4

L World Journal of Engineering and Technology, 2024, 12, 587-616
Q‘ @ Scientific ! ) .
Q https://www.scirp.org/journal/wijet
0 " Research -
94% Publishing ISSN Online: 2331-4249

o,

ISSN Print: 2331-4222

Nonlinear Time History Analysis for the
Different Column Orientations under
Seismic Wave Synthetic Approach

Mo Shi'*, Peng Wang?, Xiaoyan Xu3, Yeol Choi!

'School of Architecture, Kyungpook National University, Daegu, Republic of Korea
?School of Computer Science and Technology, Shandong University, Qingdao, China
*HaXell Elevator Co., Ltd., Shanghai, China

Email: *shimo0204@outlook.jp

How to cite this paper: Shi, M., Wang, P.,
Xu, X.Y. and Choi, Y. (2024) Nonlinear
Time History Analysis for the Different
Column Orientations under Seismic Wave
Synthetic Approach. World Journal of
Engineering and Technology, 12, 587-616.
https://doi.org/10.4236/wjet.2024.123038

Received: May 22, 2024
Accepted: July 26, 2024
Published: July 29, 2024

Copyright © 2024 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).

http://creativecommons.org/licenses/by/4.0/

[Omom

Abstract

The significant impact of earthquakes on human lives and the built environ-
ment underscores the extensive human and economic losses caused by struc-
tural collapses. Over the years, researchers have focused on improving seis-
mic design to mitigate earthquake-induced damages and enhance structural
performance. In this study, a specific reinforced concrete (RC) frame struc-
ture at Kyungpook National University, designed for educational purposes, is
analyzed as a representative case. Utilizing SAP 2000, the research conducts a
nonlinear time history analysis to assess the structural performance under
seismic conditions. The primary objective is to evaluate the influence of dif-
ferent column section designs, while maintaining identical column section
areas, on structural behavior. The study employs two distinct seismic waves
from Abeno (ABN) and Takatori (TKT) for the analysis, comparing the
structural performance under varying seismic conditions. Key aspects exam-
ined include displacement, base shear force, base moment, joint radians, and
layer displacement angle. This research is anticipated to serve as a valuable
reference for seismic restraint reinforcement work on RC buildings, enriching
the methods used for evaluating structures through nonlinear time history
analysis based on the synthetic seismic wave approach.

Keywords

Nonlinear Time History Analysis, Nonlinear Dynamic Analysis, Seismic
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1. Introduction

The perilous threat posed by earthquakes to civil infrastructure remains a press-
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ing concern, underscored by a multitude of specific instances where seismic
events have exacted a heavy toll on reinforced concrete (RC) structures world-
wide [1]. A diverse array of researchers, drawing upon empirical evidence and
historical precedents, highlight the critical danger posed by earthquakes to civil
infrastructure [2].

The 1994 Northridge earthquake in the United States stands as a stark testa-
ment to the destructive power of seismic forces, causing widespread damage to
RC buildings and infrastructure across Southern California. Similarly, the 1995
Kobe earthquake in Japan reverberated with catastrophic consequences [3]-[7].
After the millennium, the 2008 Wenchuan earthquake in China left an indelible
scar on the landscape, claiming countless lives and inflicting extensive damage
on RC frame structures throughout the region.

In recent studies, a lot of research emphasis has been placed on exploring the
phenomenon of progressive collapse, which entails the sequential failure of struc-
tural elements following initial damage, leading to catastrophic structural failure.
In this regard, Nonlinear Dynamic Analysis (NDA) has garnered considerable at-
tention as a powerful tool for elucidating the complex interplay between seismic
forces and structural vulnerabilities [8]. As a crucial aspect of nonlinear dynamic
analysis (NDA), the nonlinear time history analysis stands out as a vital method
for evaluating structural behavior during seismic events. This approach provides
detailed insights into how structures respond to dynamic loads over time.

Unlike traditional linear analysis methods, as a significant aspect of nonlinear
dynamic analysis (NDA), nonlinear time history offers a more nuanced perspec-
tive by accounting for nonlinear material behavior, geometric imperfections, and
dynamic effects, thereby enabling a more accurate assessment of structural per-
formance under earthquake loading [2] [8]. By simulating the time-varying re-
sponse of structures subjected to seismic excitation, nonlinear time history anal-
ysis facilitates the identification of critical failure mechanisms, informing tar-
geted interventions to enhance seismic resilience.

One of the key methodologies within NDA gaining prominence is nonlinear
time history analysis, which involves subjecting structures to realistic earthquake
ground motion records and evaluating their response over time [9]-[11]. This
approach, characterized by its fidelity to real-world seismic events, provides in-
valuable insights into structural behavior under dynamic loading conditions.

Referring to the research of Phucuong Nguyen et al [9], delves into the intri-
cacies of structural damage induced by seismic events in El Centro, Northridge,
and San Fernando. As depicted in Figure 1, the study harnesses the nonlinear
time history analysis to comprehensively investigate the dynamic behavior and
performance of buildings subjected to seismic forces.

