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Abstract: With the ongoing acceleration of the urbanization process, a large portion of the
population is concentrated in urban areas, leading to significant issues with living space. The
increasing number of vehicles necessitates more parking space, and the phenomenon of
urbanization requires new building structures that can accommodate this need. As a result,
there has been a rise in Piloti-type RC (reinforced concrete) structures, particularly in the
Republic of Korea. These structures utilize their open ground floors for various purposes such
as parking, storage, and social spaces, adding functional diversity to buildings and receiving
positive reviews for these advantages. However, the open ground floor can potentially create
security vulnerabilities if not adequately secured or monitored. This was evident during the
Pohang earthquake in 2017 when numerous Piloti-type RC structures sustained more severe
damage than conventional RC structures. Therefore, numerous previous researchers have
emphasized the importance of ensuring structural safety in Piloti-type RC structures. In this
research, the structural designs under the Ministry of Land, Infrastructure, and Transport of the
Republic of Korea were used as a basis for simulation in SAP 2000. The focus was on
comparing the structural performance of a typical Piloti-type RC structure with and without
the Piloti-type design using nonlinear pushover analysis. The findings of this research are
expected to provide a clear understanding of the differences between Piloti-type RC structures
and non-Piloti-type RC structures. Additionally, based on the specific characteristics of Piloti-
type RC structural vulnerabilities identified through nonlinear pushover analysis, this research
is anticipated to serve as a valuable reference for reinforcing existing Piloti-type RC structures
to better resist seismic activities, thereby reducing human casualties and economic damage
resulting from seismic events.

Keywords: Piloti-type RC structure; nonlinear pushover analysis; seismic damage; structural
simulation; SAP 2000

1. Introduction

Piloti-type RC (reinforced concrete) buildings are characterized by their elevated
first floors, which are supported by columns with open spaces underneath. This
structural style offers several practical and aesthetic benefits, making it popular in
contemporary society for various types of buildings such as residential complexes,
commercial buildings, and public spaces. The advantages of Piloti-type RC buildings,
such as space utilization for parking and recreational areas, have made this type of
structure very popular in the Republic of Korea. These buildings address many living
issues, including parking problems due to the increasing number of vehicles.
Additionally, they can be used for gardens, playgrounds, or communal spaces to
enhance the quality of life for residents.
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However, the research conducted by Jiuk et al. [1] indicates the structural issues
related to Piloti-type RC buildings. Much previous research emphasizes concerns such
as seismic considerations, including soft-story effects, mitigation measures, shear
walls, bracing systems, and strong column-weak beam relationships. Additionally,
load distribution and material quality have been identified as major aspects in previous
research. Despite these considerations, many Piloti-type RC buildings exhibited
structural weaknesses during the Pohang 2017 earthquake, as Figure 1 illustrates. The
ground floor columns of these buildings were particularly susceptible to damage due
to their unique characteristics. This emphasizes the need for a thorough analysis of
Piloti-type RC buildings and the development of effective seismic resistance methods.

© O ©
Figure 1. Damage of Piloti-type RC buildings. (a) Parking area; (b) opening space;
(c) structural repairing; (d) school building.

As noted by Honda et al. [2], Piloti-type RC buildings offer numerous benefits
such as efficient space utilization, modern aesthetics, and flood protection. However,
based on the structural damages of Piloti-type RC buildings with the Pohang 2017
earthquake, it is essential that careful attention be given to the Piloti-type RC structural
design in order to address potential seismic vulnerabilities and ensure safety and
stability [3-8]. With proper engineering solutions in place, Piloti-type RC buildings
can provide functional, yet attractive, resilient spaces within contemporary urban
environments.

Although a lot of research has identified the vulnerability of ground floor
columns in Piloti-type RC buildings, few have conducted detailed analytical
comparisons between Piloti-type and non-Piloti-type RC structures within the same
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structural framework [3-8]. The absence of such comparative research limits a full
understanding of how open spaces on the ground floor affect mechanical performance
and structural integrity. The comparison is expected to highlight the mechanical
influence of the open spaces of Piloti-type structures, shedding light on the potential
challenges that Piloti-type RC buildings face in seismic activities. Therefore, this
research seeks to bridge that gap by systematically analyzing and contrasting the
behavior of these two structural designs under nonlinear pushover analysis. By
exploring the structural characteristics, this research provides critical insights into the
strengths and weaknesses of Piloti-type RC buildings. Additionally, it offers a valuable
reference for developing targeted reinforcement strategies to improve seismic
resilience, ensuring that Piloti-type RC buildings can safely withstand external forces
while maintaining the functional advantages of the Piloti-type RC buildings in urban
environments.

In this research, a typical Piloti-type RC building provided by the Ministry of
Land, Infrastructure, and Transport of the Republic of Korea was selected for
simulation using nonlinear pushover analysis in SAP 2000. The response spectrum
was based on the Pohang 2017 earthquake and selected according to the earthquake
site of Pohang City, referring to the Korean Design Standard KDS 41 17 00: 2022 in
order to determine performance points. Two different RC structures with and without
Piloti-type designs were simulated based on the typical Piloti-type RC building. The
comparative analytical results of base shear, structural lateral displacement, layer
shear, and layer drift are expected to provide valuable references for newly built Piloti-
type RC buildings. Additionally, this research is also expected to serve as a reference
for reinforced projects for existing Piloti-type RC buildings in order to resist seismic
damages while reducing human casualties and economic damage resulting from
seismic activities.

2. Description of the research

2.1. Structural design

The floor plan design serves as a crucial tool for illustrating the design of the
target Piloti-type RC building in this research, as shown in Figure 2. The target Piloti-
type RC building is designed by the Ministry of Land, Infrastructure, and Transport of
the Republic of Korea, with dimensions spanning 14.8 m in length and 13 m in breadth.
As depicted in Figure 2, the area of the target Piloti-type RC building in this research
can be calculated to be 192.4 m2,

Figure 2 also indicates that a total of 16 columns are incorporated into the design
of the target Piloti-type RC building, with two different column section designs labeled
C1 and C2. Specifically, 14 columns are designated for structural general use (C1),
while 2 columns are allocated for the core area (Stair Zone) using the column design
of C2. Additionally, beam section S is connected to each column throughout the entire
structure. Furthermore, two different wall sections labeled W1 and W2 are utilized for
general structural designs and within the core area (Stair Zone) of the target Piloti-type
RC building respectively.
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Figure 2. Design of the floor plan.

The structural elevation is a significant aspect of achieving the 3D model on SAP
2000. The structural elevation of the target Piloti-type structure in this research is
showcased in Figure 3, providing a clear front view and side view. According to the
structural elevation, the first floor with the Piloti-type structure design is planned with
a height of 3.3 m, and each single story from the 2nd floor to the roof floor of the 5th
floor is planned with a height of 2.7 m. Additionally, the stair zone in the core area on
the roof in this target Piloti-type structure is planned with a height of 2.8 m. Based on
these story height designs, the structural height of the building is given as 14.2m as
illustrated in Figure 3.
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Figure 3. Piloti-type structural elevation. (a) Front view; (b) side view.

Especially, this research has taken into account not only the material used for the
reinforcement rebars but also the design definition of the cross-section of beam and
columns as the subsequent section 2.2 illustrates. Both of these factors are crucial in
determining the appropriate amount and strength of the rebars required for the
structural integrity of the design. This research has ensured that the reinforcement
rebars used align precisely with the actual structural design specifications, which is a
vital aspect for the accuracy and reliability under the nonlinear pushover analysis in
this research. The detailed illustration of how the material and cross-section of beam
and columns design definition along with the amount and strength of reinforcement
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rebars correspond with the actual structural design is provided in the subsequent
section, labeled as section 2.2.

