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Abstract 

The increasing intensity of earthquakes in West Sumatra could trigger megathrust earthquakes and tsunamis at the inter-

plate in the Mentawai Islands. Building assessments are necessary to determine their vulnerability to predicted earthquakes. 

The target is a four-story building that serves as an education building and vertical evacuation. This research proposes a 

complete vulnerability assessment method using single microtremor observations, and the results are used to determine 

seismic building performance. The natural frequency is derived from the spectral analysis of the horizontal components 

(NS and EW) for each level, and we considered the largest earthquake peak ground motion (PGA) in this region to be the 

September 30, 2009, Padang earthquake (PGA 380 gals as ground motion input). We calculated the resonance index, 

seismic vulnerability index, and damping ratio. The results show that the resonance index of the structure is less than 1, 

the vulnerability index of the UNP Faculty of Economics building ɤ > (1/100-1/200) and is 1/234 to 1/699 for the x 

direction and 1/207 to 1/709 for the y direction; the average damping ratio is <5% for both directions (x, y) and RDM and 

FSR relationship is 0.78 and 0.69 for x and y respectively. The overall findings indicate that the structural response of the 

evaluated buildings falls within the 'slight' damage category during seismic events. 

Keywords: Vulnerability Assessment; Seismic Wave; Microtremor Single; Vulnerability Index; Building Resonance. 

 

1. Introduction 

Indonesia is situated at the convergence of three major tectonic plates: the Indo-Australian plate lies westward, the 

Pacific plate is eastward, and the Philippines plate lies northeast of Indonesia [1]. The movement of these plates results 

in a shift of 7 mm per year for the Indo-Australian plate in the western part of Indonesia, while the Pacific plate moves 

at a rate of 12 mm per year in the eastern region [2]. These tectonic activities highlight ongoing subduction beneath the 

region, including the Indonesian archipelago. Consequently, this increases earthquake occurrences, with approximately 

1,200 yearly seismic events, most of which register above a magnitude of 4 on the Richter scale and occur at shallow 

depths [3]. West Sumatra, located in western Indonesia, is particularly prone to these events. 

West Sumatra, geographically positioned near two major earthquake sources, has a history of large-scale seismic 

events. Fault lines traverse the region, passing through Singkarak, Padang Panjang, Padang, and Painan. Historical data 

from 1779 to 2020 shows that many earthquakes in this area have been of large magnitudes, including the 1928 (Mw 

8.4), 1933 (Mw 9.3), 1981 (Mw 8.1), and 2007 (Mw 8.4) earthquakes. This data underscores the region's vulnerability 
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to seismic events, which also pose tsunami risks, particularly those caused by underwater subduction, such as 1833 (Mw 

9.2), 2005 (Mw 9.3), and most recently, the 2010 Mentawai earthquake (Figure 1). 

 

Figure 1. A fault line along the island of Sumatra (red line) and its slip rate [2] 

The 2010 earthquake devastated West Sumatra with a magnitude of 7.6 on the Richter scale. It led to 1117 deaths, 

left two individuals missing, and caused 1214 serious injuries and 1688 minor injuries. The disaster also resulted in 

extensive damage to houses: 114,797 were heavily damaged and collapsed, 67,198 were moderately damaged, and 

67,838 others were slightly damaged. In addition, several buildings and community infrastructures were destroyed, 

including 9432 public buildings and 42 government offices, 4748 educational facilities, 153 health facilities, 68 bridges, 

and 2851 places of worship [4]. Mitigation continues, with local governments conducting building vulnerability 

assessments since 2019. They will continue to be carried out for all the buildings used as vertical evacuations. The team 

has assessed several buildings with unsatisfying results. It is predicted that several buildings will be prone to collapse if 

earthquakes occur in the future [5 ,6]. 

Indonesia ranks among the countries with the most significant number of people exposed to tsunami hazards globally, 

with around 5.5 million individuals vulnerable to a tsunami event expected once every 500 years [6]. Between 1674 and 

2018, Indonesia experienced 109 tsunamis, 98 of which were triggered by earthquakes, while 10 resulted from volcanic 

activity [7]. 

