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Abstract

Conventional seismic design primarily focuses on the main shock, often neglecting the cumulative effects of
aftershocks on structural performance. Aftershocks can further weaken reinforced concrete buildings already
damaged by preceding seismic events, potentially leading to progressive deterioration or collapse, as observed in
recent major earthquakes, such as the 2023 Turkey-Syria Earthquake, the 2015 Nepal earthquake, and the 2011
Tohoku earthquake. This finite element study examines the accumulation of damage in a 10-story RC building
designed for seismic design category (SDC) D subjected to sequential seismic loading through pushover analysis.
The study investigates the effects of repeated seismic events on key structural characteristics, including strength,
stiffness, displacement demands, and overall stability. Results suggest that aftershock sequences may substantially
degrade the structural capacity of an already weakened building, as evident through increased time periods, higher
story drifts, and diminished lateral resistance after the aftershock, highlighting the underlying gaps in current
seismic design practices that neglect the consideration of aftershocks. These findings underscore the importance
of accounting for aftershock effects in seismic design and assessment guidelines to improve the performance of
buildings subjected to multiple earthquake events.
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1 Introduction

Seismic events pose significant threats to building safety; yet, conventional seismic design typically addresses only
the mainshock, neglecting the cumulative impact of sequential events. However, numerous studies have
demonstrated that aftershocks can critically worsen structural performance. For example, damaged RC structures
subjected to aftershocks exhibit significantly increased displacements and collapse risks (Zhai et al., 2015; Jeon et
al., 2015), while moderate mainshock damage can increase collapse probability by over 15% (Wen et al., 2017).
Aftershocks also tend to prolong structural periods, leading to increased susceptibility (Di Sarno et al., 2019).
These findings suggest that existing design approaches may not adequately ensure safety in the presence of
sequential seismic loading. Aftershocks often have peak ground accelerations comparable to or even exceeding
those of the mainshocks (Zhai et al., 2014; Salami et al., 2021), substantially increasing the collapse risk. Buildings
designed for mainshocks alone show increased fragility under aftershock conditions (Han et al., 2015;
Raghunandan et al., 2014; Tesfamariam et al., 2015), especially in high seismic zones. A 171% increase in 100-
year collapse probability was quantified when mainshock-aftershock (MS-AS) sequences were considered
(Iervolino et al., 2020). These findings are supported by recent catastrophic earthquakes, such as the 2011 Tohoku
earthquake, the 2015 Nepal earthquake, and the 2023 Turkey-Syria earthquake, which revealed widespread
collapse of buildings previously weakened by the mainshock, resulting in higher fatalities and economic losses.

To address this critical gap, the present study investigates the cumulative impact of foreshocks, mainshocks, and
aftershocks on a 10-story Special Moment Resisting Frame (SMRF). Using nonlinear pushover analysis and
ground motion records from the 2019 Ridgecrest Earthquake Sequence, the study evaluates damage progression
of the building due to sequential seismic events. The findings emphasize the need to incorporate aftershock effects
into seismic design provisions to enhance the performance and safety of RC buildings in earthquake-prone regions.

2 Methodology

This study systematically examines the progressive structural damage in reinforced concrete (RC) buildings under
sequential seismic events—foreshocks, mainshocks, and aftershocks. Earthquake acceleration-time histories from
the Ridgecrest Earthquake (July 2019), recorded at the Christmas Canyon China Lake station, are shown in Figures
1 to 3. The key events are summarized in Table 1.
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Table 1. Summary of earthquake data used in the study
Ear_;;g:sake Date & Time Magnitude Co-ordinates and epicenter depth
Foreshock 04 July 2024 (10:33:49.040 PDT) 6.4 35.7052, -117.5060, Depth: 10.7 km
Mainshock 05 July 2024 (20:19:53.040 PDT) 7.1 35.7695, -117.5993 Depth: 8.0 km
Aftershock 05 July 2024 (21:07:04.550 PDT) 5.0 35.5553, -117.5237 Depth: 5.6 km

