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Abstract

Earthquakes are a serious threat in the construction of multi-storey
buildings in Indonesia, which are divided into several seismic design
categories. The design of seismic-resistant buildings requires the
management of plastic hinges to reduce seismic loads. The aspects
of seismic-resistant structural design in Indonesia are regulated by
SNI 1726:2019, SNI 1727:2020, and SNI 2847:2019. Intermediate
Moment Resisting Frame System (IMRFS) and Special Moment
Resisting Frame System (SMRFS) are used based on seismic
category and earthquake intensity. Pushover analysis is used to
analyze the structures behavior when exposed to seismic loads. This
research designs seismic resistant structures with IMRFS and
SMRFS at different locations with the aim of assessing structural
performance and gaining reinforcement to the concrete ratio, which
is relevant for the design and construction of multi-storey buildings in
Indonesia. The results of this research are the structural performance
levels, reinforcement volume, concrete volume, and the
reinforcement to concrete volume ratio. Both IMRFS and SMRFS
reached Immediate Occupancy to Life Safe performance levels after
the earthquake because their monitored displacement was not
significantly different. The structural failure modes of both systems
meet the Strong Column—Weak Beam requirements. The distribution
of plastic hinges also remains in the Immediate Occupancy category.
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INTRODUCTION

Earthquakes are a serious threat in
designing multi-storey buildings in Indonesia.
Earthquake locations in Indonesia are divided
into several seismic design categories, from A to
F, based on the strength of the earthquake and
the risk that occurs [1, 2, 3]. Therefore,
earthquake strength must be considered in
planning the multi-storey building [3]. In
designing seismic-resistant  buildings, the
formation of plastic hinges must be managed to
reduce the seismic load received by the
structure. This aims to make the building survive
and not collapse when an earthquake occurs [1,
2,3,4,5,6,7].

The design aspects of seismic-resistant
structures in multi-storey buildings in Indonesia
are regulated in SNI 1726:2019, SNI 1727:2020,

and SNI 2847:2019. Moment Resisting Frame
Systems are used following the seismic design
categories applicable to the specific area [8][9].
Special Moment Resisting Frame System
(SMRFS) is often used for areas with seismic
categories D, E, and F which have a full level of
ductility [10]. On the other hand, the Intermediate
Moment Resisting Frame System (IMRFS) is
generally used in areas that are more prone to
earthquakes with a B-C seismic design and a
moderate level of ductility [11]. This shows that the
treatment of seismic loads is different, even
though the building structures have a similar
layout. In IMRFS, the applied seismic loads tend
to be greater than those applied in SMRFS, which
is in line with SNI guideline 1726:2019 [12, 13, 14,
15]. In addition, SMRFS produces a more robust
structure than using IMRFS [16, 17, 18, 19, 20,
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21]. With a good understanding of how these
systems behave in different seismic situations,
building designers can design stronger and safer
buildings [18, 20, 23, 24]. The level of the
structural performance of multi-storey buildings
can be investigated using the pushover analysis
method [14, 15, 25].

Pushover analysis is used to evaluate the
behavior and performance of a structure when
exposed to seismic loads or other lateral loads [13,
26, 27]. This method aims to investigate the extent
of a building's ability to withstand lateral loads,
such as those that occur in earthquakes, and how
deformation occurs during this process [13][27].

A comparison of seismic performance
evaluation of earthquake-resistant buildings using
structures with the same dimensions between the
SMRFS, IMRFS, and OMRFS methods shows
different seismic loads [12]. The analysis showed
that SMRFS required more shear reinforcement
but had smaller flexural reinforcement compared
to IMRFS [12]. The distribution of plastic hinges for
both methods remained in the Immediate
Occupancy (I0) category until a transition of 0.85
cm, but SRMFS did not meet ductility
requirements [12].