2.2. Material property and section designs

Since concrete is the primary material used in the construction of the target Piloti-
type RC structure in this research, the material properties of the concrete have a
significant impact on the results under the nonlinear pushover analysis conducted in
this research. The properties of concrete are defined according to the Korean Standard
KS F 4009: 2021 (Ready-mixed concrete), as presented in Table 1. The concrete
utilized in the target Piloti-type RC structure in this research complies with Korean
national industry standards for consistency, durability, and performance.

Table 1. Concrete property.

Weight per unit volume 25,000 N/m?
Mass per unit volume 2550 kg/m?
Modulus of Elasticity (E) 30,000 MPa
Poisson (U) 0.18
Coefficient of Thermal Expansion (A) 1.000E-05
Shear Modulus (G) 12,500 MPa
Specified Compressive Strength (Fck) 21 MPa
Expected Compressive Strength (Fex) 26.25 MPa

According to the Korean Standard KS F 4009: 2021 (Ready-mixed concrete), as
shown in Table 1, the specified compressive strength of the concrete is indicated as
F« = 21 MPa. After applying a multiplication coefficient of 1.2, the expected
compressive strength of the concrete denoted as Fex = 25.2 MPa, provides insight into
its potential performance under real-world conditions. This takes into account factors
such as curing time, environmental influences, and quality control measures.

In addition, the weight per unit volume of the concrete is specified as 25,000
N/m?3, while the mass per unit volume is given as 2550 kg/m®. The Poisson ratio for
defining the concrete properties in this research is determined to be 0.18 as Table 1
illustrates.

Table 2. Rebar property.

Weight per unit volume 77,000 N/m?
Mass per unit volume 7850 kg/m?
Modulus of Elasticity (E) 200,000 MPa
Poisson (U) 0.3
Coefficient of Thermal Expansion (A) 1.170E-05
Minimum Yield Stress (Fy) 400 MPa
Minimum Tensile Stress (Fu) 540 MPa
Expected Yield Stress (Fey) 440 MPa
Expected Tensile Stress (Feu) 590 MPa
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The material property of the rebar is also a key aspect of the target Piloti-type RC
structure in this research. The rebar property is defined according to the Korean
standard KS D 3504: 2021 (Steel bars for concrete reinforcement), as shown in Table
2. Specifically, the yield strength of the rebar is designated as F, = 400 MPa, and the
expected yield stress of the rebar is designated as Fey = 440 MPa. These values provide
valuable parameters for evaluating the expected performance of the rebar under
nonlinear pushover analysis in this research.

Furthermore, as illustrated in Table 2, the weight per unit volume of the rebar in
this research is specified as 77,000 N/m3, while the mass per unit volume is given as
7850 kg/m3. The Poisson ratio for defining the rebar properties in this research is
determined to be 0.3.

The nonlinear behavior of concrete and rebar plays a critical role in the nonlinear
pushover analysis conducted in this research. Given the importance of capturing the
accurate mechanical responses of materials under load, this research leverages detailed
material specifications presented in Tables 1 and 2, which provide essential
parameters for concrete and rebar, and these parameters establish an accurate
framework for analyzing structural response to increasing loads.

In addition, Figure 4 graphically represents the nonlinear properties of the
materials as concrete and rebar, with Figure 4a showing the stress-strain curve for
concrete and Figure 4b depicting the stress-strain curve for rebar. By incorporating
these nonlinear material properties, the analysis accurately reflects how each
component contributes to the overall structural performance under simulated seismic
conditions. This approach not only ensures realistic modeling but also improves the
reliability of the results, establishing a robust foundation for evaluating structural
safety and resilience in RC structures under the nonlinear pushover analysis.
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Figure 4. Nonlinear property of concrete and rebar. (a) Concrete; (b) Rebar.

Including considerations for structural integrity, load transfer, and resistance to
lateral forces, columns are vertical structural elements that play a crucial role in
supporting the weight of the building and safely transferring it to the foundation. In
this research, the column plays a significant role in the target Piloti-type RC structure.
Two different column sections, named C1 and C2 as illustrated in Figure 5, are
defined for further analysis.
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Figure 5. Column section designs. (a) Section design C1; (b) section design C2.

Referring to Figure 5a, column section C1 is designed for general column
utilization in the target Piloti-type RC structure, with a cross-sectional area of 210,000
mm? and dimensions of 700 mm %300 mm. Within the C1 section, reinforcing rebars
are arranged to enhance structural robustness and resilience. Specifically, ten
longitudinal D22 (Diameter: 22 mm) rebars are positioned within the C1 section,
complemented by D10 (Diameter: 10 mm) hoop rebars spaced at intervals of 150 mm.
Furthermore, according to the Korean Standards outlined in KDS 14 20 50: 2022, a
regulatory framework dictates a concrete covering depth of 40 mm for the general RC
structures.

On the other hand, in Figure 5b, column section C2 is specifically designed for
the column located in the core area (Stair zone) of the Piloti-type RC structure under
consideration. It has a cross-sectional area of 390,000 mm? and dimensions of 1300
mm > 300 mm. Within section C2, reinforcing rebars are also designed to enhance
structural robustness and resilience. More precisely, fourteen longitudinal D22
(Diameter: 22 mm) rebars are positioned within section C2, accompanied by D10
(Diameter: 10 mm) hoop rebars spaced at intervals of 150 mm. Similar to the column
section design of C1, in accordance with Korean Standard KDS 14 20 50: 2022, a
construction code also dictates a concrete covering depth of 40 mm for the column
design of C2.

Similar to the column section, which includes considerations such as structural
support, span capability, and resistance to deflection, the significance of beams in RC
structures is vast and multifaceted. In this study, the beam section is designed with a
consistent unified approach, as illustrated in Figure 6.
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Figure 6. Beam section design.

In accordance with Figure 6, the beam section of the target Piloti-type RC
structure is designed with a unified design, featuring a cross-sectional area of 320,000
mm? and dimensions of 400 mm <800 mm. Similar to the column section designs, the
reinforcing rebars are also positioned to enhance the structural robustness and
resilience of the beam section. Specifically, six longitudinal D19 (Diameter: 19 mm)
rebars are located on the top of the beam section (Compression Zone), while eight
longitudinal D19 (Diameter: 19 mm) rebars are placed on the bottom of the beam
section (Tensile Zone). Additionally, D10 (Diameter: 10 mm) hoop rebars are spaced
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at intervals of 200 mm to further reinforce the beam section. Moreover, it should be
noted that according to Korean Standard KDS 14-20-50: 2022, the concrete covering
depth of 40 mm is designed for the beam section also.

The slab in the RC structure plays a crucial role, significantly contributing to the
overall strength, stability, and functionality of the construction. The design of the slab
for the target Piloti-type RC structure is depicted in Figure 7 in this research.

S ] HD13@150(H,V)
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Figure 7. Slab design.

Referring to Figure 7, the slab design includes a total section thickness of 200
mm. According to the Korean Standard KDS 14 20 50: 2022, this involves a concrete
cover of 40 mm. As shown in Figure 7, the rebar with D13 specifications (Diameter:
13 mm) is arranged in a grid pattern with two layers at both the top and bottom at
angles of 02and 90<9along with hoop rebars spaced at intervals of 150 mm, also with
D13 specifications (Diameter:13 mm).

