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Article Info Abstract

An earthquake has impacted the existing buildings around the area where the
earthquake occurred. To maintain the safety of building occupants, it is
necessary to evaluate the building's vulnerability. The most frequently used
Received 24 Oct 2023  assessment methods are the Rapid Visual Screening (RVS) from FEMA and the
Accepted 25 Nov 2023 push-over. FEMA can assess the exposure of a building quickly through visual
observation but cannot provide a structural response. The push-over can explain
the structural response seismic capacity and performance, collapse
identification, and building strengthening strategies. However, the push-over
has weaknesses; the analysis depends on modelling and structural analysis. This
study aims to integrate push-over with FEMA to obtain the most appropriate
assessment of buildings in earthquake vulnerability. Both assessment models
have been applied to mid-rise buildings of flats after the earthquake. The
building received a final score of 2.3 in the FEMA screening evaluation, indicating
that it is secure. The push-over analysis shows the damage to the structure is
Immediate Occupancy, which means only slight damage occurs. Overall, both
methods give the same results and can be integrated to develop RVS and push-
over assessments mutually when new modes of building failure are identified
and as tools to assess fast, precise and accurate structural failure.
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1. Introduction

The Indo-Australian plate, the Eurasian plate, and the Pacific plate all converge in
Indonesia [1]. An earthquake has impacted buildings near the earthquake area [Z].
Therefore, the main structural components of the building must be designed very carefully
at the beam-column connections to withstand cyclic loads caused by earthquakes [3]. If an
earthquake hits a building, it causes casualties. Therefore, evaluating the structure is
necessary [4]. It is crucial to minimize losses and avoid fatalities.

The factors that influence building damage due to earthquakes are the strength, depth and
duration of earthquake vibrations, as well as the condition of the soil and buildings.
Guidelines for evaluating the vulnerability of buildings to earthquakes are needed to assess
the condition of a building for earthquake vulnerability. Rapid Visual Screening (RVS) is a
method for evaluating a building's susceptibility to earthquakes. [5]. The use of RVS has
been widely developed through several applications: (i) Using Android-based rapid visual
screening (RVS) (using FEMA 154 - 2002) to map the earthquake risk of buildings [6]-[7];
(ii) the application of soft computing techniques for RVS [8]; and (iii) Automated Rapid
Vulnerability Assessment of Existing RC Buildings using hybrid ANN-GA model [9].
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Lumajang Regency has a 5-story flat building consisting of 2 buildings with around 191
residents. A five-floor building requires an excellent structure to withstand disasters,
including earthquakes. In 2005, the government built these buildings. The construction of
flat buildings is an effort to address the problem of slums and meet housing needs in urban
areas, especially for low-income people.

Based on USGS data, on April 10 2021, in Lumajang Regency, there was an earthquake
magnitude 6.7. The earthquake caused damage to buildings, with a total of 1081 buildings,
with details of 441 lightly damaged, 328 moderately damaged, and 328 heavily damaged.
Based on this data, an evaluation of existing buildings in Lumajang district is needed.

RVS was previously used in research to quickly assess the initial seismic risk evaluation of
flat buildings in Cilacap Regency [10]. RVS, based on FEMA 154 (Federal Emergency
Management Agency), was developed in the United States to evaluate the building quickly.
The screening process at Rusunawa Cilacap received a final score of 0.7. A final score of 0.7
means there is a 1 in 10%7 or 1 in 5 chance the building collapses if an earthquake occurs.
Evaluating building vulnerability to earthquakes using the rapid visual screening method
on education building [11]. For the moment frame concrete building category (C1), the
final score was 3.6, while for the concrete frame building category with unreinforced brick
walls (C3), it was 1.4.

The findings of the study demonstrate that this 6-story structure is susceptible to
earthquakes, with a high likelihood of level 3 damage and a very high likelihood of level 2
damage. Rapid Visual Screening (RVS) method is used to assess the earthquake-
vulnerability of hospital buildings that have been hit by an earthquake [12]. The Hospital
Building is classified as safe and not prone to earthquakes, with a potential vulnerability
percentage of 0.0126%, according to the RVS method evaluation results. The building does
not need to be specially prepared to withstand earthquakes, but regular maintenance is
necessary to ensure occupant safety and extend the life of a building. Research on building
vulnerability to earthquakes in high-story education buildings in Yogyakata [13]. The form
used is the high seismicity type, which means the level of seismicity at the research location
has a high earthquake distribution. The research results found that the final score value
was 2.3, with the percentage of vulnerability of the building to collapse being 0.5%, making
it safe against earthquakes.

