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ABSTRACT

The vulnerability of reinforced concrete buildings in Indonesia-especially in seismic regions like Padang-has been
worsened by poor detailing and outdated codes. This study evaluates the seismic performance of a four-story office
building designed initially under SNI 1726:2012 and SNI 2847:2013, considering the updated seismic demands in SNI
1726:2019. Linear analysis showed that several beams no longer met strength requirements, while columns remained
adequate due to higher initial safety factors. The structure was then modeled with four confinement reinforcement
scenarios, varying stirrup quantity and spacing, to reflect typical field practices. Shear strength validation was conducted
beforehand to ensure plastic mechanisms could form without premature shear failure. Nonlinear pushover analysis using
SAP2000, supported by moment-curvature results from XTRACT, focused on (1) base shear and drift capacity, (2) plastic
hinge formation, and (3) energy dissipation capacity. While all models satisfied Life Safety (LS) criteria, Model D-with the
widest stirrup spacing-showed early stiffness degradation, exceeded shear capacity in some columns, and recorded the
lowest energy dissipation. These results confirm the key role of proper stirrup detailing in enhancing strength, ductility,

and seismic resilience.
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INTRODUCTION

Indonesia's geographical location, surrounded by
active tectonic plates and volcanic mountains, makes it
highly susceptible to frequent earthquakes. One of the
major earthquakes that occurred was in West Sumatra
Province, specifically in the city of Padang. Padang, the
provincial capital, is located on the western part of
Sumatra Island. The city experienced a powerful
earthquake on September 30, 2009, with a moment
magnitude (Mw) of 7.5. The epicenter was 60 kilometers
northwest of Padang, with a focal depth of 81 kilometers.
Based on field observations, most of the damaged
buildings and even collapsed buildings were frame
buildings with unreinforced brick infill panels, some were
unreinforced masonry, and a few were steel building
structures (Bothara et al., 2010). To reduce the risk from
earthquakes, the government has made efforts to mitigate
the damage and even collapse that can occur to buildings
during an earthquake, especially in the aspect of structural
design. As part of the first steps before the earthquake, the
government has revised the structural design regulations
three times in the last 20 years (Nugroho et al., 2022). The
current design standard, especially for earthquake loading,
is SNI 1726 2019, which is an update of SNI 1726 2012.
Some changes that will significantly affect the design
results of buildings designed with the old code are the
increase in the value of the spectral response parameter
(Faizah & Amaliah, 2021); (Salim & Sidi, 2024).

Unfortunately, the efforts made by the
government are not followed by a good construction
process. There are often differences between the results of

the structural design, as set out in planning documents,
such as technical specifications and detailed design
engineering (DED), and what happens during the
construction process. The results of research conducted in
Padang City (West Sumatera Province) on the
implementation of earthquake-resistant building standards,
based on detailed design engineering (DED), found that
the implementation of earthquake-resistant building
standards is still low. With results ranging from 40,54 to
62,16 percent (Prihantony ez al., 2020). It is also observed
that no significant improvement in the period 2010-2019,
after the major earthquake in Padang City, in terms of
preventing casualties due to earthquake loads (Wardi et
al.,2018).

As one of the cities with high earthquake
intensity, the special moment frame (SMF) is considered
the most appropriate structural system for buildings in
Padang City. In the context of earthquake-resistant
building design, SMF has several requirements that must
be fulfilled. Buildings are expected to perform well when
subjected to design-level or major earthquakes. Key
principles include the strong column weak beam concept,
the collapse of the structural system must be dominant in
the ductile mode, shear collapse is not allowed, the
structure must be able to deform in elastically to achieve
the desired performance, and avoid brittle pattern collapse
(Mochle & Hooper, 2016). Although this system demands
ductile structural performance, actual design practice
generally still relies on a strength-based design approach
(Yalgin et al., 2021); (Suwondo & Arief, 2023), and
structural analysis commonly adopts a linear elastic
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method. In reality, the response of the structure to
earthquake loads should be non-linear. To reflect the effect
of non-linearity in the analysis of the structure,
modifications are made by applying a structural
modification factor, which reflects the expected ductility
and energy dissipation capacity of the structure (Oggu et
al., 2021).