The wall system in the context of RC structures refers to a vertical element that
provides stability, and strength, and sometimes serves as a barrier. The wall is
significant to the target Piloti-type RC structure as it serves as the vertical element in
this research. Figure 8 illustrates two different designs of the wall system.

HD13@150(H,V) HD13@150(H,V)
() (b)

Figure 8. Wall designs. (a) Wall design W1; (b) Wall design W2.

Referring to Figure 8a, the wall system of W1 is designed for general utilization
in the target Piloti-type RC structure and has a total section thickness of 200 mm. The
reinforcing rebars within the W1 wall system are strategically arranged to enhance
structural robustness and resilience. Specifically, rebars with D13 specifications
(Diameter: 13 mm) are arranged in a grid pattern with two layers at both the top and
bottom, positioned at angles of 02and 90with rebars spaced at intervals of 150 mm.

On the other hand, in reference to Figure 8b, the wall system of W2 is
specifically designed for the core area (stair zone) within the designated Piloti-type
RC structure and features a thicker section thickness of 250 mm. Additionally, the
reinforcing rebars within the W2 wall system are also arranged to enhance structural
robustness and resilience. Similar to the design of the W1 wall system, rebars with
D13 specifications (Diameter: 13 mm) are arranged in a grid pattern with two layers
at both the top and bottom, positioned at angles of 0<and 90<9with rebars spaced at
intervals of 150 mm. Furthermore, in accordance with the Korean Standard KDS 14
20 50: 2022, the concrete covering depth is consistently designed as 40 mm for both
of the different wall system designs.
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2.3. Load design and plastic hinges definition

Referring to the research conducted by Shi et al. [9], it is indicated that in the
context of nonlinear pushover analysis, dead load and live load designs pertain to the
various types of loads considered when evaluating the structural performance of the
RC buildings under seismic or other dynamic loading conditions.

Regarding the nonlinear pushover analysis in this research, dead load plays a
critical role in determining the overall structural behavior, as it directly contributes to
the initial stiffness and strength of the structure [10-13]. This load primarily influences
how the structure responds to lateral forces, such as those generated by seismic
activities, ensuring stability during the early stages of deformation. Moreover, live
load is not as impactful as dead load but remains a significant factor for realistic
performance assessments in this research under the nonlinear pushover analysis [10—
15].

In alignment with the Korean Standard KDS 41 10 15: 2019, Table 3.2-1 provides
detailed guidelines for dead and live loads specific to residential structures. For the
Piloti-type RC structure examined in this study, the dead load is assigned a value of
7.0 kN/m2. This value reflects the static weight that the structure continuously carries,
influencing the stiffness and initial strength of the structure for the nonlinear pushover
analysis in this research. Meanwhile, the live load for the same structure is set at 5.0
kN/m?2, representing the variable loads resulting from the intended use and occupancy.
While live load is not as critical as dead load for determining the inherent stiffness of
the structure, it is essential for assessing the performance of the structure under the
nonlinear pushover analysis.

In nonlinear pushover analysis, both the dead load and live load are typically
included in the initial loading condition of the structural model. The analysis then
proceeds by applying a monotonically increasing lateral load (e.g., seismic force) to
the structure, simulating the effects of an earthquake or other dynamic event [16-18].
As the lateral load increases, the structure deforms and enters the inelastic range,
ultimately reaching a point of failure or collapse. The capacity curve, which plots the
base shear versus roof displacement, is used to assess structural performance. The
capacity curve mainly provides valuable results about structural capacity, ductility,
and overall response to lateral loading.

In the field of nonlinear pushover analysis, the consideration of load
combinations plays a critical role in influencing structural assessment. The Korean
Standard of KISTEC 2021 emphasizes the significance of load combinations in
structural analyses and provides a calculated method to determine appropriate
combinations of loads as the equation below:

LC =1.0X DL+ 0.25 x LL 1)

where LC is load combinations, DL indicates dead load and LL indicates live load.

In order to satisfy the specific simulation requirements for nonlinear pushover
analysis, it is critical to assign plastic hinge properties to each structural component
within the specific Piloti-type RC structure. The plastic hinges simulate the points of
potential failure or yielding in the structure, where plastic deformations may occur as
the structure experiences increasing external forces. The process of assigning these
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plastic hinge properties is governed by the guidelines set out in the ASCE 41-13
standard, which provides detailed criteria for determining the necessary characteristics
of the hinges [19-24]. Moreover, the ASCE 41-13 standard is fully supported by SAP
2000, which ensures that the simulation is not only accurate but also consistent with
industry practices.

The plastic hinge representation for the column section in this research is defined
following the guidelines set by the ASCE 41-13 standards. Specifically, the design of
the plastic hinges follows the parameters and criteria outlined in Table 10-8 (modeling
parameters and numerical acceptance criteria for nonlinear procedures—reinforced
concrete columns) of the ASCE 41-13 standard. In this research, the plastic hinges for
the columns are designed to address Condition ii-Flexure/Shear, a critical
consideration for columns subjected to both bending and shear forces. The definitions
of the hinges involve accounting for multiple degrees of freedom, which encompass
axial forces, as well as bending moments along the M2 and M3 axes.

Specifically, regarding the column of C1, these properties are specifically
characterized by axial forces, with the values assigned to the bending moments along
the M2 and M3 axes. The bending moment values for column C1 are 1688.4 kN m for
the M2 axis and 422.1 kN m for the M3 axis, highlighting the force distribution and
the capacity of the column to withstand bending in different planes. Similarly, for
column C2, the plastic hinge properties are also determined by axial forces, though
with higher values compared to C1 based on the section design of C2. The bending
moment values for column C2 are set at 3135.6 kN i for the M2 axis and 783.9 KN m
for the M3 axis. These values indicate that column C2 has a greater capacity for
resisting bending moments along both axes, reflecting its enhanced structural stiffness
and strength.

By defining the plastic hinge properties, the analysis ensures that the nonlinear
behavior of each column section is well-represented under nonlinear pushover
analysis. The parameters are critical for assessing the overall performance of the Piloti-
type RC structure in this research, allowing for modeling of how each column will
react under the external load. The detailed characterization of bending moments for
both C1 and C2 underscores the importance of understanding the unique behavior of
different structural components within the Piloti-type RC structure, ultimately
contributing to the effectiveness of the nonlinear pushover analysis.

The plastic hinge states, as defined by the ASCE 41-13 standard, play a critical
role in evaluating the performance of RC structures, particularly when they enter the
plastic zone. These hinge states are categorized into three key performance levels: 10
(immediate occupancy), LS (life safety), and CP (collapse prevention). 10 reflects a
condition where the structure has experienced minimal post-earthquake damage and
remains functional, with limited structural harm, LS indicates that while significant
damage has occurred, there is still enough structural integrity to prevent partial or total
collapse, ensuring the safety of occupants, and CP represents a severe damage state,
where the building is on the verge of either partial or total collapse.

To further elaborate, the plastic hinge properties of columns C1 and C2 are
outlined based on bending moments along the M2 and M3 axes. For column C1 as
Table 3 illustrates, the M2 axis values are as 10 is set at 1693.47 kN m, LS at 1703.60
kN m, and CP at 1705.28 kN m. For the M3 axis of column C1, 10 is defined at 424.21

10
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kKN m, LS at 441.09 kN m, and CP at 447.43 kN m. For column C2 as Table 4
illustrates, the plastic hinge properties for the M2 axis are higher, reflecting its larger
structural capacity as 10 is set at 3145.01 kN, LS at 3163.82 kN m, and CP at
3166.96 kN m. Similarly, for the M3 axis of column C2, 10 is 787.82 kN m, LS at
819.18 kN m, and CP at 830.93 kN m.

