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Abstract
This research explores the impact of earthquake directionality and orientation on the seis-
mic performance of reinforced concrete (RC) frame structures, an area previously over-
looked in seismic design. The multi-directional component of ground motion was not taken 
into consideration during the seismic performance design of the majority of RC frame 
structures. Focusing on a case study in Padang City, Indonesia, a region known for moder-
ate seismic activity, this study assesses the behavior of an eight-story ordinary moment 
resisting frame (OMRF) under various directional components and orientation angles of 
ground motions. Through Nonlinear Dynamic Analysis (NL-DA) using Nonlinear Time 
History Analyses (NL-THA), the study incorporates 14 ground motions across East–West 
and North–South directions, varying from 0° to 60° in 15-degree increments. Incremental 
Dynamic Analysis (IDA) evaluates the building’s response, employing capacity curves, fra-
gility curves, and CMR scores to understand damage probabilities and structural behaviors 
under different earthquake directions. The objectives include (1) assessing the building’s 
seismic resilience through IDA capacity curves in line with FEMA 356 performance-based 
design standards, (2) developing fragility curves and the CMR to predict the potential of 
damages and structural response in various ground motion directions, and (3) formulat-
ing a generic relationship between intensity measure (IM), structural behavior  (SB), and 
incidence angle (θ) via regression analysis. Results highlight the crucial role of θ in influ-
encing structural response, with deterioration in structural behavior noted as the angle of 
incidence increases. This pattern underscores the varying stress distributions and deforma-
tion patterns in response to directional ground movements. The study’s findings emphasize 
incorporating directionality in seismic risk assessments and structural designs, offering 
valuable insights for improving resilience against future seismic events. Eventually, the link 
between θ, IM, and  SB is crucial for assessing and mitigating seismic risk, since it indicates 
that θ is a major element impacting how buildings respond to seismic occurrences.
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1 Introduction

The great majority of engineering stocks are comprised of buildings. However, the most 
recent dramatic and destructive events (February 2023 in Turkey and Syria, June 2022 in 
Afghanistan, August 2021 in Haiti, September 2018 in Indonesia, April 2015 in Nepal, and 
Mac 2011 in Japan and other countries) demonstrated that there was not enough attention 
paid to the design and construction phases of buildings. This is despite the fact that it is 
known that in the event of destruction, significant life and financial losses will occur (Essar 
et al. 2024; Akhoondzadeh 2024; Ghamry et al. 2023; Ramos-Sepúlveda and Cabas 2021). 
For instance, following the earthquakes that occurred in Turkey and Syria in 2023, the site 
investigations revealed that almost all the non-engineered reinforced concrete structures 
had either entirely fallen or suffered from significant damage. The majority of these were 
not developed and built in conformity with the design codes that were relevant to the situa-
tion. (Guo et al. 2024, Ibrahim et al. 2024).

Seismic loadings distinguish themselves from other loads due to the significant defor-
mations and stresses experienced during an earthquake. Seismic performance is deter-
mined by specifying the highest acceptable level of damage for a given earthquake ground 
motion. Codes mandate that structures must have sufficient ductility to enable them to 
absorb the majority of energy from ground movements through plastic deformations. This 
idea ensures the structural integrity of structures even in the event of significant damage, 
as it is typically not cost-effective to design most buildings to withstand moderate-to-strong 
earthquakes with elastic response. Whereas the seismic performance of reinforced concrete 
(RC) frame buildings was developed without considering the multi-directional characteris-
tics of earthquake vibrations. Typically, most buildings have been designed by only consid-
ering onE–Way analysis for each primary axis separately. However, the dynamic behavior 
of building structures is influenced by the interaction of several components of an earth-
quake when considering the probability of seismic occurrences. RC frame buildings are 
particularly susceptible to damage caused by seismic activity, particularly when exposed to 
many earthquake orientations.

The influence of earthquakes on engineering construction has been the subject of study 
for a long time. Many studies show that the effect of earthquakes has changed with respect 
to incidence angle. Currently, buildings are designed to resist seismic forces by analyz-
ing ground acceleration components and converting them into forces acting in two direc-
tions. The issue is in accurately estimating the proportions for applying accelerations and 
designing seismic forces, since different combinations might result in either excessively 
cautious or insufficient outcomes. The angle of incidence is crucial in seismic analysis 
for evaluating the stresses on a structure (MacRae and Mattheis 2000). Athanatopoulou 
(2005) found that the calculation of interstory drift caused by bi-directional earthquakes 
relies on the selected reference axis, particularly crucial in irregular buildings. Rigato and 
Medina (2007) found differences of up to 80% in the greatest inelastic deformations when 
using angles of incidence other than the typical 0° and 90°. Underestimation in engineering 
demand parameters can be decreased by up to 20% via performing nonlinear time-history 
analysis using a significant quantity of data in normal directions and parallel to the fault, as 
suggested by Reyes and Kalkan (2012).

Reliability in considering the impact of seismic sequences (multi-direction earth-
quakes) on building behavior is severely lacking in the majority of current design regu-
lations. A single earthquake direction is the basis of the most popular method for seis-
mic design of buildings. The research’s findings are restricted and need to go deeper 
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into investigating the directionality of earthquakes to determine if other seismic demand 
characteristics are significantly influenced based on the angle of incidence.

The majority of current studies have utilized random earthquakes, whether single or 
repeated, to examine the response of structures to several seismic events. These studies 
typically do not take into account the orientation angle of earthquakes. Due to varia-
tions in the primary shock or aftershock’s properties, such as magnitude, intensity, fre-
quency content, and duration, as well as differences in ground motion characteristics 
across various site conditions, the obtained data are deemed unreliable. The influence of 
earthquake direction on the behavior of structures subjected to various directional com-
ponents of earthquakes is an area that has not been adequately investigated.

This study aims to overcome the limitations by evaluating the seismic performance 
of an ordinary moment resisting frame (RC-OMRF) building in Padang City, Indonesia. 
In Padang City, buildings suffered extensive damage because of strong ground shaking 
and there were widespread and deadly landslides. Most of the buildings damaged or col-
lapsed in Padang city are Reinforced Concrete (RC) frame structures, with some being 
unreinforced masonry and a few steel building structures. The majority of small struc-
tures were constructed with insufficient building materials and exhibited poor expertise. 
The construction quality of the more recent and larger engineered structures was usu-
ally adequate, however there were a few examples of low quality (Irsyam et al. 2020). 
The significant damage to these buildings raises questions about the effectiveness of 
design and construction practices, as well as the building code enforcement. In addi-
tion, there is a concern to address the seismic performance of RC frame buildings that 
were designed according to gravity loads only or designed according to current codes 
(El-Betar 2018). Hence, the structure design in Indonesia should take into account 
these earthquake activities. To mitigate earthquakes’ impact, it is crucial to assess the 
seismic hazard and incorporate this data into a seismic code for building design and 
construction.

Consequently, the assessment of this study is conducted by employing Incremental 
Dynamic Analysis (IDA) as a capacity curve, fragility curves, collapse margin ratio (CMR) 
scores suggested by FEMA-P695, and regression analysis methodology. These are crucial 
factors in seismic inquiry used to assess the possibility of damage under various directional 
components of an earthquake (East-Westand North–South) with an increment angle of 15°. 
A seismic vulnerability function is used to establish the correlation between the severity of 
an earthquake and the potential impact it may have on the performance of a specific struc-
tural system. This research also aims to highlight and demonstrate the substantial impact 
of the seismic incidence angle on structures. The existing design rules do not account for 
this particular factor, leading to a potential underestimation of seismic demand even when 
using advanced dynamic nonlinear code-compliant models. Comprehensive parametric 
research is necessary to include the impact of seismic incidence angle into the existing 
building regulations.