Based on the previous studies above, building reliability evaluations using Rapid Visual
Screening of Buildings can only be used to determine Building Performance Levels. RVS is
used as a guide to assess the vulnerability of a building, which is recommended for all
buildings [5]. Several components that be used as evaluation material in FEMA P-154 are
location seismicity, population size, type and type of soil, structural elements that are
dangerous for falling, kind or type of building, number of building floors, vertical
irregularity, plan irregularity, regulations used when building and scoring. In the
meantime, it is necessary to assess the damage and performance of the previously
designed and analyzed structures using linear static analysis for seismic loads and the
implementation of reinforced concrete moment-resisting frame buildings in order to
determine the dependability of facilities that experience earthquake loads. One of the
analytical methods that has been developed is using push-over analysis.

Performance-based design (PBD) processes have grown to be one of the cornerstones of
earthquake engineering over the last few decades. The push-over procedure consists of
two steps. The first type of force applies to the structure while estimating the total amount
of energy present. The second is the displacement of the structure, which was built to
evaluate whether the top would fall off under planned earthquake excitation. The building
is then subjected to a push-over analysis until the peak displacement equals the target
displacement. The framework is vulnerable to increased vertical irregularity, according to
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an analysis of previous research findings. If the vertical irregularity increases, more plastic
hinges will cross the boundary. This analysis shows that model 2 has better behavior [14].
The accuracy of Push-over is highly reliant on the form, complexity, and analysis of
structural use in the Adaptive Capacity Spectrum Method for Seismic Assessment of
Planned Asymmetric Buildings [15], [16]. In accordance with Indian codes, push-over
analysis is also used to assess the performance of structures that have been designed and
studied using linear static analysis for seismicloads [17]. Push-overs are also used to rotate
the effects of lateral connections in the moment-bearing frames of low, medium and high-
rise RC structures [18]. Through the development of better methods for assessing seismic
performance in reinforced concrete moment-resisting frame structures, push-over
accuracy has been developed [19]. By directly accounting for the cyclic degradation of
actual MDOF systems while retaining the SDOF systems' ease of use and computational
efficiency for the evaluation of displacement requirements, Push-over has also been
created to assess the structure of multiple earthquakes, making them appealing for use in
real-world scenarios [20], [21].

Deviations in Reinforced Concrete Multi-Storey Buildings based on Push-over Analysis
using the ATC-40 Method [22]. According to the research findings, the building structure
can exhibit nonlinear behavior, as was demonstrated in the preliminary stage, and the
majority of plastic joints are found in the beam elements, followed by the column elements.
If the building's structural performance level satisfies operational standards, there is only
minor structural damage, and it can resume use right away. The seismic performance of
concrete structures using push-over analysis has also been evaluated using the SAP 2000
program [23]. From the results of the research carried out, it was found that the effective
shear force was 428,206 tons, less than the planned base shear force of 747,132 tons, with
the peak acceleration of the bedrock of 0.012 g, less than the peak acceleration of the base
rock in the plan for earthquake area 3, namely 0.15 g. As demonstrated in the initial phase,
the building structure can exhibit nonlinear behavior, and the majority of plastic joints are
found first in the beam elements and then the column elements. Since there is only minor
structural damage, the building can be used again right away because its structural
performance level meets the requirements for immediate occupancy. However, obtaining
this assessment necessitates a thorough structural analysis that is time-consuming and
complex.

Based on this background, research is needed on evaluating building vulnerability using
the Rapid Visual Screening (RVS) method integrated with push-over analysis to assess
building vulnerability quickly, efficiently and accurately. This integration is necessary
because RVS can speed up the evaluation process while push-over can increase the
accuracy of the analysis and known structure behavior results obtained from RVS. This
study was carried out by determining building vulnerability using RVS and push-over
analysis. Then, the RVS results will be developed and validated based on push-over
analysis so that the behavior of the structure and its failure pattern can be known. In this
way, RVS, which initially only gets values and estimates of failure after being integrated
with push-over analysis, can produce more accurate vulnerability estimates and improve
procedures if new potential failure modes exist.

2. Methodology

The research method was developed to evaluate the result of RVS analysis using the push-
over method and enhance the result assessment of both methods based on structure
behavior.
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2.1. RVS Method

Using the FEMA P-154 approach to establish a seismic RVS method, the RVS method was
used to assess the seismic risk of the apartment building in Lumajang. Accordingly, the
fundamental score modifiers are suggested, taking building characteristics into account.
The building capacity demand and fragility parameters, which were computed based on
the exposure conditions and performance levels of the buildings, are the basis for the
methods described to derive the basic scores and score modifiers in FEMA P-154 [24].
Figure 1 depicts the RVS method's flow diagram.