In the past decade, Indonesia has experienced several tsunamis, including the 2010 Mentawai tsunami, the 2018 

Central Sulawesi tsunami, and the 2018 Sunda Strait tsunami. These events triggered landslides and liquefaction, 

resulting in casualties and extensive damage to the infrastructure. [8-10]. The hazard curve for Western Indonesia 

indicates the average tsunami risks for Sumatra and Java are comparable. However, the broader spread of Sumatra's 

hazard curves reflects its geographic position, with some areas located along the eastern coast of the Mentawai and Nias 

islands. The maximum anticipated tsunami height exceeds 9 meters along the coast of Mentawai Island and 5 meters 

along Sumatra's coast. [11, 12]. In Eastern Indonesia, the tsunami hazard curves for the Banda, Papua, and Sulawesi 

exhibit similar patterns. Thus, Western and Eastern Indonesia face high annual exceedance rates for potential tsunami 

hazards [13, 14]. Since earthquakes can potentially trigger tsunamis, the government must establish shelters for vertical 

evacuation. Around 65 buildings have been designated for this purpose, but their seismic performance remains uncertain. 

Investigating the performance of several soil characteristics such as shear wave velocity, 30 m (VS30) and the 

predominant period of the site, and horizontal to vertical spectra ratio as estimators of seismic site effects for the target 

sites, soil characteristics significantly influence seismic building performance, primarily through its mechanical 

properties and the effectiveness of stabilization techniques [15, 16] conducted a rapid seismic assessment of an existing 
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building by using the methodology of PERA 19 based on actual damage due to the largest Turkey –Syria earthquake 

event in 2023. The method of PERA 19 is for building up ten stories, dimensions, cross-section of the column, slab, 

detail of transverse, and ratio of longitudinal reinforcement of each story. The single microtremor observation method 

is one of the fastest, most reliable, and most straightforward methods to identify dynamic soil properties related to 

seismic building performance [14, 17] conducted dynamic soil investigation and seismic building assessment for 

fourteen 2-4 stories building in Slovenia using microtremor results to determine the danger of soil-structure resonance. 

Single microtremor measurements were performed to understand the seismic behaviour of the building and the 

vulnerability of the swerved tower and compare it with other straight towers. The study showed that microtremor single 

measurement is a precise and reliable method for evaluating seismic performance and dynamic characteristics of the 

structural and vulnerability index of the targeted building [18].  

This study aims to comprehensively evaluate these existing reinforced concrete (RC) structures by considering soil 

characteristics and seismic building performance derived from microtremor measurements and simulating the largest 

ground motion acceleration as a ground motion input.  

2. Research Methodology 

To analyze the dynamic behaviour and seismic performance of buildings, key parameters include natural frequency 

[14, 19], damping ratio [20, 21], and vulnerability index [22, 23]. These parameters can be obtained from ambient noise 

recordings within the building structure [24]. Determining the predominant frequency of a structure is particularly 

significant for studying resonance phenomena [14, 21]. The vulnerability index, which reflects the susceptibility of a 

structure to earthquake damage, can be estimated using the drift angle and related seismic acceleration inputs [24]. The 

seismic vulnerability index (Ka) is influenced by the dynamic characteristics of the soil, making it a crucial factor in 

evaluating structural vulnerability [14, 19]. For seismic assessments of existing buildings using the seismic index 

method, based on Japanese standards, the basic seismic index is determined by considering strength and flexibility 

criteria [25]. 

The current study considers both parameters, such as the natural frequency for each floor, and considers them to 

obtain resonance index, vulnerability index and damping ratio. The building selected for assessment is crucial for 

evacuation during earthquake and tsunami disasters. This building is located less than a kilometer offshore and in the 

red zone, prone to earthquakes. Soft soil is characterized by a Vs30 value of less than 150 m/s² and a predominant period 

exceeding 1 second (Figure 2) [25, 26]. This research aims to thoroughly assess existing reinforced concrete (RC) 

buildings by incorporating essential structural and soil attributes, such as the predominant period and Vs30 values 

derived from microtremor observations. 

