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Abstract. The potential for a large disaster in Banda Aceh City requires that the school buildings to be 
highly resilient to the risks that may arise. One of the efforts to evaluate the performance of the building 
structure is by developing a fragility curve that shows the probability of damage to school buildings. For 
seismic susceptibility, the fragility curve is formed using the Incremental Dynamic Analysis method which 
uses historical earthquake data. As for tsunami susceptibility, the fragility curve is formed by reviewing the 
inundation heights that have occurred based on the data that have been available. The aim of this study is to 
elaborate the seismic and tsunami susceptibility of the typical school buildings that located in three coastal 
districts in Banda Aceh City. The summary results of this study indicate that it is necessary to carry out 
periodic maintenance of school buildings in the coastal area of Banda Aceh city so that they become strong 
buildings and are ready to be used if a large-scale disaster occurs.  

1 Introduction 
History records that in 2004 a 9.1 magnitude earthquake, 
followed by a tsunami, devastated the city of Banda 
Aceh. The impact of the earthquake and tsunami caused 
damage to the structures and infrastructure, public 
facilities, and other buildings.  
 Casualties and damages on educational facilities 
suffered significant losses. It was noted that 45,000 
students and 1,870 teachers died, and 2,065 educational 
facilities were damaged [1].  Learning from the history 
of disasters, it is important to ensure the planning, 
construction, and operation of educational facilities 
fulfill the earthquake and building standards.  
 At date, Indonesian building codes regarding 
earthquake resistant and tsunami loads for building are 
following the SNI 1726-2019 [2] and SNI 1727-2020 
[3]. Since, the feasibility study of school buildings 
against earthquake and tsunami hazards is crucial, 
therefore, it is important to ensure that the school 
building structures are planned to be safe against 
earthquakes and tsunamis, specifically in coastal areas. 
 The earthquake and tsunami risk of school buildings 
in Banda Aceh had been assessed and reported by 
Gentile [4]. According to Gentile et al. [4], the seismic 
fragility of school buildings post-2012 is decreased 
compared to the pre-2012 structures. The relative 
seismic risk of the considered buildings is particularly 
similar, while the relative tsunami risk shows a strong 
dependence with the distance from the coast. 
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 The purpose of this study is to develop the analytical 
fragility curve for the typical school’s building in Banda 
Aceh. The fragility curve will show the probability of 
damage of the building structure in various damage 
level, namely slight damage, moderate damage, 
extensive damage, and complete damage. By referring 
to the fragility curve, an assessment on the vulnerability 
of buildings due to earthquakes and tsunamis can be 
predicted. The seismic fragility curve is formed using 
the Incremental Dynamic Analysis (IDA) method [5] 
and  producing an IDA curve. This IDA Curve will be 
analyzed further to develop a seismic fragility curve. 
While the tsunami fragility curve is formed by 
calculating the cumulative probability of a measure of 
the tsunami intensity, which is the height of the tsunami 
inundation [6] and producing capacity curve. The 
capacity curve will be analyzed further to develop a 
tsunami fragility curve. 
 In this study an analytical fragility curve shows the 
probability of damage to school buildings in 3 coastal 
districts of Banda Aceh City based on the analysis of 
earthquake and tsunami loading. With the probability of 
damage to the building, the results can mitigate disasters 
in the future. The potential liquefaction impact on the 
buildings will also be assessed based on the calculated 
liquefaction map of Banda Aceh. 
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2 Methodology 

2.1 Research object 

The object of this study is school buildings located in 3 
coastal districts in Banda Aceh City. Field surveys were 
carried out on 51 buildings from 34 schools. The 
location of the schools is plotted in Fig 1.  
 According to the school building data obtained from 
the field surveys, 3 schools building was chosen 
representing the 3 coastal districts. These buildings were 
selected since it could represent the most dominant 
building form, the most dominant number of floors, the 
distance to the closest fault, and the closest distance to 
the beach. The three buildings are : 

 
1. Schools in Syiah Kuala District are represented by 

SDN 15 Banda Aceh with the following data: 
 Construction type: Reinforced Concrete (RC) 
 Number of Floors: 2 stories 
 Stories height: 4 m (1st floor), 3.5 m (2nd floor) 
 Structural dimensions: 

Columns: rectangular column with 300 x 400 mm 
Beams: rectangular beams with 300 x 400 mm 
and 450 x 550 mm. 

