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Abstract: Significant long-period ground motions were recorded during the M7.6 Noto Peninsula
earthquake, in Japan, on January 1, 2024. While it imposed significant damage on many residential
buildings, no damage was observed on the base-isolated buildings in the vicinity of the epicenter.
This study analyzes the long-period characteristics of the strong ground motions recorded by the K-
NET and KiK-net stations in this event. The study revealed that many strong ground motions
recorded at stations within 30 km of the fault exhibited pronounced long-period characteristics.
However, only two were identified as pulse-like based on energy-based classification methods.
Numerical simulations were conducted to examine the possible reason for the satisfactory
performance of base-isolated buildings despite the significant long-period characteristics of the
ground motions. The result showed that the base-isolated buildings functioned well in this
earthquake simply because the seismic demands of their respective nearby ground motion records
were merely moderate. However, the ground motions in some other near-fault regions, where, very
fortunately, there were no base-isolated buildings, had the potential to impose severe damage on the
isolation bearings of base-isolated structures if there were any in the region.
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1. Introduction

On January 1, 2024, an earthquake of a moment-magnitude M,, 7.5 (Japan Meteorological Agency
magnitude Myma 7.6) struck the Noto Peninsula of Ishikawa Prefecture, Japan [37.488°N 137.271°E,
15.5 km depth as per United States Geological Survey (USGS) (2024)], in the southeastern coast of
the Sea of Japan. The surface projection of the slip distribution provided by USGS is shown in
Figure 1. This earthquake represents a continuation of the ongoing seismic swarm activity that has
been observed since 2020 (Nakajima, 2022). The earthquake originated in a fluid-saturated fault
zone, characterized by a gradual rupture process that was accompanied by intense high-frequency
seismic radiation (Ma et al., 2024). The earthquake exhibited reverse faulting along the NE-SW
striking planes. The distribution of active faults, identified by the Ministry of Land, Infrastructure,
Transport and Tourism and the Japan Sea Earthquake and Tsunami Research Project, are illustrated
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in Figure 1 as black rectangles (Fujii and Satake, 2024). The primary rupture propagated along the
fault from the epicenter, spanning approximately 80 km to the northeast and 90 km to the southwest
(Ishikawa and Bai, 2024). As per the report by the Cabinet Office, Government of Japan (2024), the
2024 Noto Peninsula earthquake resulted in the loss of over 240 lives and severe damage to around
20,000 residential buildings. The majority of casualties and destruction occurred in Ishikawa
Prefecture, with minor damage reported in the neighboring Niigata Prefecture and Toyama
Prefecture. Shika Town and Wajima City in Ishikawa Prefecture experienced the highest seismic
intensity, reaching JMA Intensity 7 (the highest level on the JMA Intensity Scale). Multiple strong
motion observation stations in the affected area detected ground motions categorized as Level 4
long-period motion, according to the JMA definition, denoting the highest level of intensity for

flexible structures.
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Figure 1. Distribution of active faults, K-NET and KiK-net stations, nearby seismically base-
isolated buildings (BI), and characteristics of the recorded ground motions.

Long-period ground motions have attracted significant attention for their potential to induce severe
shaking or even structural collapse in flexible structures, such as high-rise buildings, long-span
bridges, and base-isolated buildings. In contrast to the prevalent mid- and low-rise buildings,
typically with fundamental periods of lower than 1.5 s, long-period structures usually display
fundamental periods over 1.5 s. From a civil engineering viewpoint, JMA defines a ground motion
as a long-period motion if its absolute velocity response spectrum exceeds a specific threshold
within the period range from 1.5 s to 8 s. The long-period component in earthquake ground motions
is generated by source effects in terms of directivity effects and/or body wave radiation. Within the
near-fault area, velocity pulses characterized by large amplitudes and long vibration periods,
primarily attributed to the directivity effect, are thought to be particularly harmful to long-period
structures (Kalkan and Kunnath, 2006; Phan et al., 2007; Alonso-Rodriguez and Miranda, 2015).
For this reason, researchers have investigated the seismic performance of base-isolated structures
located in proximity to active fault zones (Jangid et al., 2001; Jonsson et al., 2010). On the other
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hand, certain far-field areas may also experience long-period ground motions, as they attenuate
slowly with distance and may be amplified by the site deposits. Structures situated at a considerable
distance from the fault may encounter unexpected structural damage. Typical cases were identified
in Mexico City, 400km from the 1985 Michoacan earthquake (Beck and Hall, 1986). Aside from
long-period horizontal ground motion, intense vertical vibration that is commonly observed in near-
fault areas, is also highly detrimental to base-isolated buildings (Mazza et al., 2012). Consequently,
in the assessment of seismic performance for base-isolated buildings, it is essential to account for
the effects of both horizontal and vertical ground motions.

