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Abstract. While relatively uncommon, tsunami typically leads to extreme and devastating impacts to 
human lives and development at far distances. Various international bodies and academic research have 
highlighted the importance of understanding risk and its determinants for effective risk management. 
Currently available methodologies to assess tsunami risk and the effect of vulnerability towards the resulting 
impact present opportunities for improvement particularly in their adaptability, accuracy and generalisability 
for pre- and post-disaster applications, as well as across temporal and geographical boundaries. This paper 
discusses the potential of a methodology to assess tsunami risk for buildings based on their vulnerability 
level, which in turn is determined through a set of vulnerability indicators. A vulnerability index equation 
consisting of four indicators namely building materials, number of storeys, coastal protective structures and 
coastal vegetation was formulated through the Analytical Hierarchy Process. The index is then applied for 
two major yet distinctly different tsunami events for the purpose of examining potential links between hazard 
intensity measure, building vulnerability and recorded impacts while also establishing basis for 
generalisability. While certain correlations can be observed, the findings are still at preliminary stage and 
thus approaches to further refine the index were proposed.  

1 Introduction 
For the last two decades, 271 tsunami events have been 
recorded resulting in over 300,000 casualties associated 
directly with these tsunami disasters [1]. Major tsunami 
events such as the 2004 Indian Ocean tsunami, 2010 
Chile tsunami, 2011 Japan tsunami and the 2018 
Sulawesi tsunami accounted for majority of these 
casualties. Aside from casualties, these tsunami 
disasters also caused major losses and setback due to 
properties and infrastructure destruction as damages 
amounted to billions of dollars in some cases. The 2011 
Japan tsunami resulted in approximately US$220 billion 
of damages (US$37.5 billion of which were insured), 
while the February 2010 Chile tsunami disaster incurred 
damages up to US$30 billion (with US$8 billion 
damages insured) [1, 2]. 

An important approach in reducing disaster risks and 
impacts including for tsunami inarguably lies in 
understanding these risks, their determinants and how 
they revolve around and interact with all aspects of 
anthropogenic development. The United Nations Office 
for Disaster Risk Reduction (UNDRR) strongly 
advocates for effective and comprehensive disaster risk 
management achievable through understanding disaster 
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risk drivers which consist of hazards, exposure and 
vulnerabilities [3]. Subsequent to understanding these 
risk determinants, impacts both direct and indirect, 
tangible and intangible, can be better managed via 
various preparedness and mitigation strategies. 

In line with the above concept, tsunami studies over 
the past several decades have also been advancing our 
understanding on tsunami hazard and its impacts. 
Quantification of tsunami magnitude and intensity had 
begun since early in the 20th century as Sieberg 
introduced the first tsunami intensity scale, and this was 
followed by many other variations based on tsunami 
events across the globe. More recently, in addition to 
tsunami intensity models, this effort to improve and 
communicate the understanding of tsunami hazards and 
its impacts have been broadened as more approaches are 
made available. Such approaches include probabilistic 
risk models [4-6], deterministic impact framework [7], 
multi-hazard impact models [8, 9], vulnerability 
assessment models [10, 11], and tsunami loss estimation 
models [12, 13]. 

Despite these developments, most tsunami risk and 
impact assessment methodologies or models remain 
specific and more relevant to certain geographical scope 
or tsunami event. Others that are more generalisable can 
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be constrained in application as well as in correlating 
between different tsunami risk determinants and 
observable impacts. The main aim of this paper is to 
offer a preliminary discussion of a tool to assess building 
vulnerabilities against tsunami hazard with varying 
magnitudes, as well as relate these variables to potential 
damages that can be observed. Thus, presented in this 
paper are also attempts at addressing two research 
questions formulated based on the primary aim. The first 
of these is that considering well-known and established 
vulnerability and/or risk indicators in literatures, which 
indicator can be measured and used universally 
particularly as components of a vulnerability index? 
Secondly, how does the combination of these 
vulnerability indicators affect severity of building 
damage based on past tsunami events with different 
triggering mechanisms? The first question is answerable 
by identifying and defining vulnerability indicators and 
their associated proxies that are relevant to buildings or 
structures from past research and tsunami field survey. 
On the other hand, the second research question can be 
addressed by reviewing field survey data from previous 
tsunami events, through which a measurement of 
tsunami hazard intensity is correlated with observed 
damages via a proposed, moderating building 
vulnerability index. 