Period (s) 

(a) 

Shear velocity (m/sec) 

(b) 

Figure 2. Building target location show in black box (a) H/V Ratio across Padang City and, (b) Vs30 distribution across the 

entire Padang City 

The population density around this building is 902 families/km2, with 46,000 students at UNP. The selected building 

has four stories and is used for lectures at the Faculty of Economics, Padang State University. It was built in 2008 and 

used as a shelter for two major earthquakes: the Padang earthquake in 2019 and a significant earthquake and tsunami in 

the Mentawai Islands in 2010. 

The building assessment was carried out in July 2023. built-in 2008 and used as a shelter for two significant 

earthquake events: the Padang earthquake in 2019 and a significant earthquake and tsunami in the Mentawai Islands in 
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2010. The building assessment was carried out in July 2023, built in 2008 and used as a shelter for two significant 

earthquake events: the Padang earthquake in 2019 and a significant earthquake and tsunami in the Mentawai Islands in 

2010. 

The instrument used was a GPL-6A3P microtremor with three direction sensors; the assessment was of 10 minutes 

duration and 200 Hz sampling frequency. Wave data retrieval was carried out twice on the ground and on each floor, 

from the 1st to the 4th floors, and in the x, y, and z directions. The outline of the selected building is shown in Table 1, 

and the building site plan and used device and research flow are shown in Figures 3 to 5, respectively. 

Table 1. The Selected Building Characteristics 

Component Type Description 

Usage Education building 

Number of stories four 

Building height 17.4 m 

Structural type R.C. Framed Structure 

Foundation type Shallow 

Building area 2578.25 m2 

Total floor area 8788.6 m2 

Year of design 2005 

Year of construction Started 2006 and completed 2009 

Concrete Strength FC = 41.72 MPa 

Re-bar Yield Strength 360 MPa 

(Design) Soil (Vs30 <150 m/s) 

Soil type 17.4 m 

 

Figure 3. The site plan of the selected building and the red box represents the installed sensor location for each floor 

 

Figure 4. The microtremor measuring instrument 
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Figure 5. Research Flowchart 

Using a microtremor observation result, we obtained the HVSR for the ground surface and the natural frequency 

from the 1st to the 4th floor for the horizontal direction (x, y). The recorded data included x, y, and z neural waveforms. 

For data analysis, the Horizontal-to-Vertical Spectral Ratio (HVSR) was determined at the ground level of the chosen 

building. The HVSR technique estimates the ratio of the Fourier amplitude spectra for the horizontal (H) and vertical 

(V) components of ambient noise measured at a single observation point (Equation 1) [21, 22]. The 𝑯𝑽𝑺𝑹 peak period 

is the predominant resonance correspondence period of the survey site. 

𝐻𝑉𝑆𝑅 =  √
𝐹𝑁𝑆𝑖(𝜔)2+𝐹𝐸𝑊𝑖(𝜔)2

𝐹𝑈𝐷𝑖(𝜔)2   (1) 

Here 𝐹𝑁𝑆𝑖(ω) and 𝐹𝐸𝑊𝑖(ω) represent the Fourier amplitude of the North-South (𝑁𝑆𝑖), East-West (𝐸𝑊𝑖), and Up-

Down (𝑈𝐷𝑖)components of each interval, respectively, and ω indicates the frequency. The frequency of this 𝑯𝑽𝑺𝑹 was 

used as the natural frequency of the ground surface. Meanwhile, the seismic waveform was obtained from single 

microtremor observations and converted to a frequency domain using Fourier analysis [22]. Since the predominant 

frequency of the building structure from the HVSR is not recommended for vulnerability assessment at the 2nd, 3rd, 

and 4th floors [23], measurements were repeated twice at each observation point for floor spectra ratio (FSR). To obtain 

the FSR of each floor is to use the spectra (EW and NS) of ambient noise in the building and the spectral ratio between 

the upper floor and basement (free field near the building) were analyzed for both components [14]. 