Following the classification threshold adopted by previous researchers (e.g. Chopra and
Chintanapakdee, 2001), a distance of 20 km is considered as an approximate criterion to distinguish
the near-fault and far-field regions in this paper. Their approximate boundary for the Noto Peninsula
earthquake is shown in Figure 1 as a red dashed line enclosing the fault zone. Near the epicenter of
the Noto Peninsula earthquake, there are few high-rise buildings. In Ishikawa Prefecture and its
neighboring Toyama and Niigata Prefectures, there exists a considerable number of base-isolated
buildings (BI), predominantly occupied as public facilities such as hospitals, schools, and fire
command centers, as indicated in Figure 1. Notably, no damage has been reported in these base-
isolated buildings. The mechanisms contributing to the resilience of base-isolated buildings under
such intense ground motions worth deeper investigation.

To evaluate the characteristics of long-period ground motion associated with this earthquake and to
investigate the potential reasons for the satisfying performance of the base-isolated buildings under
the intensive long-period shaking, the strong motion records resulting from the significant rupture
in Noto Peninsula are analyzed in this paper. The data is obtained from the K-NET and KiK-net
stations and is published by the National Research Institute for Earth Science and Disaster
Resilience, Japan (2019). Two pulse-like ground motion identification methods, proposed
respectively by Shahi and Baker (2014) and Zhai et al. (2018), were employed to evaluate the pulse-
like characteristics of the ground motion. A numerical model of a typical base-isolated building was
subjected to the recorded representative long-period ground motions to assess the performance of
such buildings by analyzing the response of both the superstructure and the isolation bearings.

2. Long-period ground motion records in the Noto Peninsula earthquake

Before analyzing the ground motion records, the acceleration time histories recorded by the K-NET
and KiK-net stations were first subjected to zero-centering and zero-padding for 10 s before and
after. Then a 4th-order Butterworth filter was applied for band-pass filtering from 0.1 Hz to 20 Hz.
The time histories of velocity were obtained by integrating the pre-processed acceleration time

histories.

Long-period ground motion has the potential to induce vigorous vibrations in high-rise buildings
and seismically isolated buildings, making individuals difficult to stand and furniture to move or
slip within the affected building. According to the sensation of indoor people and the swing and
overturning responses of non-structural components in long-period structures, JMA proposed a
long-period ground motion level classification method. It is based on the maximum absolute
velocity spectrum value Sy, r, of the ground motion within the period range of 1.5 s to 8 s, as
outlined in Table 1. To evaluate the long-period level of the ground motions in the region To evaluate
3/21
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the long-period level of the ground motions in the region, the two orthogonal horizontal components
(EW and NS) of each record were rotated in the horizontal plane (0°-360°) to identify the direction
in which the peak ground velocity (PGV) reaches its maximum, which is referred to as the maximum
PGV direction. In this direction, the absolute velocity spectra (Sva) were calculated to characterize
the long-period level of each ground motion. The long-period levels at all stations, determined from
the velocity time histories in the maximum PGV direction, are denotated in Figure 1. Figure 2
illustrates this process using the ISK002 record as an example. Figure 2(a) shows the polar plot of
PGV versus rotation angle, and Figure 2(b) shows the original EW and NS velocity time histories
along with the waveform in the maximum PGV direction. Figures 2(c) and 2(d) present the absolute
velocity spectra in the maximum PGV direction for the ground motions classified as Level 3 and
Level 4, respectively. Figures 2(c) and 2(d) present the absolute velocity spectra in the maximum

PGYV direction for the ground motions classified as Level 3 and Level 4, respectively.

Table 1. Relationship between the long-period ground motion level and the maximum value of the
absolute velocity response spectrum Sy, n, specified by IMA

The maximum value of the absolute velocity
response spectrum Sy, i, (with a damping ratio of

Long-period ground motion level 5%)
(1.5s < Period < 8s)
Level 1 0.05m/s = Sy m <0.15m/s
Level 2 0.15m/s = Sy, 1, <0.50m/s
Level 3 0.50m/s = Sy, < 1.00m/s
Level 4 1.00m/s = Sy,
1.4
\;
E
180°(W) 2 07
> 14
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0
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Figure 2. (a) Polar plot of PGV values under horizontal rotation for the ISK002 record. (b)
Velocity time histories of the ISK002 record in the EW and NS directions, and in the maximum
PGV direction. (c) Absolute velocity spectra (Sy,) in the maximum PGV direction for Level 3
ground motions. (d) Absolute velocity spectra (Sy,) in the maximum PGV direction for Level 4
ground motions (at 5% damping ratio).

Table 2 provides the geographical location and site condition of the stations that have recorded the
Level 3 and Level 4 long-period ground motions, along with the seismic parameters (including the
significant duration Dy, horizontal peak ground acceleration PGAY, ratio between horizontal peak
ground acceleration to vertical peak ground acceleration PGA™ /PGAV, horizontal peak ground
velocity PGVH, and the discriminant value of the absolute velocity response spectrum Sy, for
long-period ground motion leveling) of the records. The fault distance Ry, is defined as the shortest
distance from the station to the projection of the fault surfaces. The average shear wave velocity of
the soil layer up to 10m Vg o, Was derived from the borehole data, as provided by the National
Research Institute for Earth Science and Disaster Prevention (NIED).