2 Tsunami vulnerability indicators  
While hazardous events may have been traditionally 
believed to be the sole or primary factor for disaster 
risks, the current state of knowledge requires two other 
determinants as components that make up the concept of 
risk, viz. vulnerability and exposure [14]. Exposure can 
be defined as elements potentially experiencing 
damages and/or losses in at-risk areas where hazard 
event may occur [15]. These elements can usually be 
identified based on satellite images, city plan or aerial 
photos, and may be categorised based on different 
degree of exposure to predicted or historical events. 
Meanwhile, as a term that has been more common in 
disaster research since the 1980s, vulnerability was 
generally used in reference to systems in a geographical 
region or locality including socio-political, 
socioeconomic and industrial practices [16]. Presently, 
vulnerability can be more accurately identified in 
reference to characteristics of exposed elements or 
attributes in their proximity that may influence their 
susceptibility to adverse effects following interactions 
with hazard events [14]. 
 In relation to earlier views, vulnerability 
characteristics may indeed be derived from physical, 
environmental, economic, social, and political settings. 
From a macro-perspective lens, vulnerability can be 
identified in the form of population growth, rate of 
urbanisation, governance, economic disparity and 
environmental degradation, among others [17]. 
However, in the context of this paper where buildings 
are concerned, various tsunami vulnerability indicators, 
parameters and/or their proxies have in fact been 
identified and widely established at micro level in 
various studies previously. Commonly used 

vulnerability indicators include building typologies, 
construction materials, number of stories, building 
design code, building age, and building geometry [9, 18-
21]. Among presently available methodologies, the 
Papathoma Tsunami Vulnerability Assessment (PTVA) 
is one of the more comprehensive method with inclusion 
of various building vulnerability and building 
surrounding attributes as part of its structural 
vulnerability component, Sv [11]. Aside from 
aforementioned indicators, PTVA via its building 
vulnerability attributes (BV) proposed inclusion of 
ground floor hydrodynamics, foundation type, and 
preservation condition. For building surroundings 
attributes (denoted as Surr), building row, natural 
barriers, seawall height and shape, brick walls around 
the building, and sources of movable objects were 
proposed for inclusion as well. In addition to these 
parameters, level of water intrusion and exposure to 
inundation also make up the Relative Vulnerability 
Index (RVI) equation. For assessment, the vulnerability 
index is then calculated based on weightages assigned 
subjectively to each of the attributes. Two distinct group 
of vulnerabilities are described further in the following 
sub-sections in connection to the topic of this paper. 

2.1 Building characteristics  

Based on past studies and impact assessment 
methodologies such as the Hazards U.S. Multi-Hazard 
(HAZUS-MH) and RISK-UE, assessment of a 
building’s vulnerability against tsunami via its 
characteristics may include one or more of the following 
factors: 
a. Building materials, also identifiable as construction 

materials or building frame: usually classified 
based on the primary materials that make up the 
structure to distinguish different strength to 
withstand tsunami loading, viz. timber, masonry, 
concrete (reinforced or non-reinforced), and steel. 

b. Number of storeys: multi-storey buildings are 
typically designed to be more resistant to external 
forces compared to single-story buildings. 
Classification is typically done based on literal 
number of storeys, or in some cases the number of 
storeys may be grouped in ranges and buildings are 
then categorised as low-rise, medium-rise or high-
rise. 