Analyzing the multi-directional effects of earthquakes on structures and critical infra-
structure is crucial for several reasons:

– Recognizing how buildings respond to seismic difficulties from different orientations 
improves seismic risk assessment. The research enables engineers and policymakers to 
determine hazardous regions and recommend retrofitting or strengthening.

– Scientists can develop earthquake-resistant structures and infrastructure by addressing 
multi-directional seismic loads in structural design. This reduces earthquake collapse 
and destruction as well as rendering structures safer.
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– Community members may lessen the financial impact of earthquake damage by learn-
ing about and preparing for the multi-directional effects of these natural disasters on 
buildings and essential services. This is in line with SDG 11’s goals of creating inclu-
sive, safe, resilient, and sustainable cities, and it helps make urban areas more resilient 
and sustainable in general.

To sum up, improving resilience, guaranteeing safety, and supporting sustainable devel-
opment goals relating to resilient infrastructure and sustainable urbanization all need com-
prehensive analyses of the consequences of earthquakes on vital facilities and buildings in 
all directions.

2  Overview of multi‑directional component of earthquake incident 
angles

Multiple studies indicate that the impact of earthquakes has undergone alterations in rela-
tion to the angle at which earthquakes occur. Seismic activity at a particular location on 
the ground is recorded or detected in two horizontal directions and one vertical direc-
tion. According to certain research, it is possible to treat the vertical component of ground 
motion as uncorrelated with the horizontal components in terms of direction (Penzien and 
Watabe 1974). The majority of design standards require the simultaneous insertion of two 
horizontal components so that each earthquake excitation may be effectively addressed 
(FEMA 2000; EC 2004; TERDC 2007).

In order to demonstrate that structures are affected by the multidirectional component of 
earthquakes, this study will also center on the directionality of seismic excitations. Magli-
ulo et al. (2014) state that there is a need to consider the influence of earthquake incidence 
angle, also known as a multi-directional component, in order to gain a better understanding 
of the seismic performance of building structures that display a typical dynamic behav-
ior. Seismic performance and capacity studies of the chosen RC frame construction must 
thus take into account the impact of earthquakes’ multi-directional components. Before 
adopting certain judgments during the structural design process to ensure that buildings 
can withstand future seismic motion, the outcomes of this research will be valuable for 
critically assessing the influence of directionality on building structures. Therefore, the 
main goals of this study are to (1) use IDA capacity curves in compliance with FEMA 356 
Performance Limit States to figure out the seismic performance of the selected RC-frame 
structure, (2) Develop fragility curves as a probability distribution function for the chosen 
RC-frame building in the interaction to strong ground motion in various directions, and 
(3) Come up with a general formula for the chosen model by combining intensity measure 
(IM), structural behavior  (SB), and angle of incidence (Φ).

Upon reviewing much research conducted from the past until the present, several inves-
tigations have been conducted on the impact of earthquake angles (in two directions) on 
engineering structures and constructions (González 1992; Rigato and Medina 2007; Fujita 
and Takewaki 2010; Kostinakis and Athanatopoulou 2015). The study examines structures 
that experience ground accelerations caused by earthquakes. These accelerations vary 
between 0° and 90°, and 0° and 180°, with increments of 5°, 6°, 15°, 20°, and so on (Laga-
ros 2010; Lucchini et  al. 2011; Kostinakis et  al. 2013; Kumar and Gajjar 2013; Fontara 
et al. 2015).
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Quadri and Madhuri (2014) conducted a study on the critical angle of seismic incidence 
in reinforced concrete frames. The investigation involves subjecting a four-story reinforced 
concrete building to earthquake ground accelerations ranging from 0° to 90°, with an incre-
ment of 10°. Kanya and Rao (2015) examine the impact of earthquake incidence angle on 
the seismic performance of reinforced concrete buildings. This study involves the modeling 
and investigation of one conventional building and two buildings with irregular floor plans. 
Each building experiences ground accelerations ranging from 0° to 180°. Magliulo et al. 
(2014) investigated the impact of earthquake direction on the seismic response of irregular 
planned reinforced concrete frame buildings. The research includes both nonlinear static 
and dynamic analysis. The incidence angles range from 0° to 330°, increasing by 30° each 
time. Tanjung and Alfajri (2019) investigated the evaluation of the seismic capacity of an 
already existing multi-story reinforced concrete structure. Nevertheless, this study solely 
considers the input in the horizontal X and Y directions for its pushover analysis. The input 
ground motion utilized in this research was obtained from the recorded seismic events of 
the 2009 Padang earthquake. Furthermore, Alam et al. (2022) say it’s hard to get a good 
idea of how a building will react to a multidirectional earthquake because the internal 
forces aren’t always distributed in the same way. The ultimate design orientation is ambigu-
ous as a result of the diverse earthquake responses induced by distinct seismic orientations. 
Nevertheless, according to the fragility analysis results by Gwalani et al. (2021), the fail-
ure probabilities of structures are significantly higher when subjected to multi-directional 
stimulation compared to unidirectional excitation when comparing the estimated seismic 
collapse capacity.

Nevertheless, numerous studies have examined and developed structures with asym-
metrical plans (Nguyen and Kim, 2013), high-rise steel buildings (Tun and Htun 2014), 
highway tunnels (Sevim 2013), and bridges (Torbol and Shinozuka 2012; Atak et al. 2014; 
Newton 2014; Ni et al. 2015) based on various seismic excitation angles.

Nonlinear response analysis has often been employed to investigate the impact of earth-
quake directionality on structures. Cantagallo et al. (2012) conducted a study on the impact 
of directionality on seismic response variation. They examined the variation of the angle 
of incidence from 0° to 180° in increments of 22.5°. The study concluded that the main 
axes of the analyzed structures underestimated the demand, particularly in plan irregular 
structures. However, structures with double symmetry did not show significant variations. 
Furthermore, it was noted that the impact of directionality is diminished in scaled seismic 
recordings. It is important to mention that this study only took into account four structures, 
hence the findings are restricted in scope.

Fontara et al. (2015) investigated how one-story asymmetric reinforced concrete build-
ings were affected by the direction and magnitude of seismic activity. A nonlinear relation-
ship existed between the degree of intrusion and the structure’s sensitivity to the angle of 
incidence; the degree of damage directly correlates to the degree of variability in the out-
comes as a consequence of the angle of incidence. Typically, one-to four-story reinforced 
concrete frame structures have been studied utilizing three-dimensional nonlinear time-
history analysis to assess the impact of earthquake angle of incidence, without necessar-
ily applying both records at the same time. With increments of incidence angles that vary 
between 1° and 22.5°, this is found in various papers (Rigato and Medina 2007; Lagaros 
2010; Reyes and Kalkan 2015), among others.

Numerous authors have attempted to formulate formulas that estimate, in general, the 
least desirable angle of incidence or the response it provides. Reinforced concrete build-
ing procedures are one example of this (Wilson and Button 1982). Based on modal 
response spectrum analysis, this method is useful in design, however it ignores earthquake 
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components acting on the primary structural axis. According to Smeby and Kiureghian 
(1985), there were certain limitations to the earlier technique. González (1992) has per-
sisted in researching the issue, going so far as to use linear analysis, yielding relative errors 
of 30% or more. According to, a formula for calculating the critical incidence angle has 
been put forth by Wilson and Button (1982). This calculation is based on either modal 
response spectrum analysis or linear response spectrum analysis, which involves five load 
scenarios and three response spectra.