 
2. Schools in Kutaraja District are represented by SDN 

70 Banda Aceh with the following data: 
 Construction type: Reinforced Concrete (RC) 
 Number of Floors: 2 stories 
 Stories height: 3,5 m 
 Structural dimensions: 

Columns: rectangular column with 300x300 mm  
Beams: rectangular beams with 250 x 400 mm 
and 300 x 500 mm. 

 
3. Schools in Meuraxa District are represented by 

SDN 7 Banda Aceh with the following data: 
 Construction type: Reinforced Concrete (RC) 
 Number of Floors: 2 stories 
 Stories height: 3 m 
 Structural dimensions: 

Columns: rectangular column with 300 x 300 mm 
Beams: rectangular beams with 300 x 400 mm 
and 450 x 600 mm. 

 
 

 
Fig 1. Map of the distribution of schools that have been 
surveyed 

2.2 Modeling structure 

The selected buildings were modelled by using the 
structural analysis software of SAP2000. Then, finite 
element (FE) analysis was performed to analysed each 
model against the earthquake and the tsunami loading. 
Fig 2 to Fig 4 shows the school building and the FE 
model of each representative building, respectively.  

 
Fig 2 (a). Syiah Kuala’s school building 

 

 
Fig 2 (b). Syiah Kuala's school 3D modelling 

 

 
Fig 3 (a). Kutaraja’s school building 

 

 
Fig 3 (b). Kutaraja's school 3D modelling 
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Fig 2 (b). Syiah Kuala's school 3D modelling 

 

 
Fig 3 (a). Kutaraja’s school building 

 

 
Fig 3 (b). Kutaraja's school 3D modelling 

 

 

 

 
Fig 4 (a). Meuraxa's school building 

 

 
Fig 4 (b). Meuraxa’s school 3D modelling 

2.3 Response spectrum 

The earthquake load indicated in the SNI earthquake is 
in the form of a spectrum response following the 2017 
Earthquake Source and Hazard Map [7]. The rules for 
determining the spectrum response refer to the SNI 
1726-2019 regulations. Based on the calculation of SNI 
1726-2019, the spectrum response in the three review 
districts is as follows: 

 
Fig 5. Spectrum response of Syiah Kuala's school 

 

 
Fig 6. Spectrum response of Kutaraja's school 

 

 
Fig 7. Spectrum response of Meuraxa's school 

2.4 Ground motion records 

Earthquake data taken are earthquakes that have 
occurred in Aceh and caused severe damage to 
structures. This study used 12 ground motion records 
which can be seen in Table 1. 

Table 1. Ground motion records used 

Ground Motion Record Mw 
 Andaman-East 2004 9,1 
Andaman-North 2004 9,1 
Simeulu 1-East 2012 8,5 
Simeulu 1-North 2012 8,5 
Simeulu 2-East 2012 8,1 
Simeulu 2-North 2012 8,1 
Bener Meriah-East 2013 6,1 
Bener Meriah-North 2013 6,1 
Pidie Jaya-East 2016 6,5 
Pidie Jaya-North 2016 6,5 
Banda Aceh-East 2020 5,5 
Banda Aceh-North 2020 5,5 

Source : BMKG database [8] 

The ground motion data in a waveform in ASCII format 
was converted into an accelerogram using the 
DADiSP/SE 6.7 application. Then the accelerogram is 
converted into a response spectrum using seismosignal 
software. Furthermore, the response spectrum of various 
earthquakes is matched to the response spectrum of the 
target using seismomatch software by adjusting the 
scale factor to obtain a spectrum that matches the design 
response spectrum. The scale factor calculation uses the 
spectral acceleration value of the ground motion records 
response with the spectral acceleration value of the 
target response spectrum. 
 A frequency content modification method called 
spectral matching is used to adjust ground motion 
records to the target response spectrum. To adjust the 
ground motion record with the target response spectra 
using a scale factor. The calculation of the scale factor 
(SF) is based on the following Kalkan and Chopra 
formula [9]: 
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𝑆𝑆𝑆𝑆 =  ∑ Ā  Ai𝑛𝑛
𝑖𝑖=1

∑ Ai  Ai𝑛𝑛
𝑖𝑖=1

            (1) 

with;  

SF = scale factor, Ā = Spectral acceleration target, Ai = 
Spectral acceleration scaled 

The accelerogram that has been scaled is inputted into 
SAP2000 as a load with a scale factor = g I/R, where g 
= acceleration due to gravity (9.81 m/s2), I is the main 
earthquake factor, which is 1.5 as a building risk 
categorized as number IV (important building for 

disaster mitigation), and R is a reduction coefficient 
factor of 8. 