Almost all the near-fault stations experienced Level 4 long-period motions. Some stations in the far-
field regions, particularly those on the coast of Toyama and Niigata Prefectures, also recorded Level
3 or Level 4 motions. Most stations recording Level 4 earthquakes are situated in near-fault areas.
However, three stations in far-field areas also recorded Level 4 earthquakes, with the farthest one
having a Ry, of 74 km. As shown in Table 2, Vg 1o at most of the far-fault stations that recorded
Level 3 or Level 4 long-period ground motions did not exceed 200 m/s. This observation reflects,
to some extent, the gradual attenuation of long-period ground motions in soft soil sites. ISK006 was
the only near-fault station that recorded a Level 3 earthquake motion, while the rest were positioned
in the far-field area. Despite this, the maximum horizontal peak acceleration recording of this
earthquake, reaching 2.68g in the maximum PGV direction, was registered at ISK006.

5/21



148 Table 2. Geographical location of the stations recording level 3 and level 4 long-period ground motions and principal parameters of long-period and pulse-

149 like characteristics.

DLt R oSy PO PG PO Saw PN G i ey

(s) Hz) half-cycle ratio
ISK002 37.4473 137.2877 / 196 53.14 0.74 5.69 1.27 5.90 4 7.30 -21.03 2 0.25
ISK005 37.2309 136.9041 3 79 21.50 1.24 8.86 1.36 5.57 4 4.95 -3.10 3 0.43
ISKHO1 37.5266 137.2844 / 240 45.68 0.74 8.22 0.86 3.01 4 2.44 -8.60 3 0.42
ISKO001 37.5000 137.1767 / 398 42.98 1.06 13.25 0.81 2.73 4 2.82 -15.09 1 0.14
ISK008 36.8937 136.7784 16 164 35.89 0.53 7.57 0.67 2.30 4 1.78 2.41 2 0.36
ISKHO03 37.3458 137.2436 3 200 43.51 0.76 5.85 1.31 2.25 4 2.00 -3.47 1 0.26
ISKH04 37.1902 136.7176 / 440 34.80 0.52 7.43 0.72 2.16 4 1.02 -1.72 2 0.47
ISK003 37.3924 136.9078 / 430 25.87 1.38 13.80 1.02 2.05 4 2.09 -18.54 2 0.33
ISKHO02 37.3644 137.0413 / 420 28.60 0.59 9.83 0.58 1.94 4 0.73 -4.86 3 0.40
TYMO002 36.8659 136.9750 30 155 50.47 0.37 7.40 0.45 1.84 4 0.96 -4.98 2 0.33
ISK007 37.0426 136.9680 18 132 37.83 0.41 8.20 0.50 1.76 4 0.71 -8.04 1 0.16
ISKO015 37.2265 136.9087 4 420 21.35 0.90 9.00 1.03 1.62 4 1.17 -1.12 2 0.33
ISKHO06 37.0533 136.8206 7 240 36.93 0.48 8.00 0.55 1.44 4 0.65 -6.75 1 0.23
NIGO18 37.3727 138.5583 77 181 52.40 0.13 6.50 0.23 1.25 4 0.28 -8.85 0 /
TYMOO05 36.7611 137.0931 46 111 46.24 0.16 5.33 0.28 1.13 4 0.63 -8.51 2 0.22
TYMO06 36.6731 136.8974 42 230 3493 0.26 3.71 0.26 0.86 3 0.34 -3.00 2 0.40
ISK006 37.1603 136.6896 / 286 40.62 2.68 2.60 0.83 0.82 3 0.84 -15.69 2 0.31
NIGO013 37.7634 138.8830 88 170 73.28 0.10 2.50 0.15 0.72 3 0.26 -9.35 0 /
TYMHO03 36.7294 137.2627 60 200 46.39 0.22 1.10 0.23 0.67 3 0.33 -10.10 0 /
NIGO010 37.9144 139.0107 96 143 117.71 0.09 3.00 0.15 0.60 3 0.31 -9.55 0 /
NIGO014 37.6412 138.9553 99 98 49.25 0.14 2.80 0.22 0.56 3 0.31 -10.20 0 /
NIGHO05 37.9759 139.2788 119 200 104.18 0.08 4.00 0.09 0.54 3 0.18 -6.95 0 /
NIG003 37.9977 138.3231 35 182 32.37 0.28 1.87 0.18 0.54 3 0.25 -10.05 0 /
NIG024 37.1274 138.4442 86 298 36.94 0.10 2.50 0.13 0.51 3 0.06 -7.08 0 /
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Earthquakes characterized by notable long-period components in near-fault regions are commonly
thought to be attributed to large velocity pulses induced by the near-fault directivity effects. To
identify whether the long-period components in the Level 3 and Level 4 ground motion records
were related to the velocity pulses, the pulse-like ground motion identification methods proposed
by Shahi and Baker (2014) and Zhai et al. (2018) were employed in this paper. When accessing the
pulse-like characteristics of the ground motions, cumulative squared velocity (CSV) is commonly
regarded as the energy of the ground motion (Eq. 1). The CSV's of the Level 3 and Level 4 ground
motions are listed in Table 2. The ground motions recorded at stations with shorter Ry, usually
exhibited larger CSVs.