Table 3. Plastic hinges on column CL1.

Yield Moment M2 Yield Moment M3
Acceptance Criteria Coefficient Coefficient

kN -m KN m kN m kN m
10 1688.4 0.003 1693.47 422.1 0.005 424.21
LS 1688.4 0.009 1703.60 422.1 0.045 441.09
CcpP 1688.4 0.010 1705.28 422.1 0.060 447.43

Table 4. Plastic hinges on column C2.

Yield Moment M2 Yield Moment M3
Acceptance Criteria Coefficient Coefficient

kN m KN -m kN -m kN m
10 3135.6 0.003 3145.01 783.9 0.005 787.82
LS 3135.6 0.009 3163.82 783.9 0.045 819.18
CpP 3135.6 0.010 3166.96 783.9 0.060 830.93

The analysis of plastic hinge properties for columns C1 and C2 is essential for
understanding the response under stress spanning from the elastic zone to collapse.
Figure 9 offers a detailed view of the properties that highlight how each column
behaves across this spectrum. In particular, column C2 exhibits a notably higher yield
moment than column C1 for both M2 and M3 moments, a difference attributable to
the column section design as shown in Figure 5.
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Figure 9. Plastic hinges properties of columns. (a) Column M2; (b) Column M3.

Figure 9a illustrates the higher yield moment for M2, where the design of column
C2 enables it to sustain greater loads before yielding compared to column C1.
Likewise, Figure 9b further underscores superior yield performance in M3 of column
C2. The trend in Figure 9 is also verified by values in Tables 3 and 4, which
consistently show that the yield moment for M2 surpasses that of M3.

11
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The plastic hinge modeling for beam sections in this research is also designed
following the ASCE 41-13 standard. The guidelines governing this process are clearly
outlined in Table 10-7, which serves as a critical resource for understanding the
behavior of reinforced concrete beams during nonlinear static analysis procedures. An
analytical point is designed for the M3 degree of freedom, which plays a vital role in
assessing the performance of the beam, particularly in response to lateral forces and
deformations that arise during seismic events or external pressures.

The plastic hinges for the beam section in this research are specifically designed
with a yield moment of 307.97 kN 1, a critical value that signifies the point where the
beam section starts to yield. The yield moment is a key factor in understanding how
the structure will behave under applied loads. When this threshold is reached, the beam
transitions from an elastic to a plastic state, meaning that permanent deformations
begin to occur.

For a more comprehensive understanding of the performance of the beam under
stress, Table 5 offers detailed definitions of the plastic hinge properties, particularly
focusing on yield moments across various structural performance levels—IO
(immediate occupancy), LS (life safety), and CP (collapse prevention).

Table 5. Plastic hinges on beam.

o Yield Moment o M3
Acceptance Criteria Coefficient
KN -m kN m
10 307.97 0.01 311.05
LS 307.97 0.025 315.67
CP 307.97 0.05 323.37

At the 10 level, the yield moment is recorded at 311.05 kN m, which reflects the
point at which the beam first experiences yielding with minimal structural damage. In
this state, the structure remains functional, even after an event such as a moderate
earthquake, highlighting the beam’s ability to resist early-stage damage. As the beam
endures further stress, the LS level shows a yield moment of 315.67 kN m. At this
stage, the structure sustains significant damage, but there is still a margin of safety
against collapse, ensuring the protection of occupants even under more intense seismic
activity. At the critical CP stage, the yield moment is measured at 323.37 kKN m,
marking the beam’s maximum capacity to withstand extreme stress without
collapsing. This state represents the most severe level of damage that the beam can
endure while still preventing a total structural failure.

Excepted the plastic hinge property of the beam on the plastic zone, Figure 10
offers a comprehensive property of the plastic hinge behavior of the beam following
the progression from the elastic zone all the way to collapse. Figure 10 illustrates the
yield moment of the beam which showcases both positive and negative values. The
symmetric maximum yield moment values of the beam allow the resistance of both
upward and downward forces. Referring to Table 5 as the plastic hinge property in the
plastic zone, Figure 10 also reflects the plastic hinge properties in the plastic zone.
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Figure 10. Plastic hinges properties of beam.

The analytical framework for the nonlinear pushover analysis in this research
follows a systematic approach, with the load directions defined along two axes as x
and y. These directions are essential for evaluating the structural response under lateral
forces, such as those caused by seismic activity. As depicted in Figure 11, the research
applies this methodology to both structural designs. Figure 11a illustrates the specific
load paths used for analyzing the Piloti-type RC structure, which features unigue open
spaces on the ground floor. In contrast, Figure 11b shows the load directions applied
to the non-Piloti-type RC structure, which has a more conventional design with
reinforced walls throughout. Analyzing both structures under the same two load
directions ensures a consistent comparison of their performance under nonlinear
conditions. The analysis is executed using a displacement control system, with control
implemented through conjugate displacement. The pushover analysis consists of a
planned sequence of 100 analytical steps, and each step is structured to account for
varying displacement levels, enabling a detailed assessment of the structural response
as lateral loads progressively increase. This multi-step approach provides a
comprehensive understanding of the structural behavior, capturing critical data points
that reveal how deformations evolve under load and identifying key moments in the
load-displacement relationship [12-14,17]. The 100-step framework ensures a
thorough investigation of the structural performance, offering insights into its overall
stability and resilience.

Pushover Pushover Pushover
Direction y Direction x Direction y

Pushover
Direction x

(@) (b)

Figure 11. Nonlinear pushover analysis. (a) Piloti-type RC structure; (b) non-Piloti-type RC structure.
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3. Discussion of nonlinear pushover analysis

3.1. Performance point

This research provides a comprehensive presentation of essential results, as
displayed in Tables 6-9, offering a thorough comparison of the performance points
for both the Piloti-type and non-Piloti-type RC structures. These tables summarize key
structural performance characteristics based on two different evaluation criteria (ACT-
40 and FEMA 440) used in the nonlinear pushover analysis. By presenting these
critical data points, the tables highlight the fundamental differences between the two
structural designs, offering insights into how each behaves under the applied seismic
loads. The results encapsulated in these tables serve as a crucial component of this
research, allowing for a deeper understanding of the distinct dynamic responses and
structural resilience of the Piloti-type and non-Piloti-type RC structures.

The performance points presented in Tables 6 and 7 are derived from the
analytical results based on ACT-40, focusing on the x and y directions of analysis. To
further enrich these findings, Tables 8 and 9 provide additional insights specifically
aimed at assessing seismic performance based on FEMA 440. Due to this, the data
from these tables offer a robust evaluation framework, aligning the research with
industry standards for seismic performance. The integration of both ACT-40 and
FEMA 440 ensures that the analysis is comprehensive, following established
guidelines to evaluate the structural behavior under seismic loads, and delivering a
well-rounded assessment of the resilience of the two RC structures.

Based on the guidelines provided in KDS 41 17 00: 2022, calculating the spectral
accelerations for the 1-second and 0.2-second periods is essential for assessing the
performance points of the structure, and the calculation equations of S,; (1-sec
spectral accelerations) and S, (0.2-sec spectral accelerations) are illustrated below:

2
SD1:SXFVX§ (2)
2
SDSZSXZ.SXFaX§ (3)

where S represents the effective ground acceleration value for a 2400-year return
period earthquake, as referenced in KDS 41 17 00: 2022. Additionally, referring to
Tables 4.2-1 and 4.2-2 according to KDS 41 17 00: 2022, the factors F, and F,, denote
the acceleration-based site coefficient and velocity-based site coefficient respectively.