In addition, applying response modification
factors can reduce the design-level earthquake loads,
resulting in a more economical cross-sectional design
without compromising structural stability (Chiluka &
Oggu, 2023). However, the impact of this reduction in
earthquake load is the strictness of the limitations imposed
on the detailing aspect. Detailing is expected to ensure that
the structure performs well during an earthquake.
However, in field practice, detailing factors are often not
implemented according to standards. In various earthquake
events, structural failures are often caused by non-
compliance in the planning and implementation of
buildings regarding the detailing aspect (Vafaei et al.,
2019). In fact, many studies show that structures that do
not meet detailing requirements tend to perform poorly
during earthquakes. Some common mistakes include the
use of plain reinforcement for shear reinforcement,
insufficient confinement reinforcement in columns,
excessive shear spacing, incorrect splicing locations, non-
standard joint lengths, and poor connections at beam and
column joints (YOn et al., 2024). Several studies show that
applying confinement requirements, especially in beam
and column elements, can increase the ductility of
moment-bearing frame structures, even if the structures
are not designed for earthquake loads (Vafaei & Alih,
2015). On the other hand, the lack of confinement
reinforcement and the width of the spacing of the restraint
reinforcement can reduce the structure's ductility
(Antonius & Imran, 2012). It can even trigger premature
collapse of the columns.

Numerous previous studies have numerically
evaluated structural performance under earthquake loads
using nonlinear static and dynamic methods. However, the
specific impact of the amount and spacing of confinement
reinforcement on the performance of structures, especially
those built under older code provisions, has not been
widely studied. Although some studies have addressed
confinement, limited attention has been given to legacy
buildings under revised seismic demands, particularly
regarding detailed spacing and configuration. Moreover,
these analyses often lack verification of the actual shear
capacity based on the transverse reinforcement installed in
the field, particularly in relation to the increased shear
demand that arises during nonlinear analysis. To the best
of the authors’ knowledge, few studies validate whether
as-built shear reinforcement remains sufficient under
nonlinear demands. If the as-built shear capacity is
exceeded, plastic hinges may not form as intended, and
shear failure may govern the collapse mechanism.
Consequently, the failure mechanism will not align with
the intended ductile design but may instead lead to brittle

collapse. Field observations have repeatedly shown that
most collapsed buildings show no signs of flexural failure
nor any development of global ductility before collapse
(Pardalopoulos et al., 2022). Therefore, this study also
highlights the importance of verifying the element’s shear
capacity before assessing other structural performance
parameters. Thus, verifying shear capacity is not optional
but fundamental for a comprehensive seismic performance
evaluation.

To address this critical issue, a focused
investigation is required to quantify how confinement
detailing influences structural performance, particularly
when legacy buildings are reassessed under updated
seismic demands. This study aims to evaluate the effect of
variations in confinement reinforcement, specifically the
number of legs and transverse spacing, on the seismic
performance of reinforced concrete buildings designed
under previous regulations. The evaluation refers to the
new provisions of SNI 1726:2019, beginning with an
assessment of structural strength. Structural performance
is examined nonlinearly using the pushover analysis
method, focusing on base shear, drift capacity, plastic
hinge formation, and energy dissipation. Before this, the
shear capacity of the as-built transverse reinforcement is
verified to ensure the plastic mechanism can form as
intended. The findings of this study are expected to
provide insights for improving detailing practices in
legacy buildings under revised seismic codes.

LITERATUR REVIEW

Performance-Based Design is a method in which
structural criteria are established to achieve specific
performance objectives during a major earthquake
(ATC40). The primary goal of this structural performance
is to ensure that the displacements of the structure and its
elements remain within acceptable limits under the
considered seismic load. The performance level of a
structure can be determined by identifying the extent of
damage through direct observation of the structure during
a design earthquake or even a major earthquake. This
indicates a direct correlation between the cost of structural
repairs and the severity of the damage, without
disregarding the safety of the occupants (Wijaya et al.,
2019) . In addition to the measurable level of damage used
as a basis for determining the structural performance level,
the magnitude of the predicted seismic load also has a
similar impact. This seismic load magnitude depends on
the probability of an earthquake occurring within a
specific return period (Ghobarah, 2001).