SV = f v2()dt (1)

where v2(t) is the velocity time series of the ground motion.

The method proposed by Shahi and Baker (2014) relies on continuous wavelet transform. For each
ground motion, its velocity time history is first rotated to the direction of the maximum wavelet
coefficient, which corresponds to the orientation where the waveform best matches the shape of the
predefined wavelet function, and is thus the most likely direction for identifying velocity pulses. A
pulse-like component is then extracted from the rotated waveform using the selected wavelet
function. Once the pulse is extracted from the velocity time history along the direction of the
maximum wavelet coefficient, the remaining waveform is treated as the velocity time history of the
residual ground motion. The motion is classified as pulse-like if the pulse indicator (P[), as defined
in Eq. (2), is positive. Based on Baker’s method, the ISK008 record is the only pulse-like ground
motion among all the Level 3 and Level 4 long-period ground motions [Figure 3(a)].

PI =9.384 x (0.76 — PC — 00.0616PGV) ?)
X (PC + 6.914 X 107*PGV — 1.072) — 6.179

where PC is the principal component as defined in Eq.3, which is a linear combination of the PGV
ratio (PGV;) and the CSV ratio (CSV;) of the residual and the original ground motions.

PC = 0.63 X (PGV,/PGV,) + 0.777 x (CSV,/CSV,) 3)

where PGV, and PGV, are the peak ground velocities of the residual and original ground motions,
respectively, and CSV, and CSV, are the corresponding cumulative squared velocities. All values are

computed from the velocity waveform rotated to the direction of the maximum wavelet coefficient.

The pulse classification method proposed by Zhai et al. (2018) is based on PGV and the energy of
the ground motion. Although the original method does not require wavelet decomposition or
identifying the direction of the maximum wavelet coefficient, for consistency and comparability of
results, in this study, the Level 3 and Level 4 ground motions were first rotated to the direction of
the maximum wavelet coefficient before applying Zhai’s method.

The procedure for applying this method is as follows. Firstly, ground motions with PGV exceeding
0.3m/s are regarded as potential candidates for pulse-like classification. For potential ground
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motions, the relative energy ratio of each half-cycle R; is calculated as Eq.4:

R; = CSV,/CSV, = ( f ‘ vz(t)dt> / < j tev2(t)dt> )
t t

i-1 s

where CSV; is the energy of the ith half-cycle between two time instants, ¢;_; and t;, at which
velocity equals zero; CSV, is the total energy of the ground motion; tg and t, are the starting and
ending times of the ground motion, respectively.

Then, the half-cycles with relative energy ratios equal to or greater than 0.1 are identified as
significant half-cycles. Finally, the ground motion is classified to be pulse-like or not according to
the number and the total energy ratio of its significant half-cycles. For ground motions with 1, 2, 3,
4, and more than 4 significant half-cycles, the thresholds of energy ratio are 0.3, 0.42, 0.5, 0.57 and
0.73, respectively. The Level 3 and Level 4 records are also rotated to the maximum wavelet
coefficient direction before using the method proposed by Zhai et al (2018). Figure 3(b) and Table
2 illustrate the outcomes of the pulse-like classification according to Zhai’s method. Among the
ground motion records, only the ISKHO04 record was classified as pulse-like.
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Figure 3. Results for pulse-like identification for level 3 and level 4 long-period ground motions
using methods proposed by: (a) Shahi and Baker (2014) and (b) Zhai et al. (2018)

While the ground motions at ISK008 and ISKHO04 satisfy the distinct judgment criteria, their
parameters are both close to the classification threshold. According to the results, unlike the previous
earthquakes known for promoting pulse effects [e.g. 1979 Imperial Valley earthquake (see Archuleta,
1984; Hartzell and Heaton, 1983) and 1995 Kobe earthquake (see Pitarka et al., 1998)], the pulse
characteristics of this earthquake are not distinctly apparent. For a more in-depth exploration of the
features exhibited by the long-period ground motions, the velocity time histories of selected near-
fault ground motions are depicted in Figure 4. These segments are oriented respectively in the
direction where the wavelet coefficient reaches its maximum, and they are complemented by the
extracted pulses by Baker’s method. For the two identified pulse-like ground motions (ISK008 and
ISKHO04), the periods of extracted pulses are 5.5 and 4.5 s, which are longer than the periods of
extracted pulses from non-pulse-like ground motions. For ISK006 and ISKHO04, in addition to the
pulses, there are also vibrations with frequencies higher than 1 Hz. For the other four ground motions,

vibrations with similar frequencies closely matching with those of the extracted pulses, exhibit long
8/21
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durations and large amplitudes. In essence, the motions comprise multiple large pulses in series.
Therefore, utilizing the classification methods based on the relative energy ratio, only a limited
number of ground motions are classified as pulse-like in the seismic event, given that the energy of

a single pulse typically constitutes a small portion of the total ground motion energy.
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Figure 4. Time series of the velocity and the extracted pulse for horizontal ground motion recorded
at station (a) ISK002, (b) ISK005, (c) ISK006, (d) ISK007, (e) ISK008, (f) ISKH04.

