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PROCEDURE OF SHAKING AND TSUNAMI VULNERABILITY 

ASSESSMENTS OF TSUNAMI EVACUATION SHELTERS 

A procedure to carry out vulnerability assessments of TESs due to shaking and tsunami is presented 

in Figure 1. First, earthquake and tsunami simulations are conducted. A ground motion prediction 

equations (GMPE) developed by Abrahamson et al. (2016) is adopted to carry out the earthquake 

simulation. Noting that, the source scenarios for the seismic and tsunami simulations are the same. 

Second, the vulnerability assessment is carried out. The building vulnerability is assessed by 

determining the probability of a building experiencing specific damage states for a given hazard level, 

e.g. spectral acceleration (Sa) at a certain vibration period and spectral displacement for shaking and 

maximum tsunami depth (h) for tsunami  (Rossetto and Elnashai, 2003; Sabandi et al., 2004; Porter 

et al., 2007; Ahmad et al., 2015; De Risi and Goda, 2016). Subsequently, the fragility models for both 

earthquake and tsunami vulnerability assessment are adopted. Since the tsunami is a secondary hazard 

triggered by an earthquake fault rupture, the seismic vulnerability assessment of TESs is carried out 

prior to the tsunami vulnerability assessment (see Figure 1). Detail procedures for the TES earthquake-

tsunami hazard and vulnerability assessments are presented below. 

 

Figure 1. Procedure of earthquake and tsunami hazard and vulnerability assessment of tsunami evacuation shelters. 
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1. EARTHQUAKE SIMULATION 

Seismic intensity measures for a given earthquake scenario at the TEBs can be effectively estimated 

using ground motion prediction equations (Wald et al., 2016; Douglas, 2017). In this study, spectral 

acceleration (Sa) is selected as the intensity measure because most of empirical fragility models for 

buildings (e.g. HAZUS; Rossetto and Elnashai, 2003; Ahmad et al., 2014) use this parameter. Among 

existing GMPEs (e.g. Chang et al., 2001; Kataoka et al., 2006; Goda and Atkinson, 2009; Morikawa 

and Fujiwara, 2013; Abrahamson et al., 2016), a relationship by Abrahamson et al. (2016) is adopted 

for three reasons: (1) it is developed for global subduction environment (rather than specific 

geographical regions) and therefore, is applicable to mega-thrust interface subduction earthquakes in 

Sumatra, Indonesia, (2) including two of the most recent significant subduction earthquakes, i.e. the 

2010 Maule, Chile and the 2011 Tohoku, Japan earthquakes, and (3) developed from an extensive 

ground motion dataset for subduction earthquakes around the world.  

An equation to model the ground motion intensity of an interface subduction earthquake is the 

following: 

ln(𝑆𝑎) = 𝜃1 + 𝜃4 ∙ ∆𝐶1 + [𝜃2 + 𝜃3 ∙ (𝑀𝑤 − 7.8)] ∙ ln{𝑅 + 𝐶4 ∙ exp[𝜃9 ∙ (𝑀𝑤 − 6)]} + 𝜃6 ∙ 𝑅 +

𝑓𝑀𝐴𝐺(𝑀𝑤) + 𝑓𝐹𝐴𝐵𝐴(𝑅) + 𝑓𝑆𝐼𝑇𝐸(𝑃𝐺𝐴1000, 𝑉𝑠30) + 𝜎 ∙ 𝜀      (1) 

where ln is the natural logarithm, Mw is … R (km) is the closest distance to the rupture area, VS30 

(m/s) is the average shear wave velocity in the uppermost 30 m of soil column, PGA1000 is the mean 

peak ground acceleration (PGA) value corresponding to VS30 = 1000 m/s, 𝜎 is the total standard 

deviation (SD), and 𝜀  is the Gaussian error term represented by zero mean and unit SD. The 

magnitude function is shown below:  

𝑓𝑀𝐴𝐺(𝑀) =  {
𝜃4 ∙ [𝑀𝑤 − (7.8 + ∆𝐶1)] + 𝜃13. (10 − 𝑀)2         𝑓𝑜𝑟 𝑀𝑤 ≤ 7.8 + ∆𝐶1

𝜃5 ∙ [𝑀𝑤 − (7.8 + ∆𝐶1)] + 𝜃13. (10 − 𝑀)2        𝑓𝑜𝑟 𝑀𝑤 ≤ 7.8 + ∆𝐶1

     (2) 
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where ∆𝐶1 represents the epistemic uncertainty to control the magnitude scaling. 𝑓𝐹𝐴𝐵𝐴(𝑅) is the 

forearc/backarc terms which is equal to 0 for forearc or unknown site and one for backarc. Because 

Padang is in the forearc region of the Sumtara subduction zone, 𝑓𝐹𝐴𝐵𝐴(𝑅) is set to 0.  