2.1. Building Resonance Ratio 

Vulnerability is based on the building's resonance index. The susceptibility of a building to earthquakes is assessed 

using its resonance index and vulnerability index values [20, 21]. The following equation determines the building 

resonance ratio (R): 

𝑅 =
𝑇𝑏

𝑇𝑠
< 1  (2) 

where 𝑇𝑏  indicates the natural period of the building and 𝑇𝑠  refers to the natural period of the ground surface. The 

resonance index classification suggests that a building is categorized as low resonance if 𝑅 is less than 1. Conversely, 

when 𝑅 is equal to or exceeds 1 (indicating that the building's natural period matches or surpasses that of the ground), 

the structure is at a higher risk for earthquake resonance, potentially resulting in damage In this study, we used the 

natural period of the ground surface and building to calculate the resonance ratio.  

2.2. Vulnerability Index 

A drift angle can assess vulnerability according to the building structure's vulnerability index concerning 

earthquakes. The value of the building vulnerability index 𝐾𝑏 is determined using the equation established by Nakamura 

et al. [23]. Another earthquake parameter is acceleration in cm/s2. Then, α is the effect of the structure during earthquake 

vibrations. 

𝛼=𝑒𝑎 (3) 

where 𝑒 denotes the effectiveness of the earthquake ground motion impacting the structure. The structural deformation 

performance and the level of amplification due to earthquake motion can be assessed based on the building's dynamic 

Supply Natural Frequency 

Data of Microtremors Treatment of Band-Pass Filter 

Evaluation of Natural 

Frequency from Fourier 

Spectrum 

Applying the Random 

Decrement Method (RDM) 

Free Vibration 

Obtaining the Damping Ratio 

by Using Least Square Method 
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characteristics. In this research, the building's natural frequency is anticipated to determine the extent of damage 

incurred. Significant displacement of 𝛿𝑖 for each floor is estimated using the primary natural frequency and amplitude 

for each level, as outlined below: 

𝛿𝑖 =
𝐴𝑖𝛼

(2𝜋𝐹)2  (4) 

Therefore, the drift angle 𝛿𝑖 of the ith floor is expressed as follows: 

𝛾𝑖 =
𝛿(𝑖+1)−𝛿𝑖

ℎ
  (5) 

= ∆𝐴𝑖
𝛼

(2𝜋𝐹)2 ℎ𝑖
104  (6) 

= 𝑒 𝐾𝑏𝑖 𝑎  (7) 

where: 

𝐾𝑏𝑖 =

∆𝐴𝑖
(2𝜋𝐹)2

ℎ𝑖
104  (8) 

∆𝐴𝑖 = 𝐴𝑖+1 − 𝐴1  (9) 

∆Ai represents the amplification difference on each floor, 𝐻𝑖  denotes the height of each floor (in meters), and F 

indicates the predominant frequency of the building structure. Consequently, the drift angle 𝛾𝑖  is determined by 

multiplying the vulnerability index by the maximum acceleration of earthquake vibrations measured at ground level (in 

cm/s2) for each level. We applied the region's most significant ground motion acceleration in the last 200 years (the 

September 30, 2009, Padang earthquake) and the efficiency of earthquake motion. This relationship is expressed in the 

following equation: 

 𝐾𝑏𝑎𝑣
 

𝑖
=

𝐴 104

(2𝜋𝑓)2𝐻
  (10) 

The maximum allowable acceleration from the column (Gals) is derived from Equation 6: 

 
𝛼𝑖

= 104  
(2𝜋𝐹)2 ℎ𝑖

∆𝐴𝑖
𝛾𝑖  (11) 

 
𝛼𝑖

= 104  
(2𝜋𝐹)2 ℎ𝑖

∆𝐴𝑖

𝛾𝑖 (12) 

When 𝐾𝑏𝑖  𝑎𝑣
 is substituted for Equation 3, 𝐻 represents the overall height of the building structure and the average 

drift angle-subscript base, angle 𝛿𝑎𝑣 a be computed. The values of 𝐾𝑏𝑖  and 𝐾𝑏𝑖  𝑎𝑣
 represented in units of 10,000 as 

illustrated in Equations 3 and 4. 