The static pushover analysis method is a
technique that applies horizontal loads following the
lateral deformation pattern of the dominant mode. The
lateral load is gradually increased until the structure
reaches its capacity limit. During this load increment
process, the structural resistance condition is periodically
updated to evaluate the level of damage, such as the
formation of plastic hinges, that has occurred (Elnashai,
2001). This method can be applied under the condition
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that the first lateral mode in both orthogonal directions has
a significant dominance over other modes, with a
contribution exceeding 75% (Budiono et al., 2016). The
performance level of a structure is determined by
identifying the intersection point between the capacity
curve, which represents the structural capacity (the curve
showing the relationship between force and maximum
inelastic deformation), and the demand response spectrum
curve. The methods used to generate these curves include
the Capacity Response Spectrum method (ATC 40), the
Displacement Method (FEMA 356), and the Displacement
Modification Method (FEMA 440).

Structural performance is evaluated at both the
global and local levels. For the local performance
assessment, the acceptance criteria are based on rotational
deformation limits as specified in ASCE 41-17 Figure-1.
At the Immediate Occupancy (IO) performance level, the
maximum allowable rotation shall not exceed 0.67 times
the deformation limit defined for the Life Safety (LS)
level. For the LS level, the maximum allowable rotation is
limited to 0.75 of the rotation corresponding to point C on
the moment-rotation curve. Meanwhile, for the Collapse
Prevention (CP) level, the deformation limit corresponds
to point E on the curve. The global structural performance
is assessed by comparing the roof drift ratio against the
allowable limits defined in FEMA 356 and FEMA 440.
The loading method uses a displacement-controlled
approach, with a target displacement value of 2% of the
total building height, equivalent to 280 mm. To evaluate
the structural performance, the performance point of the
structure is determined.
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Figure-1. Illustration of acceptance criteria
(ASCE/SEI) 41-17.

One of the approaches employed to determine the
target displacement in the pushover analysis is the
Displacement Modification Method. This method refers to
FEMA 440-2005, which is an enhancement of FEMA 356-
2000. The procedure involves modifying the linear elastic
response of an equivalent Single Degree of Freedom
(SDOF) system using modification factors CO, Cl, C2,
and C3, which result in the maximum global displacement
(both elastic and inelastic), referred to as the target
displacement (dt). The target displacement (St) can be

calculated using Equation (1), where CO is the shape factor
coefficient, C1 is the modification factor for the structural
system conditions, C2 accounts for pinching effects, and
C3 accounts for the amplification of lateral displacement
due to the P-delta effect. In addition, Sa represents the
spectral response acceleration, Te is the effective
fundamental period of the structure, and g is the
gravitational acceleration. This study adopts the Basic
Safety Earthquake 1 for New Buildings (BSE-1N) as the
seismic hazard level, which is defined as two-thirds of the
Maximum Considered Earthquake (MCER). According to
ASCE 41-17, the target seismic performance objective for
office buildings classified under Risk Category II at the
BSE-1N hazard level is Life Safety (LS). Accordingly, the
structural analysis in this study was designed to evaluate
whether the building meets the LS performance level
when subjected to seismic demands equivalent to BSE-1N.

3=C, C1 C Cs S, (Te/2m)? g (1)
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Figure-2. Research methodology flowchart.

Figure-2 illustrates the research methodology
flowchart, providing a concise and visual representation of
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the research steps undertaken in this study. The
methodology outlines the sequential process of evaluating
the seismic performance of reinforced concrete structures,
with a particular emphasis on variations in the quantity
and spacing of confinement reinforcement and their
impact on overall structural performance.

Building Description
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Figure-3. Structural Layout Plan.
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Figure-4. Structural elevation view.