Following that, a more extensive explanation of the mentioned cited works is given, 
enabling a deeper understanding of the many approaches used to tackle the problem.

2.1  Method obtained by Wilson Button

The analysis involves considering two response spectra conducted at angles of 0° and 90°. 
The forces acquired employing the CQC combination are then evaluated, and the critical 
angle of incidence is determined using the provided formula (Wilson and Button 1982).

where � is the factor that multiplies the response spectrum and f0 and f90 are the responses. 
obtained for an angle of incidence of 0 and 90, respectively.

2.2  Method obtained by López and Torres

The authors suggest using modal response spectrum analysis to address directionality in 
five load cases.

The suggested method is:
•Solving five spectral modal load situations for response parameters.
•Eq. (2) calculates critical incidence angle.
•Eq. (3) yields maximum responses for each critical angle of incidence.

where R is the peak response of the chosen parameter, C is the participation coefficient, 
and θcr is the critical incidence angle.
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2.3   Method obtained by Dongsheng et al.

This approach is a simplified form of the CQC3 method. The SRSS3 approach, which was 
initially proposed by Gao et  al. (2004), is prone to significant mistakes when there is a 
strong correlation among the vibration modes of the structures. However, it yields compa-
rable findings to the CQC3 method in cases where such correlation is not present. The for-
mulas provided below consider the proportional correlation throughout the design spectra 
in each direction of assessment.

2.4  Method obtained by Menun and Der Kiureghian

The authors suggest employing the CQC3 combination as a substitute for the multicom-
ponent. Utilizing a combination of SRSS, CQC, and either the 30% or 40% guidelines is 
being suggested as an alternative approach (Menun and Der Kiureghian 1998).
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2.5   Method obtained by Athanapoulou et al.

The researchers introduced an analytical technique to calculate the crucial angle of inci-
dence for structures that experience three associated earthquake components. This necessi-
tates analyzing three time-history situations, one for each component, without utilizing the 
Penzien and Watanabe model (Penzien and Watabe 1974). Linear behavior is assumed, as 
response spectra cannot be employed due to the assumption of record correlation.

Figure  1 displays the reference axes that were taken into account, together with a 
graphical depiction of the suggested reactions.

The following equations are required to calculate the critical angle. �cr1 represents the 
angle at which the maximum response is achieved, whereas �cr2 represents the angle at 
which the minimum response of the envelope R0 is reached, taking into consideration 
the signs.

where tcr1 and tcr2 represent the specific moments in time when the highest positive and 
lowest negative displacements take place.

2.6   Method obtained by Anastassiadis et al.

This approach relies on response spectra for the presence of a primary axis aligned with 
the epicenter, a secondary axis perpendicular to it, and a tertiary axis in the vertical 
direction.

The seismic design proposed relies on identifying the optimal orientation that pro-
duces the highest response. It involves calculating the maximum and minimum response 
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parameters and applying the severe stress or force method to identify the most undesir-
able combination of stresses posing on particular structural components (Anastassiadis 
et al. 2002). A graphical representation of the response reaction can be calculated using 
Mohr’s circle as shown in Fig. 2.
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2.7  Method obtained by Lagaros

The researchers of this method have proposed a method called Multidirectional Incremen-
tal Dynamic Analysis (MIDA) for performance-based design. This method utilizes pairs 
of records and incident angles generated by Latin hypercube sampling (LHS) to consider 
the variability of seismic excitation and the angle of incidence (Lagaros 2010). Two struc-
tures, one symmetric and one asymmetric, both consisting of three stories, were evaluated. 
The analysis took into account fifteen recordings and an incidence angle ranging from 0° 
to 180°. Afterwards, the MIDA and its corresponding representative MIDA curve were 
executed.

Fig. 3  3D view of the selected 
model

sllawroiretnI)b(sllawegdE)a(

Fig. 4  2D views of the 4-shear walls located at the edge and interior of the selected models
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3  Numerical modelling and description of the selected RC frame 
building

In this study, an eight-story (G + 7) ordinary moment resisting frame (OMRF) structure, in 
Padang City, Indonesia is selected as a case study to examine the seismic scenario due to 
multiple components of earthquake directions. The building has eight stories with an inter-
story height equal to 4.0 m except ground floor that is 5.0 m height in which can be clas-
sified as soft story. The total height of the building is equal to 37.0 m. A 3D-model with 
detailed structural configurations is shown in Fig. 3. The building consists of 4 shear walls 
located at the edge and inner side of the building as shown in Fig. 4. It is assumed that the 
selected building is a step back type of RCMRF system and it is designed as per Eurocode 
2 (EC2) and analyzed using Finite Element (FE) platform.

It is important to note that this study focuses solely on the use of reinforced concrete 
as a building material for multistory structure. It has been assumed that the characteris-
tic strength of concrete in this building configuration is 25 MPa, and that the character-
istic strength of the steel reinforcement is 420 MPa. These are the material attributes of 

Table 1  Detailing of steel 
reinforcement in shear walls

Shear wall reinforcement 
details

Longitudinal reinforce-
ment

Transverse 
reinforce-
ment

Zone A 10 T 20 T12 @ 200
Zone B 18 T 20 T12 @ 200
Panel 1 – T12 @ 400
Panel 2 28 T 16 T12 @ 400
Panel 3 28 T16 T12 @ 400

Table 2  Detailing of steel 
reinforcement in columns

Column reinforce-
ment details

Column size Longitudinal 
reinforcement

Transverse 
reinforce-
ment

C1 600 × 600 20 T 16 T10 @ 250
C2 600 × 960 20 T 16 T10 @ 250

Fig. 5  Steel reinforcement detailing in shear walls (dimensions are in mm)
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the building configuration. The three-dimensional model of the building was created by 
employing Finite Element software designed specifically for structural research. Slabs 
of 200mm thickness have been classified as rigid diaphragms, whereas structural ele-
ments such as beams, and columns have been modeled using 3D frame elements. The 
building’s live and dead loads have been determined in accordance with Eurocode 2 
(EC2), where the load pattern of the dead load (Gk) equals to 1.5kPa, and live load (Qk) 
equals to 2.5kPa. Each of the featured structures was thoughtfully designed to withstand 
a variety of different types of gravity-based design loads, all in accordance with the 
requirements of European regulations (EC2). The reinforcement detailing for the shear 
walls and the columns are shown in Tables 1 and 2, respectively. Figures 5 and 6 show 
the geometric section and its detailing for shear walls and columns, respectively.

4  Overview of research methodology application

In this study, the overall workflow of the research, beginning with the desk study and 
progressing to the seismic analysis, is depicted in Fig. 7. Using the FE software, a Non-
linear Dynamic Analysis (NL-DA) is being performed on a 3D model that is being 
represented by an RC Frame building. This analysis is followed by a Nonlinear Time 
History Analysis (NL-THA), which is defined by selecting a set of ground motion rec 
ords and considering earthquakes with multi-directional components in the X and Y 
directions. There are five earthquake angles that are specified respectively in both the 
X-Longitudinal Direction (E–W) and the Y-Transverse Direction (N–S), ranging from 
0° to 60° angle with an angle increment of 15°. These angles are specified in both the 
X-Longitudinal Direction and the Y-Transverse Direction as schematized in Fig. 8a, b 
that further response quantifications parameters using Intensity Measure (IM) and Dam-
age Measure (DM) are needed for seismic risk analysis.