Utilizing the structural analysis software SAP 2000, coupled with seismic wave
data representative of the aforementioned earthquake events, the research en-
deavors to unravel the underlying mechanisms governing structural response to
seismic loading. By simulating the time-varying dynamics of buildings under re-

alistic seismic conditions, the study aims to elucidate critical insights into struc-

DOI: 10.4236/wjet.2024.123038

588 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2024.123038

M. Shi et al.

tural behavior, failure modes, and vulnerability thresholds.

Referring to the research by Mahapara Firdous et al [10], this research em-
ploys nonlinear analytical methods to elucidate the influences on a specific edu-
cational RC frame structure in Kyungpook National University resulting from
various column orientations. Furthermore, drawing upon the research contribu-
tions of Andi Yusra ef al [11] and Mahmood Hosseini et al [1], the study ex-
tends its scope to encompass the multifaceted influences of different seismic
waves, specifically Abeno (ABN) and Takatori (TKT), derived from the seismic
events of the Kobe 1995 earthquake. Through the application of nonlinear time
history analysis, this research seeks to compare and contrast the responses elic-
ited by these seismic waves, thereby shedding light on the nuanced interactions
between structural configurations, seismic excitation, and dynamic response.
Throughout the results of this research, the findings of this research hold expect
not only for bolstering the seismic resilience of RC buildings but also for ad-

vancing the frontiers of seismic analysis methodologies.
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Figure 1. Nonlinear time-history analysis based on seismic waves.

2. Description of the Research

2.1. Structure Description

This research endeavors to conduct a comprehensive analysis of an educational
building dating back to the 1970s, focusing specifically on an RC frame structure
nestled within the Department of Architectural Engineering at Kyungpook Na-
tional University, strategically situated within Daegu Metropolitan City, Repub-
lic of Korea. The selected building’s geographical coordinates are situated at a
longitude of 128°60'85"E and a latitude of 35°88'76"N. The coordinates serve as
the geographical reference points essential for contextualizing the research find-
ings within the unique seismic and environmental conditions prevalent in the
region.

Numerous previous research, such as Riza Ainul Hakim ef al [12] and S. C.
Pednekar et al [13], have highlighted the crucial role of structural regularity in
RC frame structures for effective structural analysis. Consequently, to compare
with other irregular RC structures, the regularity of the RC frame structure of
the Department of Architectural Engineering at Kyungpook National University

is expected to reduce variables due to the RC frame structure itself, and also ex-

DOI: 10.4236/wjet.2024.123038

590 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2024.123038

M. Shi et al.

pected to analyze the influences of the column section orientation for the specif-
ic RC frame structure under the specific seismic wave.

The RC frame structure for this research, as illustrated in Figure 2, constitutes
an architectural entity occupying a total area of 1316 m?. The structure spans a
length of 70 m, encompassing a breadth of 18.8 m and soaring to a height of 18.3
m. Classrooms flanking the periphery of the structure are crafted with those on
the sides measuring 7 m in length and 4.5 m in width, while larger classrooms
boast dimensions of 9 m by 4.5 m. Upon inspection of the 3D model in SAP 2000
as Figure 2(b) illustrates, it becomes evident that the RC frame configuration
encompasses four stories, each maintaining a uniform height of 3.5 m. Further-

more, a final stair room is situated atop the roof, ascending to a height of 3.8 m.
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(a) Floor Plan

(b) 3D model in SAP 2000

Figure 2. Design of the specific RC frame structure.

Figure 3 offers a comparative depiction of the design nuances inherent in
columns sharing a common cross-sectional area of 270,000 m?. The columns in
this research are categorized into two distinct cases: CASE-1, characterized by
dimensions of 450 mm x 600 mm, and CASE-2, featuring dimensions of 600
mm X 450 mm. While both cases maintain the same cross-sectional area, the
differing orientations offer a unique opportunity to explore how variations in

column orientations influence structural behavior and performance.
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Figure 3. The section designs (Unit: mm).
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Within each column section, an arrangement of reinforcing rebars is em-
ployed to enhance structural robustness and resilience. Specifically, ten longitu-
dinal D19 rebars are positioned within the column section, complemented by
D10 hoop rebars spaced at 300 mm intervals. Moreover, referring to the stand-
ards outlined in KDS 14 20 50: 2022, a regulatory framework, dictates a concrete
covering depth of 40 mm for the reinforcing bars.

The girder is an integral component of the RC frame structure under exami-
nation, with a cross-sectional area of 135,000 mm?, measuring 300 mm in width
and 450 mm in height. To fortify the girder against bending and shear forces, the
design of the girder section comprises a total of eight longitudinal rebars. At the
top, two robust D16 rebars are strategically positioned to withstand tensile forces
and bending moments, providing essential reinforcement against vertical loads
and structural deflections. Similarly, at the bottom of the girder, six D16 rebars
are deployed to enhance compressive strength and structural rigidity, effectively
counteracting the gravitational forces exerted on the structure. In addition to
longitudinal reinforcement, the girder incorporates hoop rebars D10 spaced at
300 mm intervals, placed to enhance structural stability and ductility. Adhering
to industry standards, the concrete cover depth of the girder strictly complies
with the guidelines outlined in KDS 14 20 50: 2022 as maintaining a concrete
cover depth of 40 mm.