Site Visit and Data Collection

v

Rapid Evaluation
Calculate Structural Score

y

Detailed Evaluation: 11 steps

\ 4

Determine the level of
performance based on
FEMA

Fig. 1. Evaluation procedure

2.1.1. Site Visit and Data Collection

The screener sketched the building's plan and noted its characteristics (such as regularity,
structural components, visual appeal, etc.) while walking around the building and through
its interior to determine the type of building based on FEMA 154. Using the provided high
seismicity data collection form, they gathered information about the structure, including
pre-field data such as the address, the number of stories, the year of construction, and soil
data.

2.1.2. Rapid Evaluation Calculate Structural Score

A two-stage seismic risk assessment technique developed by RVS method can be used to
evaluate RC buildings. A straightforward screening process for reinforced concrete
buildings was suggested in FEMA-154. The number of stories, apparent building quality,
soft story irregularity, substantial overhangs, short column effect, pounding effect,
topographic properties, seismic hazard, and local soil conditions are all determined using
this method at the evaluation stage of the buildings. The number of stories and seismic
hazard zones (earthquake zones) are used to calculate a basic score.

2.1.3. Detailed Evaluation
A computation of the FEMA Building Basic Score is shown in this section [5] as follows:
Step 1: Development of the capacity curve

The yield capacity and ultimate capacity points (Dy, Ay) and (Du, Au) are what the capacity
curve is made of:
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Y

Ay = CS — 1

y @ (1)
Dy =9.8Ay Te2 (2)
Au =714y (3)
Du=7AuDy (4)

The values for the variables Cs, v, ai, Te, A, and p are taken from the FEMA Handbook.

When the spectral displacement is smaller than the yield displacement, the building
capacity curve is considered to be linear, and it is taken for granted that it will continue to
be plastic after the ultimate point. It is expected that the capacity curve's transition from
the yield point to the ultimate point will take the following shape:

D — Du)? A—k)?
( u) n ( ) -1 (5)
a? b2
where a, b, and k are from Equations:

Dy _ (Du—Dy)
_ Py, (6)
Ay (Ay—k)
b=Au-k 7

Au? — Ay?* + Ay (Dy — Du)
by ®

k= Ay
2 (Au—Ay) + oy (Dy — Du)
Step 2: Values for the input spectral acceleration response are determined

The building's position affects the median one-second period spectral acceleration
response, S1, as well as the median short-period spectral acceleration response, Ss.

Step 3: Calculation of the Sws and Swmi1 values for the adjusted input spectral acceleration
response

Site coefficients are used to account for soil when adjusting Ss and S1 values..
Step 4: 5%-damped demand response spectrum development

The following equations, which are taken from HAZUS TM, are used to produce the demand
response spectrum, formatted with spectral displacement response as the X-axis and
spectral acceleration response as the Y-axis:

At short periods (acceleration domain), 0 < T < TS:S,(T) = S}:"—S 9
A

SMm1

At long periods (velocity domain), TS < T < TVD: S4(T) = RI;SA (T)=9.85,T? (10)

where: Ts is the transition time between the constant acceleration and constant velocity
sections of the response spectrum; Sa(T) is the spectral acceleration response in g at period
T; Sp(T) is the spectral displacement response in inches at period T.

Ts = (SM1/SMS) x (RA/RV) (11)
R4 = reduction factor in acceleration domain = 2.12/(3.21 - 0.68In(ferr)) (12)
Rv = reduction factor in velocity domain = 1.65/(2.31 - 0.41In(Per)) (13)
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Berr = effective damping, This is the result of adding the hysteretic damping, s, and the
elastic damping, Bg;

Bu = hysteretic damping, which depends on the magnitude of the response and is based on
the region contained by the hysteresis loop, takes into account the possibility of the
structure's ability to absorb energy degrading during cyclic earthquake loading.

Step 5: The creation of a damped response spectrum

A 5% dampening assumption is made in the demand spectrum created in the preceding
stage. The region beneath the hysteresis loop expands as the building's spectral
displacement does, raising u and ferr in the process. The demand curve flattens out as eff
rises (due to the reduction factors Ra and Ry).

The peak response so determines how the demand spectrum will behave. The peak
response, or the point at which the capacity and demand curves connect, must thus be
calculated using an iterative process. There are several ways to carry out this computation.

In order to determine the peak response, an " Ber-damped locus demand spectrum” is
developed. The period and effective damping for each conceivable displacement, D, are
calculated, and the spectral displacement against spectral acceleration are shown for each
value of D.

Step 6: Peak response measurement

The peak response is defined as the point where the demand spectrum and the capacity
curve converge. based on the overlap of the demand spectrum and capacity curve.