2.5 Tsunami loading 

Tsunami loading is determined based on regulations 
from SNI 1727-2020. The tsunami forces reviewed are 
hydrostatic, hydrodynamic, and floating debris 
collision, which can be seen in table 2. These forces are 
inputted to the building according to the direction of the 
tsunami and the height of the inundation that occurs. 

 
Tabel 2. The formula of the tsunami force based on SNI 1727-2020 

 
Type of Forces Tsunami Consideration Formula 

Hydrostatic Hydrostatic forces occur when slowly moving water hits a 
member of the structure. Fh = 1

2 γsbh   max
2      (2) 

Hydrodynamic Hydrodynamic forces are used when water flows around the 
building structure 

Fd= 1
2

ρsITSU
Cdb(he𝑢𝑢2)   (3) 

 

Floating debris 
impact 

Impact forces originating from debris drift can cause damage 
to buildings. Fi =  1,47 C0 Itsu [KN]     (4) 

with;  
ɣs = weight density of hydrostatic fluid (kg/m3) 
b = width of the column under force (m) 
hmax =. maximum inundation depth (m) 
ρs  = mass density of hydrodynamic fluid (kg/m3) 
Itsu  = priority factor for tsunami force  
Cd  = drag coefficient based on quasi-steady force 
he   = inundation height of individual elements (m) 
u    = tsunami flow velocity (m/det) 
Co  = coefficient of orientation (of debris) 
 
The calculation of the tsunami load is carried out by 
simulating buildings with a tsunami flow height that has 
occurred, such as the 2004 tsunami. The data was 
obtained based on previous research, as Iemura [10] and 
Tursina [11]. Iemura's research [10] shows the 
distribution of the Tsunami Pole points, which shows 
the height of the tsunami inundation. Meanwhile, 
Tursina's research [11] is based on the 2004 tsunami 
flow depth simulation in Banda Aceh using NOAA 
survey data and the Tsunami Pole. The value of the 
inundation depth that occurs at the object point can be 
seen based on Tursina [11], but the data is in the form of 
a range of values so that the value to be used is difficult 
to determine. For this reason, a comparison is made with 
Iemura [10] research, which shows the value of 
inundation depth based on the nearest tsunami pole. The 
value of the tsunami inundation that occurred at the 
coordinates of the building under study can be seen in 
table 3. 

 
Tabel 3. Data of tsunami inundation 2004 

School 
Building 

Tsunami Inundation based on: 
The Nearest 

Tsunami Poles - 
Iemura [10] 

Tsunami flow 
depth simulation – 

Tursina [11] 
Syiah Kuala 3.8 m 2 - 4 m 

Kutaraja 7 m 4 - 6 m 
Meuraxa 7 m 4 - 6 m 

The height of the tsunami inundation is taken in stages 
starting from 1 m, 2 m, 3 m, and so on until the highest 
tsunami height occurs. The result of this height 
difference shows the drift ratio at each level. The 
tsunami loading will be carried out in combination with 
the tsunami loading based on SNI 1727-2020 using the 
equation: 

1,2 D + FTSU + 0,5 L + 0,2 S        (5) 

0,9 D + FTSU          (6) 

with;  

D = Dead load 
L = Live load 
S     = Snow load 
FTSU = Tsunami Force 
 
In terms of the combination of tsunami loading, it does 
not take into account the seismic damage at the initial 
state of capacity reduction. The Seismic and tsunami 
analysis are two different independent analysis. 