Processed ground motion data—including acceleration, velocity, displacement, and spectra—were obtained from
CGS/CSMIP and USGS/NSMP as shown in Figures 1 to 3. Each event comprised 15,050 baseline-corrected data
points sampled at 0.020-second intervals. The data were organized and used to generate acceleration response
spectra. Using a 5% damping ratio and uniform time steps, spectral acceleration (Sa) versus period (T) curves were
developed to assess frequency-dependent seismic effects. The foreshock (6.4 MW) exhibited moderate peak
acceleration, while the mainshock (7.1 MW) produced higher peaks and pronounced oscillations, indicating greater
structural demands. Though lower in intensity, the aftershock (5.0 MW) remains significant due to cumulative
damage effects. The response spectra are presented in Figures 4 through 6.
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Figure 1. Ground acceleration data of the foreshock.
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Figure 2. Ground acceleration data of the main-shock.
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Figure 3. Ground acceleration data of the aftershock.

A 10-story Special Moment-Resisting Frame (SMRF) RC building, designed in accordance with BNBC 2020 for
Seismic Design Category (SDC) D, is then comprehensively modeled in a finite element software along with
relevant load combinations. The core of the study employs a sequential pushover analysis framework to simulate
the building’s seismic response across a series of ground motion phases. Initially, a pushover analysis is performed
using the foreshock response spectrum. If plastic hinges form in any structural members, damage is simulated by
partially releasing the corresponding moments; if no hinges develop, the original model is retained. The updated
model is then subjected to the mainshock spectrum, during which any newly formed hinges are again modeled
with partial moment releases to reflect reduced post-mainshock capacity. Finally, an aftershock pushover analysis
is conducted on the damaged structure. A parametric study is conducted by varying the extent of moment release
at the hinges (10%, 20%, 50%, 80%, and 100%) to investigate the influence of progressive damage. This allowed
a comprehensive evaluation of the structure’s performance due to sequential seismic events for different levels of
reduced stiffness. The resulting damage is meticulously assessed using quantitative parameters such as modal time
period elongation, inter-story drift ratios (IDR), and base shear degradation, complemented by qualitative
observations of hinge formation progression.
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Figure 4. Foreshock acceleration response spectrum.

Response Acceleration [cm#sec?)
BREEENS 8 8 8 28 3 8 8 3

2
Period[sec

Figure 5. Mainshock acceleration response spectrum.
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Figure 6. Aftershock acceleration response spectrum.

Ultimately, this comprehensive methodology provides a pragmatic framework for evaluating a structure's
performance under cumulative seismic demands, offering valuable insights for enhancing future building designs
despite acknowledging the inherent simplifications of static pushover analysis. The summarized procedure diagram
of this article is depicted in Figure 7.

3 Description of the Analytical Model

In this study, a 10-storey high-rise building is adopted as the model structure, with dimensions of 35 meters in
length, 25 meters in width, and 36 meters in height. The floor plan and 3D models are shown in Figure 8. The
modeled structure employs a Special Moment Resisting Frame (SMRF) as its lateral force-resisting system,
designed in accordance with the Bangladesh National Building Code (BNBC) 2020. Key structural members
include 300 mm by 600 mm beams and 760 mm by 760 mm columns. The materials used adhere to BNBC 2020
provisions, specifying a concrete compressive strength of 28 MPa and 420 MPa steel reinforcement. Design loads
encompass dead loads, live loads, and seismic masses, all in accordance with relevant code requirements.

4 Implementation of the pushover analysis

The seismic assessment began with equivalent static analysis, which estimates seismic forces using static loads
based on the building's mass and response, assuming elastic behavior. This was followed by a nonlinear static
pushover analysis, where lateral loads were incrementally applied until the structure reached its ultimate capacity.
This method revealed the formation and progression of plastic hinges, potential failure mechanisms, and overall
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structural behavior under severe seismic loading. It provided key insights into the building's strength, ductility, and
seismic vulnerability.

4.1 Sequential Seismic Event Simulation
This section focuses on simulating sequential seismic events—foreshocks, mainshocks, and aftershocks—and their
impact on structural response. Detailed procedures and analysis are presented in the following subsections.