Step 7: Creation of a fragility curve

)
Sac = A Hy (22) (14)

3
The entire (C) structural damage state's median value is:

Step 8: Estimating the likelihood of total destruction

For a one-story S2 structure in the seismic zone, the likelihood of total destruction is:

1 D
P[Complete Demage] = @ <— In S—> (15)
ﬁC,P d,c

Step 9: Calculating the likelihood of a collapse

The likelihood of collapse of in seismicity is

P(Cb”apse) :P[Collapse rate] X P[Complete Demage] (16)
Step 10: Interact collapse uncertainty to a matched score
The one-story S2 with High seismicity's relating score is

S = -log10(P(Collapse)) (17)
Step 11: Recognize the basic score.

The outcome of taking the building's basic score in the seismic region.
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2.1.4. Determine the Level of Performance Based On FEMA

The performance levels, according to FEMA, are as follows: (i) Operational Performance
Level; (ii) Immediate Occupancy Level; (iii) Life Savety Level; and (iv) Collapse Prevention
Level.

1. Operational level (1-A): The building has no significant damage to structures and
non-structures at this level. The building still functions well even though minor
damage is not significant, such as damage to the electrical installation, water network
and several other utilities. Figure 2 (a) shows the building performance level's
condition.

2. Immediate Occupancy Level (1-B): The building experiences structural damage at
this level, but the damage is insignificant. The condition of non-structural
components is still functioning and is or is available in place. The building can still be
used without being disturbed by the problem of repairing damage to the building.
The risk of casualties occurring at this level of performance is minimal. Figure 2 (b)
shows the building performance level's condition and the yield capacity point.

3. Life safety level (3-C): At this level, the building experiences structural damage
and reduced stiffness but still has sufficient ability to collapse. Non-structural
components are damaged and no longer function. Buildings can be reused if repairs
have been made to damaged parts of the structure, but this also needs to be
considered from an economic perspective. Figure 2 (c) shows the building's condition
at this level and the ultimate capacity point.

4. Structural Stability/Collapse Prevention (4-D): At this point, both structural and
non-structural elements of the structure sustain quite serious damage. The building
is on the verge of collapsing due to the strength of the structure, and its rigidity is
significantly reduced due to damage or collapse of materials. Casualties may occur,
and the building will suffer significant economic losses. Figure 2 (d) displays the state
of this building's performance level and its maximum capacity point.

The explanation of each level of building performance due to earthquake loads and
structural drift can be illustrated in Figure 2.

Loading Severity

() Operational (b) Immediate Occupancy

| (d) Collapse
Prevention

Stronger, Stiffer Construction
|

Building Capacity Curves ‘

Weaker, Less Stiff Construction

Demand
Spectra

Spectral Acceleration (g)

Medium Strong

Shaking

(c) Life

Structural Displacement A

Spectral Displacement (inches)

Fig. 2. The level of building performance and building capacity curve and control points

(5]

The building performance level requirement for flats is Immediate Occupancy.
Performance analysis can be done by comparing structure capacity and demand. Demand
represents ground movement due to an earthquake, so the parameter used is structural
displacement. In contrast, structural capacity means the structure's ability to withstand
seismic demand.
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2.2. Push-over Method

Push-over analysis is needed to analyze structures with monotonically increasing lateral
load patterns. The inertial force that the structure will experience when exposed to ground
movement. Numerous structural components can consecutively fail under stresses that
increase gradually. As a result, the structure becomes less rigid throughout each
occurrence. Non-linear static push-over analysis may be used to derive a typical non-linear
force-displacement relationship. Initially, gravity loads are applied to a three-dimensional
model that includes tri-linear load deformation diagrams for every lateral force-resisting
component.

Then, a lateral load pattern that is dispersed along the building's height is applied.
Increased lateral pressures cause certain members to give way. The lateral forces are
raised further until the new part yields, and the structural model is changed to account for
the lower stiffness of the yielding member. Until the controlled displacement at the top of
the building deforms to a specific degree or the structure becomes unstable, this procedure
is repeated.

2.2.1. Types of Push-over Analysis

Analyses of push-over are used for force or displacement control. Full loads are combined
under force control (such as gravity loading). Additionally, due to the evolution of the
mechanism and the P-delta effect, the target displacement in the force-controlled push-
over study may be connected to very tiny amounts of positive or even negative lateral
stiffness, which has an impact on the correctness of the results.

Push-over analysis is often carried out as a controlled displacement. When the size of the
applied load is unknown in advance, specific displacement/drift controls are needed (as in
seismic loading). As necessary, the load combination's significance is altered until the
control displacement achieves the desired value. The roof displacement at the mass center
of the structure is often used as the control displacement. Calculated internal forces and
deformations at target displacements determine inelastic pressures and deformation
demands that must be contrasted with the capacity available for performance assessments.