In Indonesia, high earthquake risk poses a
significant challenge for designing multi-storey
buildings [1, 2, 3]. While building codes mandate
different levels of earthquake resistance based on
location, the current practice employs two distinct
structural systems: SMRFS for high-risk zones
and IMRFS for moderate-risk zones [22]. This
research aims to address the knowledge gap
regarding the comparative effectiveness of these
two systems by analyzing their structural
performance, component  detailing, and
reinforcement needs in their respective optimal
locations [26]. By comparing these aspects, this
research seeks to provide valuable insights for
selecting the most efficient and resilient design
approach for earthquake-resistant multi-storey
buildings in Indonesia.

METHOD
Research Process

Figure 1 shows the process of conducting
the research. The process starts with modeling the
buildings with IMRFS and SMRFS and lasts until
the structural performance and failure models are
analyzed with pushover analysis.

Research Object

Figure 2 shows the building layout
configuration with a beam span size of 5 m using
Autodesk Revit. The 8-story building was
designed using Autodesk Revit and analyzed
using ETABS as in Figure 3.
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Figure 2. Building Layout
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Figure 3. Structure Modeling

General Structural Data

Table 1 displays general structural data for
research based on the preliminary design of the
latest regulations.

Building Loading Calculations

SNI 1727:2020 is an Indonesian national
standard (SNI) that specifies the minimum design
loads and associated criteria for buildings and
other structures. SNI 1727:2020 is based on the
American Society of Civil Engineers (ASCE) 7-16
standard.

Seismic Loading Data

The seismic loading parameters used for
modeling are shown in Table 2 in accordance with
SNI 1727:2020. Figure 4 shows a graph of the
spectrum response graph with SMRFS in Jakarta,
2023. Figure 5 shows a graph of the spectrum
response graph with IMRFS in Jakarta, 2023.

Table 1. General Structural Data

General Data SMRFS IMRFS

Location Lebak Bulus, Bukit Dangas,
Cilandak, South Tanjung Pinggir,
Jakarta Sekupang, Batam

Number of 8 8

Floors

Floor's Height 4 m 4m

Purpose of the  Office Office

Building

Quality of f'c =30 MPa f'. =30 MPa

Beam

Quality of fy Main fy Main

Steel Reinforcement = Reinforcement =

Reinforcement  420MPa 420MPa
fy stirrup = fy stirrup =
420MPa 420MPa

Preliminary -Column K1: - Column K1:
800mm.800mm 800mm.800mm
-Beam B1: - Beam B1:
300mm.500mm 250mm.450mm
- Beam B2: - Beam B2:
300mm.600mm 300mm.500mm
-Slab: 12.5mm -Slab: 12.5mm

Table 2. Seismic Loading Parameters

Parameters SMRFS IMRFS
Risk Category I Il
Priority Factors for 1 1
Earthquake (le)

Soil Condition Cc C
KDS D B
Ss 0.891 g 0.079¢g
S: 0.431¢g 0.123 g
Fa 1.2 1.3
Fv 15 15
Swus 0.962 0.103
Sw1 0.647 0.185
Sbs 0.642 0.069
So1 0.431 0.123
To 0.134 0.358
Ts 0.672 1.792
T 20 12

R 8 5
Qo 3 3
Cq 5.5 4.5
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Figure 4. Response Spectrum in Jakarta
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Figure 5. Response Spectrum in Batam

Structural Analysis

After inputting the material information data
used and determining the preliminary design, the
next step is to carry out a structural analysis. The
results of structural analysis using ETABS provide
information regarding internal forces,
displacements, and failure modes in the form of
plastic hinge points that appear [27, 28, 29, 30].

Reinforcement Detailing

To find out how the reinforcement is
distributed to each structural component, a
detailed process is carried out on beams,
columns, slabs, and shear walls. The process
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aims to obtain detailed information regarding the
distribution of reinforcement in each structural
component [32][33]. Reinforcement detailing must
comply with the building standards and codes to
ensure structural safety following SNI 2847:2019.
Proper detailing will help avoid structural failure,
increase the structure's resistance to loads, and
ensure that the structure can function as
designed.