In this study, the building to be analyzed and its
performance evaluated is a low-rise building consisting of
four levels. The building was designed using SNI
1726:2012 and SNI 2847:2013, as a sign that it was
planned after the 2009 earthquake, whereas the regulations
applicable at the time of the earthquake were SNI
1726:2002 and SNI 2847:2002. The building functions as
an office building with Risk Category II and is built on
medium soil. The building is classified under Seismic
Design Category D. One of the structural system options
used is a Special Moment Resisting Frame (SMRF).
Meanwhile, the building has a square floor plan with

dimensions of 24 X 24 meters. The spacing between
columns is 6 m, with the height of the first-floor columns
being 4.25 m, and the height between floors from the
second floor to the roof is 3.25 m. The floor plan and
structural sections can be seen in Figure-3 and Figure-4.

Structural Modeling, Loading, and Design

The dimensions of the main beams are
determined to be 500 x 250 mm, while the secondary
beams are 350 x 250 mm. The thickness of the floor slabs
is specified as 130 mm for the second to third floors and
120 mm for the roof floor. Additionally, the columns are
designed with uniform dimensions of 600 x 600 mm from
the first to the fourth floor. The structural loads consist of
dead loads, live loads, and earthquakes. Dead loads
include the self-weight of the structure, calculated based
on the unit weight of reinforced concrete (24 kN/m?) and
the volume of structural elements. Additional
superimposed dead loads are also considered, with values
of 1.5 kN/m? for the first to third floors and 1.0 kN/m? for
the roof floor. These additional loads account for
plastering, tiles, ceilings, as well as mechanical and
electrical installations. Furthermore, there is a perimeter
brick wall load with a weight of 2.5 kN/m?. The live loads
for an office building are 3.12 kN/m? for the first to third
floors and 1.0 kN/m? for the roof floor. The most critical
load is the earthquake load, which is derived from the
seismic map specified in SNI 1726:2012. For Padang City,
classified as a soft soil site (SD), the seismic parameters
are as follows: Ss =1.1245 g, S1 =0.5737 g, SDS = 0.750
g, and SD1 = 0.790 g. Subsequently, the structure is
modeled and analyzed using SAP2000 software. In the
modeling process, columns and beams are represented as
frame elements, while floor slabs are modeled as shell
elements. Regarding material properties, the concrete used
has a compressive strength (fc) of 25 MPa. For the
reinforcement steel, the yield strength (fy) is 420 MPa, and
the ultimate strength (fu) is 550 MPa.

Based on the results of linear static and dynamic
analyses, followed by structural design, the final cross-
sectional configuration of the structural elements is
determined as follows. Beams are reinforced with 3D25
bars at the top and 2D25 bars at the bottom, with 2D10-
100 stirrups provided in the support regions and 2D10-200
in the spans. Columns use 12D22 longitudinal bars,
yielding a reinforcement ratio of 1.29%, while
confinement reinforcement consists of 4D13-150 stirrups.
All elements satisfy design requirements based on SNI
2847 2013, including minimum reinforcement ratios and
the Strong Column—-Weak Beam (SCWB) principle. The
final design configuration is illustrated in Figure-5.
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Figure-5. Cross-sectional details of the beam and column
elements at the support.

Definition of Scenario

To assess the impact of discrepancies in
confinement reinforcement on the columns regarding the
performance level of structures designed based on SNI
2847:2013 and SNI 1726:2012, four structural modeling
scenarios were developed. Model A was designed in full
compliance with the regulations and met all the
requirements for the Special Moment-Resisting Frame
System (SMRF). In Model B, the confinement
reinforcement in the columns was reduced to 75% of the
prescribed amount. Model C employed only 50% of the
required confinement reinforcement, while maintaining
the original spacing of stirrups. Model D employed the
same 50% confinement reinforcement as Model C, but
with an increased stirrup spacing of 300 mm, effectively
doubling the spacing used in Model A. For a detailed
overview of each model, refer to Table-1. Each model's
performance will be evaluated to determine the impact of
confinement reinforcement discrepancies on structural
performance, using the current seismic load standards in
Indonesia, namely SNI 1726:2019. These confinement
configurations were selected to reflect typical stirrup
detailing conditions commonly found in reinforced
concrete buildings constructed in Indonesia, especially
those constructed before the adoption of modern seismic
design codes.