Despite this, the seismic risk evaluation of the chosen structures is performed by 
creating dynamic capacity curves, also known as incremental dynamic analysis (IDA) 
curves, for each directional component (ranging from 0° to 60°). The IDA curves can be 

Fig. 6  Steel reinforcement detailings in columns (dimensions are in mm)
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generated by utilizing the relationship between the inter-story drift ratio, also known as 
the (ISDR), and the intensity measure (IM) of the ground motion, which is represented 
by Peak Ground Acceleration (PGA). Using the drift ratios specified by FEMA 356, this 
relationship is employed to evaluate the building’s seismic performance within a prede-
termined performance limit condition.

Furthermore, the fragility curves are then generated using a cumulative distribution 
function (CDF) which is known as probabilistic approach that shows the probability of 
damage based on three performance limit states or damage states. Fragility curves are 
utilized in an analytical framework to evaluate the risk of the seismic influence on the 
structural models. These curves are regarded as valuable tools for predicting the prob-
ability of damage to any structural systems. The performance levels that specify the 
damage states of the selected models are: Immediate Occupancy (IO, ISDR = 0.50%), 
Life Safety (LS, ISDR = 1.50%) and Collapse Prevention (CP, ISDR = 2.5%).

Fig. 7  The overall framework uses a multidirectional earthquake component that contributes to the analysis 
of the influence of seismic behavior on RC frame building
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5  Criteria to collect set of ground motion records according to their 
angle of incidence

In order to assess the impact of ground motion rotation, the acceleration components 
üxg(t) and üyg(t) in the orthogonal (x and y) directions are rotated by the specified angle 
and then resolved into the degrees of freedom of the structure (Fig. 9). It is commonly 

(a)

(b)

Fig. 8  a Quantification of seismic response outcomes; b Orientation of earthquake excitation directions rel-
ative to the x and y axes characterized by the angle of incidence
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acknowledged that initially, the vectors üxg(t) and üyg(t) are oriented along the X and Y 
directions, respectively.

The nonlinear time history analysis, also known as NL-THA, is the method that pro-
vides the highest level of accuracy for evaluating the seismic risk of building structures. 
It is able to make accurate predictions of the inelastic demands placed on the members 
of the superstructure in response to a diverse set of earthquake situations. In order to 
utilize the Non-Linear Time History Analysis, one of the most important steps that must 
be taken is to identify sufficient ground motion records. This is also one of the most 
important factors that must be considered in order to ensure a valid simulation process. 
Three or seven ground motions are required, depending on the ASCE/SEI 7–10 (ASCE 
2017), in order to provide an unbiased examination of the structural response of the 
building.

The building is an office structure categorized as Seismic The spectral parameters SS, 
which represents the spectral acceleration at short period, and S1, which represents the 
spectral acceleration at 1 s, are obtained from the Indonesian Spectral Map. These spectra 
are generated for the Maximum Considered Earthquake (MCE), defined as an earthquake 
with a 2% probability in 50 years or a seismic event with a return period of 2500 years. In 
accordance with the desired response spectrum specified in the Indonesian seismic code, 
this analysis employs seven sets of historically ground accelerations that have been scaled 
spectrally in order to produce scaled time-history accelerations. Subsequently, these scaled 
time-history accelerations are applied to the structural model using finite element analysis 
for nonlinear time-history analysis. The scaled earthquake ground motion recordings are 
used to dynamically simulate and quantify seismic risk. This is done by generating IDA 
curves, followed by fragility curves using performance limit states such as IO, LS, and CP.

To explore how the seismic action’s angle of incidence affects the structure, it’s crucial 
to specify that the symmetry under investigation pertains to the orientation plane of the 
structural axes (x and y). This study does not take into account any asymmetry in elevation 
with respect to the z-axis. In this study the conventional axes depicted in Fig. 9 as our ref-
erence, where x and y denote the orthogonal axes defining the structure, commonly used in 
its design and analysis. Meanwhile, w and p represent the axes on which the pair of records 
was applied for nonlinear time-history analysis, with w being the longitudinal component 
and p the transverse component. Each record’s pair of components underwent a variation at 
intervals of 15°, spanning from the 0° position to the 90° position.

All fixed-base models undergo nonlinear time history analysis in accordance with 
seismic code SNI 1726:2019 (SNI1726:19 2019). According to the code, input ground 
motions from earthquakes produced by the megathrust, Benioff, shallow crustal, and 

Fig. 9  Rotation of ground motion 
acceleration
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shallow background mechanisms must be used for the study. This requirement describes 
the features of Indonesia’s earthquake source zones, which can be broadly categorized 
into three types: diffuse seismic zones, which are areas where earthquakes occur that 
are not connected to any particular fault or type of fault, strike-slip earthquakes along 
defined faults, and subduction events, which occur when an oceanic plate subducts 
beneath an island arc or continent (megathrust earthquake). Based on the aforemen-
tioned standards, seven pairs of ground motion are chosen for this investigation. Regret-
fully, due to a lack of seismic instrumentation in Indonesia, ground motions recorded 
meeting the aforementioned requirements are not available, hence past time histories 

Fig. 10  Set of ground motion records used for the non-linear time history analysis (NLTHA)

Fig. 11  Scaling of ground motions records in relation to the target response spectrum
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of earthquakes in other nations with comparable conditions are used instead. They have 
a damping ratio of 5% and are adjusted to match the required response spectrum. 0.2 
to 1.5 times the period at the first mode is the interval period of spectral matching. 
The east–west and north–south directions of the ground motions are carried out in a 
manner that is parallel to and perpendicular to the building plan, respectively. Table 3 
and Fig. 10 provides specifics on the ground motions that were utilized in this investi-
gation along with their attributes. The spectral-matched historical ground motion data 
utilized in the nonlinear time history analysis investigation are displayed in Fig. 11. The 
response spectra of seven historical ground motions are matched to the design response 
spectra for the maximum considered earthquake in Padang. Aside from that, factors 
such soil types, peak ground acceleration, distance from faults, and expected major 
event magnitudes all play a role in deciding which strong ground movements to imple-
ment. Selection of the robust ground motion records necessitates consideration of these 
characteristics.

Table  3 contains a tabulation of the seven pairs of ground motion recordings that 
were taken into consideration for this study. These records were obtained from the 
Pacific Earthquake Engineering Research (PEER) (PEER, 2016) database and were tab-
ulated to comply with the minimum standards of the international codes.

6  Criteria for selecting the quantification controlling measures 
for seismic performance

6.1   Intensity measure (IM)

Scientists use the IM, or intensity measure, as an indicator to quantify earthquake suscep-
tibility and evaluate earthquake records in IDAs. The quality of the IM can determine a 

Fig. 12  2D frame prototype representation of the ISDR as an IM
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structure’s vulnerability to ground vibrations and impact the precision and reliability of 
PSDMs. Researchers have offered various potential IMs such as PGA, PGV, Sa(T1), and 
 AI. As such, PGA was chosen as the critical IM in this study.

6.2   Damage measure (DM)

In fragility analysis and design, it is vital to establish a Damage Measure (DM) that accu-
rately assesses the level of seismic damage in structures. A proficient DM should precisely 
depict the structural dynamic response caused by seismic action excitation. The most com-
monly employed DMs include maximum base shear, peak roof drift, peak floor accelera-
tion and inter-story drift. Inter-story drift has been found to be more significantly related 
to structural deterioration than other measures of damage. For this research study, Kassem 
et al. (2023) demonstrated the efficacy of using Inter-Storey Drift Ratio (ISDR) as a DM 
making it an appropriate choice for measuring structural degradation induced by earth-
quakes as illustrated in Fig. 12 and represented in Eq. (20).

Fig. 13  The relationship between the description of damage and the stages of limitation according to 
FEMA 356
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where %� represents the inter-story drift ratio (ISDR), Δ represents the story displacement 
at particular story level, and H represents the story height.