The beam is also a vital structural element within the RC frame system with a
cross-sectional area meticulously crafted to 60,000 mm?. The section of the beam
measures 200 mm in width and 300 mm in height. To fortify the beam against
bending and shear forces comprising four longitudinal rebars. At the top, two
D16 rebars are positioned to withstand tensile forces and bending moments,
providing essential reinforcement against vertical loads and structural deflec-
tions. Similarly, at the bottom of the beam, two D16 rebars are deployed to en-
hance compressive strength and structural rigidity, effectively counteracting the
gravitational forces exerted on the structure. In addition to longitudinal rein-
forcement, the beam incorporates hoop rebars D10 placed at 300 mm intervals,
serving to enhance structural stability and ductility. Adhering to established in-
dustry standards, the concrete cover depth of the beam aligns with the guidelines
outlined in KDS 14 20 50: 2022, maintaining a depth of 40 mm.

Adhering to the rigorous requirements outlined in KS F 4009:2021 for
ready-mixed concrete as Table 1 illustrates, the concrete used in this research

meets industry standards for consistency, durability, and performance.
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Table 1. Design of column, girder, and beam.

Weight per unit volume 23540 N/m?
Mass per unit volume 2400 kg/m?
Modulus of elasticity 22334 MPa
Concrete Poisson 0.1667
Coefficient of Thermal expansion 1.100E—-05
Specified Compressive Strength 15.12 MPa
Expected Compressive Strength 18.14 MPa
Weight per unit volume 77000 N/m?
Mass per unit volume 7850 kg/m?
Modulus of elasticity 200000 MPa
Rebar Poisson 0.3
Coefficient of Thermal expansion 1.170E-05
Minimum Stress 240 MPa
Expected Stress 300 MPa
Longitudinal Rebar 8-D19 & 2-D16 Stiffness of Shear 0.45
Column Hoop Rebar D10@300 Stiffness of Moment 0.70
. Longitudinal Rebar 8-D16 Stiffness of Shear 0.45
Girder Hoop Rebar D10@300 Stiffness of Moment 0.35
Longitudinal Rebar 4-D16 Stiffness of Shear 0.45
Beam Hoop Rebar D10@300 Stiffness of Moment 0.35

Description of rebar size: D indicates rebar diameter
D19, D16, and D10 refer to rebar diameters of 19 mm, 16 mm, and 10 mm, respectively

Aligned with the design guidelines prescribed by the Ministry of Education of
the Republic of Korea for educational buildings dating back to the 1980s, the
specified compressive strength of the concrete is denoted as Fq = 15.12 MPa.
The expected compressive strength of the concrete, represented by Fe = 18.14
MPa, offers a glimpse into its potential performance under real-world condi-
tions, accounting for factors such as curing time, environmental influences, and
quality control measures.

Drawing from the guidelines outlined in KS D 3504:2021 for steel bars utilized
in concrete reinforcement, and informed by the educational building design
specifications of the 1980s by the Ministry of Education of the Republic of Ko-
rea, the strength of the rebar is designated as F, = 240 MPa. In addition to the
designated strength value, the anticipation of stress, denoted as F., = 300 MPa,
provides a valuable parameter for evaluating the steel bar’s expected perfor-
mance under various load conditions.

In adhering to design principles reminiscent of typical school buildings from
the 1980s and drawing guidance from Table 5.3.1 in KISTEC 2021, specific shear
and moment stiffness values are meticulously specified for both column and
beam sections. Referring to Table 1, a shear stiffness of 0.45 and a moment
stiffness of 0.7 are designated for the column section, emphasizing the struc-
ture’s capacity to resist bending and axial loads. Conversely, the girder and beam

section design features a shear stiffness of 0.45 and a relatively lower moment
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stiffness of 0.35, reflecting a configuration that is more responsive to shearing
forces and lateral loads.

Assigning plastic hinge properties to structural components in SAP 2000 is
essential, following ASCE 41-13 guidelines. Column decisions are based on Ta-
ble 10-8 for Reinforced Concrete Columns in nonlinear procedures, focusing on
Condition ii-Flexure/Shear with axial forces and bending moments about the
M2 and M3 axes. Plastic hinge modeling for girders and beams follows ASCE
41-13 guidelines, specifically Table 10-7 for Reinforced Concrete Beams, focus-

ing on the M3 degree of freedom to understand the response to lateral forces.

2.2. Load Design

Following industry standards outlined in Table 0303.2.1 of KBC 2016, the Dead
Load and Live Load specifications for the educational usage structure of the
school building are meticulously delineated.

The Dead Load represents the weight of the building’s permanent compo-
nents and materials and is specified as 4.3 KN/m? In contrast, the Live Load,
which accounts for the transient or variable loads imposed by occupants, furni-
ture, equipment, and temporary installations, is allocated a value of 3 kN/m?*
Furthermore, the Live Load specifically on the corridor is designed to be slightly
higher at 4.0 kN/m? reflecting the anticipated higher foot traffic and dynamic
loads experienced in this area.

In addition to Dead Load and Live Load considerations, roof load calculations
must also account for environmental factors such as snow accumulation. As de-
picted in Figure 4 and elaborated in KBC 2016, a snow load of 0.5 kN/m? is fac-

tored into roof load considerations.

o g

Figure 4. Design of the snow load (KBC 2016).
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Table 2. Structure of the train network.