Structural Performance Analysis

Structural performance theory refers to the
ability of a structure to withstand the loads acting
on the structure without experiencing damage or
failure. The level of structural performance is a
measure of the structure's ability to withstand the
load. The performance level of a structure is
determined based on the displacement targets
experienced with the specified displacement
targets in Figure 6.

Performance evaluation in the Federation
Emergency Management Agency (FEMA)
273/356 regulates the level of performance of a
building as follows:

1. S-1 Immediate Occupancy (I0)
The level of performance is considered
adequate if, although there is damage after an
earthquake, the damage is not significant and
it is still possible to safely re-occupy [24].

2. S-2 Damage Control (DC)
As arange or transition between the structural
performance levels of Life Safety (S-3) and
Immediate Occupancy (S-1). This
performance level aims to reduce repair time
and still allow the structure to survive an
earthquake with a very low risk of loss of life
[24].

3. S-3 Life Safety (LS)
The condition of damage that occurs to
building structures after an earthquake
occurs, but does not result in a safety hazard
because no large debris falls around the
building [24].

4. S-4 Limited Safety
The severity of structural damage falls
between the Life Safety (S-3) and Collapse
Prevention (S-5) structural performance level
ranges [24].

5. S-5 Collapse Prevention (CP)
a condition where after an earthquake occurs,
the building is damaged and is at risk of partial
or complete collapse, but is still able to
support its gravitational load through all
gravity load-bearing components [24].
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Figure 6. Capacity Curve [23]

Pushover Analysis

Pushover analysis or static thrust load
analysis is a non-linear analysis technique used to
identify the collapse behavior of a building in an
earthquake [13]. This analysis process involves
applying a static lateral load pattern to the
structure and gradually increasing the multiplier
factor until it reaches the target lateral
displacement from a reference point. This
reference point is usually chosen at the highest
point of the building, or more precisely at the
center of mass of the roof. In this way, pushover
analysis can help estimate the capacity of a
structure to withstand earthquakes and ensure
that the structure is strong and safe.

Failure Modes

Building structures receive seismic loads at
certain levels or conditions, plastic hinges or
permanent damage will occur to the beams and
columns in the structure. Plastic joints occur when
structural elements can no longer withstand
internal forces. To design a building, it is
necessary to pay attention to design principles
with the concept of strong columns-weak beams
[18].

RESULTS AND DISCUSSION

The results of the structural analysis are
internal forces that are used for structural
component design calculations, as well as
displacement and pushover analysis.

Design Detailing of Column Component

Table 3 shows the results of detailing
column components for IMRFS and SMRFS
according to the internal force calculations issued
from ETABS, following SNI 2847:2019.

538

O.B. Putra et al., Investigation of seismic resistant structures with various moment ...



p-ISSN: 1410-2331 e-ISSN: 2460-1217

Table 3. Detailing of Column Component

Table 5. Detailing of Beam Component IMRFS

Columns of Columns of Beam B1 Beam B2
SMRFS IMRFS Dimension 250.450 300.500
Dlme_nSIC_m 800.800 800.800 End-Span 4 D19 3D19
Longitudinal Longitudinal Above
Rei 20D22 20D22 End-Span
einforcement Spal ] 2 D19 2 D19
End-Span Longitudinal Middle
k 3D13-120 4D13-100 End-Span
St_lrrup : Lon itLFJ)dinaI Below 3D19 3D19
Mid-Span Stirrup 2D13-100 2D13-100 ng
Mid-Span 2 D19 2 D19
) o Longitudinal Above
Design Detailing of Beam Componen't. [/Ild-S_peér_] i 2 D19 2 D19
Table 4 shows the results of detailing beam nggétu inal Miadie
. ; id-Span
components fpr IMRFS according to the mtemal Longitudinal Below 2D19 2 D19
force calculations issued from ETABS, following End-Span Stirrup 3D10-75 3D10-100
SNI 2847:2019. Table 5 shows the results of Mid-Span Stirrup 2D10-150 2D10-150

detailing beam components for SMRFS according
to the internal force calculations issued from
ETABS.