2.6 Incremental dynamic analysis 

According to Tiwari and Kasnale [12], incremental 
dynamic analysis (IDA) is an analysis to study the whole 
earthquake with different intensities, which is applied to 
the building structure model until it collapses. IDA is 
done by performing a non-linear time history analysis. 
In a non-linear time history analysis, the structure is 
assigned one or more accelerograms multiplied by a 
scale factor, which are performed at various levels of 
earthquake intensity that are expected to occur. The 
level of additional earthquake intensity is increased until 
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the structure experiences an elastic phase to a plastic 
phase (inelastic) until it finally reaches global dynamic 
instability or the structure collapses. The IDA method 
will be used in a combination of earthquake loading 
based on SNI 1726-2019 using the equation: 

1,2D + Ev + Emh + L        (7) 

0,9D – Ev + Emh         (8) 

with;  

Ev  = Effect of vertical seismic force 
Emh = Effect of horizontal seismic force 
 

After the structural modeling is completed, the next step 
is to input the earthquake history data used. Then run a 
dynamic analysis of time history gradually with an 
increasing earthquake intensity scale. The analysis was 
carried out using the addition of a scale factor of 0.5; 1 
and 2. These additions are used to determine the limits 
of repeated load increases. The results of the analysis are 
displacements in the x and y directions. This 
displacement value is used to determine the value of the 
drift ratio, which is useful in making the IDA curve. 

2.7 Seismic fragility curve 

Based on the structural analysis results using the IDA 
method, IDA curves with various variations are obtained 
according to the number of earthquake records used as 
earthquake loads. The IDA curve can be analyzed 
further probabilistically by using the fragility function 
and expressed in a fragility curve. In this study, the value 
of limit states follows the research of Kim and 
Shinozuka, which is summarized in Pitiliakis [13].  

 
Tabel 4. Limit states IDA method 

Damage states Drift Ratio 
Slight  0.7% 
Moderate  1.5% 
Extensive  2.5% 
Complete  5.0% 

The fragility curve shows the probability of damage to a 
structure when it receives an earthquake load with a 
certain intensity at its service limit. Based on the 
analytical method, the function is derived by Sadradin 
[14] through the log-normal distribution approach as 
follows: 
𝑃𝑃   =  ϕ (ln(X)− λ)

βRU
)       (9)  

with; 
P = Probability of structural damage,  
Φ  = Standard normal function of cumulative 
distribution, 
βRU = The total uncertainty of the structure,  
x  = Ground motion parameter, PGA (g),  
λ  = mean of ln (x). 

2.8 Tsunami fragility curve 

To construct a tsunami fragility curve, data on tsunami 
inundations that have occurred is needed. The data was 
obtained based on previous research, as Iemura [10] and 
Tursina [11]. The tsunami fragility curve depicts the 
probability of a specified level of damage in a tsunami 
event with a certain tsunami inundation intensity. In this 
study, the fragility curve was calculated using the 
cumulative distribution of the damage index and the log-
normal function. The level of damage reviewed is seen 
based on the value of the drift ratio that occurs; this 
provision is determined by what is summarized by 
Medina [15], whose limit states can be seen in Table 5. 

Table 5. Damage states limits of tsunami fragility function 

Damage States 
Drift Damage Index 
HAZUS − 1–3 stories 

Slight  < 0.20% 
Moderate  0.20% − 0.50% 
Extensive  0.50% − 1.20% 
Complete  1.20% − 2.80% 

 
The results of non-linear numerical analysis of the 
tsunami inundation depth and the drift ratio obtained are 
used to obtain a tsunami fragility curve expressed as a 
two-parameter log-normal distribution function. The 
tsunami fragility curve equation used is based on 
Karafagka's research [6] which provides an assessment 
of the cumulative probability of exceeding the level of 
damage conditioned on the measure of tsunami 
intensity.  

Φ(ln(𝐼𝐼𝐼𝐼)−ln (𝐼𝐼𝐼𝐼𝔦𝔦̅̅ ̅̅̅)
𝛽𝛽 )     (10) 

Where Ф is a standard normal cumulative distribution 
function, IM is a measure of tsunami intensity expressed 
in inundation depth (in units of m), IMi is the median 
value (in units of m) for each level of damage. It is the 
uncertainty calculated via the log standard deviation 
parameter in each damage level. The uncertainty value 
can be calculated using the following equation: 

𝛽𝛽 = √𝛽𝛽𝑐𝑐2 +  𝛽𝛽𝐷𝐷
2        (11) 

 
Where 𝛽𝛽C is the structural capacity uncertainty taken as 
0.15 (based on the HAZUS MH Technical Manual) [16] 
and D is the structural review uncertainty taken into 
account by calculating the logarithmic dispersion at 
each level of damage. The results of the calculation of 
the standard deviation of the total uncertainty in each 
damage condition. 