Subsequently, by taking into account the dimensions of each room of the spe-
cific RC frame structure, the calculations for the Dead Load, Live Load, and
Snow Load can be performed using the formulas provided below:

o, =By /L (1)
o, =Pb /L (2)

where P, represents the Dead Load force, and @), signifies the uniform load
from the Dead Load. Conversely, P, denotes the Live Load force, and o,
represents the uniform load from the Live Load. Utilizing these calculations, the

Dead Load, Live Load, and Snow Load can be calculated as Table 2 shows.

KBC 2016 Dead Load Live Load Snow Load (Roof)
Length
Room Dead Load  Live Load  Snow Load Pp wp P wr Py wr
m kN/m? kN/m? kN/m? kN/m kN/m kN/m kN/m kN/m kN/m
4.5 4.3 3 0.5 21.77 4.838 15.19 3.38 2.53 0.56
Small
7 4.3 3 0.5 52.68 7.525 36.75 5.25 6.13 0.88
4.5 4.3 3 0.5 21.77 4.838 15.19 3.38 2.53 0.56
Middle
9 4.3 3 0.5 87.08 9.675 60.75 6.75 10.13 1.13
7 4.3 3 0.5 52.68 7.525 36.75 5.25 6.13 0.88
Large
7 4.3 3 0.5 52.68 7.525 36.75 5.25 6.13 0.88
2.8 - 4 0.5 - - 7.84 2.8 0.98 0.35
Corridor 7 - 4 0.5 - - 49.00 7 6.13 0.88
4.5 - 4 0.5 - - 20.25 4.5 2.53 0.56

2.3. Nonlinear Time History Analysis

Based on the findings of many former researchers regarding the Kobe 1995
earthquake [3]-[5], this research draws upon the seismic wave data obtained
from two observation stations: Abeno (ABN) and Takatori (TKT) on January 16,
1995.

The seismic wave data from Abeno (ABN) is particularly extensive, compris-
ing a dataset consisting of 14,000 recorded points, meticulously sampled at reg-
ular intervals of 0.01 seconds. As a comparison, the seismic wave data from Ta-
katori (TKT) provides valuable recorded data, consisting of 4,096 recorded
points sampled at identical intervals of 0.01 seconds. Figure 5 serves as an essen-
tial visual aid, presenting the Acceleration and Time results derived from the
analysis of these specific seismic wave datasets.

Figure 5 provides a visual representation of the recorded seismic waves in
Abeno (ABN) and Takatori (TKT), offering critical insights into the seismic
characteristics observed at these distinct locations during the Kobe 1995 earth-
quake. One striking difference revealed by Figure 5 is the wave recorded in
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0.8

Abeno spans a total of 140 seconds, significantly longer than the 40 seconds rec-
orded in Takatori. Moreover, Figure 5 highlights notable disparities in the mag-
nitudes of acceleration between Abeno and Takatori. In Takatori, the seismic
wave exhibits substantially larger accelerations, with maximum positive and
negative accelerations reaching 0.61771 g and —0.54284 g, respectively, at specif-
ic time intervals. In comparison, the accelerations recorded in Abeno are com-
paratively smaller, with maximum positive and negative accelerations of 0.14866
g and —0.22063 g, respectively. These variations in acceleration magnitudes un-
derscore the diverse seismic intensities experienced at different locations within

the earthquake-affected region.
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Figure 5. Seismic waves of Kobe 1995 earthquake.

Given these significant differences in both duration and acceleration between
the seismic waves recorded in Abeno and Takatori, it becomes imperative to
examine their implications for structural behavior. The utilization of nonlinear
time history analysis offers a meaningful approach for elucidating these differ-
ences and understanding their impact on the response of structures subjected to
the Kobe 1995 earthquake.

Figure 6 provides a detailed analysis of the velocity characteristics associated
with the seismic waves recorded in Takatori and Abeno during the Kobe 1995
earthquake, shedding light on the dynamic behavior of these waves and their
implications for structural response. One finding highlighted by Figure 6 is the

stark contrast in velocity between the two seismic waves, with the wave observed
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Figure 6. Velocity of seismic waves.
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In Takatori, the analysis reveals that the seismic wave attains maximum veloc-
ities of 120.68 cm/sec and —117.91 cm/sec for the positive and negative zones,
respectively. In contrast, the velocities recorded in Abeno are notably lower, with
maximum velocities reaching 21.49 cm/sec and —13.95 cm/sec for the positive
and negative zones, respectively.

The analytical exploration of seismic characteristics extends beyond velocity
to include displacement, offering further insights into the dynamic response of
structures to seismic waves. As Figure 7 illustrates, the analysis reveals a clear
pattern: Takatori experiences significantly larger displacements compared to

Abeno, attributable to the faster acceleration and velocity observed in Takatori.
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Figure 7. Displacement of seismic waves.

In Takatori, the seismic displacement reaches maximum values of 23.30 cm
and —39.95 cm for the positive and negative zones, respectively. In contrast, the
displacements recorded in Abeno are notably smaller, with maximum values
reaching 7.98 cm and —-7.62 cm for the positive and negative zones, respectively.