In this research, the seismic performance of the Piloti-type and non-Piloti-type
RC structure is evaluated based on its location and the criteria set out in KDS 41 17
00: 2022. The analysis incorporates site-specific conditions, classified as site-class S4,
with a long period of 8 seconds. Using Equations (2) and (3), the spectral accelerations
of Sp, and Sp¢ can be computed. The value of Sp, is found to be 1 g, indicating the
acceleration of the structure during a 1-second period, while Sy is calculated as 0.4
g, representing the acceleration over a shorter 0.2-second period.

According to Table 6, the nonlinear pushover analysis results for performance
points under ACT-40 reveal that the Piloti-type RC structure exhibits a significantly
higher base shear in the x direction compared to the non-Piloti-type RC structure.
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Specifically, the base shear for the Piloti-type RC structure is 6568.37 kN, while the
non-Piloti-type RC structure shows a lower value of 3669.58 kN, indicating that the
base shear of the Piloti-type structure is approximately 44% larger. This higher base
shear also leads to a longer lateral displacement for the Piloti-type RC structure,
measuring 1.87 mm in the x direction, compared to just 0.39 mm for the non-Piloti-
type structure. This represents a 79% increase in lateral displacement, highlighting the
Piloti-type RC structure’s more significant dynamic response and its inherent
structural weakness under seismic loading in the x direction.

Table 6. Performance point—Direction x (ACT-40).

Base Shear Displacment  Sa Sd Teff Beff
Type

KN mm g mm Period
Piloti 6568.37 1.87 0.50 1.68 0.12 0.05
non-Piloti 3669.58 0.39 0.33 0.20 0.05 0.05

Table 7. Performance point—Direction y (ACT-40).

Base Shear Displacment  Sa Sd Teff Beff
Type

KN mm g mm Period
Piloti 4212.45 5.35 0.50 4.17 0.18 0.05
non-Piloti 3795.47 0.47 0.34 0.25 0.05 0.05

In the y direction, similar comparative results are observed, as illustrated in Table
7. The Piloti-type RC structure exhibits a 10% larger base shear compared to the non-
Piloti-type RC structure. Additionally, the Piloti-type RC structure shows a
significantly longer structural lateral displacement, with an increase of 91% in the y
direction. These findings further highlight the more pronounced dynamic response of
the Piloti-type structure and emphasize the increased potential vulnerabilities of its
design under seismic loading in the y direction.

The analytical results for S, (spectral acceleration) and Sq (spectral displacement)
further reinforce the findings related to base shear and structural lateral displacement.
As shown in Table 6, in the x direction, the Piloti-type RC structure exhibits a 34%
faster Sa compared to the non-Piloti-type RC structure. Additionally, the Piloti-type
structure demonstrates a much longer Sy, approximately 88% greater than that of the
non-Piloti-type structure. The analysis through direction x also reveals that the Piloti-
type RC structure has a longer structural period, which indicates greater structural
flexibility but also points to potential weaknesses when compared to the non-Piloti-
type structure. The longer structural period is essential for understanding how the
Piloti-type structure responds to seismic forces, highlighting areas that may require
additional reinforcement or careful consideration during the design process to improve
its overall stability.

Focusing on the analytical results in the y direction, as presented in Table 7,
similar comparative findings emerge. The Piloti-type RC structure exhibits a 32%
faster S, and a significantly longer Sq, approximately 94% greater than that of the non-
Piloti-type structure. Additionally, the structural period of the Piloti-type RC structure
is about 71% longer than the non-Piloti-type structure. These findings in the y direction
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further reinforce the results observed in the x direction, emphasizing that while the
Piloti-type RC structure demonstrates increased flexibility, it also shows potential
structural weaknesses compared to the non-Piloti-type structure.

Table 8. Performance point—Direction x (FEMA 440).

Base Shear Displacment Sa Sd Teff Ducitility Beff M
Type kN mm g mm Period -
Piloti 6568.37 1.19 0.50 1.68 0.12 1.00 0.05 1.00
non-Piloti 3669.58 0.39 0.33 0.20 0.05 1.00 0.05 1.00
Table 9. Performance point—Direction y (FEMA 440).
Tyoe Base Shear Displacment Sa Sd Teff Ducitility Beff M
kN mm g mm Period -
Piloti 4212.45 5.35 0.50 4.17 0.18 1.00 0.05 1.00
non-Piloti 3795.47 0.47 0.34 0.25 0.05 1.00 0.05 1.00

To further enhance the understanding of the performance points, Tables 8 and 9
present the nonlinear pushover analysis results using FEMA 440, examining the x and
y directions. These results affirm that the Piloti-type RC structure exhibits several key
characteristics, including a larger base shear, longer structural lateral displacement,
faster S, longer Sq, and a longer structural period. Similar to the findings from the
ACT-40 analysis, the results from FEMA 440 also underscore the potential structural
vulnerabilities of the Piloti-type RC structure when compared to the non-Piloti-type
RC structure. Including the results of base shear, structural lateral displacement, Sa,
and Sg, the longer structural period also indicates that the Piloti-type design may be
more susceptible to weaknesses, especially under external forces like seismic activity.

3.2. Capacity curve

In the context of nonlinear pushover analysis, a capacity curve represents the
relationship between base shear and structural lateral displacement as the structure is
subjected to increasing lateral loads. The curve typically plots base shear, which is the
total horizontal force at the base of the structure, against roof displacement, or the
horizontal movement at the top of the structure. This graphical representation helps in
understanding how the structure responds to lateral forces, such as those induced by
earthquakes. Unlike linear analysis, which assumes the structure behaves elastically,
the capacity curve captures the nonlinear behavior of the structure, including key
aspects such as yielding and plastic deformations. This makes it a critical tool for
assessing how the structure performs under severe loading conditions. According to
research by Shah and Patel [25], the capacity curve also helps identify various
performance levels of the structure, such as 10 (immediate occupancy), LS (life
safety), and CP (collapse prevention). These points on the curve indicate the levels of
damage the structure can withstand before reaching a critical state, making the
capacity curve essential for understanding the structural response under extreme
conditions.
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In this research, Figure 12 presents the capacity curves for both the Piloti-type
and non-Piloti-type RC structures. Figure 12a illustrates the capacity curves in the x
direction, while Figure 12b shows the results in the y direction. According to Figure
12a, the non-Piloti-type RC structure demonstrates a significantly higher base shear
compared to the Piloti-type RC structure in the x direction. On the other hand, the
Piloti-type RC structure exhibits a longer structural lateral displacement. Similarly,
Figure 12b reveals the same trend in the y direction, with the non-Piloti-type RC
structure showing a larger base shear, while the Piloti-type structure continues to
appear with a longer lateral displacement. The analytical results from both directions
emphasize the potential structural weaknesses of the Piloti-type RC structure, as its
lower base shear combined with a longer lateral displacement suggests greater
flexibility, which could pose structural damages under seismic loads.
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Figure 12. Capacity curves. (a) Direction x; (b) Direction y.