6.3  Performance limit states according to FEMA 356

To be effective, it is necessary to have several limit states referred to as performance 
levels that accurately represent the structural damage condition during an earthquake. 
In this study, three limit states for the selected structure are defined according to FEMA 
356: Immediate Occupancy (IO), Life Safety (LS) and Collapse Prevention (CP). These 
distinct limit state ranges were previously established at 0.5%, 1.50% and 2.50%, respec-
tively, which were taken into account from FEMA356. Figure 13 shows the conceptual 
link between damage description and limit states employed in this study.

7  Conducting incremental dynamic analysis and evaluating 
the fragility of the structure

IDA, or Incremental Dynamic Analysis, is a methodology used to assess the structural 
behaviour in response to specific earthquake records. The process involves constructing 
a single curve for each ground motion, representing a particular damage measure (such 
as interstory drift), plotted against a specified intensity measure of the ground motion 
(such as peak ground acceleration, PGA). The primary goals of IDA are to enhance 
comprehension of the correlation between ground motion records and structural reac-
tion, particularly in terms of the possible level of ground motion and the intensity of 
factors such as maximum displacement, strength, and stiffness. This approach has been 
extensively employed by numerous scholars in the analysis of nonlinear dynamics (Kas-
sem et al. 2022a; Kassem et al. 2022b; and Ozturk 2017). The IDA curves are displayed 
by plotting the IM (Intensity Measure) of the PGA (Peak Ground Acceleration) in rela-
tion to the EDP (Engineering Demand Parameter) of the %ISDR (Interstory Drift Ratio) 
to offer a comprehensive perspective of the seismic performance dependent on the level 
of damage reached.

Afterward, the fragility can be defined as a possibility of experiencing damage equal to 
or greater than a certain state. Seismic parameters including spectral acceleration, spec-
tral displacement, peak ground velocity, and PGA are used to express it (Kumitani and 
Takada 2009; Kirçil and Polat 2006; Duan and Pappin 2008). See, for instance, (HARAN 
et al. 2015, Silva et al. 2014, Bakhshi and Asadi 2013; Modica and Stafford 2014; Frankie 
et al. 2013), where some scholars have offered historical context about the evolution of the 
fragility curves. One can construct fragility curves using one of four methods: the expert-
based or judgmental method, which relies on expert estimates and opinions; the empirical 
method, which uses damage data reported from past earthquakes, the analytical method, 
which relies on time history analyses; and the hybrid method, which combines experi-
mental and numerical analysis. Each approach was outlined, with benefits and drawbacks, 
by Muntasir Billah and Shahria Alam (2015). The analytical method is the most popular 
because it does not necessitate experimental or damage data, unlike the other methods as 

(20)%� =
Δi − Δi−1

Hi − Hi−1

× 100
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provided in this study. Among the analytical methods, the Ibrahim and El-Shami (2011) 
method is one of the simplest. Equation (21) defines the conditional likelihood of a struc-
ture reaching or exceeding a specified damage state (DS), given the PGA, in this method: 

Let represent the � standard normal cumulative distribution function. and represent the 
� mean value and � standard deviation of the natural logarithm of PGA when the building 
achieves a given damage state or performance level, D.

Equation (21) was derived from the research conducted by Shinozuka et al. (2000). In 
their study, they constructed analytical fragility curves by employing nonlinear dynamic 
analysis (NLDA). These fragility curves were expressed using two-parameter lognormal 
distribution functions, which were determined using the procedure known as maximum 
likelihood. The fragility curve is also known as a probabilistic approach and computed 
via cumulative distribution function (CDF) by dividing the total number of data points 
obtained from the IDA analysis by the number of data points that reached or surpassed a 
specific damage state. Besides, the investigation was conducted to assess the accuracy of 
utilizing the mean and standard deviation parameters.

A crucial aspect in the development of the fragility function is the identification and 
precise definition of the appropriate damage states. The engineering demand parameter 
(EDP) utilized for evaluating the structure being studied is the maximum inter-storey drift 
ratio  (ISDRmax). This value acts as a measurable global indication of the deterioration sta-
tus in the structures.

The literature has outlined three distinct damage states/performance levels: immediate 
occupancy (IO), life safety (LS), and collapse prevention (CP). The performance levels are 
determined by a specific measure of damage, primarily the interstory drift ratios (expressed 
as percentages). The maximum permissible interstory drifts for each performance level 
may vary as they are contingent upon the expert’s discretion. The recommendations of 
FEMA 356 are frequently utilized (see Fig. 13).

8  Results and discussion

8.1   Evaluation of structural response through incremental dynamic analysis 
and regression analysis: investigating the interplay among orientation (ɵ), 
intensity measures (IM), and structural behavior (SB)

Recognizing the structural behavior of a chosen structural system is essential when con-
fronted with diverse ground movements from various directions, particularly if the sys-
tem was constructed without considering specific seismic design regulations. To assess 
the seismic performance of the chosen structure in Padang while taken into account earth-
quake multi-directional angles indicated in the X, Longitudinal Direction (E–W) and the 
Y, Transverse Direction (N–S), ranging from 0° to 60° in increments of 15°. A Nonlin-
ear Time History Analysis (NL-THA) embodied by Incremental Dynamic Analysis (IDA) 
is employed, by utilizing the performance limit states stipulated by FEMA 356 and the 
recommendations made by the Performance-Based Earthquake Engineering (PBEE) 
framework. Incremental dynamic analysis is a quantitative method that assesses the most 

(21)P(DS∕PGA) = �

(
ln (PGA) − �

�

)
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crucial factors influencing a structure’s performance and seismic capacity as illustrated in 
Figs. 14a–e and 15, and Table 4 displays the intensity measure for each angle of incidence 
with respect to PLS, as well as the percentage difference represented by the structural 
behavior  (SB) when subjected to an earthquake in the east–west and north–south directions.

Seismic structural behavior analysis is crucial in ensuring the resilience and safety of 
built environments against earthquake events. A detailed examination of the provided 

Fig. 14  Incremental dynamic analysis curves for ground motions with varied incidence angles in the x and 
y directions
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data, focusing on the variations in structural behavior  (SB) across different intensity meas-
ures, angles of incidence, and their implications for structural design. The IDA curves are 
graphed by plotting the IM of the PGA (g) against the EDP of the ISDR. This is done to 
give a comprehensive assessment of the selected structural building against multiple seis-
mic excitations with different angle of incidence (0° to 60°) and directions (E–W and N–S) 
and different seismic scenarios (produced by the megathrust, Benioff, shallow crustal, and 
shallow background mechanisms) to the point of collapse and other damage states, as seen 
in Figs. 14 and 15 and summarized in Table 4.

Beginning with the angle of incidence (ɵ = 0°) chosen as a controlled angle to provide 
the clarity of the results (This serves as the fundamental point of reference for compari-
son). Based on the results, it was found that in the direction of (N–S), represented by the 
Y-directional component, 0.25g is needed to attain the IO performance level, whereas in the 
direction of (E–W), represented by the X-directional component, 0.41g is required. That, in 
turn, implies the structure is serving its purpose continuously with very little degradation. 
There can be some small cracks in the frame’s structural components. Furthermore, 0.65g 
was needed for the direction of (N–S) ground motions movements and 1.02g was needed 
for the direction of (E–W) ground motions movements to attain the LS performance level. 
Despite the fact that this level may not pose significant dangers of falling debris within or 
outside the structure, it does cause significant damage to a few frame components due to 
the residual strength and stiffness that persists in all levels of the building. Moreover, at 
the CP performance level, both seismic situations (N–S) and (a) necessitate acceleration 
values of 1.10 g and 1.40 g, respectively. The structure is on the point of complete collapse 
as a result of significant deterioration in the strength and rigidity of the system that resists 
lateral forces, as well as extensive permanent deformation of the structure. Consequently, 
there is a possibility that the structure may be irreparable and unsafe for reconstruction.