In the quest to accurately simulate the seismic behavior observed during the
Kobe 1995 earthquake, this research harnesses nonlinear time history analysis,
capable of generating synthetic time histories that closely resemble the actual
seismic events recorded at specific observation points. The process begins by
leveraging the reference acceleration data obtained from two critical observation
points: Abeno (ABN) and Takatori (TKT).

Furthermore, This synthetic time history is created in both the frequency do-
main and time domain, aligning with the target response spectrum specified in
KBC 2016, as the site class of SD, where site coefficient F, (Acceleration re-
sponses of the soil to short periods) is 1.46, and F, (acceleration responses of
the soil to long periods) is 1.58. Then, the value of S, (Short-Period Spectral
Response Acceleration) and S,, (l-second Spectral Response Acceleration)
can be calculated as the equation shown below:

Sy =SxF, x2/3 (3)
Sps =Sx2.5xF, x2/3 (4)

where Srepresents the effective ground acceleration value for a 2400-year return
period earthquake, sourced from Table 0306.3.1 of KBC 2016, and the value of
F, and F, gives 1.46 and 1.58 respectively. Applying the provided equations,
the 1-sec spectral acceleration is computed as 0.22 g, while the 0.2-sec spectral
acceleration stands at 0.55 g.

The synthetic seismic wave approach in nonlinear time history analysis in-
volves generating artificial earthquake records that are used as input ground mo-
tions for the dynamic analysis of structures. This method is crucial for assessing
the performance and safety of structures under seismic loads, especially when
real earthquake records are scarce, not representative of the site conditions, or
when specific design earthquake scenarios need to be considered [14] [15].

Synthetic seismic waves can be generated to match specific design spectra or

site conditions, providing more relevant and controlled input for analysis. Also,
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this approach enables the study of hypothetical earthquake scenarios, including
rare or extreme events that may not be represented in historical records [14].
Furthermore, this approach offers consistency and reproducibility, which is
beneficial for comparative studies and design validation.

Achieving an accurate representation of seismic events requires the synthesis
of matching time history data that captures seismic characteristics across both
frequency and time domains. This synthesis process, exemplified in Figure 8,
plays a pivotal role in ensuring the analytical results and enhancing the under-
standing of structural response to seismic loading.
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Figure 8. Approach of nonlinear time history analysis.

Referring to Figure 8, despite variations in the magnitude of seismic waves
between Takatori (TKT) and Abeno (ABN), the synthetic results exhibit re-
markable similarities. This result can be attributed to the utilization of the same
target response spectrum specified in KBC 2016. Due to this, this research is ex-
pected to gain similar results under the nonlinear time history analysis for the

specific RC frame structure.

DOI: 10.4236/wjet.2024.123038

600 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2024.123038

M. Shi et al.

3. Discussion of the Analysis

3.1. Base Shear, Base Moment, and Displacement

The research emphasizes the importance of nonlinear time history analysis in
seismic performance studies, particularly focusing on the Kobe 1995 earthquake.
Nonlinear time history analysis is applied using seismic waves from Abeno
(ABN) and Takatori (TKT). The synthetic response spectrum is generated
through a response spectrum synthetic approach in SAP 2000, based on the Ko-
be 1995 earthquake seismic waves of Abeno (ABN) and Takatori (TKT) respec-
tively, aligning with the specific response spectrum of KBC 2016. The analysis
introduces positive and negative zones, resulting in eight analytical datasets de-
rived using spectral matching methods in both frequency and time domains, il-
lustrated in Figure 9.
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Figure 9. Base shear and displacement.

In the realm of seismic analysis, understanding the structural response of
buildings is paramount for ensuring their safety and resilience. Involving a total
of 66 points positioned across both the foundation and roof of the RC frame
structure under study, this research emphasizes evaluating structural perfor-
mance by examining two critical parameters: base shear force and roof dis-
placement. The collection of base shear force values from all foundation points
allows for a comprehensive analysis of seismic forces acting on the structure.
Under the two different seismic waves of Abeno (ABN) and Takatori (TKT), the
division of results into x and y directions provides a detailed understanding of
how seismic forces vary spatially. Simultaneously, the monitoring of displace-

ment at 66 points on the roof offers insights into the dynamic behavior of the
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structure during seismic events. Figure 9 serves as a visual representation of the
interplay between the base shear force on the foundation and displacement on
the roof.

Figure 9 presents a comparative analysis of base shear and displacement for
different column orientations, particularly focusing on CASE-1 and CASE-2. In
the x-direction, CASE-2 shows higher base shear, while CASE-1 exhibits slightly
longer displacement. Conversely, in the y-direction, CASE-1 surpasses CASE-2
in base shear, while CASE-1 exhibits slightly shorter displacement. This under-
scores the sensitivity of structural response to column section designs. These
consistent findings across spectral matching approaches in both frequency and
time domains, validated by Abeno (ABN) and Takatori (TKT) seismic waves, af-
firm the results. Figure 9 visually illustrates the findings for both different direc-
tions and both different seismic waves.