Finally, the site response scaling is presented by: 

𝑓𝑆𝐼𝑇𝐸 = 𝜃12 ∙ ln (
min(𝑉𝑆30, 1000)

𝑉𝑙𝑖𝑛
) − 𝑏 ∙ ln(𝑃𝐺𝐴1000 + 𝑐) + 𝑏

∙ ln [𝑃𝐺𝐴1000 + 𝑐 ∙ (
min(𝑉𝑆30, 1000)

𝑉𝑙𝑖𝑛
)

𝑛

]             𝑓𝑜𝑟 𝑉𝑆30 < 𝑉𝑙𝑖𝑛 

𝑓𝑆𝐼𝑇𝐸 = 𝜃12 ∙ ln (
min(𝑉𝑆30,1000)

𝑉𝑙𝑖𝑛
) + 𝑏 ∙ 𝑛 ∙ ln (

min(𝑉𝑆30,1000)

𝑉𝑙𝑖𝑛
)        𝑓𝑜𝑟 𝑉𝑆30 ≥ 𝑉𝑙𝑖𝑛              (3) 

All model coefficients for Eqs 1-3 can be found in Abrahamson et al. (2016).  

Three parameters are needed as input to simulate the interface megathrust earthquake including 

magnitude, rupture distance, and shear wave velocity for the considered site. For the TES assessment 

purposes, only the worst magnitude earthquake scenario is considered (Mw 9.0). On the other hand, 

the rupture distance is determined based on the closest distance between the location of interest and 

the rupture areas. Since the locations of TEBs are relatively close (the maximum distance among the 

TEB is less than 3 km) and this is significantly smaller than the distance between Padang and the 

rupture plane, seismic vulnerability assessment is conducted for a single representative site in Padang. 

Subsequently, the rupture distance to the site for the worst case is 55 km calculated from the smallest 

distance from the source to site of the 100 earthquake scenarios. On the other hand, the longest 

distance from the source to site among the 100 scenarios is ~100 km. Moreover, VS30 in coastal areas 

of Padang ranges from 200 m/s to 400 m/s (Han et al., 2012; Putra et al., 2014) and hence, VS30 of 

300 m/s is used in this study. Finally, to include the uncertainty of the prediction equation for multiple 

spectral acceleration ordinates, a multivariate lognormal distribution is adopted. The median values 

of spectral acceleration at different vibration periods (at a site of interest) are evaluated using the 

GMPE with the three parameters, whereas their covariance are based on interperiod correlation of 
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ground motion parameters 𝜌(𝑇1, 𝑇2) (see Baker and Cornell, 2006). The correlation coefficient matrix 

has diagonal elements equal to 1 and off-diagonal elements equal to the correlation coefficient, 𝜌. It 

was calculated based on the following equation (Goda and Atkinson, 2009): 

𝜌(𝑇1, 𝑇2) =  
1

3
(1 − 𝑐𝑜𝑠 {

𝜋

2
− [𝜃1 + 𝜃2𝐼𝑇𝑚𝑖𝑛<0.25

× (
𝑇𝑚𝑖𝑛

𝑇𝑚𝑎𝑥
)

𝜃3

𝑙𝑜𝑔10 (
𝑇𝑚𝑖𝑛

0.25
)] 𝑙𝑜𝑔10 (

𝑇𝑚𝑎𝑥

𝑇𝑚𝑖𝑛
)}) +

1

3
{1 +

𝑐𝑜𝑠 [−1.5𝑙𝑜𝑔10 (
𝑇𝑚𝑎𝑥

𝑇𝑚𝑖𝑛
)]}                  (4) 

where 𝜃1, 𝜃2, and 𝜃3 are the model parameters (𝜃1 = 1.374, 𝜃2 = 5.586, and 𝜃3 = 0.728), 𝑇𝑚𝑎𝑥 and 

𝑇𝑚𝑖𝑛  are the maximum and the minimum value of 𝑇1  and 𝑇2 , respectively and 𝐼𝑇𝑚𝑖𝑛<0.25
 is the 

indicator function that equals one if 𝑇𝑚𝑖𝑛 < 0.25 sec and equals zero otherwise. Equation (4) was 

developed based on subduction earthquake records from Japan; thus, it is considered to be applicable 

to subduction earthquakes in Sumatra. 