The spatial distributions of CSV at six representative stations of the ground motions are illustrated
in Figure 5. At each station, the horizontal velocity components were rotated from 0° to 360° in 1°
increments, and the CSV was calculated for each direction. The CSV in a given direction serves as
a measure of the ground motion energy along that orientation, and has been commonly used as an
indicator in pulse-like ground motion identification (e.g. Shahi and Baker, 2014, Ahed et al., 2022).
The resulting rose diagrams reflect the azimuthal distribution of seismic energy at each site. Due to
the high angular resolution (1° increments), the curves appear smooth, although they are entirely
derived from observed data rather than theoretical models. It can be observed that in many cases,
the seismic energy in the EW direction is more pronounced than in the NS direction. Furthermore,
the direction with the maximum CSV does not necessarily align with the direction of the maximum
wavelet coefficient. This suggests that the orientation with the strongest overall energy may differ
from the direction in which a single velocity pulse—characterized by a specific wavelet shape—is
most prominent. Such directional energy analyses help to reveal the preferred orientations of strong
ground motion, which may be influenced by rupture directivity, source mechanisms, or local site
effects. Previous studies have also employed similar method to illustrate the directional distribution
of energy contained in ground motion recordings. (e.g., Li et al., 2020; Zhang et al., 2024.).
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Figure 5. Spatial distribution of CVS and direction of the maximum energy and the maximum
wavelet coefficient for horizontal ground motion recorded at station (a) ISK002, (b) ISK005, (c)
ISK006, (d) ISK007, (e) ISK00S, (f) ISKHO04.

3. Simulated effects on seismically isolated buildings

Based on the analysis conducted in the preceding section, it is evident that, during this earthquake,
the near-fault area prominently featured long-period components in the ground motion. The seismic
response of long-period buildings during such significant long-period ground motions is worthy of
study. According to the survey, there were multiple public facilities such as hospitals, educational
institutions, and nuclear power plants equipped with seismic isolation. A three-story hospital, a six-
story hospital, and a nuclear power plant are located in the near-fault area, as illustrated in Figure 6.
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Keiju Medical Center

Shika Nuclear Power Station

Figure 6 Typical base-isolated buildings within the near-fault area.
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Maintaining representativeness, the six ground motion records previously analyzed were utilized as
the input ground motion for the following seismic response simulation. Station ISK007 and ISK008
are situated in the close proximity to the two medical facilities mentioned earlier. The seismic
response evaluated based on the records from these two stations closely represents the situation of
the base-isolated buildings during the earthquake. The seismic response under the records from the
other four stations can serve as supplementary evidence for understanding the long-period
characteristics of the earthquake. Figure 7 and Figure 8 illustrates the pseudo acceleration response
spectra (Spa) and the displacement response spectra (Sq) for the EW, NS, and UD components of the
ground motions, respectively. ISK002 and ISK005 exhibit peak spectral values within the 2s to 5s
range, closely aligning with the most commonly used equivalent period of base-isolated buildings
in Japan as reported in previous investigation by Tanaka et al. (2011). It can be expected that the
base-isolated buildings will experience significant seismic response when subjected to these two
ground motions.
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Figure 7. Pseudo acceleration response spectra for the three components of the ground motions
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Figure 8. Displacement response spectra for the three components of the ground motions

To evaluate the seismic response of the seismically isolated buildings, three-dimensional numerical
models were built in OpenSees (McKenna, 2011). Given that the base-isolated buildings near the
epicenter are generally low-rise, numerical models were uniformly configured with a one-story
isolation layer and a six-story superstructure, as shown in Figure 9(a). The superstructures of all
models were simulated using lumped mass models. Each story of the superstructure was 4 meters
in height, resulting in a total height of 24 meters. The mass per story was set to 3000 metric tons,
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and the initial lateral stiffness was defined as 4000 kN/mm per story. Under the fixed-base
assumption, the superstructure had a natural period of 0.6 s, with both stiffness and mass uniformly
distributed along the height. According to commonly adopted practices in the design of base-isolated
buildings in Japan, the yield and maximum shear strength of the superstructure (g, and oy,) are set
to 0.2 and 0.3 times the total weight of the superstructure, respectively (Pan, 2005). Moreover, the
superstructure exhibits peak-oriented hysteretic behavior with pinching effects, defined by a tri-
linear backbone curve [Figure 9(b)] and modeled in OpenSees using the TwoNodeLink element with
the Hysteretic material. A 3% stiffness proportional damping was applied to the superstructure
model based on its fundamental period. Since detailed design information of local base-isolated
buildings was unavailable, a total of nine representative isolation layer models were developed to
comprehensively investigate the influence of the recorded long-period ground motions. By adjusting
the design of the isolation layer, the effective periods of the base-isolated structures—determined
based on the post-yield stiffness—were setto 3 s, 3.5 s, and 4 s. For each period, three yield strength
levels of the isolation layer were considered, corresponding to 3%, 4%, and 5% of the total weight
of the superstructure. These parameters represent typical design practices for low-rise base-isolated
buildings in Japan (Pan, 2005).

