa, @)

f(Ti)k-H =f(Ti)k

where k represents the iteration step, Aa,, Aa, and Aa, are the difference between the itera-
tion steps.
Substituting Egs. (7) into (6) yields

(T, ST, (T
= o Aay + ” Aa; + % Aay+¢e;  (8)

[(Cr); or 4] =1(T2),
Equation (8) can be represented by a matrix notation as is Eq. (9):

{D} = [J]{AA} + {e} ©9)

where {D} is n-dimensional vector of differences between the computed and the estimated
data, [Jk] is n X3 dimensional Jacobian matrix of partial derivatives, {AA} is a vector of
3% 1, and { €} is n-dimensional vector of residuals.

The following matrix equation is obtained as a result of implementing the Least-Square
Method on Eq. (9):

(aa) = (") (") (10)

where superscript T denotes the matrix transpose.

@ Springer



Bulletin of Earthquake Engineering (2024) 22:3243-3260 3255

Table 2 Results of non-linear regression analysis for IDRS

R, a, a a, o] €] €] R?

1.5 5.602 20.466 1.022 0.000047 0.000023 0.000000 0.98771
2 10.525 15.818 1.102 0.000024 0.000015 0.000001 0.98916
2.5 11.709 12.707 1.227 0.000044 0.000033 0.000002 0.98335
3 12.886 10.999 1.353 0.000042 0.000035 0.000003 0.98336
3.5 13.312 9.686 1.474 0.000006 0.000006 0.000001 0.98342
4 14.024 9.258 1.589 0.000050 0.000048 0.000006 0.98381

Table 3 Results of non-linear regression analysis for DDS

R, a, a a, o] €] €] R?

1.5 8.403 20.466 1.534 0.000037 0.000018 0.000000 0.98771
2 21.051 15.812 2.204 0.000023 0.000014 0.000001 0.98916
2.5 29.273 12.708 3.066 0.000041 0.000030 0.000002 0.98335
3 38.657 10.999 4.060 0.000020 0.000017 0.000002 0.98336
3.5 46.591 9.686 5.158 0.000086 0.000080 0.000010 0.98342
4 56.097 9.258 6.354 0.000041 0.000039 0.000005 0.98381

The input for iteration step (k+1) (i.e., the next iteration step) is obtained as in
Eq. (11):

{a}y = {a}, + {AA} (11)

where {a} is a 3-dimensional vector of a,, a; and a, (i.e., constant parameters).

The iteration of GNA is performed until meets the convergence criteria for the abso-
lute error related to constant parameters of Eq. (5). In this study, the convergence crite-
rion is taken to be |g|, = 10~* for the iterative solution of nonlinear regression analysis.

Microsoft Excel-based spreadsheet tool for facilitating the iterative processes of
GNA is developed by the Authors. The resulting constant parameters of Eq. (5), the
absolute errors of the constant parameters computed at the last two steps of the itera-
tion (g, €, and ¢,), and the correlation coefficients (R?) between the computed and the
estimated data are summarised in Tables 2 and 3 for the mean IDRS and the mean DDS,
respectively. Six digits after the decimal point are shown in absolute errors of constant
parameters to clearly demonstrate that absolute errors are smaller than 107,

It is apparent from Tables 2 and 3 that all correlation coefficients are greater than 98%.
Accordingly, a strong correlation between the computed and the estimated data is observed.
In addition, the iterative data in Tables 2 and 3 indicates that sufficient convergence criteria
for constant parameters of Eq. (5). are provided. Finally, the estimated inelastic displace-
ment ratio and ductility demand spectra (DDS) are plotted in red in Figs. 9 and 10, respec-
tively, together with the computed ones (i.e., the spectra plotted in black in Fig. 9 and the
spectra plotted in blue in Fig. 10). It is obvious that there is a good agreement between the
computed and estimated spectra. The results of the final part of this study encourage fur-
ther efforts to develop DDS for design purposes in consideration of pulse-like GMs.
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5 Conclusions
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Inelastic displacement ratio and displacement ductility demand spectra (DDS) for
stiffness-degrading SDOF systems subjected to pulse-like GMs of the 2023 Pazarcik
(Kahramanmarag) earthquake are computed by nonlinear RHA. The ductility demands that
cause structural damage and collapse in the regions affected by this devastating event are
revealed. Computed inelastic displacement ratio and displacement ductility demand spectra
(DDS) are subsequently estimated by the GNA. The following conclusions can be drawn:

(1) Pulse-like GMs recorded during the 2023 Pazarcik (Kahramanmarag) earthquake have

imposed large IDRs.

(2) Relatively high ductility demands are imposed on highly inelastic systems.

(3) Local amplification of mean inelastic displacement ratio and ductility demand spectra
(DDS) are observed at periods of vibration around 0.7-0.8 s.

(4) The well-known EDR may result in significant underestimations of the maximum ine-
lastic displacement demands of the considered pulse-like GMs since the mean inelastic
displacement ratios are larger than 1.0 at intermediate and long periods.
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Fig. 10 Computed and estimated mean DDS

(5) Atrelatively long periods, ductility demands do not exactly approximate to lateral
strength ratios, which means that DDS do not exhibit the typical spectral shape.

(6) For seismic design and evaluation purposes, the modification of elastic displacements
alone may not be enough to adequately estimate inelastic displacements.

(7) Simple but quite efficient predictive models for both inelastic displacement ratio and
displacement ductility demand spectra (DDS) are developed. The predictive model
provides a strong correlation between the computed and the estimated data.

(8) Both inelastic displacement ratio and ductility demand spectra (DDS) do not exhibit
the trend of spectra of SDOF systems subjected to ordinary GMs.

The results of this study overall indicate the necessity of involving pulse-like GMs in
next-generation earthquake codes. The effectiveness of the predictive models developed
herein might encourage further efforts to develop DDS for design purposes.
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