In the analysis of base moment, graph (a) and graph (c) within Figure 10
demonstrate that CASE-1 exhibits a larger base moment when the analysis is
conducted in the x direction. This suggests that the orientation of CASE-1’s
column sections provides greater resistance to seismic forces in this specific di-
rection. Conversely, graph (b) and graph (d) show that CASE-2 demonstrates a
larger base moment when analyzed in the y direction. This indicates that
CASE-2’s column orientation is more effective in resisting seismic forces from
this angle. The divergence of the results highlights the sensitivity of the structur-
al response to the orientation of the analysis, underscoring the importance of
considering directional influences in column design. By employing two distinct
approaches—Frequency Domain and Time Domain—the research confirms that
the analysis of base moment and displacement yields identical results under the
seismic waves of the Kobe 1995 earthquake in both Abeno and Takatori, and this
consistency reinforces the reliability of the synthetic methods used and provides

a robust basis.
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Figure 10. Base moment and displacement.
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3.2. Layer Displacement and Radians

The findings depicted in Figure 11 and Figure 12 emphasize the critical role of
displacement and radians analysis in assessing structural performance during
seismic events. Figure 11 visually demonstrates that, based on the seismic waves
from Abeno and Takatori, CASE-1 exhibits a longer average displacement in the
x-direction. This indicates that the column design in CASE-1 is more susceptible
to movement along the x-direction. Conversely, in the y-direction, CASE-2
shows a longer average displacement, suggesting that its column configuration is

more prone to displacement in the y-direction.
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Figure 11. Average displacement.
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Figure 12. Average radians.

Further analysis, as illustrated in Figure 12, reveals that the radians vary sig-
nificantly by story. Larger radians are observed in CASE-1 for the x-direction,
indicating greater rotational movement, whereas CASE-2 exhibits larger radians
in the y-direction. This pattern is consistently observed across the seismic waves
from both Abeno and Takatori, highlighting the reliability of these findings.

These results underscore the importance of analyzing both displacement and
radians to understand structural behavior under seismic conditions fully. The
visual representations provided in Figure 11 and Figure 12 offer a clear and de-
tailed comparison of how different column section designs respond to seismic

forces, providing valuable insights for improving structural resilience in earth-
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quake-prone areas.

3.3. Layer Displacement Angle

Figure 13 illustrates the results of average layer displacement angles for a specif-
ic RC frame structure, analyzed using nonlinear time history analysis based on
two synthetic seismic waves from Abeno and Takatori. The graphs reveal both

positive and negative average layer displacement angles.
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Figure 13. Layer displacement angle.

Layer displacement angle

(d) TKT-Layer displacement angle-y

In the x direction, as shown in graphs (a) and (c), CASE-1 generally exhibits a
larger average layer displacement angle compared to CASE-2. However, an in-
tersection point occurred between the 3rd and 5th floors for both seismic waves
from the Kobe 1995 earthquake in Abeno (ABN) and Takatori (TKT). This con-
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sistent pattern across different seismic waves highlights a fundamental charac-
teristic of the structural response. Conversely, in the y direction, depicted in
graphs (b) and (d), CASE-2 demonstrates a larger average layer displacement
angle than CASE-1. The intersection points in this direction are more pro-
nounced, providing a clearer trend compared to the x-direction results. These
intersections suggest that the different column section designs significantly im-
pact the layer displacement angle.

Furthermore, the analysis indicates that the synthetic response spectrum
based on the time domain reveals more distinct intersection points than the fre-
quency domain counterpart. This observation implies that the temporal charac-
teristics of seismic forces exert a more significant influence on the layer dis-
placement angle than the frequency-based characteristics. This finding under-
scores the importance of considering both time and frequency domains in seis-
mic analysis to understand the structural behavior under seismic loading.

3.4. Structural Displacement and Velocity

A crucial aspect of understanding the structural response under the seismic wave
conditions of the Kobe 1995 earthquake is the comparison of the overall structur-
al displacement with the original seismic waves from Abeno (ABN) and Takatori
(TKT). This analysis aims to provide insights into how the structure behaves un-
der these specific seismic conditions [9] [11]. Figure 14 is pivotal in this analysis,
as it visually presents the comparison of structural displacement for two different
column section designs. By examining the displacements induced by the seismic
waves from Abeno and Takatori, the figure helps illustrate the variations in

structural response due to different seismic inputs and column section designs.
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Figure 14. Structural seismic lateral displacement.

Graphs (a) and (c) in Figure 14 specifically depict the structural displacement
in the x-direction resulting from the seismic waves of Abeno and Takatori. This
visual representation offers insights into the structural lateral movement and
deformation that the structure experiences along the x-axis when subjected to
the target seismic waves of the original seismic waves from the Kobe 1995
earthquake in Abeno (ABN) and Takatori (TKT). These graphs help to under-
stand the extent of the lateral forces and their impact on the structural integrity
during seismic events.

In parallel, graphs (b) and (d) in Figure 14 illustrate the structural displace-
ment in the y-direction. This depiction offers an examination of the structural
lateral movement and deformation along the y-axis, providing a comprehensive
understanding of how the structure responds to the seismic forces specified by
both the original seismic waves of the Kobe 1995 earthquake in Abeno (ABN)
and Takatori (TKT). These graphs highlight the extent of the structural response
to lateral forces, helping to assess the impact of seismic events on the overall sta-
bility and integrity of the building.