c. Foundation type: used as an indicator of foundation 
strength and in turn the building’s resistance against 
damages resulting from scouring effects by tsunami 
inundation. A structure may resist the initial 
punching force caused by tsunami flow inland, but 
evidence from past events showed that scouring at 
the base often lead to the structure being collapsed, 
broken or washed away especially where 
foundation is shallow [22, 23]. 

d. Geometry: may refers to the shape of the structure 
or its elements, span lengths as well as orientation 
relative to tsunami wave direction [24]. 

e. Design code: as a parameter that can be used to 
differentiate design specifications or standards for 
the buildings assessed. Particularly in developed 
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countries prone to disasters, most buildings tend to 
be designed and constructed to be resistant to 
disaster hazards and induced lateral loads. While 
this may be specific towards seismic hazard, the 
classification has been applied in tsunami studies as 
well [18]. 

f. Building age and preservation condition: similar to 
other physical parameters that make up a building 
typological features, building age can be used as 
reference to characterise its vulnerability to hazard 
events with aged buildings typically being more 
vulnerable. Additionally, preservation condition 
could help further distinguish the state of 
deterioration of aged buildings and thus variations 
in its level of vulnerability. 

2.2 Building proximity 

Environmental characteristics, structure and conditions 
in the relatively nearby vicinity of the building can 
directly or indirectly affect its vulnerability. Identified 
and commonly used characteristics associated with 
tsunami vulnerability and/or fragility include: 
a. Protective structures, also referred to as sea 

defence: this parameter refers to identifiable 
structural mitigation (engineered or otherwise) 
against coastal hazards, with seawalls being the 
common coastal defence structure in tsunami-prone 
areas. In areas where tsunami is much less frequent, 
coastal protection structures such as levees, 
revetments and embankments may still protect 
exposed buildings and reduce their vulnerabilities 
particularly for tsunami with lower inundation 
depths [25]. 

b. Coastal topology, also identifiable as coastal 
topography: the type of the coastal area evidently 
has major influence on tsunami inundation and flow 
velocity, particularly for buildings closer to the 
shoreline. Buildings along ria-type coasts are more 
vulnerable and have higher damage probabilities (at 
similar inundation depths) than those in low-lying 
plains [4, 26]. 

c. Coastal vegetation: various studies have found that 
coastal vegetation and forests are able to dampen 
tsunami effects and reduce its runup through energy 
dissipation and wave-breaking capabilities [27]. 
Parameters related to coastal vegetation affecting 
tsunami vulnerability include band width (between 
shoreline and exposed elements), density, species 
composition, forest structure, age and height, 
among others [28]. 

3 Methods 
Three approaches are considered to appropriately 
address questions posed earlier in this paper. The aim as 
framed based the questions is to formulate a building 
vulnerability index that can be utilised to categorise 
buildings (as exposed elements in at-risk areas), and 
subsequently identify potential correlations between 
hazard intensity, vulnerability levels and impact 
intensity. The first approach is the identification of 

vulnerability indicators and measurement parameters 
that are most suitable for a universally applicable 
assessment tool. Following this, the Analytical 
Hierarchy Process (AHP) is utilised to express the basis 
of the vulnerability index with appropriate priority 
weightages assigned for each vulnerability component. 
Thirdly, the vulnerability index is applied to two 
tsunami events (with different triggering mechanisms) 
for the purpose of identifying the relationship that can 
be observed between all risk determinants involved. 

3.1 Vulnerability indicators and measurement 
parameters 

In comparison to the methodologies presented through 
other comprehensive and more complex methodologies 
such as PTVA or Building Vulnerability Model (BTV) 
[29], this paper contends that a simplified assessment 
tool with generalisable components and measurement 
may be more practical and applicable especially for a 
wider risk communication purpose, as well as both ex-
ante and post-disaster assessment utilisations. In 
addition, data limitations and discrepancies in data 
recording between different tsunami events may also 
pose challenges for effective application of more 
complex tools. Hence, in order to attain this 
generalisability and practicality, established indicators 
and/or measurement parameters as briefly described in 
2.1 and 2.2 are screened for inclusion in a newly 
proposed index. The variables, measurement parameters 
and justification for selection are listed in Table 1. 