Reinforcement to Concrete Ratio

Results of concrete volume and
reinforcement weight are produced from Autodesk
Revit (Figure 7). Calculations using BIM to
minimize errors in calculating the volume to be
used. The resulting concrete volume will be
compared with the weight of the reinforcement to
produce a ratio of reinforcement weight to
concrete volume.

Table 6 and Table 7 show the ratio of
reinforcement weight to concrete volume for
buildings using the IMRFS and SMRF methods.
Concrete volume and reinforcement weight are
generated from QTO Revit which has been

AAAAAAN
“ASANARARATNANAN |

Figure 7. Design Building by Using Revit

Table 6. The ratio of Reinforcement Weight to
Concrete Volume in IMRFS

Element
modeled separately. Data Beam Bl Beam B2 Column
- Concrete
Table 4. Detailing of Beam Component IMRFS Volume (m? 209.79 90,72 878,08
. . Beam B1 Beam B2 Relnf_orcement 51681.92 16716,78 13161253
Dimension 250.450 300.500 Weight (kg)
End-Span The ratio of
Longitudinal 4D16 4D16 Re\',(‘/f‘?rch‘iTe”t
Above eignt to 246,350 184,268 149,887
Concrete
End-Span Volume
Longitudinal 2 D13 2 D13 (Kgim?)
Middle 9
End-Span ) ) ]
Longitudinal 2 D16 3D16 Table 7. The ratio of Reinforcement Weight to
Below Concrete Volume in SMRFS
Mid-Span Element
Longitudinal 2 D16 3 D16 Data Beam Bl Beam B2 Column
Above Concrete 279.72 108.84 878.08
Mid-Span | Volume (m®)
kﬂc.’ggl't“d'”a 2D13 2D13 Reinforcement  66115.26  20068.18  153978.82
M:d—Se an Weight (kg)
L opar The ratio of
ongitudinal 3 D16 3 D16 Reinf
Below ein o_rcement
End S Weight to 236.362 184.382 175.359
nd-span 2D10-50 3D10-100 Concrete
Stirrup Volume
Mid-Span Stirrup 2D10-75 2D10-150 (Kg/m?)
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IMRFS Structure Performance Levels

The level of structural performance is
determined by comparing the monitored -
displacement with the overall height of the building
structure. Figure 8 and Figure 9 show that the
monitored displacement that occurs in the IMRFS o
building is 539 mm, and the overall building height
is 28,000 mm. The ratio that occurs in the IMRFS
building is 0.01925 which shows that the IMRFS -
building has a structural performance level o
between Immediate Occupancy to Life Safety, and
damage control with a ratio of 0.01-0.02.

Figure 10. Plastic Hinges at Step 42 in the X-

IMRFS Failure Modes Direction of IMRFS

The failure modes in the IMRFS building
were obtained from the results of running a -
pushover analysis with 60 steps in the x-direction
and 60 steps in the y-direction which were given
until the structure failed. In both directions, plastic -
hinges appeared at step 42 in the beam with
Immediate Occupancy performance (Figure 10
and Figure 12) and it eventually collapsed at step -
58 (Figure 11 and Figure 13). i
The IMRFS building exhibits a structural
performance level between Immediate Occupancy

Loz

to Life Safety, with a ratio indicating damage ' s
control. The observed failure modes, including the Figure 11. Plastic Hinges at Step 58 in the X-
appearance of plastic hinges and eventual Direction of IMRES

collapse during the pushover analysis, underscore
significant vulnerabilities in the building's structural
integrity. s

Base Shear vs Manirored Displacement

. Figure 12. Plastic Hinges at Step 42 in the Y-
Figure 8. IMRFS X-Direction Failure Curve Direction of IMRES

Base Shear vs Monitored Displacement

Base Shear, kN

Monitored n..,amn, mm

Figure 9. IMRFS Y-Direction Fa|lure Curve -

Figure 13. Plastic Hinges at Step 58 in the Y-
Direction of IMRFS
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Immediate action is recommended to
ensure occupant safety, which may include o
structural strengthening, retrofitting, and regular -
maintenance. This analysis emphasizes the
importance of proactive measures to mitigate the
risks associated with seismic events and prevent =
potentially catastrophic failures.