To further enrich the findings from the capacity curves, the analysis of the slope
within the structural elastic zone reinforces the discussion. As shown in Table 10, the
Piloti-type RC structure demonstrates a lower slope value in the elastic zone compared
to the non-Piloti-type RC structure in both the x and y directions. In the x direction,
the non-Piloti-type RC structure shows a slope value that is 66.06% larger than that of
the Piloti-type structure, while in the y direction, the difference is even more
pronounced, with the non-Piloti-type structure exhibiting a 90.42% larger slope value.
These results emphasize the higher stiffness of the non-Piloti-type RC structure,
highlighting its superior structural performance in the elastic zone. However, the lower
slope of the Piloti-type structure suggests potential structural weakness, particularly
when subjected to external forces such as seismic activity, where its reduced stiffness
may lead to greater vulnerability.

Table 10. Slope of the elastic zone.

Direciton-x Direciton-y
Piloti non-Piloti Piloti non-Piloti
3239.73 9544.83 787.41 8217.01

When assessing the seismic performance of the structure, the capacity spectrum
method plays a crucial role in determining the structural performance level. This
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method involves establishing a target displacement, which serves as a reference point
for evaluating how the structure will behave under seismic conditions. It then conducts
a graphical comparison between the structural capacity and the seismic demand,
allowing for a clear visualization of how the structure responds to seismic forces. One
of the key features of the capacity spectrum method is its ability to visually represent
both the structural capacity and the expected performance under seismic stress,
providing an insightful understanding of the seismic resilience and overall behavior
under earthquake loading conditions.

As referenced by Hakim [26], the calculation of the capacity spectrum relies on
the relationship between two fundamental parameters S, (spectral acceleration) and Sq
(spectral displacement). These parameters are crucial for understanding how a
structure will respond to seismic forces, and their relationship is expressed in the
equations provided below:

Sa Vo 1 4)
g w a
where V,, is base shear force, w is building load weight, and a is the modal mass
coefficient.
T2S,

Sd = 47[:2 (5)

where T is the structural period, and S, is the spectral acceleration that can be
calculated through the equation above.

By connecting Sa and Sq, this approach offers deeper insights into the structural
seismic performance and is key in determining how it behaves under varying levels of
earthquake-induced stress. This method forms the basis for calculating capacity
spectra, which is a critical part of performance-based seismic analysis.

Based on the analytical results from the capacity curves and using Equations (4)
and (5), the capacity spectrum for both the Piloti-type and non-Piloti-type RC
structures in this research is presented in Figure 13. Figure 13a illustrates the capacity
spectrum for the x direction, while Figure 13b shows it for the y direction. Notably,
both capacity spectra include a reference to the target response spectrum from KDS
41 17 00: 2022, which provides a key benchmark for evaluating the seismic
performance of the structures. The inclusion of the response spectrum in the analysis
allows for a more comprehensive assessment, visually comparing the structural
capacity to seismic demand. This comparison is critical for understanding the dynamic
behavior of the structures in the context of the specific seismic criteria outlined by
KDS 41 17 00: 2022.

According to Figure 13a, the capacity spectrum results confirm that both the
Piloti-type and non-Piloti-type RC structures satisfy the requirements of the Korean
standards outlined in KDS 41 17 00: 2022 for the x direction. This indicates that both
structures are acceptable for site-class S4 when analyzed along the x direction.
However, a comparison of the capacity spectrum curves between the two structures
reveals that the non-Piloti-type RC structure exhibits a faster S, and a shorter Sq than
the Piloti-type RC structure in this direction. These findings align with previous
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discussions on the capacity curves, further reinforcing the observation that the Piloti-
type structure demonstrates potential structure weakness under the external force.
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Figure 13. Capacity spectrum. (a) Direction x; (b) Direction y.

o

When examining the capacity spectrum results for both Piloti-type and non-
Piloti-type RC structures in the y direction, as shown in Figure 13b, it is evident that
both structures comply with the requirements of the Korean standard KDS 41 17 00:
2022 for site-class S4. This confirms their seismic acceptability when analyzed along
the y direction. However, comparing the analytical results of the capacity spectrum
curves for the two structures highlights similar findings to those observed in the x
direction. Specifically, the Piloti-type RC structure exhibits a smaller S, and a longer
Sy, indicating potential structural weaknesses under external seismic forces. These
results also reinforce earlier discussions about the potential structural weakness in the
Piloti-type structure under seismic activities.

In discussing the capacity curves, slope values in the structural elastic zone, and
the capacity spectrum, the comparison between the Piloti-type and non-Piloti-type RC
structures reveals distinct differences in seismic performance based on the structural
orientation. The analytical results indicate that in the x direction, the structures exhibit
a higher base shear, shorter lateral displacement, larger slope in the elastic zone, faster
Sa, and shorter Sq compared to the y direction. This phenomenon can be explained by
the specific structural design, where the longer side (14,800 mm) of the structure is
aligned with the x direction, while the shorter side (13,000 mm) is aligned with the y
direction. The increased length in the x direction enhances the overall stiffness of the
structure, which contributes to better performance under seismic loads. As a result, the
length of the structure aligned with the load direction significantly influences the
structural seismic behavior, emphasizing the importance of structural design in
nonlinear pushover analysis.

3.3. Layer displacement and drift ratio

The evaluation of plastic hinge states plays a critical role in understanding the
performance of structures under nonlinear pushover analysis. The research by Eslami
and Ronagh [27] emphasizes the importance of analyzing plastic hinge states in RC
structures, revealing how these hinges affect the overall structural behavior, especially
during seismic events. Eslami and Ronagh [27] indicate that the formation and
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progression of plastic hinges are key to determining the structural ability to absorb and
redistribute forces, making it essential for understanding potential failure mechanisms.
In parallel, the research conducted by Damci et al. [28] focuses on plastic hinge
analysis in 3D frame structures, demonstrating the importance of this analysis within
the context of static pushover procedures. Their findings confirm that a thorough
understanding of plastic hinge behavior is essential for accurately assessing the
resilience, strength, and integrity of structures when subjected to increasing lateral
loads.

In this research, the analysis of layer displacement is focused on the plastic hinge
state known as C (collapse prevention), which marks the critical point where the
structure transitions from the elastic to the plastic region and approaches the onset of
collapse. The plastic hinge state C represents the moment when the structure
experiences significant deformation, indicating that it is nearing its failure limit. As
illustrated in Figure 14, the behavior of both the Piloti-type and non-Piloti-type RC
structures is captured when their plastic hinges reach the C state. Figure 14 provide a
detailed visualization of how the structures respond in both the x and y analytical
directions under this critical condition. These results are crucial for understanding how
each structure approaches collapse, offering insights into their capacity to withstand
extreme seismic loads and the resilience of the designs in preventing total structural
failure. By focusing on the C state, this research highlights the importance of tracking
plastic hinge development as a key factor in evaluating the ultimate performance and
safety of RC structures.

|

(@)

(d)
Figure 14. Structural deformations. (a) Direction x (Piloti); (b) Direction y (Piloti);
(c) Direction x (non-Piloti); (d) Direction y (non-Piloti).
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The structural lateral displacement of both Piloti-type and non-Piloti-type RC
structures is assessed based on their deformation when the plastic hinge reaches the
critical C state, indicating collapse prevention. This stage marks the point where the
structures begin to undergo significant plastic deformation, nearing failure. As shown
in Figure 15, these displacements are plotted for both the x and y analytical directions,
providing a clear comparison between the two types of RC structures. In Figure 15a,
the lateral displacement for both structures along the x direction is presented, offering
insight into their respective lateral responses under nonlinear pushover analysis.
Meanwhile, Figure 15b demonstrates the structural displacements aligned with the y
direction, further enriching the comparative analysis. The figures underscore the
dynamic response of each structure as it approaches collapse, reflecting the influence
of design characteristics on the ability to withstand lateral forces and highlighting
critical differences in their behavior under extreme conditions.
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Figure 15. Layer displacement. (a) Direction x; (b) Direction y.