2.2.2. Performance Levels of Building

The maximum base shear that the structure can bear is outlined by push-over analysis. The
building performance level combines the performance level of structures and non-
structural components. It describes the limited damage conditions to a particular building
with a specific ground movement. Performance levels as per FEMA are:

Immediate Occupancy (10): The structure retains the majority of its initial stiffness despite
suffering relatively less damage. The likelihood of a fatal injury from structural damage is
low, and while some minor structural repairs could be necessary before reuse, they are
often not.

Life Safety Level (LS): The structure has sustained severe damage and may have lost a
sizeable portion of its initial stiffness. Before failure comes, however, there is still a sizable
amount of opportunity for more lateral distortion. Although this may not be feasible due
to financial constraints, the building must be repairable. Although there is no immediate
risk of collapse due to a broken system, it would be prudent to perform structural repairs
or construct temporary supports before resuming operation.

Collapse Prevention (CP): If lateral displacement continues at this stage, the structure may
become unstable and collapse. At this point, the building has suffered serious damage.
Because aftershock activity might result in failure, the system might be dangerous to
reoccupy and impractical to repair.
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2.2.3. Push-over Curve

At different phases of the investigation, we may utilize a push-over curve to determine
structural performance points and hinge placements (see Figure 3). In this curve, the
instantaneous occupancy range is B to 10, the life safety range is IO to LS, and the collapse
prevention range is LS to CP.

A hinge must start releasing the load when it reaches point C on the forced displacement
curve. The load will be reduced until the base shear or pushing force at point C equals the
force at point D. All elements release the load when the force is reduced, reducing their
displacement. The amount of the compressive force is once again reinforced once the
yielding hinge contacts the force level point D, and the removal starts to rise once more. If
every hinge is within the specified CP limits, the construction is deemed safe. However,
depending on the significance of the building, hinges after the 10 span might also need to
be restored.

N 5 C
CP
Y 0 LS
5 D _F
£
~
A ”~

Fig. 3. Typical Push-over Curve and Performance Levels [17]

2.2.4. Key Elements of Push-over Analysis

Definition of Plastic Hinges: In structural analysis, it is presumed that concentrated plastic
hinges would exhibit non-linear behavior in frame components. Unpaired moment,
unpaired axial, unpaired sliding, paired axial force, and biaxial bending moment hinges are
examples of common kinds.

Control nodes are defined as nodes that are used to regulate a structure's displacement.
The capacity (push-over) curve of the structure is defined as displacement versus base
shear. In developing the push-over curve, the predicted inertial force distribution was
taken into account for force-displacement. The severity of earthquake loads may be
modeled using various force distributions.

Shift Demand Estimation: When employing push-over analysis, this phase is crucial. The
control node is driven to achieve a demand displacement that represents the greatest
displacement anticipated as a result of the magnitude of the earthquake being taken into
account.

Evaluation of Performance Levels: Performance-based design is the goal of performance
evaluation. If a component or activity satisfies the required performance, it is regarded as
satisfactory. Demand response in comparison to capacity is the main result of push-over
study. If the demand curve crosses the capacity envelope close to the elastic range, the
structure is robust. Assume that the capacity reserve has low strength and deforms when
the demand curve crosses it. In that instance, it may be deduced that the building would
respond improperly during seismic excitation and that it has to be altered to prevent
serious damage or collapse in the future.
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2.2.5. Evaluation Procedures

Different building evaluation methods are used, but the fundamental ideas remain the
same. The evaluation methods in accordance with FEMA 356 are listed below. Method of
Displacement Coefficient (DCM): The displacement coefficient approach, which was
adopted by FEMA 356, estimates maximum displacement using push-over analysis and a
modified precise displacement estimate. Based on a statistical examination of the
outcomes from the time history analysis of various types of SDOF oscillators, DCM is a
method for analyzing data. According to the findings of several research, the capacity
spectrum approach significantly underestimates the response of structures that are in the
inelastic region. The displacement coefficient approach, however, typically yields numbers
that are appropriate.

3. Results and Discussion

In this section, this study discusses the analysis results of both methods of evaluating
building vulnerability due to earthquakes. Detailed results of the discussion can be
explained in the following sub-section.

3.1. Result and Analysis
3.1.1 Result of RVS Analysis

The results of the walking around survey of the building and through the interior of the
building to identify building type based on FEMA 154 showed that the building, including
a commercial building, was located on soft soil with no architectural components that
could easily fall (see Figure 4). Based on this data, a basic score of 3.0 was obtained with
the characteristics of a middle-rise building (5 stories), without vertical irregularities but
with plan irregularities, and determining seismicity based on bench-marks and soil type.
From the calculation analysis above, the final RVS score was 2.3 (see Figure 5). This score
has a value greater than 2, which is the limit score for buildings according to FEMA 154.
Rapid Visual Screening findings indicate that no more analysis is required, indicating that
the building has a little chance of collapsing in the event of an earthquake.