As observed in graphs (a) and (c) in Figure 14 along the x-direction, both
specific cases under scrutiny reveal a pattern of irreversible structural displace-
ment. This displacement becomes prominent from around 20 seconds in the
seismic wave from Abeno (ABN) and from 6 seconds in the seismic wave from
Takatori (TKT). This critical phase marks the occurrence of irreversible plastic
damage to the target reinforced concrete (RC) frame structure in both CASE-1
and CASE-2 in the x-direction, highlighting the significant impact of these seis-
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mic events on structural integrity and stability.

Examining the results along the y-direction as depicted in graphs (b) and (d) in
Figure 14 reveals a phenomenon of irreversible structural displacement in both
CASE-1 and CASE-2. The displacement in the y-direction also becomes promi-
nent from around 20 seconds in the seismic wave from Abeno and from 6 seconds
in the seismic wave from Takatori. This phenomenon signifies the occurrence of
irreversible plastic damage to the target reinforced concrete (RC) frame structure
in both CASE-1 and CASE-2. The consistent timing in the emergence of this irre-
versible displacement under each different seismic wave highlights the critical
phase in understanding the structural behavior under seismic forces, underscoring
the significant impact of these events on the overall structural integrity.

Analyzing Figure 14, which presents the structural lateral displacement
graphs, reveals a noteworthy distinction between CASE-1 and CASE-2 over the
duration of the specific seismic event. Although the graphical differences are not
highly pronounced, a more detailed examination in Table 3 brings out a clear
contrast. Specifically, for the reinforced concrete (RC) frame structure under
consideration, CASE-1 exhibits longer structural displacement in the x-direction,
while CASE-2 shows longer displacement in the y-direction. This phenomenon
is consistent across both seismic waves from Abeno (ABN) and Takatori (TKT),
underscoring the directional sensitivity of the structural response to the seismic

forces.

Table 3. Result of structural displacement.

CASE-1 CASE-2
Types Direction-x Direction-y Direction-x Direction-y
mm mm mm mm
Positive 153.81 165.76 143.80 168.72
Abeno
Negative —-132.25 -127.10 -131.73 —144.02
Positive 110.57 107.60 109.92 108.04
Takatori
Negative —74.34 —81.84 -72.45 -91.39

Graphs (a), (b), (c), and (d) in Figure 15 provide results of the structural ve-
locity in the x and y directions, offering insights into the structure’s response to
the seismic wave of the Kobe 1995 earthquake from Abeno (ABN) and Takatori
(TKT). Focusing on the x-direction, as presented in graphs (a) and (c), a notable
observation is the occurrence of higher velocity values within the initial 15 to 30
seconds for the seismic wave from Abeno (ABN) and within the initial 5 to 7.5
seconds for the seismic wave from Takatori (TKT).

Analyzing the structural velocity in the y-direction, as presented in graphs (b)
and (d) in Figure 15, highlights a noteworthy pattern of faster velocity within
the initial 15 to 30 seconds for the seismic wave from Abeno (ABN) and within
the initial 5 to 7.5 seconds for the seismic wave from Takatori (TKT). This tem-
poral alignment of increased velocity is consistent with the observation of longer

structural displacement in the y-direction during the same time period, as illus-
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trated in Figure 14. This correlation provides deeper insights into the dynamic
response of the structure under these specific seismic conditions, emphasizing
the relationship between velocity and displacement during the critical initial

phases of seismic activity.
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Figure 15. Structural seismic velocity.
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The comparison of structural velocity between CASE-1 and CASE-2 in the
context of the specific seismic event of Kobe 1995 is detailed in Table 4, reflect-
ing the insights gained from the graphs in Figure 15. Specifically, for the rein-
forced concrete (RC) frame structure under consideration, CASE-1 exhibits
faster structural velocity in the x-direction, while CASE-2 shows faster structural
velocity in the y-direction. This pattern, similar to the results of structural lateral
displacement, remains consistent across both seismic waves from Abeno (ABN)
and Takatori (TKT), underscoring the directional sensitivity of the structural
response to seismic forces. Also, this consistent directional behavior highlights
the impact of column section design on the structural performance during seis-

mic events.

Table 4. Result of structural velocity.

CASE-1 CASE-2
Types Direction-x Direction-y Direction-x Direction-y

mm/sec mm/sec mm/sec mm/sec

Positive 641.42 320.31 522.57 322.42
Abeno
Negative -590.78 -411.95 —515.61 —454.66
Positive 450.88 312.53 503.74 384.27
Takatori

Negative -592.26 -477.12 —546.59 -410.23

4. Summary of the Analysis

This research focuses on the seismic analysis of a typical educational RC frame
structure at Kyungpook National University, employing two different seismic
waves from Abeno (ABN) and Takatori (TKT). The primary goal is to evaluate
the structural performance under these seismic conditions, specifically examin-
ing the impact of different column orientations. By concentrating on varying
column orientations, the study aims to provide a detailed understanding of how
column configurations influence seismic performance [10]. By comparing the
structural responses to the two distinct seismic waves, the findings are expected
to highlight the effects of these seismic waves and elucidate the application of
synthetic seismic methods in nonlinear time history analysis [1] [9] [11].