Lumped mass

Lumped springs
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Figure 9. (a) Schematic diagram of the base-isolated lumped-mass model; (b) configuration of
isolation layer (c) Constitutive model of the superstructure; (d)—(e) Horizontal constitutive models
of LRB, NRB, respectively; (f) Vertical constitutive model of LRB/NRB; (g) Horizontal
constitutive model of SB; (h) Vertical constitutive model of SB; (i) Horizontal constitutive model
of U-damper.

12/21



292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317

318

319
320
321
322
323
324

The isolation layer is assumed to comprise a total of 56 bearings, including three primary types:
natural rubber bearings (NRB), lead-rubber bearings (LRB), and sliding bearings (SB). The U-
shaped damper (U-damper), commonly used in base-isolated buildings in Japan, was adopted as the
energy dissipation device to provide sufficient yield strength for the isolation layer. Compared with
viscous fluid or oil dampers, the U-damper offers greater design flexibility and lower cost (Kazuaki
et al., 2005). The specific design configurations of the isolation layer for all 9 models are
summarized in Table 3. The mechanical parameters of the bearings were derived based on the
specifications provided in the product catalog of a Japanese bearing manufacturer (Bridgestone
Corporation, 2022). For design simplicity, models with the same isolation period share the same
bearing configuration, while variations in the isolation layer's yield strength were achieved by
modifying the yield force of the U-dampers alone. For the models with isolation periods of 3.0 s and
3.5 s, the isolation layer was configured with 48 LRBs, 6 NRBs, and 2 SBs, as illustrated in
Figure 9(b). For the models with isolation periods of 4.0 s, the isolation layer was configured with
48 LRBs and 8 SBs. While the dimensions of the LRBs varied among the structures with different
isolation periods, the lead core in each bearing was chosen to be identical in size and mechanical
properties. Since all nine buildings utilized 48 LRBs, their inherent yield strength would be the same
in the absence of additional energy dissipation devices. Since the 3.0 s and 3.5s models each
employed only two SBs of identical size, and all isolators in a given model were subjected to the
same vertical load under gravity, the effective yield strength contribution from the SBs was
consistent across these two configurations. However, the 4.0 s-period model incorporated eight SBs
with smaller diameters than the rubber bearings, leading to a different effective yield strength
contribution. Accordingly, the yield strength required from the U-dampers was determined by
subtracting the contributions of the LRBs and SBs from the target total yield strength. As a result of
the above design, the long-term compressive stresses on the bearings in the 3 s, 3.5 s, and 4 s isolated
buildings were 5.74 MPa, 8.26 MPa, and 9.48 MPa, respectively, all below the 10 MPa limit
recommended in Japanese base-isolated building practice (Pan et al., 2005).

Table 3. Design configurations of the isolation layer for analysis models

Model No. 1 2 3 4 5 6 7 8 9
Isolation period (s) 3.0 3.5 4.0
NRB (Type X NL090G4 X 48 NL075G4 X 48 NL070G4 X 48
Quantity)
LRB (Type X LL090G4 X 6 LL075G4 X 6 -
Quantity)
SB (Type X Quantity) SLB090GC X 2 SLB075GC X2 SLB050GC X 8

Isolation layer yield
strength ratio (%)
U-damper total yield
strength (kN)

3 4 5 3 4 5 3 4 5

94 2140 4180 94 2140 4180 284 2330 4370

The NRBs and LRBs were modeled using the ElastomericBearingPlasticity element in OpenSees.
Their respective horizontal hysteretic behaviors are illustrated in Figures 9(c) and 9(d). Their
vertical constitutive behavior is illustrated in Figure 9(g), where the tensile stiffness is taken as one-
tenth of the compressive stiffness k,, z. The SBs were simulated using the FlatSliderBearing
element, incorporating a Coulomb friction-based formulation. The corresponding horizontal and
vertical behaviors are depicted in Figures 9(e) and 9(h), respectively. The horizontal frictional force
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depends solely on the coefficient of friction u and the vertical normal force W. The U-damper was
modeled using the twoNodeLink element, in which a uniaxial Stee/0] material was defined in the
horizontal direction only. The constitutive behavior is shown in Figure 9(f). No additional damping
was applied to the isolation layer. To ensure numerical stability and realistic vertical, the vertical
stiffness of each story of the superstructure was set slightly higher than the total compressive
stiffness of the isolation layer bearings. All three orthogonal components of ground motion (EW,
NS, and UD) recorded at each of the six stations were simultaneously applied in the dynamic
analysis. For all models, each story of the superstructure was idealized as a lumped mass located to
be vertically aligned with the center of the horizontal stiffness of the isolation layer so that the
structure does not exhibit torsional response under horizontal ground motion input.