Based on the screening data on the RVS, FEMA can construct a capacity curve using
equations (1) - (8). This curve shows the relationship between spectral acceleration (g)
and spectral displacement. Based on spectral acceleration, this capacity curve can estimate
the magnitude of shear force and displacement in buildings due to earthquake loads.
Figure 6 (a) shows more details of this curve. Meanwhile, a damped demand spectrum is a
method of capacity and demand curves in a response spectrum. A 5% submerged pseudo-
elastic single degree of freedom (SDOF) is used in this curve. This curve was prepared from
FEMA interpretation data using equations (9) - (13) (see Figure 6 (b)). The performance
point, which depicts the seismic behavior of various structures, is generated from the
intersection of the two curves between the inelastic demand spectrum and the capacity
spectrum (Figure 6(c)).

The cumulative probability curve of damage in the lognormal distribution on the vertical
axis and the spectral displacement on the horizontal axis may be used to calculate the
chance of damage with the specified spectral displacement of the performance point.
Determination of cumulative probability is calculated using equations (14) - (17). Then,
the discrete probability (Figure 6 (d)) in each condition of building damage. From the
FEMA 154 analysis results, it was obtained that the performance level is Operational
Performance Level with a probability of collapse of 0.5%. This result follows the RVS
assessment, namely that the building has no potential for collapse during an earthquake.
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Fig. 4. The building as case study
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Fig. 6. The demand spectrum for a high seismicity zone and its capacity curve, with 5%

damping

3.1.2 Result of Push-over Analysis

This flat building is designed to be a multi-storey reinforced concrete building which has
been designed for non-linear earthquake static analysis. Linear static analysis was carried
out using a structural analysis program with Push-over Analysis to assess potential
damage to buildings due to earthquakes. The analysis process is carried out through
several stages:

The structure modeling:

Table 1 and Figure 7 both list the number of members, nodes, and supports that make up
constructing frames. Table 2 lists the structural components' material characteristics.

Table 1. Material properties considered for analysis

Member Size (mm x mm)
Beams 200x 300
Sloof 150 x 250
Ring Balk 150x 250
Column 1 300 x 500
Column 2 250 x 350

Table 2. Material properties of structure

Material Modulus of elasticity  Poisson  Density Coefficient of Fex/fy
(KN/m3) ration  (KN/m3) thermal expansion (KN/m?2)

Concrete Properties

K250 2.18E+09 0.2 23.045 9.90E-06 30

K300 2.39E+09 0.2 23.045 9.90E-06 30

Reinforcing bar (rebar) Properties

BJTP 30 2.04E+10 0.3 76.97 1.17E-05 415

BJTS 40 2.04E+10 0.3 1.17E-05 415

Analysis Results of Seismic Load Case:

The structural analysis support program analyses the structural modelling and material
properties above. This structure application tool, a finite element analysis package used
for structural analysis, proposes hinges for columns and beams in accordance with FEMA-
356 and offers default hinge properties. A non-linear push-over study was done to
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determine the structure's seismic response after designing and specifying the reinforced
concrete frame construction mentioned above.

Fig. 7. Frame with support, framing and node

This structure application tool, a finite element analysis package used for structural
analysis, proposes hinges for columns and beams in accordance with FEMA-356 and offers
default hinge properties. A non-linear push-over study was done to determine the
structure's seismic response after designing and specifying the reinforced concrete frame
construction mentioned above. When the load is increased further, it undergoes significant
elastoplastic deformation and eventually approaches the point of collapse. In a step-by-
step process, lateral loads are applied monotonically in nonlinear analysis. In place of the
force the structure would feel as a result of ground movement, lateral loads are assumed
to be acceleration in each direction. Element yielding is possible under monotonous
loading. As a result, the structure's stiffness changes as a result of damage at each level.
This analysis requires nine steps until the push-over iteration is stopped. The analysis
results are displayed in Table 3, and the graph in Figure 8.

Table 3. Base shear vs displacement

Step Displace-  Base Force AtoB BtoB CtoD CtoE  BeyondE  AtolO I0toLS  LStoCP BeyondCP  Total

Unitless _ment (m) Kgf Unitless Unitless Unitless Unitless Unitless _Unitless Unitless Unitless Unitless _ Unitless
0 0.003384 0 2750 2 0 0 0 2752 0 0 0 2752
1 0.005073  48254.54 2748 4 0 0 0 2752 0 0 0 2752
2 45869 243493.54 2542 210 0 0 0 2752 0 0 0 2752
3 0.086877 407066.59 2430 322 0 0 0 2734 16 0 2 2752
4 0.127012 545240.32 2315 437 0 0 0 2688 48 0 16 2752
5 0.185919 700972.71 2183 553 16 0 0 2569 149 14 20 2752
6 0.225919 791648.93 2133 598 21 0 0 2507 204 12 29 2752
7 0.265919 870318.03 2077 646 29 0 0 2436 261 15 40 2752
8 0.330919 990455.32 1997 686 69 0 0 2353 308 36 55 2752
9 0.396616 1106329.37 1908 733 103 0 0 2301 274 105 72 2752