3.2 Building vulnerability index 

For assessment of building vulnerability, the Analytical 
Hierarchy Process or AHP was employed to formulate 
the index equation. As a mathematical process, AHP is 
a heuristic algorithm that involves arranging factors in a 
hierarchy of importance [33], whereby for this paper the 
context is the indicators’ influence and effectiveness in 
reducing tsunami damage. Levels of importance are 
normally represented numerically between 1 (least 
important) to 9 (most important), depending on the 
quantity of indicators being considered.  The indicators 
are then compared pairwise, and the priority vectors 
(PV) as calculated based on this comparison are used as 
the weightage for each indicator. Being the first line of 
defence, protective structures are designated as the most 
important indicator, followed by coastal vegetation, 
building materials and lastly the building’s number of 
storeys. This subjectively assigned hierarchy are shown 
in Table 2, while the pairwise comparison and the 
resulting priority vectors are shown in Table 3. 
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Table 1. Selected vulnerability indicators and measurement 
parameters. 

Indicator Measurement 
parameter Justification 

Building 
materials 
(BM) 

Four categories: 
i. Timber 
ii. Masonry 
iii. Steel 
iv. Reinforced 

concrete 

This indicator and its 
parameters are 
among the most 
commonly used, and 
well-established in 
their relationship and 
influence towards 
observable damages. 

Number of 
storeys (St) 

Three categories: 
i. 1 storey 
ii. 2 storeys 
iii. More than 2 

storeys 

While there are 
variations in the 
measurement 
parameters in past 
studies, the number 
of storeys considered 
in this paper is 
limited to the three 
categories. This 
categorisation is also 
supported by 
evidence from 
analysis of building 
damages during the 
2011 tsunami in 
Japan [4]. 

Protective 
structures 
(PS) 

 
Four categories: 
i. None 
ii. Breakwater 

only 
iii. Presence of at 

least one hard 
protection 
(seawall, 
revetment 
etc.) 

iv. Combination 
of more than 
one coastal 
protection 
structure 
(breakwater, 
seawall, 
revetments 
etc.) 

Past studies have 
found that in areas 
where low seawalls 
and/or revetments 
are present, 
buildings landward 
were protected to 
some degree 
particularly in non-
extreme tsunami 
events [23]. Tsunami 
inundation and its 
impacts have also 
been observed as 
much lesser in such 
area compared to 
non-protected areas 
[25]. 
 
On the other hand, 
another study 
concluded that 
breakwater does not 
offer significant 
protection to coastal 
buildings mainly due 
to openings between 
sections of the 
breakwater [30]. 

Indicator Measurement 
parameter Justification 

Coastal 
vegetation 
(CV) 

Three categories: 
i. None 
ii. Band width < 

200 meters 
iii. Band width ≥ 

20 meters 

Despite the 
availability of 
multitude of factors 
affecting wave 
attenuation in 
literature, the three 
categories were 
selected upon 
considering 
practicality, ease of 
data collection 
and/or limitations in 
data availability. 
 
The measurement 
parameters were also 
determined based on 
past studies on the 
different effective-
ness for different 
coastal forest band 
width towards 
tsunami reduction 
[31, 32]. 

 
 
Table 2. Preference for each vulnerability indicator based on 

level of importance to reduce tsunami damage. 

Value Level of importance Vulnerability 
indicator 

1 Equally important Number of storeys, 
St 

3 Moderately important Building materials, 
BM 

5 Highly important Coastal vegetation, 
CV 

7 Extremely important Protective structures, 
PS 

 

Table 3. Matrix of pairwise comparison and the calculated 
priority vector, PV for the vulnerability indicators. 