SMREFS Structure Performance Levels
The results obtained a comparison curve s

between base shear and monitored displacement. i -

Figure 14 and Figure 15 show that the monitored Figure 16. Plastic Hinges at Step 34 in the X-

displacement that occurs in the SMRFS building is Direction of SMRFS

504 mm, and the overall building height is 28,000

mm. The ratio that occurs in the SMRFS building

is 0.018 which shows that the SMRFS building has -

a structural performance level damage control

with a ratio of 0.01-0.02.

SMREFS Failure Modes -
In Figure 16, the x-direction plastic hinges
appear in step 33 which is located at the end of
the 3rd floor beam. The plastic hinges in the o
column appear in step 56 as shown in Figure 17.
In Figure 18, the y-direction plastic hinges appear
in step 46. In Figure 19, plastic hinges appear in ) 4 = )
step 58 which are located on the beam and Figure 17. Plastic Hinges at Step 56 in the X-
column simultaneously. Plastic joints that appear Direction of SMRFS
in green indicate that their performance level is
Immediate Occupancy.

£ Base Shear vs Monitored Displacement
20—

Base Shear, kN

) Figure 18. Plastic Hinges at Step 46 in the Y-
T T T e Direction of SMRFS
Figure 14. SMRFS X-Direction Failure Curve

8ase Shoar vs Monitared Displacement

Base Shear, kN
i

Loz

Lt

i~ T Figure 19. Plastic Hinges at Step 58 in the Y-
Figure 15. SMRFS Y-Direction Failure Curve Direction of SMRFS
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The SMRFS building has a structural
performance level of damage control with its ratio
indicating a moderate level of damage. Plastic
hinges were observed in the x-direction (at the end
of the 3rd-floor beam), the y-direction (on both
beam and column), and the column itself. Despite
these plastic hinges, the building remains in a
state of Immediate Occupancy, allowing for
immediate evacuation after an earthquake. This
action can be proposed since the damage
situation is known [34]. It is recommended that the
building undergoes continued monitoring and
consideration of mitigation measures to prevent
further structural degradation [35]. This analysis
highlights the importance of proactive measures to
maintain the safety of occupants and prevent
potential risks associated with seismic events.

Another finding shows that the SMRFS
building required more shear reinforcement but
had smaller flexural reinforcement compared to
the IMRFS building [12]. The analysis also
revealed that the distribution of plastic hinges for
both methods remained within the Immediate
Occupancy category until a transition of 0.85 cm.
However, SMRFS did not meet the ductility
requirements for this event [12].

The failure to meet ductility requirements in
the SRMFS structure is suspected to be due to
using the same dimensions as the IMRFS method.
It should be noted that for the SRMFS structure,
slimmer dimensions should be employed to meet
ductility requirements within the SMRFS method
[36].

Based on the non-linear pushover analysis,
both of the IMRFS and SMRFS building structures
achieved performance levels ranging from
Immediate Occupancy to Life Safety. The ductility
of both structures also meets the requirements
outlined by the Indonesian National Standard.

CONCLUSION

The two building structures, IMRFS and
SMRFS, are in the performance level of
Immediate Occupancy to Life Safety, based on the
non-linear pushover analysis. This is the condition
where the building structures, after experiencing
an earthquake, remain strong and almost in the
same condition as before the earthquake. This
condition can be determined from the resulting
monitored displacement that does not show much
difference. The structural failure patterns that
occurred in both buildings met the Strong
Column-Weak Beam requirements. The
distribution of plastic hinges for both structures is
still in the Immediate Occupancy category. In the
IMRFS building, the ratio of reinforcement weight
to concrete volume for beam element B1 was
246.350 kg/ms3; beam B2 of 184.268 kg/m3; and

column of 149.887 kg/m3. In the SRPMK building,
the ratio of reinforcement weight to concrete
volume for beam element B1 was 236.350 kg/m3;
beam B2 of 184.384 kg/m3; and column of
175.359 kg/m3.
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