3 Result and discussion 

3.1 Results of IDA curve analysis 

In making the IDA curve, an Intensity measure in Peak 
Ground Acceleration (PGA) is needed for the x-axis. 
Meanwhile, the damage measure used is the drift ratio 
for the y-axis. The analysis was stopped when the drift 
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ratio was more than 7-8% because it had crossed the 
largest limit state value. The results of the IDA curve 

analysis for earthquakes in the x and y directions can be 
seen in Fig 8. 

 

 
Fig 8. IDA curve of 3 school buildings with two direction 
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3.2 Result of tsunami capacity curve analysis 

The drift ratio resulting from differences in the modeled 
tsunami inundation is used to determine the structure's 
capacity limit. This value is adjusted to the inundation 
height to form a capacity curve. This curve is needed to 
form a tsunami fragility curve which requires a limit 
value of the drift ratio that occurs with the depth of the 
modeled tsunami inundation. The value of inundation 
depth at each damage limit for each height can be seen 
in Fig 9. 

 

 
Fig 9 (a). Tsunami damage state of Syiah Kuala's school 

 

Fig 9 (b). Tsunami damage state of Kutaraja's school 

 

 
Fig 9 (c). Tsunami damage state of Meuraxa's school 

3.3 Results of seismic fragility curve analysis 

The variables needed to form the seismic fragility curve 
are the ground motion parameter (PGA), the average of 
the ground motion parameters according to the limit 
state, and the total uncertainty. Based on these results, 
the complete fragility probability value is obtained at 
various limit states. The fragility probability value is 
plotted on the y-axis (ordinate) and the ground motion 
parameter on the x-axis (abscissa). With this curve, the 
evaluation of the probability of the building structure 
being damaged due to variations in the intensity of the 
earthquake load during its service life can be carried out 
quantitatively and rationally. The results of the fragility 
curve in the x and y directions can be seen in Fig 10. 
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Fig 10. Seismic fragility curve 

 

With the fragility curve, the evaluation of post-
earthquake structural failure is easier to predict. The 
trick is to assume the magnitude of the earthquake that 
will occur in the future. For example, it is assumed that 
in the future, there will be an earthquake with a PGA 
value of 0.75 g, then the possibility of damage to the 
school building structure can be seen in Table 6 as 
follows: 

 
 
 

Table 6. Probability of damage due to an earthquake with 
PGA prediction 0.75 g 

Building 
School with 
PGA value 

0.75 g 

Probability of Damage (%) 

Slight Moderate Extensive Complete 

Syiah 
Kuala 

x 86 38 11 2 
y 98 83 55 14 

Kutaraja 
x 91 55 24 4 
y 100 95 79 24 

Meuraxa x 99 70 21 1 
y 100 100 97 35 
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3.4 Results of tsunami fragility curve analysis 

The results of displacement and drift ratio show that for 
each modeled tsunami height, it is seen that the building 
structure deforms and responds differently. But in 
general, it has the same tendency; the displacement in the 
y-direction is bigger than in the x-direction. However, it 

depends on the condition of the direction of the tsunami 
and the height of the inundation that occurs. On the 
tsunami fragility curve, the probability value is plotted on 
the y-axis (ordinate) and the inundation depth on the x-
axis (abscissa). The results of the tsunami fragility curve 
formed at various damage limits can be seen in Fig 11. 

 
Fig 11. Tsunami fragility curve 

The tsunami fragility curve can also predict the damage 
that occurs by assuming the height of the tsunami 
inundation that will occur in the future. For example, it 
is assumed that in the future, there will be a tsunami with 
an inundation depth of 3 m, then the possibility of 

damage to the school building structure can be seen in 
Table 7 as follows: 
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Table 7. Probability of damage due to a tsunami with a 
predicted inundation depth of 3 m 

Building 
School with 
inundation 
depth 3 m 

Probability of Damage (%) 

Slight Moderate Extensive Complete 

Syiah 
Kuala 

x 72    
y 100    

Kutaraja 
x 95    
y 100    

Meuraxa 
x 96    
y 100    

3.5  The result of liquefaction vulnerability 

In addition to vulnerability due to the earthquake and 
tsunami, it is also necessary to review the vulnerability 
to potential liquefaction. The potential for liquefaction 
in Banda Aceh City can be seen in Rusydy's research 
[17] which describes a map of the potential for 
liquefaction based on a groundwater level map and a 
map of the vulnerability of the soil to liquefaction. 
Liquefaction is assumed to cause additional damage to 
buildings in the light, medium, high, and very high 
vulnerability zones. The distribution of school buildings 
on the liquefaction vulnerability map can be seen in Fig 
12. 
 