2. SEISMIC AND TSUNAMI VULNERABILITY ASSESSMENTS 

For seismic vulnerability assessment, the fragility curves developed by Federal Emergency 

Management Agency (FEMA), i.e. HAZUS, is adopted to assess the vulnerability of TESs in Padang 

because of the following reasons: 

1. New Indonesian Earthquake Resistance Building Code (SNI-1726: 2012) mostly adopted the 

U.S. seismic design documents, i.e. FEMA P7502009, regarding earthquake provisions for new 

building and other structures, and ASCE/SEI 7-10 for minimum design load criterion (SNI-1726: 

2012; Wijayanti et al., 2015; Sengara et al., 2016; Douglas and Gkimprixis, 2017).  

2. HAZUS is a well-established earthquake loss estimation framework and has been implemented 

in several earthquake prone-countries for seismic risk assessment purposes, e.g., Haiti, Puerto 

Rico, France, Romania, Austria and Indonesia (Kulmesh, 2010; Peterson and Small, 2012; 

Wijayanti et al., 2015; Sengara et al., 2016; Douglas and Gkimprixis, 2017). 
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Figure 2. Example of Capacity Spectrum Method used in HAZUS.  

Figure 2 illustrates the procedure for developing an inelastic response (demand) spectrum from 

the elastic response (input) spectrum in HAZUS. First, the acceleration-period response spectrum is 

generated from the earthquake simulation. It is further converted into the Acceleration-Displacement 

Response Spectra (ADRS). This ADRS is then defined as the Elastic Response Spectrum (ERS). 

Second, the demand spectrum is calculated by dividing the ERS by the reduction factors (i.e. RA at 

periods of constant acceleration and RV at periods of constant velocity). Noting that the reduction 

factors in HAZUS are equal to the reciprocal of SRA and SRV in ATC-40 (Applied Technology 

Council, 1996). For essential and average buildings (type B) the SRA and SRV should be less than 2.27 

and 1.79, respectively (ATC,1996). On the other hand, the TESs may be classified as type B based 

on the ATC-40 system and hence, the RA and RV should be less than 2.27 and 1.79, respectively. In 

this study, both RA and RV are set to 1.5 (Yeh et al., 2000; Lin and Chang, 2003; Casarotti et al., 2009; 

Monteiro et al., 2014). 

Third, the capacity curve taken from HAZUS is overlaid to compare with the inelastic response 

spectrum (see blue line in Figure 2). The capacity curves in HAZUS are defined based on two 
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engineering parameters, e.g. yield and ultimate strengths characterising the nonlinear (pushover) 

behavior of 36 building types (e.g. wood frame building to steel moment resisting frame). The 

building type classifications in HAZUS are based on the building material (e.g. wood, concrete and 

steel) and height. Therefore, following the HAZUS classification, the TESs in Padang are reinforced 

concrete moment resistant frames (RC-MRF) with different building heights. TESs no. 13 and 16 are 

considered to be high-rise RC-MRF (C1H), whereas the rest of TESs are mid-rise RC-MRF (C1M). 

Moreover, four seismic design code classifications including Pre-Code, Low-Code, Moderate-Code, 

and High-Code are defined corresponding to the seismic zone. In terms of seismic design code 

classification, High-Code is considered to be applicable to TESs in Padang, because Padang is located 

in the high seismic zone corresponding to the High-Code in HAZUS and TESs have been designed 

and constructed to higher standards/quality than other normal buildings. In the following, the seismic 

vulnerability assessment of TESs is carried out by focusing upon C1M because the C1H type is 

typically stronger than the C1M (i.e. for the same shaking intensity, C1H buildings are expected to 

perform better than CM1).  

Finally, fragility curves developed in HAZUS are used to define the damage functions of the 

building. The probability of being in or exceeding a given damage state is modelled by a cumulative 

lognormal distribution. Four damage states, i.e. slight, moderate, extensive, and complete, are defined 

in HAZUS (see Figure 3). Subsequently, to determine whether a TES can be used for post-earthquake 

tsunami evacuation purposes (not for shelters), the building is categorised into safe and unsafe by 

referring to existing tagging criteria (FEMA-356, 2000; HAZUS, 2003; Bazzurro et al., 2006) 

including (see Figure 3):  

 Green tag: the building may have experienced onset damage but is safe for immediate 

occupancy. The none-to-slight damage state is applicable. 

 Yellow tag: re-occupancy of the building is restricted and limited access only is allowed. 

Moderate-to-extensive damage state corresponds to this case. 
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 Red tag: the building is unsafe and no access is granted, and will be in complete or collapse 

damage state. 

 

Figure 3. Fragility curves developed in HAZUS-MH (2001). 