4.1 Foreshock Assessment

To assess the impact of the foreshock, a FEMA 440 Equivalent Linearization Pushover Analysis was conducted.
This approach simplifies nonlinear pushover results by approximating the structure's response with a bilinear or
multilinear force-displacement curve. For the foreshock, the demand curve intersected the capacity curve generated
by the pushover analysis before the yield point, indicating no significant impact on the building's structural
integrity. The ASCE 41-13 displacement modification was also applied in the pushover analysis to account for
higher modes and non-linearities by adjusting the displacement demand based on the building's post-yield
behavior.
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Figure 7. Flowchart of the methodology.

4.2 Mainshock Assessment and Damage Modeling

The mainshock was assessed using the same methodology, revealing that the building reached its yield point, with
the demand curve exceeding this limit per FEMA 440. This led to significant plastic hinge formation from the
ground to the 7th floor, identified as the primary damage. ASCE 41-13 target displacement confirmed high
deformation demand. For post-mainshock analysis, these hinges were assigned varying levels of partial fixity
(100%, 80%, 50%, 20%, 10%) to simulate different damage severities. This allowed evaluation of aftershock
performance under reduced stiffness conditions. While real hinges may behave differently, uniform moment
release was assumed for simplicity.

4.3 Aftershock Assessment on Damaged Structure

The impact of the aftershock was then observed on the re-modeled buildings, incorporating the previously
established hinge conditions with moment releases. As the moment releasing at the hinges increases the plastic
behavior of the building, it leads to an increase in the yield displacement point and modal time period, while
simultaneously decreasing the base shear of the re-modeled structures.
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Figure 8. Plan and 3D view of the analytical model.
5 Results:

5.1 Comparative Impact Visualization

A comprehensive comparative study was conducted to analyze the relationships between modal time periods, base
shear during aftershocks, displacement at yield, and maximum story drift, all of which were correlated with varying
percentages of partial fixity (representing different damage conditions). These relationships are graphically
presented in Figures 9 and 10.
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Figure 9. Effect of partial fixity on (a) modal time period and (b) base shear during aftershock.
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Figure 10. Effect of partial fixity on (a) displacement at yield and (b) maximum story drift.
The parametric study reveals that reduced partial fixity—characterized by greater rotational flexibility—results in
lower base shear demands and longer modal time periods, but leads to increased story drift and displacements. In

contrast, higher partial fixity, reflecting stiffer connections, enhances seismic force resistance, shortens modal
periods, and effectively limits deformation. A summary of the study is presented in Table 2.
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Table 2. Summary of the study

Equivalent

Static Analysis Pushover Analysis: Sequential Seismic Events

Criteria EQ« EQ Fore Main Partial Fixity during Aftershock
¥ shock  shock None 80% 50% 20% 10%
Time Period (sec) 1171 1171 1.171 1171  1.218 3.387 4.151 6.220 8.596
Story Drift Ratio (10°) 1300 1350 960 2400 36 54 54 69 115
Base Shear (kN) 7180 7180 5280 12859 259 78 54 28 21

Yield Displacement

N/A NA 356 356 356 1539 221.7 4988 9535
(mm)

6 Conclusions

This study assessed the impact of sequential seismic events on a reinforced concrete building using ground motion
data from the 2019 Ridgecrest Earthquake Sequence. Pushover analysis revealed that the building exhibited
progressive stiffness loss, an increased drift ratio, and a notable reduction in base shear capacity as the degree of
partial fixity was reduced. The results highlight the cumulative nature of seismic damage and emphasize the critical
role of aftershocks in structural weakening, underscoring the importance of considering them in seismic design.

7 Limitations and Recommendations for Future Work

While this study offers valuable insights, it has several limitations. Damage was modeled using partial moment
release without explicitly simulating material degradation. The analysis focused on a single 10-story RC SMRF
building, limiting its applicability to other structural types. It relied on the 2019 Ridgecrest Earthquake Sequence,
with a relatively weak foreshock and limited representation of broader seismic hazards. The use of pushover
analysis introduced static assumptions, omitting dynamic and cyclic effects. Future studies should consider various
building types and heights, incorporate a broader range of ground motions—including strong foreshocks and near-
fault records—and adopt nonlinear dynamic analysis to capture cumulative damage better and improve design
reliability.
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