In this research, microtremor measurements were conducted for each floor. 𝑯𝑽𝑺𝑹 results for the bottom (ground) 

and predominant period from FFT (Fast Fourier Transform) analyze the results for the 1st, 2nd, 3rd, and 4th floors. The 

value of the drift angle is also determined by the prediction of earthquake vibration acceleration and the effectiveness 

of the ground motion efficiency. 

2.3. Damping Ratios Determined through RDM Technique 

Determining the damping ratio is crucial for understanding how a structure dissipates earthquake energy. This 

parameter is valuable for assessing structural resilience against seismic forces and estimating structural vulnerability 

[24-27]. The damping ratios are determined using the RDM method, with a band-pass filter applied before RDM 

processing. The filter settings are adjusted according to the predominant frequency obtained through the FSR method. 

To compute the damping ratio, the structure's natural frequency must be known [23, 28]. Thus, the structure's spectrum 

and RDM should be analyzed concurrently. 

3. Result and Discussion 

The HVSR resulted in a comparator or ground frequency (0.36 Hz) with a predominant period (2.75s) (Figure 6). It 

identified that the surface soil condition was soft and the predominant period of the soil was > 1 s [29, 30]. The building's 

average natural frequency is 4.01 Hz, with a predominant period of 0.249 seconds, as illustrated Figures 6-b and 6-c and 

Tables 2 and 3. 
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(a) 

  

(b) (c) 

Figure 6. Natural frequency (a) ground floor and each floor for (b) for the x-direction and (c) y-direction 

Table 2. Seismic vulnerability evaluation result for x direction 

Floor Height 
Floor Spectral Ratio (FSR) Random Decrement Method (RDM) 

ƒ0 (Hz) A Kb e α δ ɤ ƒ0 (Hz) Z (%) 

1 4 4.32 1.17 3.97 0.5 398 0.632677 0.00079 2.13 1.94 

2 8 3.47 1.37 3.61 0.5 398 1.148221 0.00072 2.11 1.55 

3 12 3.13 2.77 5.97 0.5 398 2.853349 0.00119 2.12 3.31 

4 16 5.74 5.70 2.74 0.5 398 1.745882 0.00055 2.25 8.01 

Table 3. Seismic vulnerability evaluation result for y direction 

Floor Height 
Floor Spectral Ratio (FSR) Random Decrement Method (RDM) 

ƒ0 (Hz) A Kb e α δ ɤ ƒ0 (Hz) Z (%) 

1 4 3.92 1.16 4.79 0.5 398 0.761815 0.00095 2.13 2.67 

2 8 4.14 1.79 3.31 0.5 398 1.053941 0.00066 2.13 3.59 

3 12 3.04 3.20 7.32 0.5 398 3.494352 0.00146 2.14 1.57 

4 16 4.46 2.96 2.36 0.5 398 1.501709 0.00047 2.15 1.92 
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The obtained resonance index is 0.09 (<<1). A lower resonance index indicates that the building's natural frequency 
is nearly equal to the ground frequency. Therefore, it is more prone to experiencing earthquake resonance, which can 
cause damage to the building. From Equation 11, the maximum acceptable acceleration is about 398 Gals and 𝜸𝒊  can 

be as much as 1/400 (Table 2). Generally, the building will have a high risk of collapse if the drift angle is 1/100–1/200 
[19]. The current vulnerability assessment approach, which utilizes HVSR for the ground level (1st floor) and the 
predominant frequency in the x, y, and z directions from FFT for the upper floors, proves effective. The natural frequency 
for each floor is 4.0 Hz in both the x and y directions, as illustrated in Figure 6-b. The average damping ratio is 3.74% 
for the x direction and 2.43% for the y direction (refer to Figure 7 and Tables 2 and 3) 

 
(a) 

 
(b) 

Figure 7. Sample of RDM Analysis for each floor (a) for x direction and (b) for y direction 

Figure 8 displays the fundamental frequencies obtained through the RDM method, which closely align with those 
determined using the FSR technique, as indicated by the correlation coefficient (R² = 0.69) between the observed and 
predicted values. Therefore, reliability must be close to the damping ratio of the buildings and the natural frequencies 
resulting from FSR and RDM.  