Based on the directional dependency with (ɵ = 0°), there is a distinct variation in the 
structural response between the north–south and east–west directions. This indicates that 
the behaviour of the structure is greatly affected and influenced by the orientation of the 
ground movement. The ground motion intensity, expressed as acceleration relative to grav-
ity (g), is represented by the values of 0.25g, 0.65g, and 1.10g for drift ratios of 0.50%, 

(a) (b)

Fig. 15  Composite capacity curves for structures subject to multidirectional incidence angles along east–
west (E–W) and north–south (N–S) axes
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1.50%, and 2.50%, respectively. In the N–S direction, the values are 0.41 g, 1.02 g, and 
1.40 g for the same drift ratios in the E–W direction. The values in the north–south direc-
tion continuously exhibit much lower magnitudes compared to those in the east–west 
direction, indicating a notable effect of (37.50%, 36.0%, and 21.42%) on the structural 
behaviour for IO, LS, and CP damage states. However, when considering the angle inci-
dence dependency, it shows similar influence, when the angle of incidence increases from 
(ɵ = 0°) to (ɵ = 60°) with an increment of 15° it is observed that the impact of earthquakes 
in north–south reaches the optimum of their limit states earlier than the earthquakes in 
east–west direction. For instance, at CP limit state, the structure collapses at 0.58g when 
exposed to an orientation of (ɵ = 60°) in (N–S) directions, whereas in (E–W) direction, 
collapse occurs at 0.72g. This indicates that the structure’s response to ground motion is 
significantly influenced by both the angle of incidence and the directional characteristics 
of the ground motion. In addition, this comparison between directionality and incidence 
control helps to learn how the structure’s react changes concerning the N–S and E–W 
directions as the angle of incidence deviates from the reference angle (0°). As the angle 
of incidence increases, the structural response becomes increasingly asymmetric, with 
larger differences in acceleration between the N–S and E–W directions. This underscores 
the need for designers to account for directional effects when assessing the seismic perfor-
mance of structures.

Besides, the analysis reveals distinct trends in structural behavior  (SB) concerning 
intensity measures and angles of incidence. Firstly, as the intensity measure increases, 
the structural behavior exhibits a clear trend of deterioration. This aligns with funda-
mental principles in seismic engineering, where higher intensity ground motions lead 
to more severe structural responses due to increased forces and deformations. Further-
more, the angle of incidence plays a significant role in influencing structural behavior. 
Generally, as the angle of incidence increases, the structural behavior tends to worsen. 
This can be attributed to the changing dynamic response of structures to ground motions 
arriving from different angles, resulting in variations in stress distributions and defor-
mation patterns. Interestingly, the percentage difference in structural behavior decreases 
as the angle of incidence increases from 0° to 60°. An explanation for this might be that 
when the angle of incidence increases, the structure’s strength and rigidity decrease, 
making it less equipped to resist earthquakes in both directions. For instance, when the 
angle of incidence is 60°, the structural behavior  (SB) loses about half of its tolerance 
for lateral motion in all damage states until it reaches its collapse state in both the N–S 
and E–W directions.

Comparisons across different intensity measures further highlight the sensitivity of 
structural behavior to seismic loading conditions. At lower intensity measures, the struc-
tural behavior shows moderate levels of deterioration, while at higher intensity measures, 
the deterioration becomes more pronounced, particularly at larger angles of incidence.

Additionally, comparisons across angles of incidence demonstrate consistent trends of 
worsening structural behavior as the angle increases. This underscores the importance of 
accounting for angle of incidence effects in structural analysis and design, as structures 
may experience more severe responses under oblique ground motions. These findings have 
significant implications for structural design and assessment. Designers must carefully 
consider directional effects and angle of incidence variations when evaluating structural 
behavior under seismic loading. Differential responses between different directions may 
necessitate tailored design approaches to ensure uniform performance across all loading 
scenarios.
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Furthermore, the sensitivity of structural behavior to intensity measures underscores the 
importance of accurate seismic hazard assessments in design practices. By incorporating 
these findings into design methodologies and guiding future research endeavors, we can 
contribute to the development of more resilient and sustainable built environments capable 
of withstanding seismic events effectively.

Meanwhile, the regression analysis offers a systematic approach to investigate the com-
plex interactions between various factors (ɵ vs. IM) and (ɵ vs.  SB) influencing structural 
building performance under multiple direction of earthquake loading. By identifying key 
variables and quantifying their relationships, this analytical framework contributes to the 
development of evidence-based strategies for enhancing seismic resilience in the built envi-
ronment. By examining these variables, engineers and policymakers can make informed 
decisions regarding design specifications, construction materials, and retrofitting strategies 
to enhance building resilience. The two factors that regulate the structural seismic response 
are (ɵ vs. IM) and (ɵ vs.  SB) correlated the R-square coefficient for the correlation and the 
polynomial equations as illustrated in Figs. 16a–c and 17a–c and Table 5.

From the results obtained, the correlation between structural building characteris-
tics  (SB) and intensity measures (IM) with respect to the angle theta (θ) is a crucial 
aspect in earthquake engineering, as it helps understand how the orientation of ground 
motion influences the response of buildings. The provided R-square values represent 
the strength of the correlation between two variables: the Angle of Incidence (θ) and 
Intensity Measures (IM), and the Angle of Incidence (θ) and Structural Behavior  (SB). 
These correlations are analyzed separately for different ground motion conditions and 
directions.

The R-square values for both Intensity Measures (IM) and Structural Behavior  (SB) 
correlations at Immediate Occupancy (IO) in North–South (N–S) and East–West (E–W) 
directions are notably high, indicating robust correlations between the Angle of Inci-
dence (θ) and both IM and  SB during ground motions in both orientations. Notably, the 
correlation tends to be marginally stronger in the E–W direction compared to the N–S 
direction for both IM and  SB. Similarly, at Life Safety (LS) conditions, the R-square val-
ues remain very high for both N–S and E–W directions, suggesting exceptionally strong 
correlations between θ and IM as well as  SB, with the correlation slightly stronger com-
pared to IO. Collapse Prevention (CP) conditions exhibit similarly high R-square values 
for both IM and  SB correlations in both N–S and E–W directions, with  SB displaying an 
especially strong correlation, almost reaching 1.0. Notably, the correlation between θ 
and IM is marginally stronger at CP compared to LS and IO for both orientations.

Overall, these high R-square values indicate that the Angle of Incidence (θ) is 
strongly correlated with both Intensity Measures (IM) and Structural Behavior  (SB) dur-
ing ground motions, across different ground motion conditions and directions. This sug-
gests that θ is a significant factor influencing building responses to seismic events, and 
understanding its relationship with IM and  SB is essential for seismic risk assessment 
and mitigation strategies.

Moreover, from the provided fitting equations for the relationship between the Angle 
of Incidence (θ) and Intensity Measures (IM) and Structural Behavior  (SB) the fitting 
equations allows us to understand the quantitative relationships between θ, IM, and  SB, 
providing valuable insights into structural behavior under varying angles of incidence 
and intensity measures. These insights can inform structural design, risk mitigation 
strategies, and decision-making processes in earthquake-prone regions.
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8.2  Generalized equation using regression analysis, and providing their 
coefficients

To derive a general equation that describes the relationship between the Angle of Inci-
dence (θ) and Intensity Measures (IM) in both the North–South (N–S) and East–West 
(E–W) directions, a polynomial regression is utilized using Python as shown in Fig. 18. 
The availability of IM data points collected at different incidence angles allows to fit the 
data using a polynomial equation.