Indi-
cator PS CV BM St PV 

PS 1 3 5 7 0.564 

CV 0.333 1 3 5 0.263 

BM 0.200 0.333 1 3 0.118 

St 0.143 0.200 0.333 1 0.055 
 
Based on the above priority vector values, the building 
vulnerability index (VI) equation is expressed as: 
 
𝑉𝑉𝑉𝑉	 = 	 (0.055 × 𝑆𝑆𝑆𝑆) + (0.118 × 𝐵𝐵𝐵𝐵) + (0.263 ×

𝐶𝐶𝐶𝐶) + (0.564 × 𝑃𝑃𝑃𝑃)    (1) 

 
In equation (1), the variable St, BM, CV and PS refer to 
the ratings for each vulnerability indicator. For this 
paper, these ratings as shown in Table 4 are assigned 
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Fig 1. Marking buildings' locations based on coordinates 
provided in field survey data sets, measuring distances and 
identifying surrounding features. 

according to the parameters’ effectiveness in reducing 
tsunami damage as suggested or evident in literature, as 
well as the interval of values between 0 (least effective) 
and 1 (most effectiveness). The resulting VI values for 
each building are further segregated into quartiles as 
shown in Table 5. 
 

Table 4. Measurement parameters and assigned ratings for 
vulnerability assessment. 

 

Table 5. Vulnerability index values and respective 
vulnerability levels. 

VI values Designation and 
quartiles Description 

0 ≤ VI ≤ 0.25 V4 Critically 
vulnerable 

0.25 < VI ≤ 0.50  V3 Highly 
vulnerable 

0.50 < VI ≤ 0.75 V2 Vulnerable 

0.75 < VI ≤ 1.0 V1 Less vulnerable 

 

3.3 Application for the 2018 tsunami events 

Two major tsunami events that occurred in 2018 were 
selected to test this vulnerability index equation. The 
first of these is the 28 September Sulawesi tsunami 
which was triggered following a magnitude 7.5 
earthquake 70 km north of Palu, Indonesia [34]. Despite 
this identified triggering event, the magnitude and 
intensity of the resulting tsunami highly suggested that 
submarine landslides at multiple locations following the 
earthquake, in addition to high tide during the 
compound disaster event and liquefied gravity flow 
further contributed towards the devastating damages 
observed [34, 35]. Tsunami waves exceeding 10 m high 

took more than 5,000 lives including those missing, left 
10,679 others injured and tens of thousands more 
displaced as over 40,000 houses were either destroyed 
or damaged [1]. 

The second event chosen for this paper occurred 
merely three months afterwards in the Sunda Strait 
region, making it the second major tsunami event in 
Indonesia in 2018. It is also one of three volcanogenic 
tsunami from the 271 tsunami events in the past 20 
years. The Anak Krakatau volcano which was formed 
following the Krakatau Islands collapse in 1883 had 
been showing signs of active Strombolian activities 
from June to October 2018 with series of explosions and 
lava flows [36]. These activities reached a climax on 22nd 
of December 2018 with series of eruptions and showers 
of incandescent ballistic blocks which led to a moderate 
collapse in the western and southern section of the 
volcano [37, 38]. Tsunami waves up to approximately 
25 m were recorded on the surrounding islands, and 
runup in coastal cities and town near the region reached 
up to 15 m high [39]. This event recorded relatively 
lower deaths at 437, but the population injured were 
significantly higher at over 31,000 people. Also in 
contrast, 2,844 houses or buildings were damaged in this 
event [1]. 

  Additional information required for the 
vulnerability assessment that is not provided in the field 
survey data such as coastal vegetation cover, protective 
structures and distance from shoreline are identified and 
gathered visually from available satellite image with 
recording date preceding the tsunami events. For Palu 
city, satellite images used for reference were recorded 
on August 2018, while for Banten and Lampung area, 
the satellite images dated back to October 2018. 
Measurements for buildings’ distance in particular are 
done perpendicular to the shoreline, with visible 
vegetation cluster in its direct path considered and 
measured for the CV indicator. Polygons are drawn for 
ease of measurement due to irregularly shaped 
shorelines. Sample measurement is shown in the figure 
below. 