Table 4 summarizes the damage state classification criteria for buildings by the Japan Structural
Consultants Association (JSCA) based on the maximum inter-story drift ratio (MIDR) and peak
floor acceleration (PFA) (JSCA, 2018). Figure 10 presents the MIDR and PFA responses of the
superstructure in the two horizontal directions for all the nine analysis models subjected to the three-
component ground motion records at the six stations. Under the input of either ISK007 or ISK008
ground motions, the MIDR and PFA of the superstructure remained within the DSO range for all
effective periods of the base-isolated models, indicating no structural damage. This is consistent
with field observations that the superstructure of the base-isolated buildings near the epicenter
experienced no damage during the earthquake. Similar findings were also reported by Bhagat and
Wijeyewickrema (2017), who demonstrated that base-isolated reinforced concrete buildings
subjected to bidirectional excitation exhibited minimal damage to the superstructure due to effective
isolation performance. However, under the ISK002 ground motion, all base-isolated buildings
exhibited pronounced resonance responses. This is attributed to the concentration of seismic energy
near the effective period of the structure. As a result, the story shear of the superstructure exceeded
0.3 times the total superstructure weight, and the MIDR greatly exceeded 1/75, indicating a potential
for severe damage or even collapse to the superstructure. Similarly, under the ISK005 ground motion,
the superstructure of the buildings with a 3 s post yield period exhibited an MIDR that exceeded
1/75 in the EW direction. In contrast, the buildings with 3.5 s and 4 s isolation periods, thus avoided
the dominant frequency components of ISKO005, experienced only minor damage in the
superstructure. In addition, under the ISK006 ground motion, buildings with longer isolation periods
exhibited smaller superstructure responses, while the building with a 3s isolation period
experienced damage in the superstructure reaching the DS2 level.

Table 4. Damage state classification criteria proposed by the JSCA

Damage State MIDR PFA (m/s?) Description
DSO <1/200 <2.5 No damage
DS1 1/200 to 1/150 25t05 Slight damage
DS2 1/150 to 1/100 5to 10 Minor damage
DS3 1/100 to 1/75 > 10 Moderate damage
DS4 > 1/75 > 10 Severe damage
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Figure 10. Superstructure responses of base-isolated buildings under: (a) ISK002; (b) ISK005; (c)
ISK006; (d) ISK007; (e) ISK00S; (f) ISKHO4.

According to previous studies, the isolation gaps of most base-isolated buildings in Japan do not
exceed 0.6 m (Qu et al. 2013). When the displacement of the isolation layer exceeds this limit,
pounding may occur between the base-isolated building and surrounding retaining walls or adjacent
structures, which can compromise the overall reliability of the isolation system. Excessive shear
strain may also lead to the failure of rubber bearings, potentially resulting in structural instability.
On the other hand, rubber isolation bearings exhibit poor tensile performance. For typical rubber
bearings, the allowable tensile stress under seismic loading is generally limited to 1 MPa for safety
considerations (Bridgestone Corporation, 2022). Figure 11 presents the maximum isolator
displacements in both horizontal directions, as well as the peak vertical tensile stress in the most
critically tensioned bearing within the isolation layer, for all nine base-isolated buildings. Under the
input motions of ISK007 and ISK008, the horizontal displacements of the isolation layers in all
base-isolated buildings did not exceed 0.6 m, and no tensile stress was observed in any of the
bearings. This is consistent with the observed absence of noticeable damage in the isolation layers
of actual base-isolated buildings. However, under the ISK002 and ISK005 records, not only did the
maximum displacement of the isolation layer exceed 0.6 m, but the isolation bearings also
experienced tensile stresses far exceeding 1 MPa. This indicates a potential for pounding in the
isolation layer and significant challenges to the safety of the bearings. Under the ISK006 ground
motion, due to the intense vertical seismic excitation, the bearings also experienced significant
tensile stresses. Under the ISKHO04 ground motion, although the bearings experienced tensile
stresses, these stresses did not exceed 1 MPa and thus remained within the safe range.
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Figure 11. Isolation layer responses of base-isolated buildings under typical strong ground
motions: (a) ISK002; (b) ISK005; (c) ISK006; (d) ISK007; (e) ISK008; (f) ISKHO04.