Table-1. Column confinement variations for Models A-D.

Model dt (mm) leg s (mm) fy (MPa)
A 13 4 150 420
B 13 3 150 420
C 13 2 150 420
D 13 2 300 420

Nonlinear Analysis Setup and Development of
Moment-Rotation Curves

The first step in nonlinear analysis involves
modeling the potential plastic hinges that may form in
beams and columns. The analysis begins by defining the
material properties under nonlinear conditions. Materials

are categorized into three types: (1) the concrete cover,
assumed to be unconfined concrete, (2) the core concrete,
modeled as confined concrete, and (3) the reinforcing
steel. The confined concrete is modeled based on the
principles and equations of the Mander model, while the
reinforcing steel follows the typical stress-strain behavior
of reinforcing bars. Subsequently, sectional-level analysis
is conducted through moment-curvature analysis. For
beams, the applied load induces flexural moment along the
major axis (M3), whereas for columns, there is an
interaction between moment and axial force. The axial
load considered in the moment-curvature analysis is the
combination of Dead Load, Superimposed Dead Load, and
0.25 Live Load. In this study, particular emphasis is
placed on the columns. Four moment-curvature models are
developed based on the design configurations presented in
the corresponding Table-1. After modeling using the
XTRACT software, key parameters-such as yield moment,
yield curvature, ultimate moment, and ultimate curvature
are obtained for each cross-section analyzed, both for
beams and columns.
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Figure-6. Moment-rotation of the Beam section.
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Figure-7. Moment-rotation of Column section.
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The rotation value is determined by multiplying
the curvature by the plastic hinge length of each structural
element. The plastic hinge length is calculated based on
the provisions of SNI 2847:2019, which state that the
length of the frame element expected to yield in flexure
due to design-level earthquake displacement must be
extended by at least h from the critical section-defined as
the initial location of flexural yielding. In addition to the
numerical approach using XTRACT, the moment-rotation
backbone curve is also developed based on empirical
methods recommended by ASCE 41-17. For beam
elements, the moment-rotation values used in structural
modeling are conservatively selected as the minimum
between the ASCE 41-17 based empirical values and the
numerical results obtained from XTRACT. For column
elements, given that this study focuses on evaluating the
influence of confinement variation on structural
performance, the backbone curves are entirely derived
from the numerical analysis conducted using XTRACT.
Figure-6 and Figure-7 present the resulting moment-
rotation curves for beam and column elements,
respectively. From the comparison of backbone curves, it
can be concluded that beam elements adopt empirical
backbone curves (ASCE 41 tables), while column
elements use backbone curves obtained from numerical
modeling (XTRACT) (Imran et al., 2024). The Stiffness
Degrading Takeda Model is applied as the hysteretic
behavior model for all nonlinear element parameters
throughout the structural system.

RESULTS AND DISCUSSIONS

Design Verification Under Revised Seismic Code (SNI
1726:2019)

The revision of seismic load regulations from
SNI 1726 2012 to SNI 1726 2019 has resulted in a
significant increase in base shear demand. Based on
structural analysis using the equivalent static method, a
13.33% increase in seismic load was observed, raising the
total base shear to 2556 kN. This change inevitably led to
increased internal forces throughout the structure.
Specifically for beam elements, the maximum moment at
the top support increased to Mu = 224.39 kNm,
representing a 17.60% rise compared to the previous
design. Under the original reinforcement configuration, it
was found that the flexural capacity (longitudinal
reinforcement) no longer satisfies the strength
requirements, as the previously calculated design strength
was only @Mn = 211 kNm. The increase in moment due to
the application of new earthquake loads (SNI 2019)
indicates that existing beam elements require special
attention, including potential strengthening or retrofitting.
The increase in internal forces also occurred in the column
elements, but their strength capacity still met the design
requirements. This was due to the use of a relatively high
safety factor in the design according to previous
regulations. The stress ratio used was relatively high, with
a value of 1.565. The high stress ratio value was
influenced by the SCWB requirements that must be met,
where the column was designed to be stronger than the
beam, so the column strength must be greater than the
beam strength (Ghorbanzadeh & Khoshnoudian, 2022).
The impact of the increase in internal forces due to
increased earthquake parameters on the structure is
reflected in the reduction in the safety factor value, namely
from 1.565 to 1.123, as shown in Table-2.