 
 
 

4 Results 
Data set from two field surveys were used as the source 
for inundation depth measurements, building 
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Paulik et al. 
[40] 

Syamsidik et 
al. [41] 

Re-categorised 
grades 

DL0 (No 
damage) 

DC0 (No 
damage) 

DS1 (Flooded only; 
No damages 
sustained) 

 DC1 (Minor 
damage) 

DS2 (Minor damages 
including external 
scouring, damaged 

roof) 

DL1 (Partial 
damage, 

repairable) 
DC2 (Moderate 

damage) 

DS3 (Moderate 
damages; damaged 

walls, door, windows. 
Repairable) 

DL2 (Partial 
damage, 

unrepairable) 

DC3 (Major 
damage) 

DS4 (Major damages; 
damages primary 

members e.g. 
columns. Requires 

major repairs) 

DL3 
(Complete 
damage) 

DC4 
(Completely or 
washed away) 

DS5 (Collapse or 
washed away; Total or 
irreparable damages) 

 

Fig 2. Inundation depth ranges for both tsunami events used 
as reference in this paper. 

Fig 3. Vulnerability distribution for buildings affected by 
the 2018 Sulawesi and Sunda Strait tsunami events. V1 – 
V4 refer to vulnerability levels as described in Table 5. 

typologies’ information and building damaged data. The 
field survey for Sulawesi tsunami in Palu was conducted 
from 13 to 17 November 2018, while the field survey for 
the Sunda Strait tsunami was conducted between 24 
December 2018 to 3 January 2019 at Banten and 
Lampung [40, 41]. Based on the data set provided by 
both studies, inundation depth profile as shown in 
Figure 2 can be observed. The Sulawesi tsunami disaster 
recorded inundation depths for buildings ranging 
between 0.1 – 3.65 m, with a median of 0.98 m. On the 
other hand, the Sunda Strait tsunami recorded 
inundation depths ranging from 0.2 – 6.6 m, as well as a 
median depth of 2.72 m. 
  

 
 

 
 
 
Considering the two data sets did not employ the 

same scale to categorise tsunami damage on buildings, 
the following re-categorisation is also done for all data 
gathered to harmonise the data and for ease of 
comparison. The designation for each grade as listed in 
Table 6 are adapted based on descriptions provided in 
both field surveys, as well as common classification in 
literatures [42]. 

4.1 Vulnerability profile 

Application of the proposed vulnerability index 
equation for buildings affected by the two tsunami 
events yielded distribution as shown in Figure 3. In total 
468 buildings were assessed, 371 of which were affected 
by the Sulawesi tsunami event, while 97 others were 
damaged by the Sunda Strait event. No building in either 
event could be identified as being “less vulnerable”, 
likely contributed by the fact that only 4% of buildings 
in Palu were engineered reinforced concrete buildings, 
while majority in both events were of confined masonry 
construction [40, 41]. Across affected regions, majority 
of the buildings were categorised as V3 or highly 

vulnerable owing to the lack of protective features in 
between the buildings and the sea, particularly coastal 
vegetation. It can be noted that for the most part, road 
and buildings at both locations were built on elevated 
ground, and/or separated from the sandy shores by rocky 
levees and low seawalls. 
 
Table 6. Damage state categorisation for buildings damaged 
in both tsunami events and the equivalent used in this paper. 
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 While these may have been designed to protect 
landward area from coastal flooding or high tide, in this 
paper they are counted towards reducing tsunami 
vulnerability. Additionally, majority of the buildings 
were low-rise residential buildings made of timber or 
masonry, hence the relatively high vulnerability ratings. 
Over 10% of buildings in the Banten and Lampung 
region were observed as being critically vulnerable, 
while only 3% could be categorised similarly in Palu. 