In the analysis of the push-over process, one plastic joint reaches the yield condition first,
followed by the yield condition in the other plastic joints. The analysis continues until the
deviation at the top of the structure finally reaches the target deviation or enters an
unstable state. The push-over process can be carried out with a load-controlled or
displacement-controlled procedure. Load-controlled procedures are used if the applied
load has a known value. For example, gravity loads can be applied in load-controlled push-
overs. Displacement-controlled methods are usually used if the load that a structure can
withstand is not known with certainty. So, until the structure reaches the desired deviation
value, the load is raised.
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Fig. 8. Distribution of Plastic Joints

The relationship between the base shear force as a result of push-over analysis and the
lateral displacement of the top floor/roof is known as the capacity curve. The results of the
capacity curve between displacement and base shear can be seen in Figure 9. The inelastic
conditions of the structure are plotted in ADRS (Acceleration Displacement Response
Spectrum) format. This method is specifically built in the SAP program; converting push-
over and reduced spectrum response curves in ADRS format is done automatically. The
results of the capacity spectrum curve can be seen in Figure 10.
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Fig. 10. Capacity Spectrum Curve

A performance point is used to gauge a building's capability. Based on the intersection of
the spectrum response curve and the capacity curve obtained after performing push-over
analysis, the point determination is made. Tables 4 and 5 provide the outcomes for the
performance points. The capacity spectrum method graphically presents three graphs: the
capacity, response, and demand spectrum in ADRS format. To determine the behavior of
the structure under consideration for a given earthquake intensity, the capacity curve is
then compared with the performance demand in the form of a spectrum response of
various earthquake intensities (return periods). The figure below shows the transfer
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objective that was determined by the point where the capacity spectrum and the demand
spectrum met.

Table 4. Performance point FEMA 356 direction-Y

Performance Point Value
V (KN) 462428.2

D (m) 0.103

Sa 0.115

Sd 0.047

Teff 1.274

Beff 0.051

Table 5. Performance point FEMA 356 direction-X

Performance Point Value
V (KN) 1106329.4

D (m) 0.542

Sa 0.115

Sd 0.047

Teff 1.274

Beff 0.051

Evaluation Procedures:

This building underwent evaluation and a push-over examination, and as a consequence,
it was put into the Immediate Occupancy (IO) category. With very little damage, the
structure nevertheless maintains the majority of its initial stiffness. Although some minor
structural repairs could be required, these are often not essential before reuse since the
danger of a life-threatening injury from structural deterioration is low.

If alternative modeling techniques and assumptions were employed in the numerical
model, the outcomes of this study may be different in various ways [25][19]. Furthermore,
this study solely considers the design-level evaluation of the seismic requirements for
plan-symmetric special moment-resisting frame structures. The accuracy and
effectiveness of the advanced push-over technique in calculating seismic needs in
structures with a greater level of seismic danger, buildings with varied lateral load
resisting systems, buildings with masonry infill walls, plan asymmetric buildings, in-plan
buildings, and irregular building verticals, must therefore be further investigated. The
push-over analysis provides more accurate information so that the behavior of each
component can be known and efforts to prevent collapse can be carried out earlier.

3.2. Observation and Discussion

In this research, in order to determine the likelihood of damage, it is suggested to analyze
damage and examine the performance of structures built to withstand earthquake loads.
The evaluation design produced in this research is an analysis using RVS, which was
developed with push-over structural analysis so that the research results will provide
speedy and valid information and can determine the behavior of the structure's
performance in withstanding earthquake loads. RVS was developed using FEAM 154,
modified with the latest rules and validated using push-over structural analysis to
determine detailed structural behavior.
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A rapid evaluation design can use RVS FEMA 154, modified according to the latest
regulations, to obtain more detailed results. The output of FEMA 154 not only determines
the basic score and the possibility of collapse but also produces a capacity curve and
damping demand spectrum so that it is possible to establish the structure's performance
point. The structural performance results based on FMA 154 were obtained at a spectral
acceleration of 0.238 with a spectral displacement of 56,388 cm. while the detailed
structural behavior resulting from the push-over analysis shows that the performance
point occurs at a placement of 54.2 cm with Sa=0.115 and Sd=0.047 (X direction). These
two methods provide almost the same point performance values so that the RVS FEMA 154
output can be used as a reference with accurate results even though the results are slightly
more significant than the push-over analysis predictions.