The N–S and E–W directions will be addressed independently in order to fit a poly-
nomial equation for IM.

For N–S direction: Let  IMN–S (θ) be the Intensity Measure in the N–S direction.
The polynomial equation: 

(a)
(b)

(c)

Fig. 16  Regression analysis of the three performance limit states (IO, LS, and CP) as a function of angle of 
incidence (ɵ) and intensity measure (IM) in east–west (E–W) and north–south (N–S) directions
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Similarly, for the E–W direction:
For E–W direction: Let  IME–W(θ) be the Intensity Measure in the E–W direction.
The polynomial equation:

Although, to derive a general equation that describes the relationship between the 
Angle of Incidence (θ) and Structural Behavior (SB) in both the North–South (N–S) and 
East–West (E–W) directions, a polynomial regression is utilized. The availability of  SB 
data points collected at different incidence angles allows to fit the data using a polynomial 
equation.

For N–S direction: Let  SBN–S (θ) be the Intensity Measure in the N–S direction.

(22)IMN−S(�) = a0 + a1� + a2�
2

(23)IME−W(�) = b0 + b1� + b2�
2

(a) (b)

(c)

Fig. 17  Regression analysis of the three performance limit states (IO, LS, and CP) as a function of angle of 
incidence (ɵ) and structural behavior  (SB)in east–west (E–W) and north–south (N–S) directions
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The polynomial equation:

Similarly, for the E–W direction:
For E–W direction: Let  SBE–W(θ) be the Intensity Measure in the E–W direction.
The polynomial equation:

The relationships between the Angle of Incidence (θ), Structural Behavior  (SB), and 
Intensity Measures (IM) are illustrated in these equations in both the N–S and E–W direc-
tions. It is possible to predict  SB and IM at any given (θ) angle using the values of the coef-
ficients and their general equation, which are provided in Table 5, for each performance 
limit state of IO, LS, and CP.

(24)SBN−S(�) = c0 + c1� + c2�
2

(25)SBE−W(�) = d0 + d1� + d2�
2

(a) (b)

Fig. 18  Polynomial regression and modal fitting analysis via Python: a intensity measure (IM) vs. angle of 
incidence (ɵ), and b structural behavior (SB) vs. angle of incidence (ɵ)
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8.3  Fragility and collapse margin ratio for different angle of incidence

The seismic performances of the select RC frame structure under set of ground motion 
records with different angle of incidence (0° to 60°) and different orientations in (E–W) 
and (N–S) were determined using fragility curves by recording the damage for three per-
formance limit states (IO, LS, and CP) in terms of possibilities of damages at different 
intensity measures as shown in Fig. 19. The results provide the probability of damage at 
various peak ground accelerations (PGA) for different angles of incidence (θ) and direc-
tions (E–W and N–S). At intensity measure 0.6g which is considered the maximum consid-
ered earthquake  (MCEG) intensity based on 2017 national seismic hazard maps of Indone-
sia is chosen for analyzing the outcomes, that was developed by probabilistic approach for 
2% probability of exceedance in 50 years as shown in the PGA map in Fig. 20.

Starting with the E–W directional component at angles of (θ = 15°, 30°, 45°, and 60°) 
for the CP limit state, the probability of damage upon reaching or beyond the CP state is 
(50%, 55%, 60.50%, 65.34%), accordingly. On the other hand, the probability of damage 
for reaching or exceeding the CP state is (69.15%, 76.06%, 83.67%, 90.3%), respectively, 
on the N–S directional component. At a controlled angle of 0°, the probability of damage 
for both the east–west and north–south directions of ground motion is 50%, as tabulated in 
Table 6. However, when the intensity measure goes beyond 0.6g, the likelihood of dam-
age for the north–south direction gets higher than that for the east–west. For example, at 
0.7 g, the likelihood of damage for the north–south direction reaches 84%, while for the 
east–west it reaches 69%. The possibility of damage is much higher in the N–S direction 
compared to the E–W direction for the same PGA and angle of impact. This indicates that 
building can be more susceptible to seismic pressures when they occur in a north–south 
orientation. This implies that the structure may be more vulnerable to seismic forces in the 
N–S direction. Besides, an increase in the angle of incidence leading to a noticeable effect 
on the probability of damage. The general pattern of a higher probability of destruction as 
PGA values increase is consistent regardless of the angle of impact.

For the immediate occupancy level, and in the case of an earthquake, it is essential to 
keep a close eye on the occupancy levels of buildings since these are considered to be 
of significant importance. As the intensity measures approach 0.35g and 0.4g, it is evi-
dent that the building rapidly loses their occupancies. This is because the structure has the 
potential to sustain damage that is total in-occupant of 100%.

As an additional point of interest, the life safety of a structure is put in risk during seis-
mic occurrences, and this stage is regarded to be a crucial step following the structure 
occupancy stage since it may assist in determining the extent to which repairs are required. 
However, considering the 50% possibility of damage as half-life threating structure is the 
key for monitoring the structure which needs an intensity range between 0.35g to 0.4g for 
both directions and all orientation angles except angle of  60° which requires a 0.17 g dur-
ing N–S ground motion. Meanwhile, the three performance levels, IO, LS, and CP, inter-
sect at 1.0g for all seismic conditions, with a 100% damage potential.

This could signify that the structure may be stiffer to withstand earthquakes in the X-direc-
tion denoted by E–W compared to Y-direction denoted by N–S even if there is center of rigid-
ity and center of mass for both X, and Y that reflect the stiffness of the structure are compat-
ible as provided in Table 7. While the dynamic characteristics of the structure, such as natural 
frequencies and modes of vibration, may contribute to its stiffness in specific directions espe-
cially in this scenario: (1) Modal participation ratio for the X-direction is 99%, (2) Modal par-
ticipation ratio for the Y-direction is 89%. Comparing the modal participation ratios, which 
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infer that the structure is stiffer in the X-direction. The higher modal participation ratio for 
the X-direction (99%) indicates that the modes associated with this direction contribute more 
significantly to the overall structural response, suggesting greater stiffness in the X-direction 
compared to the Y-direction. In addition, the relative magnitudes of the mode periods can also 
give insights into the dynamic behavior of the structure. This insight is crucial in seismic risk 

Fig. 19  Fragility curves depicting structural vulnerability for various seismic incident angles and directions 
for three performance limit states (PLS)
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assessment and structural design, where ensuring adequate stiffness and response characteris-
tics in both directions is essential for overall structural resilience. Engineers can improve struc-
tural performance and reduce risks by studying modal features and seismic loading responses. 
For example, if Mode 1 has a significantly longer period than Mode 2, it may dominate the 
structure’s response to certain types of dynamic loading or excitation, influencing factors such 
as resonance and damping. Therefore, the X-direction of the structure is more robust against 
seismic movements than the Y-direction, according to the dynamic characteristics given by 
the modal participation ratios and mode shape, as well as the seismic risk assessment derived 
from fragility and capacity curves. Figure 21 displays the selected model’s mode forms.