4.2 Correlation to hazard intensity and 
damages observed 

Similar to the vulnerability distribution, a frequency 
heatmap in Figure 4 is used to visually represent the 
relationship between hazard intensity (inundation 
depth), vulnerability levels, and damages recorded. 
Inundation depths were grouped into eight grades with 
the intervals shown in the figure. From 0 to 2 m depth, 
the intervals were 0.5 m each to allow for a better 
observation of damage distribution at low flow depths 
and as deemed appropriate considering the data 
available. Otherwise, for flow depths above 2 m, the 
interval for each grade was 1 m. These intervals were 
categorised in such a way since building damages have 
been found to be certain (DS2 and above) when the 
inundation depth is above 2 m regardless of the building 
typology [4]. Furthermore, at inundation depth of 5 m 
and above, there is significantly higher probability for 
complete damage or for buildings to be washed away 
particularly for timber and masonry buildings [43, 44]. 
 In this case for Palu, Banten and Lampung, most 
buildings with vulnerability classes 2, 3 and 4 suffered 
damages ranging from DS1 (flooded only) to DS3 
(moderate damages) when inundation depth is below 1.0 
m, except for a number of cases in Palu where the 
buildings were severely damaged or destroyed. As flow 
depth increases beyond 1 m, the proportion of buildings 
sustaining major damages markedly increased, as 
expected based on various tsunami intensity models 
previously. While the findings presented in Figure 4 

cannot be claimed as conclusive and uncertainties 
remain, such as the degree of damages or vulnerabilities 
induced by event(s) preceding the tsunami, a clear trend 
can be observed in the figure whereby damage severity 
increases quiet linearly with vulnerability and hazard 
intensity. DS4 (major damages) dominates at flow 
depths of 1.5 m to 4 m, while above that majority of the 
buildings across all vulnerability classes collapsed or 
were washed away. To further demonstrate the 
discrepancies caused by the preceding tsunami 
triggering event, we take the example of inundation 
depths grade 1 and 2 (below 1.0 m), whereby buildings 
in Palu appeared to have sustained damages of DS4 and 
DS5. In the Sunda Strait region, only DS1 (flooded 
only) were recorded for buildings inundated at these 
lower depths. This is despite the fact that the buildings 
in Palu were mostly located within 100 m to 180 m from 
the shoreline, while in Lampung and Banten the 
buildings were mostly less than 100 m away. It is thus 
important to note that the compounding effects of 
earthquake, soil liquefaction and the tsunami during the 
2018 event in Palu significantly intensified the damages 
observed. 
 Comparing damage probabilities presented in 
fragility curves for the two events have found that the 
distribution of damages in Figure 4 reflected the 
estimated probabilities fairly well [41, 45]. While direct 
comparison between fragility curves and observations 
from Figure 4 below may not provide the most accurate 
or desirable validation for the vulnerability index, 
interesting observations can still be made which may 
warrant further exploration. 
 Based on the fragility curves for confined masonry 
buildings presented in [41] for the Sunda Strait event, at 
under 1 m flow depth the probability distribution is 
partially reflected since moderate damage (DS3) 