Table-2. Demand-to-Capacity Ratio of Column.

Mux Muy Phi Phi Phi(Mn)/
No (Mnx) (Mny) Mu
kNm kNm KkNm KkNm
1 -2.04 2.04 -363.17 363.17 177.93
2 -4.31 104.6 -18.07 438.47 4.192
3 -515.5 -116.52 -580.12 -131.13 1.125
4 515.5 120.64 578.87 135.47 1.123
5 -116.52 -515.5 -131.13 -580.12 1.125
6 120.64 515.5 135.47 578.87 1.123

Assessment of Brittle Failure Potential Through Shear
Analysis

Before assessing the structural performance level,
it is essential to verify that brittle failures do not occur in
the beam and column elements, particularly in regions
expected to undergo plastic hinging. To ensure that
plastification develops as intended, shear failure must be

prevented in these regions by ensuring that their shear
strength exceeds the corresponding shear demands, thus
remaining elastic during the nonlinear pushover analysis.
To evaluate the potential for brittle failure mechanisms, a
comparison was conducted between the shear demand and
the nominal shear capacity of all beam and column
elements across the four confinement models. The shear
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demand was obtained from internal force results at the
performance point, representing the stage where the
structure reaches its target displacement under pushover
loading. This evaluation confirms whether the assigned
plastic hinges can form properly without being preceded
by shear failure.

Table-3. Shear Safety Assessment Based on the Ratio of
Shear Strength to Shear Demand (OVn/Vu).

Balok Kolom
Model | o vn/va | cex | OVM/ Cek
Vu
A 121 OKE | 2.209 OKE
B 121 OKE | 1.675 OKE
C 1.22 OKE | 1334 OKE
D 1.25 OKE | 0981 | NOT OKE

Table-3 illustrates a comparison between the
nominal shear capacities of beam and column elements
based on four installation scenarios, with the maximum
shear force occurring when the structure reaches its
performance point. In the beam elements, no shear failure
occurred despite a significant increase in internal forces
during the pushover analysis. This is indicated by the
capacity-to-demand ratio for all four models reaching
approximately 1,2. Meanwhile, for columns, there was
significant variation within each model, with ratio values
ranging from 0,981 to 2,209. Unlike beams, for which no
variation in the amount of confinement reinforcement was
used in this study, the reduction in the amount of
confinement was significant, with a significant decrease in
the ratio. It was also noted that column model D had a
ratio that did not meet the requirements, with a value of
less than 1. This poses a risk of shear failure before
flexural plastification develops, which could defeat the
plastic hinge mechanism and lead to brittle failure. Model
D represents the most minimal confinement conditions
(e.g., a small number of stirrups and large spacing), thus
directly demonstrating the significant effect of
confinement detailing on column shear capacity. These
results emphasize that before evaluating a structure's
performance nonlinearly (e.g., with pushover), it is
necessary to verify the shear capacity to avoid brittle
failure that could misinterpret the structure's performance.

Nonlinear Pushover Analysis Result

Figure-8 is a graph of the relationship between
base shear and displacement that occurs based on the
results of the pushover analysis. Among the four models, it
is known that Model A, which is the model that complies
with the standard, has the highest base shear capacity
compared to the other three models. The decrease in shear
force is in line with the reduction of confinement
reinforcement and the increase in the spacing of the
transverse reinforcement provided. In line with the results

of the shear capacity check, Model D is the model with the
worst stiffness degradation among the four models. This
indicates that Model D shows potential failure, because its
previous shear strength did not meet the requirements,
making it difficult to develop an optimal plastic hinge
mechanism.