Moreover, the Collapse Margin Ratio (CMR) has been widely considered to be a very 
reliable seismic indicator of a building’s collapse safety since its release in FEMA P695. 
According to FEMA, it is the ratio of the ground motion intensity of the Maximum Consid-
ered Earthquake (MCE) to the median collapse intensity as estimated from a fragility curve. 
Equation (26) shows that the collapse margin ratio (CMR) is the ratio of the ground motion 

Fig. 20  Spatial distribution of peak ground acceleration (PGA) across Indonesia considering a 2% probabil-
ity of exceedance in 50 years

Table 6  Probability of damages at MCEG intensity measure for multi-angle of incidence and their direc-
tions during CP state

Angle of incidence (ɵ) P[D/CP] at  MCEG in Case of E–W ground 
motion direction (%)

P[D/CP] at  MCEG in Case of 
N–S ground motion direction 
(%)

15° 50 69.15
30° 55.5 76.06
45° 60.50 83.67
60° 65.34 90.30
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intensity that corresponds to the 50% chance of structural collapse to the ground motion inten-
sity that corresponds to the  (MCEG).

where IM%50P(D|CP) is the ground motion intensity corresponding to the 50% probability of 
structural collapse; IMMCEG

 is the ground motion intensity corresponding to the MCE level 
for the design. The MCE intensity used is 0.60 g according to the 2017 national seismic 
hazard maps of Indonesia-Padang.

According to the collapse margin ratio (CMR) initially proposed by FEMA P695, 
the intensity measure  (IM50%) for reaching the 50% of the structural collapse for E–W 
directional component at angles of (θ = 15°, 30°, 45°, and 60°) are (0.60  g, 0.57  g, 
0.56 g, 0.53 g), respectively. However, for N–S directional component the  (IM50%) are 
(0.50g, 0.48g, 0.47g, and 0.44g), respectively. As shown in Table 8 and schematically 
in Fig. 22’s fragility curves, the CMR values for E–W seismic situations are (1.0, 0.95, 
0.93, 0.88), whereas for N–S excitations, they decrease to (0.83, 0.80, 0.78, 0.73). This 
implies that in case of N–S the structure is threatened by partially collapse (50%) or 
earlier compared to E–W records, as well the angle of incidence increases in both direc-
tions the structure vulnerability gets worse. The CMR score helps to recognize which 
is more significant to obtain a more vulnerable detections on the structures. As a result, 
the collapse rate of the structure under N–S ground motion excitation with different 
angle of incidence is lower than the E–W ground motion excitations, since the CMR of 
the E–W ground motion shows the highest value. Therefore, CMR can be a helpful seis-
mic metric for evaluating the structure during earthquakes.

The CMR and the results of the IDA’s fragility study are in agreement. The analyses 
also show that the chosen RC frame building can withstand the required seismic perfor-
mance or MCE, and that the structure is more likely to collapse when subjected to N–S 
ground motion excitation than when subjected to E–W excitation, even when the angle 
of incidence and its increments are varied.

(26)CMR =
IM%50P(D|CP)
IMMCEG

Table 7  Center of mass and 
center of rigidity across all story 
levels

Centers of mass 
and rigidity
Story XCM YCM XCR YCR 

m m m m

Ground Floor 70.9654 26.7598 79.5502 28.1812
1st Floor 80.4235 28.5225 80.0515 28.4213
2nd Floor 82.0728 29.6296 80.5162 28.657
3rd Floor 82.0728 29.6296 80.8743 28.7676
4th Floor 82.0728 29.6296 81.1663 28.7892
5th Floor 82.0728 29.6296 81.4064 28.7407
6th Floor 82.0575 28.945 81.596 28.6677
7th Floor 81.9344 16.9391 81.7127 28.1483
Roof Top 80.5 14.15 81.7095 26.8637
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9  Conclusions

This study employs a probabilistic seismic demand model using fourteen ground motion 
records to assess the seismic vulnerability and response of a specific reinforced concrete 
(RC) frame structure in Padang, Indonesia. These records encompass seismic events such 
as Megathrust, Benioff, Shallow Crustal, and Shallow, analyzed across directional compo-
nents north-south (N–S) and east-west (E–W) with angles of incidence ranging from 0° to 
60° in 15-degree increments. Through Non-Linear Time-History Analysis (NL-THA) and 
Incremental Dynamic Analysis (IDA), this research identifies the structure’s capacity limit 
states as per FEMA 356, develops fragility functions, and calculates the Collapse Margin 
Ratio (CMR). Regression analysis, performed using Python, facilitated the derivation of a 
polynomial function specific to the model, yielding several key insights:

(1) The IDA curve analysis provides a nuanced understanding of how structural behavior 
varies with intensity measures (IMs) and angles of incidence, demonstrating a decline 
in structural integrity with increasing IMs and incidence angles. This underscores the 
importance of considering directional and angular influences in seismic resilience 
assessments.

(2) A significant correlation between structural behavior, intensity measures, and the angle 
of incidence was found, emphasizing the importance of these factors in earthquake 
engineering. The predictive model developed allows for accurate structural response 
estimations at any given incidence angle.

(3) Fragility curves indicate a higher likelihood of damage in the north–south direction 
compared to the east–west, particularly under the same Peak Ground Accelerations 
(PGAs) and angles of incidence. This orientatioN–Specific vulnerability and the sig-

(a) (b)

Fig. 21  Mode shapes of the analyzed structure: a mode 1 (Period = 0.626 s), and b mode 2 (Period = 0.583 
s)

Table 8  Comparative analysis of 
CMR values across three seismic 
scenarios

Seismic scenarios IMMCE (g) IM50% (g) CMR

15° (E–W, N–S) 0.60 (0.6g, 0.5g) (1.0, 0.83)
30° (E–W, N–S) 0.60 (0.57g, 0.48g) (0.95, 0.8)
45° (E–W, N–S) 0.60 (0.56g, 0.47g) (0.93, 0.78)
60° (E–W, N–S) 0.60 (0.53g, 0.44g) (0.88, 0.73)
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nificant impact of the angle of incidence on damage probability highlight the need for 
tailored mitigation strategies.

(4) The structure’s dynamic characteristics suggest greater seismic resistance in the east–
west direction (X-direction) than in the north–south (Y-direction), attributed to differ-
ences in modal participation ratios and dynamic properties. This implies the necessity 
of directional considerations in structural design to optimize seismic resilience.

(5) The CMR analysis reveals a lower collapse rate under east–west ground motion excita-
tions compared to north–south directions, emphasizing the importance of directional 
and angular factors in seismic risk mitigation. The findings support the need to incor-
porate these considerations into structural design and assessment practices to enhance 
the sustainability and resilience of built environments against seismic challenges.

This research highlights the critical role of multidirectional seismic input consideration 
in structural analysis and design for enhanced seismic resilience. By emphasizing the dif-
ferential impact of seismic forces based on direction and angle of incidence, it advocates 
for a comprehensive approach that incorporates these insights into design practices, aiming 
to foster the development of structures capable of withstanding seismic events with mini-
mal environmental impact.

Eventually, the comparisons across different angles of incidence consistently show a 
tendency of deteriorating structural behaviour as the angle rises. This highlights the sig-
nificance of considering angle of incidence effects in structural analysis and design, since 
structures might face more intense reactions when subjected to oblique ground vibrations. 
The discoveries have important consequences for structural design and evaluation. Design-
ers need to rigorously analyse directional effects and changes in angle of incidence when 
assessing structure response to seismic forces. Varying reactions in different directions 
may require customized design strategies to guarantee consistent performance in all load-
ing situations. By integrating these discoveries into design approaches and directing next 
research efforts, we may aid in creating more durable and eco-friendly constructed environ-
ments that can successfully endure seismic disasters.

Fig. 22  Collapse fragility curves for structures subject to earthquake movements from multiple incident 
angles and orientations
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