Fig 4. Distribution of building damages for 2018 Palu and Sunda Strait tsunami categorised by flow depth and vulnerability classes. 
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accounted for the majority of the buildings even at 
vulnerability class V2, with DS1 being prominent at 
under 0.5 m, while DS4 and DS5 are accountable at a 
lesser proportion as well. Meanwhile, for the Sulawesi 
tsunami event, the fragility curve available for buildings 
with similar typology showed better correlation 
particularly for minor to moderate, as well as major 
damages distribution for class V2 and V3 buildings [45]. 
This is most likely due to higher number of field survey 
data being sampled and utilised in the analysis, as 
mentioned in section 4.1. 
 As for timber buildings damaged by the Sunda 
Strait tsunami, probability distribution presented in [45] 
for flow depths under 2 m were reflected quite well 
especially in reference to buildings with vulnerability 
class V4 in the figure. For flow depths of 2 m – 3 m, 
significant differences were noticeable however with 
moderate damages still being significant for class V4. 
However, as the flow depth increases, the probable 
damages for timber buildings were again reflected quite 
accurately in the distribution for class V4 due to the fact 
that inundation during the Sulawesi tsunami event did 
not exceed 3 m in depth. 
 Another interesting observation in relation to the 
topic of this paper is the potential effectiveness of 
coastal protection, in particular coastal vegetation. In 
both events, coastal vegetation that may function as 
effective protective are relatively scarce. However, in 
areas where vegetation is available, some degree of 
protection can be observed. Figure 5(a) shows the before 
and after photo of two masonry residential buildings 
both with vulnerability class V2. Building B68 sustained 
moderate damage (DS3) despite being inundated by 
over 2.5 m of seawater and being closer to the shoreline, 
while building B67 suffered major damage, even though 
the inundation depth recorded at its location was only 
1.44 m high and the building was twice as far from the 
shores. The only other difference in this case is the width 
and density of vegetation in the direct wave path 
between the buildings and the shoreline. The second 
snapshot in Figure 5(b) shows another building in 
Kabupaten, South Lampung. The building identified as 
B97 (in the field survey data set) is located 
approximately 80 m from the shoreline. However, 
inundation depth recorded at its location is low at 0.5 m, 
and no damage was recorded for the vulnerability class 
2 building. Based on the slight difference in vegetation 
cover, it is highly probable that the band of trees 
effectively protected the building from the incoming 
waves. 

5 Conclusion 
This paper provides a discussion for the potential, 
development, and application of a tool to assess 
vulnerability level of buildings in at-risk areas towards 
tsunami-induced building damages via a set of 
generalisable vulnerability indicators. Subsequently, the 
links that can be observed between hazard intensity, 
vulnerability class and impacts from the tsunami were 
discussed. The proposed index is developed with the 
aim of improving usability of presently available 

tsunami risk assessment tools and models, while also 
maintaining simplicity and relative accuracy in both ex-
ante and ex-post usage. However, much like fragility 
curves, the accuracy of damage distribution as a result 
of the interaction between tsunami hazard intensity and 
vulnerability levels is influenced greatly by diversity, 
quantity and quality of field data. For this paper, the 
probable damages estimated in some cases based on the 
damage distribution rely heavily on data from a 
particular event, at a particular location. Due to this, 
addition of data from different localities and tsunami 
events may be able to address this inaccuracy. 
Furthermore, the index in its current state has potential 
for improvements which may be achievable via: 

i. application of expert opinions’ survey similar 
to PTVA’s revision for the purpose of 
reviewing and refining vulnerability indicators 
used in the index as well as the weightages 
assigned to each. 

ii. inclusion of data sets from the 2011 Japan 
tsunami where abundance of data are available. 
Comparison can be done with cities where all 
vulnerability indicators used in this study can 
be accounted for, and thus may also offer better 
insight in terms of drawing conclusive 
correlation between all independent, 
moderating and dependent variables as used in 
this paper. 

Fig 5. (a) Before and after snapshot for building B67 and B68. 
(b) Snapshot of before and after for building B97. Both cases 
are from the Sunda Strait event. Visible changes in vegetation 
are highlighted in yellow. Building damage is also visible for 
building B67 in figure (a). 
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iii. the significance of each vulnerability indicator 
as a moderating variable component may also 
be statistically tested and proven to reduce 
uncertainties in the index. 

iv. consideration can be given to other indicators 
that are reasonably generalisable to be included 
in the index such as building row and distance 
from shoreline, where possible. 

 
Additionally, in future work, this vulnerability index can 
be harmonised with, and incorporated into a descriptive 
tsunami intensity scale to facilitate better tsunami risk 
understanding, assessment and communication at all 
levels particularly among community stakeholders. 
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