Furthermore, Models C and D began to lose
stiffness earlier, as seen from the curves that started to
flatten when the displacement reached around 150 mm. In
addition, the graph also shows that after the displacement
of 100 mm, there is an increasingly clear difference
between the models. This indicates that confinement
reinforcement plays a significant role in the inelastic zone.
Meanwhile, based on the data in Table-4, the performance
of each model can be determined. The analysis results
show that all four models fall into the Life Safety (LS)
category with drift ratios between 1.93% and 1.95%.
FEMA 440 requires that the maximum permissible drift
for the Life Safety category be 2%. Although differences
in the moment-curvature response of the four models are
observed, as shown in Figure-7, the analysis results
indicate that the structural performance is not significantly
affected. Consistent with previous studies by (Bilgin &
Plaku, 2024), the variations in the moment-curvature
response of column cross-sections do not have a
substantial impact on the overall performance of the
system.
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Figure-8. Base shear vs Displacement.
Table-4. Performance Drift Ratio Calculation.
Performance Point
Model drift (%)
V (kN) D (mm)

A 8297.02 272 1.943
B 8252.268 273 1.950
C 7966.192 270 1.929
D 7708.339 270 1.929

Formation of Plastic Hinges
To evaluate the progression of inelastic behavior
under lateral loading, the formation of plastic hinges at
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various performance levels was closely monitored
throughout the pushover analysis. The transition of hinges
from initial yielding (B to IO), through intermediate
damage states (IO to LS), and into critical deformation
zones (C) to (CP). Table-5 summarizes the key parameters
for each confinement model, including the load step, base
shear, and displacement at which plasticity first occurred,
along with the number of elements reaching each
performance level.

Table-5. Plastic Hinges Development Summary at
Different Performance Levels.

(a) First Occurrence of Plastic Hinges (B to 10)

Displacement | Base Shear
Model Step (mm) (kN)
A 3 75 4230.50
B 3 76 4253.04
C 3 78 4258.48
D 3 79 4259.00
(b) Intermediate Plastic Hinges (IO to LS)
Displacement | Number of
Model Step (mm) Hinges (n)
A 8 218 24
B 8 216 20
C 8 219 29
D 9 220 34
¢) Severe Plastic Hinges (C to CP)
Displacement | Number of
Model Step (mm) Hinges (n)
A 10 280 2
B 10 280 4
C 10 280 5
D 10 256 7

All models exhibited their first yielding at Step 3,
with base shear values ranging from 4230 to 4259 kN,
indicating consistent initial stiffness across all designs. A
comparison between the code-prescribed elastic design
base shear and the nonlinear pushover results reveals a
considerable inherent strength reserve in the structural
system. The elastic base shear according to SNI 1726 2012
was 2256.08 kN and increased to 2556 kN under SNI 1726
2019, reflecting a 13.33% rise due to updated seismic load
requirements. In contrast, the base shear corresponding to
the onset of yielding was significantly higher, ranging
from 4230 to 4259 kN. This represents a strength reserve
of approximately 66-89% above the elastic design shear,
underscoring the structure’s ability to resist seismic forces
beyond code-level provisions before entering nonlinear
behavior. These findings further highlight the importance
of performance-based design approaches, as code-based

elastic analysis may underestimate both the available
strength and the critical role of post-yield behavior in
ensuring structural safety.

Although all models exhibited similar stiffness
and base shear capacity during the early elastic stage-
evidenced by the simultaneous emergence of B to 10
hinges at Step 3-the influence of transverse confinement
detailing became increasingly pronounced in the inelastic
range. This distinction is clearly illustrated in the 10 to LS
and especially in the C to CP performance zones. Notably,
Model D, which employed the weakest confinement
configuration, exhibited the highest number of plastic
hinges in both categories, along with the lowest base shear
at the final displacement step. This reflects a premature
loss in lateral load resistance and suggests that insufficient
confinement accelerates stiffness degradation while
limiting the structure’s capacity to sustain ductility under
increasing lateral demands. The severe hinge formation in
the C to CP zone particularly underscores this effect.
While Model A formed only two plastic hinges in this
critical range, Model D developed as many as seven,
accompanied by a reduced maximum displacement
(256 mm compared to 280 mm).