Based on the above tagging criteria, the tsunami evacuation building may be judged as unsafe 

for evacuation if the probability of extensive and complete damage states is over 50%. This 

assumption gives a 50-50 chance that the building may experience above or below extensive damage 

(Bazzurro et al., 2004, 2006). Moreover, the 50% probability of extensive or severer damage state is 

typically identified as the threshold value of a yellow tag in HAZUS that is adopted in this study (see 

Figure 3) and hence, may be regarded as the limit state to define the availability of evacuation buildings 

during the tsunami inundation. 

For tsunami vulnerability assessment, Suppasri et al. (2011) models for RC structure is further 

used because of these reasons: 1) It was developed through extensive remote sensing and tsunami 
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survey data (i.e. ~5,000 points) in Banda Aceh and Thailand for the 2004 Indian Ocean tsunami; (2) 

the model is the most recent one among existing tsunami fragility models that are applicable to 

Sumatra, Indonesia; and (3) the model was successfully calibrated for the building vulnerability 

observed in the west coast of Thailand due to the 2004 Indian Ocean tsunami. These criteria are 

important because current situations of tsunami mitigation measures in Padang resemble those in 

Banda Aceh and Thailand more closely than situations in other regions. In Suppasri et al. (2011) 

model, only three damage states are adopted (see Figure 4) to generate fragility curves for reinforced 

concrete building including slight (DST1), moderate (DST2), and major/severe damage state (DST3). 

Using the calculated probability exceedance of each damage state, the TES is considered to be unsafe 

if the damage probability exceedance of major damage is above 50% (the major damage is assumed 

to be similar with the extensive damage in seismic damage state criteria). 

 

Figure 4. Tsunami fragility models developed by Suppasri et al. (2011) 

3. RESULTS 

For seismic vulnerability assessment, first, the earthquake-HAZUS vulnerability assessment using 

the median response spectra of the worst cases (i.e. using the closest distance of the possible 300 

earthquake scenarios with the Mw 9.0) is presented in Figure 5. The median response spectra profile is 
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presented in Figure 5A. The ADRS is further calculated from the acceleration response spectrum as 

shown in Figure 5B. Using the ADRS, the capacity response spectrum method is implemented to 

determine the performance (demand) point (Figure 5C). The displacement performance point is 

estimated to be about 3 inches (7.6 cm) and then used to calculate the probability exceedance of 

damage states for a TES. Figure 5D shows that the sum of probabilities for extensive and complete 

damage states is ~7% and hence, the TES is considered to be safe for the median response spectra of 

the worst case. 

 

 

Figure 5. The seismic-HAZUS TES vulnerability assessment using the worst scenario. 
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Figure 6. Earthquake simulation results from 100 tsunamigenic scenarios: (A). Spectral acceleration. (B). Peak Ground 

Acceleration (PGA). 

 

Figure 7. Probability exceedance of extensive and complete damage states for 100 seismic events.  

Second, the results from a 100 tsunamigenic earthquake scenarios are presented in Figure 6. 

The spectral acceleration profile shows how large the ground shaking occurred in Padang, Indonesia 
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due to the 100 tsunamigenic earthquakes from the Mentawai segment of the Sunda subduction zone. 

The spectral acceleration profile (Figure 6A) from the 100 earthquake events shows that the range of 

Sa in Padang is in between 0.3 g to 0.9 g for the period below 1 s. Moreover, the PGA values (Figure 

6B) is the interval of 0.3 g to 0.9 g with the median of about 0.5 g. Using the simulated response 

spectra from those 100 earthquake scenarios, the TES vulnerability is further performed. Figure 7 

presents the probability exceedance of extensive (blue dot) and complete (black dot) damage states 

and the sum of these two probabilities (red dot). A 50% probability line is drawn to see the threshold 

of safe building. Figure 8 confirms that the TES may be operational for evacuation because ~95% from 

the total of 100 earthquake simulations produce less than 50% probability exceedance of above 

extensive damage state. Moreover, most of the cases results in less than 25% probability of 

exceedance above extensive damage state. Subsequently, the TES may be considered to be safe for 

evacuation after the ground shaking and hence, the tsunami vulnerability assessment can be carried 

out. 

Fourth, the tsunami vulnerability assessment is performed. Using the maximum inundation 

depths at all 23 TESs from the 100 earthquake scenarios of the Mw 9.0, the probability of exceeding 

severe damage state (DST3) of each TES is calculated. In this study, the number of event producing 

the probability of exceeding severe damage state of more than 50% is defined as destructive event. 

The destructive events for the shelter numbers 16 and 17 are relatively large, i.e. 30% and 36% of the 

100 events are destructive for the shelter numbers 16 and 17, respectively and hence, these two 

shelters may be considered to be unsafe for the evacuation. Moreover, the percentage of non-

destructive event for the other shelters are above 75%. Therefore, except for shelter number 16 and 

17, the rest of the shelters consider to be operational for evacuation. 
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