In the analysis of layer displacements in the x direction, as depicted in Figure
15a, the Piloti-type RC structure clearly exhibits a considerably longer layer
displacement compared to its non-Piloti-type counterpart. This notable difference can
be attributed to the unique architectural design of the Piloti-type structure, which
features open spaces beneath the building. These open areas result in the absence of
reinforced walls that typically provide resistance against external forces.
Consequently, when subjected to lateral loads, the Piloti-type structure experiences
extreme shear forces and moments, leading to significantly increased layer
displacements. In contrast to the behavior observed in Piloti-type RC structures, the
non-Piloti-type RC structures demonstrate a more progressive increase in structural
lateral displacement as the number of stories increases. This gradual rise in
displacement indicates a more uniform distribution of stress throughout the entire
height of the structure, reflecting a consistent transmission of lateral loads across all
stories. However, the Piloti-type RC structures exhibit a different response. Beyond
the second floor, there is little to no change in the structural lateral displacement, which
suggests that the upper portions of the building are largely disconnected from the
primary mechanisms of load transmission. This phenomenon can be attributed to the
extreme stress concentrations in the open spaces beneath the structure. When averaged

21



Building Engineering 2025, 3(1), 1834.

across both types of structures, the layer displacement in the Piloti-type design is found
to be 10.61 times greater than that of the non-Piloti-type structure. This stark contrast
underscores the implications of structural design on performance under seismic
loading, highlighting potential vulnerabilities in the Piloti-type configuration that
indicate strengthening these open spaces beneath the structures could be crucial for
improving the building’s overall seismic resilience.

When analyzing the layer displacement results in the analytical direction y, as
illustrated in Figure 15b, a similar trend emerges, mirroring the behavior seen in the
direction x. The Piloti-type structure consistently exhibits longer structural lateral
displacements at every story when compared to the non-Piloti-type structure, as the
average layer displacement in the Piloti-type design is found to be 15.79 times greater
than that of the non-Piloti-type structure. This significant displacement is largely due
to the absence of reinforced walls in the open spaces on the first floor of the Piloti-
type structure. The lack of reinforced walls results in excessive shear forces and
moments being concentrated at the ground level. As a result, the first floor effectively
becomes disconnected from the rest of the structure, leading to a separation between
the structural behavior of the first floor and that of the upper floors (second to fifth).
This division weakens the structural integrity of the building, particularly as the upper
stories (containing a substantial mass) exacerbate the stress on the already
compromised first floor. The heavy mass of these upper floors aggravates the potential
for structural failure under lateral forces, such as those generated by seismic activity.
The analysis in the y direction reinforces the conclusion that the open space design of
the Piloti-type structure introduces significant vulnerabilities, especially on the first
floor, which may require enhanced structural reinforcement to mitigate these
weaknesses.

When comparing the analytical results for layer displacement in both the x and y
directions, as shown in Figure 15a,b, it is evident that the y direction exhibits longer
layer displacements than the x direction for both the Piloti-type and non-Piloti-type
structures. This observation underscores the significant influence that the structure
design has on seismic performance. Specifically, the x direction, with a longer side of
14,800 mm, offers greater stiffness compared to the shorter 13,000 mm side aligned
with the y direction. The increased structural length in the x direction enhances the
overall stiffness of the structure, which reduces the extent of lateral displacements
under seismic loading. This improved stiffness leads to better performance during
seismic events, as the structure is more capable of resisting lateral forces without
experiencing significant deformation. Conversely, the shorter length in the y direction
results in less stiffness, which is reflected in the longer displacements observed in the
layer analysis.

According to the previous research conducted by Peng et al. [29], the layer drift
ratio is a critical metric in assessing structural performance during nonlinear pushover
analysis. The layer drift ratio provides insight into how much the individual stories of
the structure drift or displace horizontally relative to one another, which is particularly
important when analyzing the behavior of the structure under seismic forces.
Furthermore, the research by Shi et al. [9] offer a detailed methodology for calculating
the layer drift ratio. The calculation relies on two key parameters: the structural lateral
displacement and the height of each story as the equations illustrate below:
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A=38y— 68y (6)
A
Aratio = A )

where &, is the displacement at the x floor, §,_; is the displacement at the x—1 floor,
A is the drift between the x floor and the x—1 floor, h is the height of the story, and
Ay qtio 1S the drift ratio.

Based on the analytical results of the layer displacement, the layer drift ratio for
both the Piloti-type and non-Piloti-type RC structures are enabled to be calculated for
both the x and y analytical directions. These calculations were carried out using the
formulas provided in Equations (6) and (7), which take into account the structural
lateral displacement and story height to derive the layer drift ratio.

As illustrated in Figure 16, the results offer a detailed comparison of how both
structure types perform under different loading conditions in each direction. By
calculating the layer drift ratio, this research provides crucial insight into the degree
of horizontal movement each story undergoes relative to its height. This analysis is
essential for understanding how the Piloti-type structure, with its open first-floor
design, compares to the non-Piloti-type structure in terms of seismic resilience. The
graphical representation of the drift ratios in Figure 16 further underscores the
variations between the two designs, highlighting areas of potential concern and
structural weaknesses, particularly in the Piloti-type RC structure.
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Figure 16. Layer drift ratio. (a) Direction x; (b) Direction y.

The layer drift of both Piloti-type and non-Piloti-type RC structures, as shown in
Figure 16a for the analytical direction x, clearly highlights the differences in behavior
between the two structural designs. For the Piloti-type structure, the most significant
layer drift ratio is observed on the second floor, where the open spaces underneath the
structure have a pronounced impact. After the second story, there is relatively little
change in the layer drift ratio for the upper stories (second to fifth), suggesting that
much of the lateral deformation is concentrated on the first floor, the open spaces
underneath the structure. In contrast, the non-Piloti-type structure exhibits a more
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gradual and slight increase in the layer drift ratio as the building height increases,
showing a more uniform distribution of lateral displacement throughout the stories.
This gradual increase aligns with the non-Piloti-type structural design, which provides
more consistent stiffness and resistance to lateral loads across all floors. The analytical
results in the x direction emphasize the structural vulnerability of the Piloti-type
design, particularly on the second floor, where the layer drift ratio is 22.39 times
greater than that of the non-Piloti-type structure. This stark difference underscores the
potential weaknesses in the Piloti-type structure, especially on the first floor with the
open space, which is more susceptible to extreme deformation under seismic forces.

The analytical results for the layer drift ratio in the y direction, as illustrated in
Figure 16b, present a similar phenomenon to what was observed in the x direction.
Specifically, the second story of the Piloti-type structure demonstrates a significantly
larger layer drift ratio compared to the non-Piloti-type structure, reflecting the
discussion about the structural performance of the Piloti-type design in the x direction.
In the y direction, the layer drift ratio for the Piloti-type structure is 33.69 times greater
than that of the non-Piloti-type structure in the second story, and this substantial
difference also highlights the pronounced concentration of deformation on the first
floor for the Piloti-type design in the y direction. The presence of open spaces on the
first floor of the Piloti-type structure contributes to this imbalance, as the lack of
reinforced walls leaves the structure more vulnerable to external lateral forces.
Without adequate resistance at the lower levels, the upper stories experience a
disproportionate amount of movement, further exacerbating the structural weaknesses
under seismic conditions.