From the interpretation of the results, both methods also provide the same
recommendation: according to FEMA's RVS, the structure's condition is still at the
operation level (1-A). According to the results of the push-over analysis, the structure is in
Immediate Occupancy (I0) condition. According to FEMA 154, operational level (1-A)
indicates that the building experienced minor damage with little impact on structural and
non-structural elements so that the building can operate with minor repairs. Meanwhile,
the Immediate Occupancy (I10) level is the level where the structure experiences minimal
damage and is still able to maintain most of its structural rigidity so that no retrofitting and
repairs are needed to reuse the building.

The advantage of integrating RVS FEMA 154 with push-over analysis is that the RVS
method can be the most suitable screening method because it can provide reasonably
accurate results from previous research [24]. However, FEMA 154 depends on the
screener's assumptions and experience; therefore, in this study, FEMA can be evaluated
and recalibrated through this push-over outcome. This study can be used to re-evaluate
when new potential failure modes are identified so that these failure modes must be added
to the FEMA procedure and control plan. Meanwhile, additional dynamic analysis needs to
be considered in the push-over study to model in more detail the material, boundary frame
and coupling beam when damaged [26].

The weakness of this research is that the evaluation results generally require more
detailed studies because the performance assessment procedure is very dependent on the
data assumptions used [24], so many case studies are needed to improve the calibration of
the interpretation results of this model. Push-over analysis as a calibration still needs to be
developed using a double lateral force-resisting system that combines a particular moment
frame with concentric bracing, especially in buildings that have poor performance due to
earthquakes [27]. The output of this research still needs to be developed using multi-
criteria decision-making (MCDM) using the resulting index values as criteria that need to
be considered [28]. Apart from that, FEMA prioritizes failure modes, so it has yet to design
efforts to prevent building collapse. Therefore, wireless deformation sensors based on
radio frequency identification (RFID) can be developed as deformation threshold detectors
calibrated with FEMA RVS 154 and push-over analysis to improve the output—model of
this study [29]. In addition, using machine learning to classify building damage data can
predict damage categories better than conventional RVS and is useful in planning and
decision-making for emergency response and post-earthquake recovery [30].

4., Conclusions

The final score from learning using the RVS form is 2.3. It has a vulnerability percentage of
0.5%, which is still considered minimal in terms of vulnerability, so this building has a
small potential for damage or failure in the event of an earthquake. From the results of this
assessment, the building is included in the Operational Performance Level category. It is
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declared secure but requires further validation to ensure the building's behavior with
push-over analysis because this RVS assessment depends on the screener's assumptions
and experience. In this study, the push-over analysis can evaluate and recalibrate FEMA
outcomes. This follows the results of previous research, in which the push-over analysis
produced an assessment correlated with building condition categories. Beyond, this
research has succeeded in developing an integration method between RVS and push-over
analysis so that the resulting integrated RVS-push-over has been validated and developed
based on push-over analysis.

The evaluation results using push-over analysis obtained an immediate level of building
flats' structural performance, which means that if an earthquake occurs, the damage to the
structure will only be minimal. The characteristics and capacity of the vertical and lateral
force-resisting system on the structure are still the same as before an earthquake, so the
building is safe and can be used immediately. However, the push-over analysis method
applied in this study is still superficial; it does not include Ilateral bracing
components/supports, shear retaining walls and other similar construction forms. Several
studies recommend further research into push-over analysis considering these elements.
Therefore, the push-over method still needs to be developed using a lateral force-resisting
system that combines a particular moment frame with concentric bracing, especially in
buildings with poor performance due to earthquakes. The research results show that both
methods produce the same assessment conditions; the building is declared secure without
any structural repair treatment. The performance value of the two analysis points has
similarities with the spectral and displacement, respectively, FEMA and push-over
methods of 0.238, 56.388 and 0.115, 0.047, 54.2. The analysis results show that FEMA
produces higher deterioration probability and displacement values than Push-over. This
indicates that FEMA has more conservative effects than Push-Over. FEMA is prudent in
providing assessments because it only uses visual data, while push-over uses more
detailed data and structural analysis. Integrating the FEMA 154 RVS method with push-
over analysis results in more precise FEMA method analysis development procedures and
tools based on structural behaviour, mainly when new potential failure modes exist.

In addition, this research can potentially be used as a fast, precise and accurate assessment
of structural failure if this behaviour is measured with sensors developed with analysis
using artificial intelligence technology and machine learning. It provides benefits as a guide
in making decisions when rehabilitating and repairing building structures. It can be an
early warning for building managers when an earthquake pre- or post-hit a building.
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