 
Fig 12. The distribution of school buildings on the 
liquefaction vulnerability map [17]. 

 
Based on the map above, it can be seen that generally, 
school buildings in the coastal area of Banda Aceh City 
have a light vulnerability, which means they are still in 
the safe stage. However, this potential vulnerability 
cannot be ignored because several schools are included 
in the medium vulnerability area, so further action is 
needed for disaster mitigation efforts. 

4 Conclusion 
The seismic fragility curve analysis results show that the 
building structure is more susceptible to the y-direction 

than the x-direction. The vulnerability values studied 
each has a 100% probability of damage, as shown in 
Table 8. For vulnerability due to tsunami, the building 
structure has a 100% probability of damage, as shown in 
Table 9. 

Table 8. The result of seismic fragility curve 
  

Building 
School 

Peak Ground Acceleration (g) 

Slight Moderate Extensive Complete 
 

Syiah 
Kuala 

x 2.1 3.4 5.5 11.0  

y 1.3 2.2 3.4 6.0  

Kutaraja 
x 2.0 3.4 5.7 9.5  

y 0.5 1.3 1.7 3.1  

Meuraxa 
x 1.0 1.6 3.0 4.5  

y 0.4 0.7 1.0 2.2  

 
Table 9. The result of tsunami fragility curve 

  

Building 
School 

Inundation Depth (m) 

Slight Moderate Extensive Complete 
 

Syiah 
Kuala 

x 4.5     

y 3.0     

Kutaraja 
x 3.6     

y 2.2     

Meuraxa 
x 3.5     

y 2.2     
 

In addition to earthquake and tsunami hazards, 
liquefaction vulnerability also needs to be taken care of 
on disaster mitigation. Based on the liquefaction 
potential map, school buildings in coastal sub-districts 
have vulnerabilities, which can be seen in Table 10.  

Table 10. Potential of liquefaction 

Building School Potential Liquefaction   
Syiah Kuala Light - Medium vulnerability   

Kutaraja Light vulnerability   

Meuraxa Light - Medium vulnerability   

The results of the probabilistic analysis of damage based 
on the fragility curve can be used to predict the level of 
damage to buildings in the coastal district of Banda 
Aceh. For probabilistic earthquake susceptibility, the 
PGA earthquake magnitude is the main parameter that 
must be considered. In contrast, tsunami susceptibility 
can be seen based on the height of inundation that occurs 
in buildings. As well as earthquake and tsunami 
vulnerability, the liquefaction potential must also be 
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In addition to earthquake and tsunami hazards, 
liquefaction vulnerability also needs to be taken care of 
on disaster mitigation. Based on the liquefaction 
potential map, school buildings in coastal sub-districts 
have vulnerabilities, which can be seen in Table 10.  

Table 10. Potential of liquefaction 

Building School Potential Liquefaction   
Syiah Kuala Light - Medium vulnerability   

Kutaraja Light vulnerability   

Meuraxa Light - Medium vulnerability   

The results of the probabilistic analysis of damage based 
on the fragility curve can be used to predict the level of 
damage to buildings in the coastal district of Banda 
Aceh. For probabilistic earthquake susceptibility, the 
PGA earthquake magnitude is the main parameter that 
must be considered. In contrast, tsunami susceptibility 
can be seen based on the height of inundation that occurs 
in buildings. As well as earthquake and tsunami 
vulnerability, the liquefaction potential must also be 

 

 

considered because liquefaction also affects ground 
movement activity. The summary results of this study 
indicate that it is necessary to carry out periodic 
maintenance of school buildings in the coastal area of 
Banda Aceh city so that they become strong buildings 
and are ready to be used if a large-scale disaster occurs. 
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