This trend reinforces the conclusion that effective
confinement plays a vital role not in initial stiffness, but in
post-yield performance, energy dissipation, and damage
limitation during severe nonlinear deformation. The
formation and distribution of plastic hinges provide direct
insight into the structural response under seismic loading.
The early hinge formation confirms comparable initial
stiffness, while divergence in the IO to LS and C to CP
stages highlights the importance of confinement in
maintaining structural integrity beyond the elastic
threshold. These findings affirm that inadequate detailing
leads to earlier and more extensive plasticity, particularly
in critical performance zones, thereby validating the strong
correlation between transverse reinforcement and
structural resilience.

Energy Dissipation

Based on the law of conservation of energy,
incoming earthquake energy is not destroyed but is
converted into elastic and plastic deformations, and some
is absorbed as dissipative energy, as discussed in previous
studies (Karaka & Tripathi, 2023). Dissipative energy
reflects a structure's ability to absorb earthquake loads
through stable plastic deformation. In pushover analysis,
the amount of dissipative energy is calculated from the
area of the base shear and displacement curve, which
indicates the total energy absorbed by the structure during
nonlinear deformation. This shows that the greater the
energy that can be dissipated, the higher the resistance of
the structure to the acting earthquake load.

Based on Figure-9, it is known that Model A-as
the model with the best detailing-has the largest
dissipation energy, which is 1582.09 kN-m. This value
continues to decrease until it reaches 1320.42 kN-m in
Model D, with a decrease difference of 17% compared to
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Model A. The decrease in dissipation energy in Model D
shows that inadequate confinement detailing has a direct
impact on the structure's ability to absorb earthquake
energy. In addition, the closer the distance between the
stirrups, the greater the energy that can be dissipated. This
condition will delay the occurrence of stiffness
degradation and maintain the stability of the structure in
large inelastic deformation.

Energy Dissipation Comparison by Model
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Figure-9. Energy Dissipation Per Model.
CONCLUSIONS

This study shows that although building
structures designed based on SNI 2012 are generally still
able to meet the Life Safety performance limits based on
drift and base shear evaluations according to SNI
1726:2019, there are potential failure modes if the
confinement detailing is insufficient. In addition, this
study also investigates the effect of shear reinforcement
detailing on the performance of reinforced concrete
buildings using non-linear static analysis. Four
confinement models (A-D) are compared, which represent
variations in the number of confinement reinforcement and
reinforcement spacing. The structural performance
evaluation includes shear strength when the performance
point is reached, structural performance categories, plastic
hinge formation, and dissipated energy.

The analysis results show that variations in the
number of legs and stirrup spacing significantly affect the
shear capacity, plastic hinge formation sequence, and
dissipation energy in the structure. The model with the
least stirrup detailing (Model D) showed that the column
shear capacity was not met (ratio < 1) during the pushover
analysis, while for structural performance, the results
showed that although the overall structural performance in
terms of drift ratio remained within the Life Safety (LS)
category limits, namely between 1.93%-1.95%. Model A,
which has the most complete transverse reinforcement
configuration, consistently showed the best performance in
all aspects-achieving the highest base shear value (8297.02
kN), the fewest number of heavy plastic hinges, and the
highest dissipation energy (1582.09 kN m). In contrast,

Model D, which has the least level of confinement,
showed earlier stiffness degradation, the shear forces that
occurred during the pushover analysis exceeded the shear
capacity of the column, and recorded the lowest
dissipation energy, indicating lower structural resistance to
large earthquake loads.

In conclusion, this study confirms that
confinement detailing directly affects a structure's ability
to maintain strength, delay stiffness degradation, and
dissipate energy during seismic loading. While all models
met the Life Safety performance targets, improving the
stirrup configuration-particularly in terms of stirrup
spacing-can significantly improve the structure's seismic
resistance.
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