Figure 12 illustrates the displacement orbit of the isolation layer under six ground motions for the
building with a 3-second isolation period and a yield strength equal to 3% of the total superstructure
weight. Under ISK002 and ISK005, the maximum displacements of the isolation layer reached 1.22
m and 1.01 m, respectively. For rubber bearings with a total rubber thickness of 0.16 m, these
correspond to shear strains of approximately 762.5% and 631.3%, respectively, which far exceed
the commonly accepted shear strain limits 400% for rubber bearings. In contrast, under the other
four ground motions, the maximum displacements of the isolation layer did not exceed 0.5 m. For
the same building, the shear strain and tensile stress of two corner bearings [D-1 and A-14 in Figure
9(b)] are plotted in Figure 13 to further evaluate their most critical strain—stress state during the
earthquake. The horizontal shear strain response is projected in the direction where the peak shear strain
response was observed in advance. To evaluate the safety of the rubber bearings, the empirically derived
failure surface of LRBs from full-scale tests by Hiraki et al. (2014) was referred to in Figure 12. Under
the ISK007 and ISK008 motions, the shear strain of the bearing remained within the normal usage range,
with no tensile stress observed. The rubber bearings in the structure are very likely to sustain no damage.
However, the status could have been much worse if the building was subjected to the ISK002 or the
ISK005 motions. The bearing experienced a shear strain of approximately 300%, while simultaneously
sustaining a tensile stress close to 5 MPa. The stress—strain state of the bearing repeatedly exceeded the
failure surface, indicating a high likelihood of tension—shear failure. Additionally, under ISK006, due to
the intensity of the vertical ground motion and the inability of isolation bearings to mitigate vertical

vibrations, the vertical stress of the bearings also slightly exceeded the failure surface.
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Figure 12. Orbit of relative displacement of isolation layer under: (a) ISK002, (b) ISK005, (c)
ISK006, (d) ISK007, (e) ISK008, (f) ISKHO4.
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Figure 13. Shear strain and vertical stress in rubber bearings at corners under: (a) ISK002, (b)
ISK005, (c) ISK006, (d) ISK007, (e) ISK008, (f) ISKHO04.

According to the simulation, the operational performance and structural integrity of the base-
isolated buildings situated close to stations ISK007 and ISK008 remain unimpacted. The absence
of reported damage to base-isolated structures following the earthquake can be attributed in part to
the lack of such buildings within the vicinity of stations ISK002 and ISK005. Conventional base
isolation technology exhibits limited efficacy in attenuating vertical vibrations compared to its

effectiveness in mitigating horizontal vibrations. The intense vertical ground motion in some near
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fault region had the potential to induce substantial tensile stress within the bearings of base-isolated
buildings. Moreover, the horizontal ground motion vibrations in the same vicinity exhibited
significant amplitudes within a period range that encompasses the typical isolation periods of
general base-isolated buildings. The efficacy of seismic isolation technology not only stands to be
compromised, but the isolation bearings may also experience excessive shear strain due to resonant
behaviors of the base-isolated building. As recommended by Pan et al. (2025), additional protective
measures are necessary to enhance the seismic resilience of base-isolated buildings located in close

proximity to fault ruptures.
4. Concluding remarks

Profound long-period ground motions had impacted an extensive area in the vicinity of the epicenter
of the 2024 Noto Peninsula Earthquake. By analyzing the ground motions recorded by the K-NET
and KiK-net stations, as well as the seismic responses of nine base-isolated models with different
effective periods under several representative ground motion records, the following conclusions can
be drawn:

1. Among the Level 3 and Level 4 long-period ground motions recorded by the K-NET and KiK-
net stations during the Noto earthquake, only two were identified as pulse-like. Despite not being
pulse-like, several Level 4 motions exhibited strong long-period content that their response spectral
values were far beyond that of the pulse-like ones. Their CVS values were relatively uniform across
directions, suggesting that the motions were not governed by a distinct pulse but rather by more

complex waveform characteristics.

2. The seismic response analysis of the nine base-isolated models helps explain the absence of
reported damage to base-isolated buildings in the near-fault regions during this earthquake. The
isolation layer effectively protected the superstructure from strong ground motions recorded nearby,
and the displacement demands on the isolation layer remained within acceptable limits, avoiding

any potential pounding.

3. In some other near-fault regions close to the epicenter, however, the ground motions exhibited
intense horizontal components with dominant periods that aligned with the effective periods of
certain base-isolated buildings, making them susceptible to resonance. In such cases, not only could
excessive displacements in the isolation layer lead to potential pounding, but more critically, the
isolation system may amplify the seismic response of the superstructure, potentially resulting in
severe structural damage. Moreover, the vertical ground motions in these regions were also
remarkably strong, subjecting the isolators to significant tensile stresses while they simultaneously
underwent large shear strains. This combination of high tensile and shear demands may exceed the
safety limits of the bearings and potentially trigger tensile-shear failure.
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Data and Resources

Ground motion data utilized in the study are available at National Research Institute for Earth
Science and Disaster Resilience, Japan (2019). [Reference in reference list: National Research
Institute for Earth Science and Disaster Resilience (2019). NIED K-NET, KiK-net, National
Research Institute for Earth Science and Disaster Resilience. DOI:10.17598/NIED.0004.]

The positions of base-isolated buildings are available at
https://www.google.com/maps/d/u/0/viewer?hl=ja&mid=15RjON6JMFBeLycJeqongbUdnW 1 -
XYbo&ll=37.157680641062235%2C137.70639330654367 & z=8.
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