These results emphasize that the Piloti-type structure is not only susceptible to
extreme deformations in the x direction but also in the y direction. The vulnerability
due to the open first floor is a significant factor in both directions, underscoring the
need for targeted reinforcement to improve the structural resilience of the Piloti-type
design when subjected to external lateral forces.

In the analysis of layer displacement for both Piloti-type and non-Piloti-type RC
structures, the comparison between the x and y directions reveals that the layer drift
ratio is consistently larger in the y direction. This phenomenon highlights the influence
of the structural design on seismic performance. Specifically, the longer side of the
RC structure, measuring 14,800 mm and aligned with the x direction, contributes to
the overall stiffness of the structure, allowing it to better resist seismic forces in that
direction. The shorter dimension of 13,000 mm aligned with the y direction, however,
offers less structural stiffness, which leads to a higher layer drift ratio under seismic
loads. This difference between the two directions emphasizes the importance of the
building’s geometric configuration in determining its seismic behavior.

The increased length along the x direction not only enhances the stiffness but also
reduces the structural deformations under external forces, resulting in better
performance during seismic events. In contrast, the y direction, with its shorter span,
exhibits greater deformation and a larger layer drift ratio, indicating that structures
with similar geometric proportions might require additional reinforcement along the
shorter axis to improve overall seismic resilience.
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4. Conclusion

In contemporary urban environments, the increasing demand for living space has
necessitated innovative structural designs. The Piloti-type RC structure has become a
popular solution to address urban space issues [30-32]. This structural design creates
a more flexible and dynamic urban atmosphere compared to traditional building
designs, aligning with the growing population in metropolitan cities where optimizing
living space is crucial. Despite its advantages, the Piloti-type RC structure presents
significant structural challenges, particularly due to the absence of reinforced walls on
the open ground floor. This absence creates a potential structural weakness, leaving
the building more vulnerable to collapse during seismic events. This vulnerability was
starkly highlighted during the 2017 Pohang earthquake, which caused significant
damage to Piloti-type structures due to their reduced seismic resistance. To address
these concerns, this research investigates the differences between Piloti-type and non-
Piloti-type RC structures under nonlinear pushover analysis, offering valuable insights
into their behavior under seismic forces. The analytical results of this research, derived
through nonlinear pushover analysis in SAP 2000, are cross-validated by referencing
previous research [33-35]. As Xia et al. [34] and Xia et al. [35] illustrate, the analytical
results not only affirm the reliability and accuracy of the analytical approach employed
in this research but also supply critical data on the nonlinear properties of materials
such as concrete and rebar. By aligning with previous studies, this research strengthens
the credibility of its findings, confirming that SAP 2000 provides robust results for
nonlinear structural analysis. By thoroughly analyzing these differences, this study
aims to provide a meaningful reference for structural reinforcement of Piloti-type
designs, ensuring their resilience in future urban developments.

(1) The comparative analysis of performance points for both Piloti-type and non-
Piloti-type RC structures reveals significant differences in the structural behavior
under nonlinear pushover analysis. The findings clearly indicate that non-Piloti-
type structures exhibit superior performance characteristics. Specifically, these
structures demonstrate smaller base shear (ACT-40_(non-Piloti-type structures:
3669.58 kN for direction x; 3795.47 kN for direction y/Piloti-type structures:
6568.37 kN for direction x; 4212.45 kN for direction y)), (FEMA 440_(non-
Piloti-type structures: 3669.58 kN for direction x; 3795.47 kN for direction
y/Piloti-type structures: 6568.37 kN for direction x; 4212.45 kN for direction y)),
which reduces the overall lateral forces acting on the building, and shorter
structural displacements (ATC-40_(non-Piloti-type structures: 0.39 mm for
direction x; 0.47 mm for direction y/Piloti-type structures: 1.87 mm for direction
x; 5.35 mm for direction y)), (FEMA 440_(non-Piloti-type structures: 0.39 mm
for direction x; 0.47 mm for direction y/Piloti-type structures: 1.19 mm for
direction x; 5.35 mm for direction y)), which indicate less deformation under load.

(2) The lower values of S, and Sq observed in non-Piloti-type structures reflect their
enhanced ability to withstand seismic forces without experiencing significant
movement (ACT-40_(non-Piloti-type structures: 0.33 g and 0.2 mm for direction
x; 0.34 g and 0.25 mm for direction y/Piloti-type structures: 0.5 g and 1.68 mm
for direction x; 0.5 g and 4.17 mm for direction y)), (FEMA 440_(non-Piloti-type
structures: 0.33 g and 0.2 mm for direction x; 0.34 g and 0.25 mm for direction
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y/Piloti-type structures: 0.5 g and 1.68 mm for direction x; 0.5 g and 4.17 mm for

direction y)). Furthermore, the shorter structural periods associated with non-

Piloti-type designs suggest greater stiffness (ACT-40_(non-Piloti-type

structures: 0.05 for direction x; 0.05 for direction y/Piloti-type structures: 0.12 for

direction x; 0.18 for direction y)), (FEMA 440_(non-Piloti-type structures: 0.05

for direction x; 0.05 for direction y/Piloti-type structures: 0.12 for direction x;

0.18 for direction y)), which is crucial for stability during seismic events. In

contrast, the Piloti-type structures show heightened vulnerability, as their design

flaws become apparent under seismic activities, emphasizing their potential
structural weaknesses.

(3) The examination of capacity curves and capacity spectra has provided crucial
insights that bolster the findings related to performance points in the analysis of
Piloti-type RC structures. Specifically, the discussions reveal significant
structural vulnerabilities inherent in the design of Piloti-type structures,
particularly due to the open space configuration on the first floor. The absence of
reinforced walls in the open areas exposes the structure to extreme shear forces
during seismic activities, leading to potentially catastrophic damage. When
subjected to seismic forces, the lack of adequate reinforced walls can result in
excessive lateral movement and stress concentration, ultimately causing
structural failure.

(4) The layer drift ratio which quantifies how much each story of the structure moves
relative to the others, highlights the critical issues due to the Piloti-type structures.
In Piloti-type structures, the drift ratio indicates significant deformation (non-
Piloti-type structures: 0.0017 for direction x; 0.0016 for direction y/Piloti-type
structures: 0.0126 for direction x; 0.0183 for direction y), suggesting that the open
space design not only compromises the integrity of the structure but also makes
it more susceptible to damage during seismic activities.

The comparative analysis of Piloti-type and non-Piloti-type RC structures
through nonlinear pushover analysis reveals critical differences in their structural
performance. While Piloti-type structures bring several advantages to modern urban
living, the research emphasizes that the associated structural issues must not be
overlooked, particularly the open space design on the first floor, which poses
significant risks, potentially resulting in devastating human and financial losses during
seismic events. The nonlinear pushover analysis clearly identifies the vulnerabilities
of Piloti-type RC structures, especially regarding the ability to withstand lateral forces.
The lack of reinforced walls in the open areas contributes to increased deformation
and shear forces, leading to an elevated risk of structural failure. These findings are
not just theoretical but also reflect real-world implications, underscoring the necessity
for rigorous assessment and design improvements. This research aims to serve as a
vital reference for future research focused on reinforcing Piloti-type structures,
especially concerning open space configurations. Due to this, this research is expected
to advance the design of Piloti-type RC structures and provide a reference for the
reinforcement of the structure to ensure structural safety under seismic damage.
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