The findings from the nonlinear time history analysis underscore that longer
column sections aligned with the load direction consistently exhibit superior
performance across several parameters. Specifically, these sections demonstrate
larger base shear force and base moment, while simultaneously experiencing
shorter displacements. This indicates that longer column sections are more ef-
fective in handling seismic loads, as they generate higher base shear and mo-
ments but result in reduced displacement, thereby enhancing the overall struc-
tural stability during seismic events.

Moreover, the analysis extends to discussing average layer displacement an-

gles, average displacement, and radians. The findings consistently show that
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longer column sections aligned with the load direction exhibit superior charac-
teristics, such as smaller layer displacement angles and shorter displacements.
This suggests that these section designs are better able to withstand larger radi-
ans under seismic conditions. Furthermore, the discussion highlights an inter-
section from the 3rd to the 5th floor in the analysis of radians and average layer
displacement angle, emphasizing the substantial influence of the number of sto-
ries on the radians of the joints in the RC frame structure. This intersection un-
derscores how the structural response varies with height, particularly affecting
joint behavior and overall stability during seismic events.

The comparison between two approaches for synthesizing response spec-
trum—frequency domain and time domain—based on nonlinear time history
analysis reveals a strong correlation in the results for base shear and base mo-
ment using the time domain. This indicates that the synthetic response spectrum
with the time domain provides a more accurate structural analysis compared to
the frequency domain method. This observed phenomenon is consistent across
various results, including average displacement, radians, and average layer dis-
placement angle. The findings suggest that employing the time domain in syn-
thetic response spectrum analysis significantly enhances the precision of struc-
tural evaluation.

The results of structural lateral displacement and velocity underscore the sig-
nificance of longer column sections oriented with the load direction, revealing a
notable reduction in structural lateral displacement and slower structural veloc-
ity. This implies that longer column sections demonstrate heightened resilience
against extensive lateral displacement and rapid structural velocity, especially
under seismic conditions. Such findings illuminate the pivotal role of column
design in mitigating structural vulnerability and enhancing seismic resilience. By
aligning with the load direction, longer column sections effectively distribute
and absorb seismic forces, thereby minimizing lateral displacement and velocity,
which are crucial factors in ensuring structural stability and safety during seis-
mic events.

The comparative analysis of the structural responses to the seismic waves
from Abeno (ABN) and Takatori (TKT) reveals that, despite Takatori’s generally
higher seismic intensity, there are minimal differences in the results. This con-
sistency is observed under both the frequency and time domain synthetic ap-
proaches in nonlinear time history analysis. The findings primarily reflect the
target response spectrum of KBC 2016, rather than the variations in seismic in-
tensity between the two seismic waves. This outcome highlights the critical im-
portance of the target response spectrum in the nonlinear time history analysis.
The emphasis on the target response spectrum suggests that it plays a more piv-
otal role than the reference acceleration time history in accurately predicting
structural performance and ensuring robust seismic design based on the seismic
wave synthetic method in nonlinear time history analysis.

Moreover, when comparing the seismic responses of Abeno (ABN) and Ta-

katori (TKT), it is evident that Abeno’s seismic wave, despite having a smaller
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seismic intensity, results in a slightly larger base shear force, longer displace-
ment, and greater average displacement angle. This observation underscores the
impact of a longer seismic wave period on structural fatigue. The longer dura-
tion of the seismic waves from Abeno (ABN) appears to contribute to increased
structural fatigue, which in turn leads to more significant structural damage.
This finding highlights the critical role that the period of a seismic wave plays in
influencing structural performance, suggesting that even lower-intensity waves

can cause considerable damage if their duration is extended.

5. Conclusions

In this research, the discussion covers various aspects such as base shear, base
moment, layer displacement, layer radians, layer displacement angle, and struc-
tural lateral displacement. It emphasizes that aligning the column section orien-
tation with the load direction in an RC frame structure can significantly enhance
structural performance during seismic events.

Moreover, regarding the nonlinear time history analysis under the seismic
waves synthetic approach, this research explains that the choice of the target re-
sponse spectrum is more significant than considering the variations in seismic
intensity between different seismic waves. Therefore, compared to the selection
of seismic waves, selecting the appropriate target response spectrum is more
meaningful for the approach of synthetic seismic waves within nonlinear time
history analysis.

Throughout the nonlinear time history analysis using the seismic waves syn-
thetic approach, it is evident that this method is a crucial component of Nonlin-
ear Dynamic Analysis (NDA). The findings, particularly regarding structural
lateral displacement, underscore the significance of nonlinear time history anal-
ysis. This method effectively reveals the dynamic behavior of structures under
seismic events, providing valuable insights into their performance and resilience.

The findings of this research are anticipated to be a significant resource for
structural design, specifically focusing on the impact of different column section
orientations. Additionally, these insights are expected to guide seismic rein-
forcement efforts for existing RC buildings. By providing detailed analysis and
data, this research aims to enhance the understanding of structural performance
under seismic conditions, ultimately contributing to more resilient and durable

building designs.
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