 

Figure 8. Comparison of Fundamental Frequencies Obtained Using RDM and FSR Methods 
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The frequency and damping ratio relationship reveals a similar structural and natural frequency trend. A model for 

this relationship was developed using robust regression, resulting in an R² value of 0.78, as illustrated in Figure 9. About 

the fitting curve shown in Figure 9, the damping ratio increases with increasing fundamental frequency [31, 32]. We 

assessed the target building as vertical evacuation for students and people who are living near this building to face the 

predicted earthquake in the future; the building is a 4-story building located offshore, less than 100m away, with soft 

soil (natural period of soil >1s) and >10m of predicted inundation height. The structural response of the building during 

seismic events is a primary parameter to be considered in making a policy for a vertical evacuation building [33, 34]. 

The current study applied a complete seismic performance assessment parameter such as building resonance ratio and, 

vulnerability index and, floor spectra ratio, damping ratio of the building and used the most significant ground motion 

acceleration in this region (0.38g, September 30, 2009, Padang earthquake) as ground motion input. We consider both 

the FSR and damping ratios since the building's inherent frequency increases, and the damping ratio will increase, too 

[32]. 

 

Figure 9. Relationship Between Damping Ratio and Fundamental Frequency of the Building Structure 

The results indicate that the seismic performance of the target building falls within the slight damage category. We 

conducted a preliminary visual assessment of the selected building by applying the Japan Building Disaster Prevention 

Association seismic Evaluation and retrofit [35] each part of the building, such as columns, beams, and walls, due to the 

September 30, 2009, Padang earthquake just one month after the quake. We found cracks in some area walls (non-

structural); fortunately, there was no severe damage in the structural part of this building [25]. Finally, we categorized 

the selected building as a slight category for preliminary visual assessment. The two results from seismic performance 

assessment using microtremor and visual damage assessment are similar. This classification aligns with the building's 

condition following the September 30, 2009, Padang earthquake only. The literature study found that measurements of 

microtremors in buildings are efficient and quick, with reliable, accurate results and estimates of the dynamical 

characteristics of the building structure and applicable methods to other buildings with different regions [36]. 

4. Conclusion 

Measurements of microtremors in buildings are efficient and quick, with reliable, accurate results and estimates of 

the dynamical characteristics of the building structure. The damping ratios are determined using the RDM method, 

which is valuable for assessing structural resilience against seismic forces and estimating structural vulnerability [26]. 

This study considers the spectra (EW and NS) of ambient noise in the building for FSR and RDM for each floor and 

the spectral ratio between the upper floor and basement. The reliability must be close to the buildings' damping ratio 

and the natural frequencies resulting from FSR and RDM. 

This study evaluates the selected building's dynamic characteristics and seismic vulnerability, which were assessed 

using microtremor measurements. The methods applied, including the Floor Spectral Ratio (FSR) and vulnerability 

calculations, are presented in Tables 2 and 3. The findings indicate that the building has a low vulnerability, with the 

drift angle (ɤ) ranging from 1/234 to 1/699 for the x-direction and 1/207 to 1/709 for the y-direction. The peak ground 

acceleration (PGA) recorded during an earthquake was less than 398 Gals, placing it in the low-index category. The 

angle is 1/100–1/200. The current vulnerability assessment method is applicable, using HVSR for the ground (1st) floor 

and predominant frequency direction x, y, and z from FTT for > of the 1st story. The natural frequency for each floor 

was measured at 4.0 Hz for both x and y directions, with average damping ratios of 3.74% and 2.43%, respectively. The 

building exhibits low resonance, with R-values below 1, indicating minimal risk of resonance. Overall, the results 

classify the building's seismic performance in the 'slight' damage category. From the overall results, the existing four-

stories building, approximately 20m in height, is recommended for vertical evacuation. 
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